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Safety assessment in retroviral vector-mediated gene therapy re-
mains challenging. In clinical trials for different blood and im-
mune disorders, insertional mutagenesis led to myeloid and
lymphoid leukemia. We previously developed the In Vitro
Immortalization Assay (IVIM) and Surrogate Assay for Geno-
toxicity Assessment (SAGA) for pre-clinical genotoxicity pre-
diction of integrating vectors. Murine hematopoietic stem and
progenitor cells (mnHSPCs) transduced with mutagenic vectors
acquire a proliferation advantage under limiting dilution
(IVIM) and activate stem cell- and cancer-related transcrip-
tional programs (SAGA). However, both assays present an
intrinsic myeloid bias due to culture conditions. To detect
lymphoid mutants, we differentiated mHSPCs to mature
T cells and analyzed their phenotype, insertion site pattern,
and gene expression changes after transduction with retroviral
vectors. Mutagenic vectors induced a block in differentiation
at an early progenitor stage (double-negative 2) compared to
fully differentiated untransduced mock cultures. Arrested sam-
ples harbored high-risk insertions close to Lmo2, frequently
observed in clinical trials with severe adverse events. Lymphoid
insertional mutants displayed a unique gene expression signa-
ture identified by SAGA. The gene expression-based highly sen-
sitive molecular readout will broaden our understanding of vec-
tor-induced oncogenicity and help in pre-clinical prediction of
retroviral genotoxicity.

INTRODUCTION

Retroviral vectors (RVs) are efficient genetic tools to correct mono-
genetic diseases, such as severe combined immunodeficiencies
(SCIDs), hemoglobinopathies, or lysosomal storage disorders.' How-
ever, strong promoter and enhancer elements derived from retroviral
long terminal repeat (LTR) regions can activate genes close to the
integration sites by insertional mutagenesis. LTR-driven gammare-
troviral vectors (YRVs) led to vector-induced oncogenicity in several
clinical trials. Clonal dominance was followed by myelodysplastic

syndromes (MDSs) and myeloid leukemias or by lymphoid leuke-
mias.”” For a long time, adenosine deaminase deficiency (ADA)-
SCID seemed to be an exception with no documented severe adverse
events (SAEs); until recently a case of acute lymphoblastic T cell leu-
kemia was observed after treatment with Strimvelis.”” In general,
SAEs in clinical trials were triggered by the dysregulation of proto-
oncogenes such as LMO2, MECOM, or PRDM16. Currently, self-in-
activating lentiviral vectors (SIN-LVs), lacking the enhancer and
promoter sequences in the LTRs, with internal promoters are the
preferred choice for a safer clinical application.” '° However, several
patients developed a clonal imbalance with dominant MECOM or
PRDM16 integrations, and some of them progressed to MDS after
treatment with eli-cel, a SIN-LV for the treatment of cerebral adre-
noleukodystrophy.'" Insertional dysregulation of gene expression
was likely caused by the internal synthetic myeloproliferative sar-
coma virus enhancer, negative control region deleted, dI587rev
primer-binding site substituted (MND) promoter. Early and current
SAE:s highlight the need to better understand and reliably predict RV
genotoxicity. Despite the increased safety of lentiviral vectors over
LTR-driven gammaretroviral vectors, the choice of strong internal
viral promoters poses a critical risk factor. The usual pre-clinical
safety assessment of RV involves serial transplantations of trans-
duced cells into wild-type, disease, or tumor-prone mouse models.'?
These studies are limited by spontaneous tumor development, long
waiting times, and an intrinsic lack of sensitivity. From an animal
welfare perspective, in vivo models require many animals, and the
endpoint is the onset of leukemia, adding extra suffering to the
animals.
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We previously developed the In Vitro Immortalization Assay
(IVIM)'*>'* ‘and Surrogate Assay for Genotoxicity Assessment
(SAGA),"” currently used for in vitro risk assessment of integrating vec-
tors. IVIM quantifies the mutagenic potential of RV based on the acqui-
sition of a proliferation advantage under limiting dilution conditions of
murine hematopoietic stem and progenitor cells (mHSPCs) transduced
with mutagenic vectors. The IVIM assay can detect the genotoxic poten-
tial of the vector configurations that caused the SAEs in early clinical tri-
als as well as SIN-LV designs with strong viral internal promoters.
Hence, it has been accepted by regulatory authorities in Europe, the
United States, Australia, and Canada as part of the pre-clinical safety
package.'®! The more sensitive approach, SAGA, evaluates the activa-
tion of gene expression programs connected to oncogenesis and stem
cell-like properties during cell immortalization using machine learning
algorithms. The molecular readout of SAGA provides a more reliable
and accurate prediction than the relatively variable replating phenotype
of the IVIM assay. As the culture conditions are shared between IVIM
and SAGA, both assays suffer from an intrinsic myeloid differentiation
bias and mainly detect clones harboring insertions near Mecom. As the
majority of SAEs were linked to lymphoid leukemia and LMO?2 activa-
tion, the inability to detect lymphoid insertional mutants remains an
important drawback of IVIM and SAGA.

Zhou, Sorrentino, and colleagues described vector-induced in vitro
immortalization of early lymphoid progenitors with activation of
Lmo2 and Mef2c.”” Their work revealed that transduction with
mutagenic vectors induced a block in T cell differentiation at the dou-
ble-negative (DN) 2 stage that could be used as a surrogate readout
for insertional mutagenesis. However, in retroviral vector-mediated
gene therapies, the usual starting population is HSPCs. To increase
the predictive value of the system, we hypothesized that a similar devel-
opmental block as described by Zhou and colleagues could be obtained
when transducing mHSPCs under suitable culture conditions promot-
ing lymphoid differentiation. Therefore, we established an assay for
differentiation of mHSPCs to mature T cells using the OP9-DL1 co-
culturing system® and compared the effects of different RV designs
regarding differentiation status, insertion site profiles, and gene expres-
sion changes. Using the SAGA pipeline, we showed that the DN2 differ-
entiation arrest induced by mutagenic vectors correlates with the activa-
tion of a distinct transcriptional profile in early T cell progenitors. The
lymphoid assay can detect clones with dominant Lmo2 insertions, re-
producing the observations from the early and current SAEs. The assay
described here combines a highly sensitive molecular readout with
phenotypic characteristics to specifically predict lymphoid genotoxicity
using mHSPCs as starting population. The lymphoid branch of IVIM/
SAGA complements the standard myeloid safety package and enables a
broader pre-clinical analysis of retroviral vector-induced transforma-
tion, toward clinical translation of better pretested and safer vectors.

RESULTS

Lymphoid safety assay for in vitro assessment of insertional
mutagenesis

In vitro tests for vector-induced insertional mutagenesis like IVIM and
SAGA mainly detect insertional mutants of the myeloid lineage."* '
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To screen for lymphoid mutants, we established a T cell differentiation
assay using the OP9-DL1 co-culturing system™ and lineage negative
(lin-) mHSPCs as starting population. Normally, lymphoid progeni-
tors differentiate from the DN stages (DN1: CD44-/CD25+; DN2:
CD44+/CD25+; DN3: CD44+/CD25-; DN4: CD44-/CD25-) to dou-
ble-positive (DP; CD4+/CD8+) and finally turn into mature single-
positive (SP; CD4+ or CD8+) T cells.”* Zhou and colleagues identified
lymphoid insertional mutants based on a differentiation block at the
DN2 stage.”” Ectopic expression of the leukemogenic transcription
factor (TF) LMO2 was also shown to induce a similar DN2 arrest.”

Here, we compared the effects of the LTR-driven YRV RSF91 (positive
control in myeloid IVIM/SAGA assays), an SIN-LV overexpressing hu-
man LMO2 (SIN-LV.LMO?2), and a safer vector design with a weaker
cellular internal promoter (SIN-LV.EFS; Figure 1A). 1 day after thawing,
the mHSPCs were transduced under STIF cytokine conditions,*®
described to maintain the HSPCs’ stem cell-like phenotype in vitro.
To prime the cells into the lymphoid direction, 5 ng/mL human FMS-
like tyrosine kinase 3 ligand (hFLT3-L) and 5 ng/mL murine/human
interleukin 7 (IL-7) were added to the STIF cytokine cocktail. Trans-
duced and mock cells were cultured for up to 53 days with OP9-DL1
mitomycin C (MMC)-inactivated feeder cells in freshly reconstituted
alpha minimum essential medium (o-MEM) with 10 ng/mL mSCF,
5 ng/mL hFLT-3L, and 1 ng/mL human/murine IL-7 (Figures 1B and
1C). The samples were analyzed for their differentiation status, insertion
site profile, and gene expression patterns at different time points.

Considering that several parameters influence lymphoid differentia-
tion 232728

serum batches to promote terminal T cell differentiation. To that end,
IL-7 and mSCF were reduced on days 12 and 15, respectively

(Figures 1B and 1C).

we adjusted the cytokine concentrations, basal media, and

Mutagenic vectors induce a block in T cell differentiation, unlike
a safer vector design

Most RSF91-transduced samples (16 out of 25) developed a block in
T cell differentiation with more than 50% DN2 cells of all DN cells by
the end of culture measured by flow cytometry (Figures 2A and 2B).
Ectopic overexpression of LMO2 by an SIN-LV induced a complete
DN2 block in all experiments at a faster rate compared to insertional
mutagenesis by RSF91. Mock samples (23 out of 26) showed a constant
decrease of DN2 cells throughout the assay to levels below 30% of all DN
cells (Figures 2A and 2B). For the remaining three untransduced cul-
tures, we still detected between 30% and 50% DN2 cells by the end of cul-
ture (Figure 2B, Table S1). For RSF91, a significant increase in the DN2
population became visible after at least 20 days in culture and was
coupled to enhanced proliferation and a blast-like morphology of cells
(Figures 2C-2E).

