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HE3 : Vector copy number (VCN) is one of the most important quality control (QC) parameters for gene therapy
products, and quantitative real-time PCR (qPCR) is currently the most widely used method for its assessment. To
ensure the quality and safety of gene therapy products, the U.S. Food and Drug Administration (FDA) recommends
maintaining VCN values below a defined threshold (5 copies/cell). However, because VCN values are calculated
from relative quantification by qPCR, their precise biological significance has not been fully clarified. Based on a
simplified Poisson distribution model, when the average VCN is 5 copies/cell (the recommended upper limit), cells
harboring high VCN values theoretically remain within the population, including approximately 1.8% of cells with
10 copies/cell and 0.02% with 15 copies/cell. Although these probabilities are extremely low, when more than 10"8
hematopoietic