Nine RSF91-transduced samples and all cultures transduced with
the safer vector design (SIN-LV.EFS) did not develop the DN2
block. These samples behaved similarly to mock in their DN2/DP
kinetics, did not acquire a proliferation advantage, and showed
mature lymphocyte morphology (Figure 2E). The DN2 kinetics of
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Figure 1. Overview of the lymphoid assay for insertional mutagenesis

(A) Retroviral vector designs tested. RSF91 is a YRV, with the SFFV promoter in its LTR driving transgene expression. It is used as the positive control in myeloid IVIM/SAGA
assays. SIN-LV.LMO2 constitutively expresses human LMO2 and was used as a positive control for lymphoid immortalization. SIN-LV.EFS contains the anti-silencing
ubiquitous chromatin opening element CBX3 coupled to the EFS promoter driving transgene expression. All vectors express the fluorescent protein mCherry. (B) Schematic
representation of the experimental setup. 1 day after thawing, the lin—cells were transduced with different RVs and cultured on a monolayer of OP9-DL1 MMC-inactivated cells
under lymphoid conditions. Every 3—-4 days, the lin- cells were replated to a new feeder layer and analyzed by flow cytometry. Cells were harvested at different time points to
analyze the vector insertion sites and gene expression changes. On day 26, part of each culture was sorted into the DN subpopulations according to CD4, CD8, CD44, and
CD25 markers. The remaining unsorted bulk cells were kept in culture for up to 53 days. (C) Cytokine conditions and medium used throughout the assay. The lin— cells were
thawed (day —1) and transduced (day 0) in StemSpan medium under STIF conditions (50 ng/mL mSCF, 20 ng/mL mTPO, 20 ng/mL mIGF-2, 10 ng/mL hFGF-1), supple-
mented with 5 ng/mL IL-7 (human/murine) and hFLT3-L. For co-culturing with the OP9-DL1 cells, the basal medium was freshly reconstituted «-MEM containing 20% fetal
bovine serum (FBS), IL-7, mSCF, and hFLT-3L. To induce terminal T cell differentiation, mSCF and IL-7 were reduced at the stated time points. wPRE: Woodchuck post-
transcriptional regulatory element; IRES: internal ribosome entry site; SFFV: spleen focus-forming virus; CBX3: chromobox protein homolog 3; EFS: elongation factor 1a short.

a prototypical experiment are depicted in Figure 2F. RSF91-trans-
duced samples with normal differentiation behavior were labeled
as non-immortalized (NIM) to distinguish them from the RSF91-
transduced cultures with the differentiation block or immortalized
(IM) phenotype.

IL-7 is a crucial component for in vivo and in vitro lymphoid differ-
entiation. Its receptor’s (IL-7R) expression is tightly regulated across
the DN stages.”” Therefore, we compared the IL-7R levels (CD127
marker or IL7Ra chain) between samples by flow cytometry. In the
absence of a differentiation block (SIN-LV.EFS, mock, and
RSF91_NIM), the IL-7R was regulated as described in previous
studies, with increased expression during DN2-DN3 stages, followed
by downregulation upon entering terminal differentiation. In con-

trast, all DN2-blocked progenitors (RSF91_IM and SIN-LV.LMO2)
downregulated IL-7R expression (Figure 2G).

Integration site analysis reveals switch from polyclonality to
oligoclonality during in vitro T cell differentiation of transduced
samples

The vector copy number (VCN) was similar between the different
vector types used and ranged from 1 to 12 copies per diploid genome
(Figure 3A). To investigate the insertion sites associated with the
immortalized phenotype, we used the INSPIIRED workflow and bio-
informatic pipeline.**”'

Overall, the sequencing statistics were similar among all transduced
samples regardless of the differentiation status or vector used. We
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observed initial polyclonality (days 12-15), which was followed by a
clonal restriction at late time points (days 33-54), indicated by a reduc-
tion in the number of unique insertion sites (UISs; Figure 3B) and a
decrease in diversity of the sequence pool (high Gini coefficients and
low Shannon indices and UCs, values; Figures 3C-3E). The reduction
in polyclonality revealed by the sequencing results correlated with a
sustained increase in the percentage of transduced cells (mCherry+)
for all vector types, measured by flow cytometry (Figures STA-S1C).

Insertions close to and within transcriptional units were preferred by all
three vectors, although by SIN-LVs to an expectedly higher extent (Fig-
ure S1D). The RSFI1 vector followed the general tendency of YRV to
integrate into the close vicinity of CpG islands and GC-rich sequences,
marking promoter regions of actively transcribed genes (Figure SIE).
The SIN-LVs clustered at a 100-kb distance from CpG islands but not
in their immediate vicinity and generally disfavored GC-rich regions,
correlating with the known insertional preferences of SIN-LV.**

Mutagenic retroviral vectors integrate into and dysregulate
clinically relevant lymphoid proto-oncogenes

Out of the 15 RSF91_IM samples analyzed with INSPIIRED, 10 con-
tained integrations close to the leukemogenic TFs Lmo2 or Mef2c
among the top 10 most abundant sequences (Figure 4A). These inser-
tions were associated with Lmo2 and Mef2c upregulation after pro-
longed culture, as measured by ddPCR in bulk cultures, also observed
for the SIN-LV.LMO2 construct (Figures 4B and 4C, Table S1). In
contrast, the expression of both genes in late time points was reduced
to minimal levels for mock, SIN-LV.EES, and RSF91_NIM.

All insertions near Lmo2 were found in reverse orientation and clus-
tered mainly within the first intron, except for two integrations de-
tected at a 10-kb distance upstream of the start of the coding region.
Mef2c nearby integrations were located in the same direction as the
gene and also within the first intron.

Additionally, dominant insertions near Lincredl were part of the top
10 of five RSF91_IM samples, and the most abundant in three of

them. This gene is located ~44 kb upstream of Lmo2, and the detected
integrations laid in four cases in between both genes in reverse orien-
tation. Only one of the LincredI insertions happened within the third
intron but also in reverse orientation. Even though Lincredl was the
nearest gene to the insertion site, these samples also showed increased
Lmo2 expression, suggesting the genotoxic effect was most likely
mediated by Lmo2 dysregulation (Table S1), still in the range of influ-
ence of the vector’s LTR elements.

Two cultures displaying the DN2 block lacked Lmo2, Mef2c, or Lincredl
insertions but harbored integrations in or near other leukemia-associ-
ated candidates (Rin1,> Elmol, ** Igf2bp2, 33 Mmpl4, ¢ Meis1?’). No
insertions neighboring Lmo2 or Mef2c and no mRNA upregulation of
those genes were detected in the RSF91_NIM samples (Figures 4B—
4D). However, some cultures also contained potentially oncogenic inser-
tions close to Adgrgl,38 Actl6a,”® Bahecl,”® Hes1,*! Inpp4b,42 Itgam,43
Jmjdl M Igfl e LgrS,’“’ th8,"17 and Weel.*®

Based on the immunophenotyping and insertion site analysis (ISA) at
different time points, we evaluated the clonal dynamics within RSF91-
transduced samples. Consistently, the DN2 block became visible by
flow cytometry after at least 20 days in culture (Table S1), and it coin-
cided with the uprising of Lmo2 and Mef2c dominant insertions de-
tected by ISA. Only two RSF91-transduced samples harbored an
abundant insertion close to Mef2c at a late time point (after day 20)
that was also the most abundant already by day 12-15 (Figures 4E
and 4F). However, most RSF91-transduced cultures were character-
ized by more fluctuation in their clonal composition. Therefore, the
clone that became dominant by the end of culture could not be in-
ferred from early time points. For example, the comparison of the
top 10 insertions from two late time points of one RSF91_IM replicate
(days 33 and 54) yielded no common UISs according to the exact
chromosomal position. On the contrary, the five most abundant inte-
grations from day 54 (VCN = 5.66), including LincredI and the onco-
genic RunxI," were detected on day 33 at a very low contribution
(0.09%-0.22%). These findings mirrored the DN2 kinetics, where a
pronounced decrease of the DN2 population after day 33 was

Figure 2. Mutagenic vectors induced an arrest in lymphoid differentiation

(A) Representative flow cytometry analysis of samples after 30 days of culture showing the different T cell subpopulations determined by CD4, CD8, CD44, and CD25 markers
after excluding myeloid markers (CD11b/Gr-1). After gating on the DN T cells, the individual DN stages 1-4 are presented in the lower panel. IDs of samples shown are as
follows: mock: 190726-3; SIN-LV.EFS: 200131-6; RSF91: 190726-5; SIN-LV.LMO2: 190726-11. (B) Comparison of the DN2 percentages at the end of culture, measured
by flow cytometry. (C) Cell proliferation at the end of culture expressed as expansion factor per day. The total cell number on the last day of culture of each sample was divided
by the number of seeded cells in the previous time point multiplied by the time span between counts. (D) Cohens d values reflecting the effect size between the mean
expansion factors shown in (C). (E) Cytospin analysis of mock and transduced samples after 30 days in culture (stained with May-Griinwald/Giemsa, 40x magnification).
Mature T cells are indicated with black arrows, and while red arrows indicate blasts. IDs of samples shown are as follows: mock: 190726-1; SIN-LV.EFS: 200131-6;
RSF91_NIM: 190726-7; RSF91_IM: 190726-5; SIN-LV.LMO2: 190726-9. (F) Example of the DN2 kinetics from experiment ID 190726. The RSF91 replicates that developed
the DN2-block (immortalized, IM) are represented with a filled line (n = 3). One RSFI1 replicate that did not show the blocked phenotype (non-immortalized, NIM) is shown
with a dashed red line. For SIN-LV.LMO2 and mock samples, n = 4. The cutoff at 30% (dotted black line) represents the maximum amount of DN2 cells observed for the
majority of mock samples by the end of culture. (G) Representative flow cytometry histograms showing CD127 (IL-7Ra) expression in the DN2 subpopulation of samples after
30 days in culture. For each vector, only transduced (mCherry+) DN2 cells were analyzed, and the correspondent FMO was used as a negative control and a mock sample
from the same experiment as a positive control. IDs of samples shown are as follows: SIN-LV.EFS: 200131-5; RSF91_NIM: 200131-7_ RSF91_IM: 190322-5; SIN-
LV.LMO2: 190322-9. In all cases, statistical analysis was performed with Kruskal-Wallis test followed by Dunn’s multiple comparison post hoc with Bonferroni-Holm
correction for multiple testing. Each data point of the scattered plots represents an individual sample. **p < 0.01; ***p < 0.0001; ns = not significant. All experiment IDs
can be found in Table S1. FMO: fluorescence minus one.
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Figure 3. Insertion site analysis of transduced samples: diversity of the sequence pool

(A) VCN determination by ddPCR of all transduced samples that yielded a successful INSPIIRED reaction (see Table S1), using the latest time point available. Three samples
were excluded due to very low VCN values not matching the percentage of mCherry+ cells detected by flow cytometry (190614-8, 210527-5, 210527-6). For the sample
highlighted in red, less than 10 ng was used for VCN determination, which could have affected the quality of the result. See materials and methods and Table S1 for further
details on included samples. (B) Number of unique insertion sites obtained after alignment to the mouse genome. Early time points refer to samples taken between days 12
and 15, and late time points, to samples taken after day 30. (C) Gini coefficients estimate the sequence abundance contribution, with high values indicating few insertions
dominate the sequence pool. (D) Shannon diversity indices reflect the diversity of the sequence pool. A low index corresponds to an oligoclonal integration pattern. (E) UCsq
values of individual samples representing the amount of insertions covering 50% of the sequence pool. A low value suggests few integrations are overall dominant. ddPCR:
droplet digital PCR. Each data point of the scattered plots represents an individual sample.

followed by a considerable increase, reflecting the outgrowth of the
new dominant clone (Figures 4G and 4H). The coexistence of more
than one dominant clone with high-risk insertions was observed in
another RSF91_IM sample harboring Mef2c (33.25%) and Prdml6
(3.01%; frequently detected in the myeloid assay) integrations in
the top 10.

For SIN-LV.EFS and SIN-LV.LMO2, no dominant insertions close to
Lmo2 or Mef2c were detected, consistent with the absence of a differen-
tiation block in SIN-LV.EFS-transduced cultures. Nevertheless, we still
found potentially oncogenic insertions close to Zeb2, Serpinb2,”!
Sema3A,>? Npml,53 Msr1,>* Kifl b,>° Calcrl>® Sox4,”’ Fgfrl opZ,58 and
MeisI”” in the top 10 of SIN-LV.EFS-transduced replicates (Figure S1F).
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SAGA-XL identifies lymphoid genotoxicity predictors in DN2-
sorted and in bulk culture samples

The myeloid SAGA classifier described in Schwarzer et al.'> was
developed with a combination of unsupervised filtering and support
vector machine (SVM) employing recursive feature elimination
(RFE) and a genetic algorithm."” To develop a model for a lymphoid
immortalization signature (SAGA-XL), we followed a similar bio-
informatic strategy. We performed microarray analyses of RNA sam-
ples from late bulk culture time points, a similar population as
conventionally used for analysis in the myeloid SAGA assays. To
investigate whether a particular signature was associated with the cells
developing the immortalized phenotype, we separately analyzed
DN2-sorted samples from day 26. As implemented in the standard
SAGA pipeline, after binary logarithmic transformation (log,), the
raw data from each population were split ten times in training
(70%) and validation (30%) sets, using mock and RSF91 as criteria
for randomization. The training sets were processed by quantile
normalization, batch correction, and unsupervised filtering, followed
by SVM-RFE with a radial kernel. The top 10 features most frequently
selected by cross-validated SVM-RFE across the 10 splits (Table 1)
were used to train an SVM with radial kernel to predict validation
sets, which were first normalized and add-on batch corrected. The re-
sulting balanced accuracies, specificity, and sensitivity values indi-
cated a promising model performance for both populations (bulk =
balanced accuracy: confidence interval (CI): 0.698-1.000, point esti-
mate: 0.889; specificity: CI: 0.665-1.000, point estimate: 0.864; sensi-
tivity: CI: 0.714-1.000, point estimate: 0.914; DN2-sorted samples =
balanced accuracy: CI: 0.910-1.000, point estimate: 0.957; specificity:
CI: 0.820-1.000, point estimate: 0.915; sensitivity: CI: 1.000-1.000,
point estimate: 1.000).

Similarly to the standard myeloid SAGA core set, the lymphoid features
found in both populations were mainly associated with hematological
malignancies (Lmo2,” Ccl3,"° Gnal15,°' Rtndr,”> Mt1,”” Rasd1°*), devel-
opmental processes (Sox14,°> Perp°®), and other types of cancer (Lrp8,"”
Ptger2,%® Gpr171°°). Strikingly, one of the genes most frequently selected
for DN2-sorted samples, Naipl, is also part of the 11 predictors in the
myeloid SAGA approach.'® Naip1 is an anti-apoptotic gene, which, to
our knowledge, has not yet been directly correlated with oncogenesis.

For further validation, the feature sets were applied to predict all sam-
ples in a leave-one-batch-out approach. The DN2-sorted samples,
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including SIN-LV.LMO2 and SIN-LV.EFS, were reliably predicted
in transforming and untransforming (Figure 5A). The same analysis
on the bulk cultures using the corresponding selected features also re-
vealed an efficient predictive performance and clear separation on the
principal component analysis (PCA) plots (Figure 5B). The high area
under the curve (AUC), sensitivity, and specificity values (Figures 5C
and 5D) indicated a high predictive power of both models. In contrast,
randomly selected markers yielded poor model accuracy and unclear
separation between groups, as shown in Figure S2 (panels S2A and S2B
for the DN2-sorted samples and panels S2C and S2D for the bulk cul-
tures). To account for the class imbalance in DN2-sorted samples
(more transforming than untransforming), the analysis with random
markers was repeated without the SIN-LV.LMO?2 group (Figures S2E
and S2F), yielding similarly low model performance. In contrast, re-
analysis of the DN2-sorted samples without SIN-LV.LMO2 using
the selected DN2 features did not affect the overall clear separation
of classes and good performance of the model (Figures S2G and S2H).

Principal component 1 analysis using the bulk features on bulk sam-
ples taken at different time points revealed that the immortalization
signature induced by RSF91 became more pronounced after at least
20 days in culture, coinciding with the ISA and immunophenotyping
clonal tracking results (Figure S3A).

The level of upregulation of the selected features and their relative in-
fluence in the separation between the transforming group (RSF91)
versus mock is shown in Table 1 and in Figures S3B-S3E. In the
DN2 population, the top four most frequently selected predictors
(Naip1, Sox14, Ccl3, and Gm2044) seemed to have the most decisive
influence on classification. Re-analyses of the DN2-sorted population
using only these four features revealed an efficient prediction compa-
rable to the full set (Figures S3F and S3G).

Additionally, the conventional SAGA pipeline evaluates the enrichment
of the SAGA core set genes in transduced samples with the gene set
enrichment analysis (GSEA) tool. We used the new lymphoid features
for GSEA analysis of DN2 and bulk cultures, comparing each transduced
sample to the mean of all mock controls. For both populations, the mean
normalized enrichment score (NES) for RSF91-transduced samples
(>1.00) indicated an enrichment of the lymphoid features and, hence,
high mutagenic risk (Figures 5E and 5F). In contrast, SIN-LV.EFS was
consistently identified as untransforming (mean NES <1.00), in line

Figure 4. ISA and clonal dynamics of transduced samples

In (A), (D), (B), (F), and (G), the colored bars represent the top 10 most abundant insertions, while the remaining integrations are depicted pooled together in a gray bar. All the
insertion sites shown correspond to a unique chromosomal position. (A) Top 10 insertions found for all RSF91_IM samples taken after 20 days in culture. Lmo2, Mef2c, and
Prdm16 high-risk insertions are highlighted in bold red. Lincred1 insertions are depicted in a different color (bold blue), highlighting their indirect effect through Lmo2
dysregulation. (B) and (C) show the mRNA levels of Lmo2 and Mef2c, respectively, measured by ddPCR from early (before day 20) and the latest time point available. All
values were normalized to the expression of the housekeeping gene @-actin. Statistical analysis was performed with Kruskal-Wallis test followed by Dunn’s multiple
comparison post hoc with Bonferroni-Holm correction for multiple testing. Each data point represents an individual sample. **p < 0.01; ***p < 0.0001; ns = not significant. (D)
Top 10 insertions for RSF91_NIM samples. No high-risk integrations were detected. (E) and (F) Comparison of the insertion site distribution in early and late time points of two
RSF91_IM replicates with a Mef2c dominant integration. IDs: 190726-6 (E); 230111-7 (F). (G) Comparison of the insertion site distribution between days 33 and 54, showing
clonal fluctuation in one RSF91_IM replicate (ID: 200131-9). The Mef2c integrations highlighted in bold red correspond to two unique insertion sites according to the
chromosomal position. (H) DN2 kinetics of the sample shown in (G), determined by flow cytometry analysis. The arrows indicate the time points where the samples for ISA

were taken. All sample IDs can be found in Table S1.
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Table 1. Top 10 features most frequently selected for each population

Times selected

Population Probe ID Gene symbol (of 10) log,FC* FDR"
A_51_P289392 Naipl 10 1.59 1.61E-06
A_51_P140710 Sox14 10 1.55 3.38E-02
A_51_P295996 Ccl3 3 1.49 1.34E-01
A_55_P2083368 Gm2044 3 1.34 1.12E-05

DN2° A_52_P641132 Kiral5 2 1.34 1.61E-06
A_52_P496726 Cntn4 1 1.20 8.51E-02
A_55_P2013893 Samdl13 1 1.01 2.69E-05
A_66_P121002 Mrgpral 1 0.98 2.83E-01
A_55_P2151638 Rasdl 1 0.83 1.55E-01
A_51_P317941 Perp 6 3.96 1.03E-02
A_55_P1982916 Tspoapl 6 3.22 1.03E-02
A_51_P249215 Ptger2 4 2.00 1.29E-02
A_51_P473498 Gprl71 4 1.96 1.59E-02
A_52_P236398 Tmem108 4 1.73 1.03E-02

Bulk
A_52_P51024 Gnal5 3 1.31 1.03E-02
A_55_P2083988 Lmo2 3 1.26 4.09E-02
A_51_P450888 Rtndr 3 1.21 4.11E-02
A_52_P279687 Lrp8 3 1.16 1.04E-02
A_66_P111660 Mtl 3 1.10 9.40E-02

“The log, fold change (FC) was calculated based on the expression levels between RSF91 and MOCK.

PEDR: false discovery rate, calculated by Bonferroni-Holm correction.
“DN2: double-negative 2.

with our previous results in the myeloid setting for a similar vector
design. The balanced accuracies for the SAGA-XL-GSEA approach
(DN2: CI: 0.869-1.000, point estimate: 0.964; sensitivity: CI: 1.000—
1.000, point estimate: 1.000; specificity: CI: 0.697-1.000, point estimate:
0.895; bulk: CI: 0.571-1.000, point estimate: 0.838; sensitivity: 0.666—
1.000, point estimate: 0.816; specificity: CI: 0.645-1.000, point estimate:
0.885), together with the AUC, sensitivity and specificity values
(Figures 5G and 5H) suggested again a high predictive power.

Genotoxicity predictors from DN2-sorted samples can assess
mutagenicity in bulk cultures

The bulk cultures are complex samples with different types of cells,
including DN1-4, terminally differentiated T cells, and myeloid cells.
Arrested samples were characterized by the clonal dominance of the
DN2 subpopulation, which showed a distinct gene expression pattern
when analyzed by SAGA-XL. We now investigated whether the immor-
talization signature detected in the DN2-sorted samples could also be
used for classification of bulk cultures. The top 10 DN2 features applied
on the bulk cultures resulted in a clear distinction between transforming
and untransforming groups (Figure 5I) as well as a mean NES of 1.46 for
the mutagenic vector RSF91 in SAGA-XL-GSEA and of —0.35 for the
safer design SIN-LV.EFS (Figure 5]). Based on the balanced accuracies
(SAGA-XL-SVM: CI: 0.722-1.000, point estimate: 0.864; sensitivity: CI:
0.908-1.000, point estimate: 0.968; speciﬁcity: CI:0.510-1.000, point es-
timate: 0.760; SAGA-XL-GSEA: CI: 0.712-1.000, point estimate: 0.916;

sensitivity: CI: 0.425-1.000, point estimate: 0.833; speciﬁcity: CI: 1.000-
1.000, point estimate: 1.000), AUC, specificity, and sensitivity values
(Figures 5K and 5L), the general predictive power of both approaches
looked similarly promising. The influence of each of the DN2-selected
features on the prediction of bulk cultures and their level of dysregula-
tion are depicted in Figures S3H and S3I.

These results suggest that the immortalization signature of DN2-
blocked insertional mutants represents the main difference between
the groups as it can be used for the prediction of unsorted bulk cultures.

Assessment of the predictive performance of SAGA-XL on SIN-
LV with different mutagenic potential

To test whether SAGA-XL was sensitive enough to identify other muta-
genic designs that are not as strong as an LTR-driven gamma retroviral
vector, we evaluated an SIN-LV with the internal spleen focus-forming
virus (SFFV) promoter driving eGFP expression (Figure S4A). Inlight of
the recent vector-induced MDS cases observed in the current CALD
trial,” we also tested the same vector configuration as in this trial
(SIN-LV with an internal viral-derived MND promoter) but with either
RAGI or RAG2 as transgenes (Figure S4A, kindly provided by Frank
Staal, Leiden University School of Medicine, Netherlands). Of note,
both MND-driven vectors have already been tested in the myeloid
IVIM and SAGA assays. Here, SIN-LV.MND.RAGI scored negative,
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while SIN-LV.MND.RAG2 consistently gave a positive result, with
dominant clones harboring Mecom insertions.

In the lymphoid SAGA-XL assay, no significant differences in the
DN2-phenotype were observed for the SIN-LV.MND vectors in com-
parison to mock or the safer design SIN-LV.EFS. In contrast, one of
the SIN-LV.SF-transduced samples developed the DN2 block (Fig-
ure S4B). However, no evident proliferation advantage was seen for
the three vector constructs (Figures S4C and S4D).

The VCN values for all additional vectors were in range with previ-
ously measured samples (Figure S4E). ISA with INSPIIRED revealed
the same switch from poly- to oligoclonality described in the previous
sections for the other vector types tested. This was illustrated by the
reduction in the UIS, UCs, values and Shannon indices, and increased
Gini indices (Figures S4F-S4I). While no high-risk insertions and no
Lmo2 or Mef2c dysregulation was detected for the MND vectors, the
SIN-LV.SF-transduced sample with the differentiation block har-
bored a dominant Lmo2 integration, coupled to the correspondent
mRNA upregulation detected by ddPCR (Figures SSA-S5C). Analysis
with SAGA-XL revealed a clear tendency for the SIN-LV.SF and SIN-
LV.MND.RAGI vectors toward transforming potential only when us-
ing the DN2 features (both on the DN2-sorted samples and on bulk
cultures) as shown by the SVM prediction (Figures S6A-S6C) and the
mean NES in SAGA-XL-GSEA above 1 (Figures S6D-S6F). In
contrast, SIN-LV.MND.RAG2 was mostly classified as untransform-
ing by both approaches.

To further validate SAGA-XL, all available bulk culture samples,
including some mock and RSF91-transduced completely unseen by the
pipeline, were classified using the bulk features and the DN2 markers,
demonstrating an overall promising performance in both SVM predic-
tion (Figures S7A-S7D) and SAGA-XL-GSEA (Figures S7E-S7H).

DISCUSSION

Insertional mutagenesis is still a major risk factor in retroviral vector-
based gene therapy. The safety assays IVIM and SAGA have been used
by several research groups and companies to test the genotoxic poten-
tial of pre-clinical RV.'***”° However, lymphoid insertional mutants
cannot be detected under the standard myeloid IVIM/SAGA settings,
potentially missing additional safety aspects determined by the lineage
involved. In the early X-SCID trials with SAE,’ synergistic effects be-
tween the transgene (IL2RG), the oncogenic insertions close to

LMO2, and the promoter activity in a lymphoid-deficient context
most likely played a critical role in the development of the T-ALL.

Here, we present an in vitro assay to detect retroviral vector-induced
lymphoid insertional mutants using mHSPCs as starting population.
As a surrogate readout for insertional mutagenesis, we combined
phenotypic characteristics evidencing the functional consequences of
genotoxicity, i.e., T cell differentiation block at the DN2 stage, with
the dysregulation of a specific gene expression signature elicited during
lymphoid immortalization. Our approach reproduces in an in vitro
assay the frequently observed oncogenic insertions near Lmo2 using
a similar starting population as in human gene therapy clinical trials
(HSPCs), potentially increasing the predictive value of the results.

The lymphoid safety assay can detect the mutagenic potential of
known genotoxic vector configurations (LTR-driven YRV and SIN-
LV with a strong internal viral promoter) and distinguish them
from safer alternatives currently preferred in the gene therapy field
(SIN-LV.EFS). The EFS promoter used in our study is an intronless
version of the ubiquitous EF-1 promoter and was coupled to the
CBX3 anti-silencing element.”' The original format of the CBX3
element (HNRPA2B1-CBX3) was reported by Knight and colleagues
to induce upregulation of a gene neighboring the vector’s insertion
site through aberrant splicing and generation of a fusion transcript
with the cellular mRNA.”* Even when the splice donor site respon-
sible for this event is not present in the shorter CBX3 element, there
is yet no specific information available regarding its safe use in retro-
viral vector gene transfer. In addition, a study by Rad and colleagues
showed the EF-1 promoter is enriched for T cell-specific TF binding
sites, leading to increased transgene expression upon T cell differen-
tiation.”® In combination, the presence of the CBX3 element and the
potentially higher promoter activity on lymphoid cells might be con-
nected with the clonal selection over time in the SIN-LV.EFS-trans-
duced samples. However, this could also be an inevitable outcome
of long-term in vitro cultivation of primary cells rather than a safety
concern, considering the normal differentiation pattern of the SIN-
LV EFS-transduced samples and their in general non-mutagenic pro-
file assessed by SAGA-XL, resembling untransduced mock cultures.

Lmo2 and Mef2c mRNAs were highly upregulated only in the samples
with the DN2 block (RSF91_IM and SIN-LV.LMO2), even in the
absence of the corresponding nearby insertions, suggesting these
TFs may be part of a more downstream common immortalization

Figure 5. Gene expression analysis and genotoxicity prediction of lymphoid samples with SAGA-XL

Inall PCA plots, the SVM predictions are represented with different shapes (circle = untransforming, triangle = transforming) and the vector designs with color codes (MOCK =
gray, SIN-LV.EFS = green, RSF91 = red, SIN_LV.LMO2 = blue). (A) and (B) correspond to the PCA analysis of DN2-sorted samples with DN2 features (A) and bulk samples
with the bulk features (B). The ROC curves depicted in (C) and (D) correspond to the prediction of all samples with the leave-one-batch-out approach using the DN2 features
on the DN2-sorted samples (C) or the bulk features on bulk samples (C). (E) and (F) show the NES values obtained with SAGA-XL-GSEA for DN2 samples using the DN2
features (E) and for bulk samples using the bulk features (F). The mean NES values are depicted above the graph. Statistical comparison vs. RSF91 is displayed below the
mean NES and was performed with Kruskal-Wallis with Dunn’s post-hoc and Bonferroni-Holm correction for multiple testing in (E) and with Mann-Whitney-U in (F). The
respective ROC curves for the SAGA-XL-GSEA approach using the selected features are depicted in (G) and (H). () SAGA-XL-SVM prediction of bulk samples using DN2
features. (J) SAGA-XL-GSEA prediction of bulk samples using the DN2 features. (K) and (L) Respective ROC curves for () and (J). AUC: area under the curve; PC: principal
component; NES: normalized enrichment score; GSEA: gene set enrichment analysis; SVM: support vector machine.
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pathway. In line with Zhou’s findings,** Mef2c expression was slightly
altered in the absence of the correspondent insertion. On the con-
trary, Lmo2 was upregulated in the presence of either Lmo2, Lincredl,
or Mef2c dominant insertions, supporting previous work proposing
Mef2c as an upstream transactivator of Lmo2.”*

To develop the lymphoid SAGA-XL classifier, we analyzed bulk cultures
(population conventionally used for myeloid SAGA) and DN2-sorted
samples (population evidencing the immortalized phenotype) with the
pipeline as described in Schwarzer et al.."” None of the 10 most frequent
predictors overlapped between the two populations. This was not sur-
prising, as bulk cultures included different types of cells besides DN2,
such as cells from the other DN stages, mature T cells, and myeloid cells.
Hence, insertional mutants with diverse malignant lineage potential
might be coexisting in arrested bulk samples. It has already been
described how myeloid leukemia can originate from leukemic T cell pro-
genitors due to their intrinsic lineage plasticity.”> An important advan-
tage of analyzing bulk cultures is their practicality since long protocols
with considerable added stress for the cells are needed for sorting the
DN2 subpopulation. When using the DN2 features to classify the bulk
cultures, we still obtained an accurate classification, probably because
the DN2-blocked cells are the main drivers of the phenotype.

Despite the differences between populations, the predictors found in
both cases were generally involved in similar biological and disease pro-
cesses (embryonic development, maintenance of pluripotency, cancer,
and leukemia). SAGA-XL identified Lmo2 as a powerful genotoxicity
predictor only for the bulk cultures. Considering Lmo2 is normally ex-
pressed in early DN T cell stages and downregulated upon lymphoid
maturation,”® its differential expression between unperturbed DN2-
sorted T cells and those potentially immortalized by a mutagenic vector
might not yield such high predictive power. Similarly, although Mecom
is the most common oncogenic target in patients with SAEs affecting the
myeloid compartment, it is also not part of the standard myeloid SAGA
core set. On the other hand, the marker Naip1, so far not correlated with
immortalization, was the most frequently selected predictor in both the
myeloid and lymphoid settings. Taken together, our data suggest the al-
gorithm behind SAGA(-XL) might be looking for the activation of early
common key perturbances induced by mutagenic vectors, with the po-
tential to develop into a full-scale immortalization phenotype. Impor-
tantly, the solution presented here could be improved by increasing
sample size. As shown with the re-analysis of DN2-sorted samples using
only the top four most frequently selected DN2 features, it would even
be possible to further reduce the oncogenic core set, thus facilitating a
potential pipeline transfer to simpler technologies such as qPCR.

One of the biggest bottlenecks in gene therapy safety assessment is
covering the partially unknown broad spectrum of mutagenicity lying
in between untransduced cells and the LTR-driven YRV extreme with
asensitive and reliable enough assay. In that regard, the positive results
in all three aspects of the lymphoid assay (phenotype, ISA, and gene
expression) for the SIN-LV.SF vector, even when few replicates were
analyzed, highlighted the assay’s predictive value. Strikingly, when
testing the SIN-LV.MND.RAG1/RAG2 vectors, we obtained different
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results than in the myeloid branch, where MND.RAG2 was clearly
classified as mutagenic and MND.RAG1 scored negative. On the con-
trary, in the lymphoid setting, MND.RAG1 showed disturbed expres-
sion of the DN2 oncogenic signature, though no altered phenotype or
high-risk insertion sites were detected. Of note, the Ragl and Rag2
genes are involved in the T cell receptor recombination, essential to
generate functional T cells.”” Synergistic effects between the specific
transgene and the expression levels of the viral-derived MND pro-
moter in a defined lineage context might account for the differences
in scores between branches and could serve as a practical example of
how the lymphoid and myeloid assays might complement each other.
The results from both the lymphoid and myeloid IVIM/SAGA assays
should be interpreted in probabilistic terms on how likely a specific
vector design is to induce genotoxicity. Some aspects that might
play a role in the final outcome and could potentially increase the fre-
quency of the mutagenic events, like the disease background, are hard
to model in in vitro assays.

The main challenge of this assay is the reproducibility of the lymphoid
differentiation. In three out of 13 independent experiments, some un-
transduced mock cultures developed a block between DN2 and DN3
stages with almost no generation of DP and SP T cells (Figures S8A-
S8E). Hence, to validate the phenotypic readout, we set a cutoff of at
least 10% DP T cells in untransduced cultures to include the experi-
ment in downstream analysis. Of note, the arrested mock samples did
not acquire a proliferation advantage nor downregulated the expres-
sion of CD127, underlining the difference between this type of block
and that induced by mutagenic vectors. In-depth analysis of one of
these experiments with unusual differentiation (ID 200703, Fig-
ure S9A) showed that the SAGA-XL assay still worked. We observed
the differences regarding proliferation capacity, Lmo2 and Mef2c
expression, general insertion site profile, and SAGA-XL prediction
between mock, SIN-LV.EFS-, and RSF91-transduced samples, similar
to our previous analyses (Figures S9B-S9D). INSPIIRED detected
dominant Lmo2 and Lincredl insertions only for the RSF91-trans-
duced cultures (Figure S9E), and the SAGA-XL-SVM classifier
perfectly identified mock, SIN-LV.EFS, and RSF91 in their correspon-
dent groups (Figures SOF and S9G). Lastly, the inclusion of the altered
mocks in the untransduced group for SAGA-XL-GSEA analysis did
not influence the overall prediction and led to almost identical results
as shown before (Figures SOH-S9M). Considering as well that, in gen-
eral, some of the RSF91-transduced cultures did not develop the DN2
block (RSF91_NIM) but were still identified as mutagenic by the
SAGA-XL classifier, our data reaffirm the higher sensitivity and pre-
dictive power of the molecular readout compared to only relying on
phenotypic characteristics. Similarly, in the myeloid IVIM assay,
RSFI1 often does not lead to the replating phenotype (surrogate
parameter of immortalization in this setting), and mock samples
sometimes show spontaneous background proliferation. For both
the lymphoid and myeloid SAGA approach, the dysregulation of
gene sets linked to immortalization was observed in the absence of
the classic flow cytometry-based or replating phenotype. However,
a shared limitation in both settings regarding determining the specific
transformation mechanism still remains.
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Nonetheless, to further improve the reproducibility of the assay, we are
currently investigating the relevant sources of variability, such as the
feeder cells, the IL-7 cytokine dose and batches, and the purity of the
lin-starting population. Alternative feeder cells, like the MS5-DL1 mu-
rine stromal cell line’® or feeder-free systems with the Notch ligand
provided as immobilized chimeric protein”® or bound to magnetic
beads® might increase the reproducibility. A side-by-side comparison
of various lin-batches with different purities could also potentially
shed light on the variable differentiation outcomes.

Some aspects of the lymphoid safety assay still need refinement, and
more data are necessary to build a more reliable lymphoid SAGA clas-
sifier. With more than 15 years in practical use, the myeloid IVIM/
SAGA assays are still considerably more robust than the lymphoid
counterpart. Nonetheless, our work provides a unique platform for
the genotoxicity assessment of RV combining gene expression
profiling, ISA, and functional effects, specifically targeted to the
lymphoid lineage to complement the current myeloid approach. In
the future, the SAGA principle could be expanded to other tissues
or, ideally, to human cells and be exploited for risk assessment of
other gene therapy techniques such as transposons and gene-editing
tools (e.g., CRISPR-Cas9). The further fine-tuning of IVIM/SAGA
and the continuous development of improved vector designs will
help to generate safer retroviral gene therapies.

MATERIALS AND METHODS

Retroviral vectors, production, and titration

The YRV RSF91 has been described previously.*""** It contains the
SFFV promoter in its LTR (GenBank: AJ224005), a modified
woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE*),*” and encodes for the fluorescent protein mCherry. SIN-
LV.LMO?2 encodes the cDNA of the human LMO2 gene (GenBank:
NM_001142315), linked through an internal ribosomal entry
sequence (IRES) to the fluorescent protein mCherry, driven by the
internal SFFV promoter.”® This vector contains the standard wPRE
element. SIN-LV.EFS contains the elongated factor 1o short (EFS)
as internal promoter fused to the CBX3 ubiquitous opening
chromatin element, the modified wPRE*, and encodes for a modified
version of mCherry (mChEY).***> SIN-LV.SF contains SFFV
as internal promoter driving eGFP expression.*® The SIN-
LV.MND.RAG1/RAG2 vectors stocks were kindly provided by Frank
Staal, Leiden University School of Medicine, Netherlands. Transgene
expression in these vectors is driven by the viral-derived MND pro-
moter (myeloproliferative sarcoma virus enhancer, negative control

region deleted, d1587rev primer binding site substituted promoter).*’

All vector stocks were generated by transient transfection of HEK
293T cells with 5 pg of transfer vector, 12 pg of either pcDN
A3.HIV-1.GP 4xCTE (LV gag/pol) or pcDNA3.MLV.GP (YRV gag/
pol),*° 5 ug of pRSV-Rev (only LV, provided by T. Hope, Northwestern
University, Chicago, IL, USA), and 2 pg of pMD.G (VSVg envelope),®”
using the calcium phosphate precipitation method as described
before.”* Viral supernatants were concentrated by ultracentrifugation
for 2 h at 82.740 x g (4°C) and stored at —80°C until further use. Titra-

tion was performed on HT1080 cells (RSF91, SIN-LV.LMO?2) or 32D
cells (SIN-LV.EFS) as described before. 58 Briefly, after transduction
with serial dilutions of the concentrated viral supernatant and spinocu-
lation for 1 h at 700 x g, the percentage of cells expressing mCherry was
determined by flow cytometry and used to calculate the titer.

Expansion of OP9-DL1 cells and treatment with MMC

OP9-DLI1 cells expressing the Notch ligand delta-like 1*° were ob-
tained from Andreas Krueger and Juan Carlos Zuniga-Pfliicker
and cultivated in freshly reconstituted alpha minimum essential
medium (¢-MEM + GlutaMAX, no nucleosides, powder; Gibco/
Thermo Fisher Scientific, Schwerte, Germany) supplemented with
20% fetal bovine serum (FBS Brazil One; PAN Biotech, Aidenbach,
Germany), 100 U/mL penicillin, 100 pg/mL streptomycin (PAN
Biotech), and 2.2 g/L of sodium bicarbonate (PAN Biotech, Aiden-
bach, Germany).

MMC from Streptomyces caespitosus (Sigma-Aldrich/Merck, Mu-
nich, Germany) was used to mitotically inactivate the OP9-DLI cells
following a protocol based on the suspension-adhesion method
described before.® Briefly, after 2-4 weeks of expansion,
1.2 x 10° OP9-DL1 cells were seeded per 10-cm dish and incubated
for 3 h at 37°C to ensure attachment. MMC was reconstituted
following the manufacturer’s instructions and added to each dish
in a concentration of 10 pg/mL. The cells were incubated for exactly
2 h at 37°C. After incubation, the medium was discarded, and each
dish was washed five times with Dulbecco’s Phosphate-Buffered
saline (DPBS; PAN Biotech). The inactivated cells were detached
with 1x Trypsin/EDTA (PAN Biotech), pooled together, and frozen
in aliquots using 90% FBS and 10% dimethyl sulfoxide (DMSO;
Merck, Darmstadt, Germany) for later use in the co-culture
experiments.

VCN by ddPCR

For mean VCN determination, genomic DNA (gDNA) was isolated
with the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany).
VCN was determined on 50 ng of isolated gDNA with a Tagman
approach on a QX200 ddPCR system (Bio-Rad, Feldkirchen, Germany)
as previously described.”” The number of viral sequences was normal-
ized to the genomic reference sequence of polypyrimidine tract binding
protein 2 (Ptbp2). Primer pairs and probes for the wPRE element (viral
vector detection; WPRE-forward: 5'-GAGGAGTTGTGGCCCGTTGT-
3’; wPRE-reverse: 5'- TGACAGGTGGTGGCAATGCC-3'; wPRE-
probe: 5'-FAM-CTGTGTTTGCTGACGCAAC-BHQ1-3) and for
Ptbp2  (PTBP2-forward: 5-TCTCCATTCCCTATGTTCATGC-3';
PTBP2-reverse: 5'- GTTCCCGCAGAATGGTGAGGTG-3'; PTBP2-
probe: 5'-JOE- ATGTTCCTCGGACCAACTTG-BHQ1-3') were used
in a 20-pL qPCR reaction using the ddPCR system and following the
manufacturer’s instructions. The amplified products were measured
with the QX200 droplet reader, and the concentration of each target
per pL and resulting VCN values were determined with the
QuantaSoft software (Bio-Rad). The threshold for droplet positivity
was manually adjusted in each experiment following the manufacturer’s
recommendations, as it was not automatically recognized in some cases.
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The sample 190614-8 (Table S1) with 0.184 vector copies was
excluded from the final analysis. The number of positive droplets for
the reference gene was in the normal range, but very few were gener-
ated for the wPRE target, not correlating with the 91.8% of mCherry+
cells detected by flow cytometry for that sample in the previous time
point to when the sample for VCN analysis was harvested. The number
of cells collected for VCN was lower than the usual minimum of
1.00 x 10°, and the DNA amounts and quality obtained after isolation
were verylow (1.8 ng/pL). This sample was nevertheless used for whole
genome amplification (WGA) and later for INSPIIRED analysis,
yielding several sequences.

For samples 210527-4, —5, and —6, the percentages of mCherry+
cells on the day the DNA sample was taken were 86.2%, 80.9%, and
87.7%, respectively, not matching with the ultra-low VCN values ob-
tained. For VCN determination, less than 10 ng was used, which
might explain the unreliable VCN results. These samples were
WGA and used for INSPIIRED. For sample 210527-4, the WGA ma-
terial yielded only two reads and therefore failed.

For samples 210527-11, —12, and —15, less than 10 ng was used for
VCN determination. No fluorescent reporters were included in these
constructs for comparison with the VCN values.

ISA reaction of WGA-210527-7 and —11 failed with 0-2 reads being
retrieved.

Isolation of lin- bone marrow cells, transduction, and co-culture
with OP9-DL1 feeders

Lin- cells were isolated from tibias, femurs, and iliac crests of 8- to
12-week-old female C57BL/6] mice (Janvier Labs, Saint Berthevin,
France) and magnetically separated using the lineage cell depletion
kit (Miltenyi Biotec, Bergisch Gladbach, Germany) containing line-
age-specific antibodies. Before the magnetic separation, two subse-
quent histopaque (Sigma-Aldrich) gradient centrifugations were per-
formed to enrich for mononuclear cells. The isolated cells were
cryopreserved in aliquots using 90% FBS and 10% DMSO.

For each experiment, the lin- cells were thawed and pre-stimulated for
24 h before transduction in StemSpan SFEM (STEMCELL Technologies,
Cologne, Germany) supplemented with 100 U/mL penicillin, 100 pg/mL
streptomycin, 5 ng/mL human/murine IL-7 (Cytheris S.A., Issy les
Moulineaux, France, and PeproTech, Hamburg, Germany), 5 ng/mL
hFLT-3L (PeproTech), and the STIF cytokines:*® 50 ng/mL mSCF
(PeproTech), 20 ng/mL mTPO (PeproTech), 20 ng/mL mIGF2 (R&D
Systems, Minneapolis, MN, USA), and 10 ng/mL hFGF1 (PeproTech).

Transduction of 1.00 x 10° lin— cells with the RVs was performed on
10 ug/cm2 RetroNectin-coated (TaKaRa, Otsu, Japan) 24-well plates
as described before'” using the same medium as the pre-stimulation
step, with an additional 4 pg/mL of protamine sulfate (Sigma-
Aldrich). 1 day after transduction, the cells were transferred to a layer
of confluent OP9-DL1 MMC-treated cells, seeded the day before, and
the medium was changed to a-MEM with 100 U/mL penicillin,
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100 pg/mL streptomycin, 20% FBS, 1 ng/mL IL-7, 5 ng/mL mSCF,
and 5 ng/mL hFLT-3L (a-MEM complete). The lin— cells were trans-
ferred to new layers of OP9-DL1 cells every 3-4 days.”> On each replat-
ing, the cells were counted with the CASY cell counter (Roche
Innovatis/Schirfe System, Reutlingen, Germany), analyzed by flow cy-
tometry (see below), and cell material was harvested when possible for
later DNA and RNA isolation and downstream analysis. Cytospin
slides were prepared and stained with May-Griinwald/Giemsa solution
atearly (days 12-15) and late time points (after day 30). The slides were
visualized with the NanoZoomer S210 Digital slide scanner (Hama-
matsu, Hamamatsu City, Japan) using 40x objectives. Cell morphology
was analyzed with the NDP.view2 software (Hamamatsu).

Flow cytometry and sorting

The cells were first washed with PBS supplemented with 2% FBS and
2 mM EDTA (Invitrogen/Thermo Fisher Scientific) and blocked with
TruStain FcX anti-mouse CD16/32 antibody (Biolegend, San Diego,
CA, USA). Afterward, staining was performed with the following
anti-mouse antibodies: CD44-PE-Cy7 (IM7), CD25-APC (PC61),
CDA4-FITC (RM4-5), CD8-APC-Cy7 (53-6.7), CD11b-AF700 (M1/
70), Ly-6G/Ly-6C -AF700 (Gr-1; RB6-8C5), and CD127-BV785
(A7R34), all from Biolegend (San Diego, CA, USA). Dead cells
were stained with 0.2 mg/mL of 4',6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich). The samples were either measured with the
CytoFLEX S (Beckman Coulter, Krefeld, Germany) or sorted for spe-
cific subpopulations with the BD FACSAria Fusion cell sorter (BD
Biosciences, San Jose, CA, USA). Data analysis was performed using
CytExpert (Beckman Coulter) and FlowJo (Tree Star, Ashland, OR)
software. Sorted samples were stored in RNAzol B (WAK-Chemie
Medical GmbH) at —80°C until isolation.

Insertion site analysis with INSPIIRED

Vector insertion sites were determined using the INSPIIRED (inte-
gration site pipeline for paired-end reads) pipeline described
before.’*! Samples with very low gDNA amounts after isolation
were first amplified with the WGA REPLI-g mini kit (Qiagen),
following the manufacturer’s instructions. For INSPIIRED, between
70 and 1,000 ng of native or WGA amplified gDNA were sonicated
using the S220 Focused-ultrasonicator (Covaris, Woburn, MA,
USA), purified using AMPure beads in a 0.7-fold ratio, and end-re-
paired with the NEBNext Ultra II End Repair/dA-Tailing module
(New England Biolabs [NEB], Frankfurt, Germany). Previously
generated specific linkers were ligated to the end-repaired DNA sam-
ples with the NEBNext Ultra II Ligation Module (NEB). After another
round of purification using AMPure beads (0.7-fold bead-to-sample
ratio), nested PCRs were performed to amplify the vector-genome
junctions, adding Illumina adapter sequences and using specific index
primers and sample-specific linker primers. The PCR products were
visualized on 2% agarose gels, measured by Qubit, and pooled into
DNA libraries that were transferred to the research core unit geno-
mics (RCUG) of Hannover Medical School for quality control with
a Bioanalyzer device and analysis by Illumina sequencing on flow cells
with 1 million clusters. Linker and primer sequences used for PCR re-
actions are available upon request.
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Downstream bioinformatic processing was generally performed as
described by Berry and colleagues.”® The analysis files necessary to
run the INSPIIRED pipeline were downloaded from GitHub (https://
github.com/BushmanLab/INSPIIRED). Demultiplexed sequences in
FASTQ format were generated according to the individual index
primers used, quality checked, aligned, and annotated to the mouse
genome (mm?9). The plasmid vector sequences served as a reference
for LTR regions and vector trimming. The processing and alignment
statistics were exported before uploading the results to a local data-
base. After creating a sample management database, reports with all
integration site data were generated and used for customized post-
processing in Excel and GraphPad Prism (GraphPad Prism, San
Diego, CA, USA). For the analysis of RSF91-transduced samples, a
database with background insertions sites originated from ancient
RV integrations in the mouse genome was generated by analyzing
mock samples in every gamma-run. These background insertions
were filtered out from the results of transduced samples. Gini, Shan-
non, and UCs, values were re-calculated accordingly.

Reverse transcription of RNA and quantification by ddPCR

RNA was isolated using the Direct-zol RNA Mini- or Microkit (Zymo
Research, Freiburg, Germany), depending on the number of input cells,
and reverse-transcribed with the QuantiTect Reverse Transcription Kit
(Qiagen) following the manufacturer’s instructions. Probes and primer
pairs targeting Mef2c (Mm.PT.58.9749652), Lmo2 (Mm.PT.58.3111
3581), and the housekeeping Actb (Mm.PT.39a.22214843.g) were pur-
chased from Integrated DNA Technologies (IDT, Coralville, Iowa,
USA) and used in a duplex qPCR reaction for quantification of the
c¢DNA products using the ddPCR device (Bio-Rad) as described
before.”" The concentration of each target per puL was analyzed using
the QuantaSoft software (Bio-Rad). The threshold for droplet positivity
was manually adjusted in each experiment following the manufacturer’s
recommendations. The concentrations of Mef2c and Lmo2 for each
transduced sample were normalized by the housekeeping and plotted
as absolute values in molecules/uL.

Samples excluded from the final analysis due to lack of signal for tar-
gets and housekeeping were as follows: 190726-1, 190726-2, 200131~
1, 200131-2, 200131-3, 200131-4 (from early time points), and
190906-2, 190906-12 (from late time points). Samples 190614-1,
190614-2, and 190614-7 from late time points were not analyzed
due to too low RNA amounts after isolation (<75 ng RNA in total
with poor quality measured by Nanodrop). No samples were har-
vested for the early time point of experiment ID 190614 due to the
low number of cells. All sample IDs can be found in Table SI.

Microarray acquisition and processing

Microarrays using the isolated RNA were performed by the RCUG
team of Hannover Medical School and as previously described in
detail in Schwarzer et al. Briefly, when possible, 100 ng (or less if
not available) of total RNA was used to prepare Aminoallyl-UTP-
modified (aaUTP) cRNA (Amino Allyl MessageAmp II Kit; Thermo
Fisher Scientific), applying one round of amplification as directed by
the company, except for a 2-fold downscaling of all reaction volumes.

Before the reverse transcription reaction, 1 pL of 1:5,000 dilution of
Agilent’s One-Color Spike-in Kit stock solution (Agilent Technolo-
gies) was added to the total RNA used for each sample. The labeling
of aaUTP-cRNA was performed with Alexa Fluor 555 Reactive Dye
(Thermo Fisher Scientific) following the manufacturer’s instructions
with the Amino Allyl MessageAmp II Kit (2-fold downscaled reac-
tion volumes). Afterward, cRNA fragmentation, hybridization, and
washing steps were carried out as recommended in “One-Color
Microarray-Based Gene Expression Analysis Protocol V5.7,” except
that 500 ng of each fluorescently labeled cRNA population was
used for hybridization. Slides were scanned using the Agilent Micro
Array Scanner G2565CA (pixel resolution 3 um, bit depth 20).
Data extraction was performed with the “FeatureExtraction Software
V10.7.3.1” using the extraction protocol file “GE1_107_Sep09.xml.”

SAGA-XL analysis and SAGA-XL-GSEA

The adaptation of features for the lymphoid conditions was per-
formed on datasets from bulk and DN2-sorted populations. Both da-
tasets were 10 times stratified in training (70%) and validation (30%)
sets, randomized by mock and RSF91 (DN2: MOCK = 13, RSFI1 =
16; bulk: MOCK = 16, RSF91 = 20). Validation sets were not used
in feature selection or parameter tuning. Training sets were normal-
ized and batch corrected (DN2 population: 6 batches; bulk: 7
batches)’>” with Combat as described in Schwarzer et al.."> An un-
supervised filter was applied as the first feature reduction step, fol-
lowed by RFE on an SVM with radial kernel. Cross-validation was
conducted to assess model performance during feature selection
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and nested cross-validation for hyperparameter tuning.
step, the generated features were used to train an SVM with radial
kernel to predict the validation sets, which were first normalized
and add-on batch corrected. For further analysis, the statistics result-
ing from the 10 splits were bundled. The frequency of the selected fea-

tures during the 10 splits was determined for each population.

To analyze the performance of the feature sets, a leave-one-batch-out
approach was used. The predictions were used to determine overall
specificity and sensitivity. Receiver operating characteristic (ROC)
curves for the predictions with their according AUC were gener-
ated.”® In both populations, the SIN-LV.EFS-transduced samples
(DN2 = 5; bulk = 12) were added for prediction and visualization
by PCA. Only for the DN2 analysis, the SIN.LV-LMO2-transduced
samples (n = 12) were also incorporated for prediction and visualiza-
tion by PCA. Additionally, the top 10 features found in the DN2 pop-
ulation were used to predict all the bulk samples.

For visualization of the classification, PCAs were performed, and the
data were plotted in the first two principal components.”” All calcu-
lations were performed in R 4.0.5 on a server running in Ubuntu
20.04.3.7°

For SAGA-XL-GSEA, the samples were read in, quantile-normalized,
averaged, and log,-transformed within each assay using the R package
“limma.””® The matrix was looped subsetting for mock and the sam-
ple that should be analyzed and is contrasted to the mock. The log fold
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change was pre-sorted in descendant order. A unique value for trans-
duced samples was set based on the filename to test them against the
group of all mock samples. The feature sets generated before for bulk
and DN2 were defined as the gene sets applied on the comparison be-
tween all mock samples of the respective population and single trans-
duced samples. After running the function “fgsea” from the “fgsea”
package,”® the samples with NES >1.00 were considered as transform-
ing as defined in the myeloid SAGA assay."”

For further analysis, the bioinformatic script was adapted and run by
changing the input needed for investigation of the MND.RAGI and
MND.RAG2 vectors and the material that was excluded during the
feature search process.

Statistical analysis and preparation of figures

Statistical analysis was performed with GraphPad Prism 6 and with
R 4.0.5 on a server running in Ubuntu 20.04.3. Data were presented
as mean + SD unless specified. Statistical significance was determined
with Kruskal-Wallis using Dunn’s post hoc and Bonferroni-Holm
correction for all cases with three or more groups or otherwise
Mann-Whitney-U. The test used was indicated in the figure captions.
*p <0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; ns = not significant.
All figures were designed using the Inkscape software (https:/
inkscape.org/) and GraphPad Prism 6/9.

DATA AND CODE AVAILABILITY

All data associated with this paper can be found in the main text.
RAW and processed expression data from all experiments have
been deposited in gene expression omnibus under the GEO accession
GSE241160.
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Figure S1: ISA of transduced samples. (A), (B), and (C): percentage of transduced cells over time determined by
mCherry expression by flow cytometry. Each line represents an individual replicate. (D) Percentage of insertions
within genes for each vector construct, measured in early time point samples (before day 20 of culture). The
percentages follow the expected insertional preferences for the different vector types. Matched random control (mrc)
sites generated in silico by the pipeline were used for comparison. Statistical analysis was performed with Kruskal-
Wallis with Dunn’s post-hoc test and Bonferroni-Holm for multiple testing. *p<0.05; ****p<0.0001; ns = not
significant. Indicated is the mean = SD. (E) Genomic features associated with the insertions of transduced samples.
The latest time point available for each sample were clustered together according to the vector used and development/
absence of the DN2 block. As described in Berry et al. 2017, the colored tiles represent the direction and magnitude of
deviation of the integration site dataset from the mrc distribution for each genomic feature, quantified using the
receiver operating characteristic (ROC) curve area method. In the color key, ROC areas between 0.0-0.5 suggest the
genomic feature was disfavored in the insertion site dataset compared to mrc while ROC values between 0.5 and 1.0
indicate enrichment in the dataset. (F) Top 10 insertion sites of SIN-LV.EFS-transduced samples, depicted in color. All
remaining integrations were grouped in the gray bar.
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Figure S2: Separation of classes using random markers. PCA (A) and ROC analysis (B) of all DN2-sorted
samples using randomly selected markers. (C) and (D) illustrate the PCA (C) and ROC analysis in (D) of bulk
culture samples using random markers. In (E) and (F), the same analysis with randomly selected markers on DN2
cells as shown in (A) and (B) was repeated excluding the SIN-LV.LMO2 group to deduct the influence of the class
imbalance within the DN2-sorted samples (more transforming than untransforming). (G) and (H) illustrate the PCA
(G) and ROC analysis (H) using the DN2 features on DN2-sorted samples excluding SIN-LV.LMO2, to validate the
approach used in (E) and (F). In this case, the exclusion of SIN-LV.LMO2 does not change the model performance
and overall classification of DN2-sorted samples.
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Figure S3: Mutagenic vectors induced specific gene expression changes in lymphoid samples. (A) PC1 of bulk
samples taken at different time points using the bulk feature set. Starting from a relative close origin, mock and
RSF91-transduced samples diverge over time following a linear tendency, based on their expression of the selected
bulk features. The filled lines indicate the running median over time, while the dotted lines correspond to the first and
third quantiles. (B) and (C) show the contribution of each of the selected genes to PC1 and PC2 when classifying the
DN2-sorted samples with DN2 predictors (B) and the bulk cultures with bulk predictors (C). The length of the arrows
indicates relative intensity of the gene’s influence and the arrow orientation correlates with the contribution to each of
the principle components as well as the correlation between each gene. (D) and (E): heatmaps showing the expression
of each of the selected predictors accross the different groups. (D): expression of DN2 predictors on DN2-sorted
samples. (E): expression of bulk predictors on bulk culture samples. The row z-score scale indicates the degree of
deviation from the mean expression for each gene. (F) SVM prediction of DN2-sorted samples using the top 4 most
frequently found DN2 predictors (Naipl, Soxi4, Ccl3, Gm2044). (G) ROC curve for the analysis in (F). (H)
contribution of the DN2 features to PC1 and PC2 when classifying the bulk cultures. (I) Expression of the DN2
predictors in the different vector groups on bulk cultures.
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Figure S4: Phenotype and ISA of additional vectors in the lymphoid assay. (A) Schematic representation of the
additional SIN-LV tested, with the internal SFFV promoter driving the expression of the fluorescent protein eGFP,
or the internal MND promoter (viral origin) driving the expression of either RAG1 or RAG2. (B) Comparison of
the DN2 percentages at the end of culture for all vector types tested, measured by flow cytometry. (C) Cell
proliferation at the end of culture expressed as expansion factor per day for all vector types tested. The total cell
number on the last day of culture of each sample was divided by the number of seeded cells in the previous time
point multiplied by the timespan between counts. (D) Cohens d values reflecting the effect size between the mean
expansion factors shown in (C). (E) VCN by ddPCR of all samples that yielded a successful INSPIIRED reaction,
using the latest time point available. Three samples were excluded due to very low VCN values not matching the
percentage of mCherry+ cells detected by flow cytometry (190614-8, 210527-5, 210527-6). For the samples
highlighted in red, less than 10 ng were used for VCN determination, which could have affected the quality of the
result. Further details on samples included can be found in methods and in Supplementary Table S1. (F) Number of
unique insertion sites obtained after alignment to the mouse genome. (G), (H), and (I): sequencing statistics
calculated with the INSPIIRED pipeline for the overall clonality assessment of the samples. A low UC50 (G), low
Shannon (H) and high Gini (I) indices correlate with an oligoclonal insertion site pattern. Early time points refer to
samples taken between days 12-15, and late time points, to samples taken after day 30. In all cases, statistical
analysis was performed with Kruskal-Wallis with Dunn’s post-hoc test and Bonferroni-Holm correction for
multiple testing to account for the difference in variance between the groups. Each data point of the scattered plots
represent an individual sample. **p<0.01; ****p<0.0001; ns = not significant. eGFP: enhanced green fluorescent
protein. 4
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Figure S5: ISA and expression of relevant T cell proto-oncogenes in samples transduced with the
additional SIN-LV vectors. (A) Top 10 insertion sites (depicted in colors) of SIN-LV.MND.RAG1/RAG2- and
SIN-LV.SF-transduced samples. The remaining insertions of each sample were grouped together in the grey bar.
(B) and (C): Lmo2 and Mef2c expression determined by ddPCR. For late time point measurements of SIN-
LV.MND.RAG2, both transcri 5pt10n factors were downregulated compared to mock (Lmo2: SIN-
LV.MND. RAszed]an 1.12x107°, mock,pegian = 8.27x107%; Mef2c: SIN-LV.MND. RAG2,¢gian = 0.00, mOCK pegian
= 3.74x107). Early time points refer to samples taken between days 12-15, and late time points, to samples
taken after day 30. Statistical analysis was performed with Kruskal-Wallis with Dunn’s post-hoc test and
Bonferroni-Holm correction for multiple testing to account for the difference in variance between the groups.
Each data point of the scattered plots represents an individual sample. *p<0.05; **p<0.01; ***p<0.001;
**x%p<0.0001; ns = not significant.
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Figure S6: Genotoxicity prediction of additional SIN-LV vectors using SAGA-XL. (A), (B), and (C)
illustrate the PCA analysis of DN2-sorted samples with DN2 features (A), bulk samples with bulk features (B),
and bulk samples with the genotoxicity predictors found in the DN2-sorted population (C). (D), (E), and (F)
display the NES values obtained with SAGA-XL-GSEA using the DN2 features on DN2-sorted samples (D),

the bulk features on bulk samples (E), and the DN2 features on bulk samples (F). The mean NES values for

each vector type are depicted above the graphs. Statistical comparison vs RSF91 is indicated below the
correspondent mean NES and was performed with Kruskal-Wallis with Dunn’s post hoc test and Bonferroni-
Holm correction. *p<0.05; **p<0.01; ***p<0.001; ns = not significant.
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Figure S7: Validation of SAGA-XL. All available bulk culture samples, including some mock and RSF91-
transduced samples unseen by the pipeline, were analysed with SAGA-XL using the bulk predictors (A) or the DN2
features (B). (C) and (D): ROC curves for the prediction models from (A) and (B), respectively. (E) and (F):
SAGA-XL-GSEA results using the bulk predictors (E) or the features found on the DN2 population (F). The mean
NES values for each vector type are depicted above the graphs. Statistical comparison vs RSF91 samples is
indicated below the correspondent mean NES and was performed with Kruskal-Wallis with Dunn’s post hoc test
and Bonferroni-Holm correction. (G) and (H): ROC curves for the SAGA-XL-GSEA approach.
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Figure S8: Interassay variability based on differentiation of mock samples. (A) and (B) show an example of a
successful experiment in terms of T cell differentiation (n = 4). The DN2 population of mock cultures, followed by
flow cytometry analysis, gradually decreased during long-term culture (A), while DP T cells were generated in
increasing amounts (B). (C) and (D) depict experiment ID 200703, which failed to fulfill the inclusion criteria
(n=3). (C) Kinetics of the DN2 population followed by flow cytometry. The DN2 population of mock cultures and
SIN-LV.EFS-transduced samples increased over time at a similar pace than RSF91-transduced cultures. (D)
Percentage of DP cells over time measured by flow cytometry analysis for the same samples depicted in (C). No
DP cells were generated for any of the samples. (E) Flow cytometry analysis of day 43 from the experiment
depicted in (C) and (D) for mock and samples transduced with the different vectors. The high amount of DN2 cells
by the end of culture for mock samples prevented a proper assessment of the DN2-block in the transduced samples.
In all cases, the DN stages 1-4 were analyzed based on the CD44 and CD25 markers and the DP cells, based on
CD4 and CDS8 markers. Cells expressing the myeloid markers CD11b and Gr-1 were first excluded by gating. Data
are presented as mean + SD.
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Figure S9: Influence of impaired mock differentiation on the assay readout. In (A), (B), (C) and (D), the samples from
experiment ID 200703 with impaired mock differentiation presented in Supplementary Figure S8 are depicted in red and were
pooled with previously analysed samples that passed the inclusion criteria (shown in main Figures 2-5) to see their influence
on the overall data distribution within and between the groups. The significance level for the comparison within groups is
shown in red and was performed with Mann-Whitney-U test. When not specified, the differences were not significant. For
statistical comparison between groups, Kruskal-Wallis using Dunn’s post-hoc and Bonferroni-Holm correction for multiple
testing were performed. (A) Percentage of DN2 cells by the end of culture. (B) Expansion factor calculated as total cell number
on last day of culture of each sample divided by number of seeded cells in previous time point multiplied by timespan between
counts. (C) Lmo2 and (D) Mef2c¢ expression measured by ddPCR in early (before day 20) and the latest time point available.
(E) ISA of experiment ID 200703. The top 10 insertions are depicted in colors and the remaining ones were grouped together
in a grey bar. (F) and (G) show the SAGA-XL-SVM prediction for experiment ID 200703 (nmock=2, NSIN-LV.EFS=3,
nRSF91=3) depicted in bright colors, overlayed to the previously analysed samples (included in Figures 2-5) in dimmer colors
using the bulk predictors in bulk samples (F) or the DN2 features in bulk samples (G). (H)-(M) show SAGA-XL-GSEA results
using the bulk predictors on bulk samples (H-J) or DN2 features on bulk samples (K-M). In all cases, the samples from
experiment ID 200703 are depicted in bright colors and all previously analysed samples, in dimmer colors. To test the
influence of the samples from experiment ID 200703 on the overall results, three strategies were evaluated: (H) and (K)
excluded the mock from experiment ID 200703 from the calculations; (I) and (L) pooled the mock from ID 200703 with all
previously measured mock; (J) and (M) only analysed samples from the 200703 batch. The mean NES values for each vector
type are depicted above the graphs. Statistical comparison vs RSF91 in (H)-(M) is indicated below the correspondent mean
NES and was performed with non-parametric Mann-Whitney-U test. Each data point of the scattered plots represent an
individual sample. *p<0.05; **p<0.01; ****p<0.0001; ns = not significant.
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Table S1: Sample information
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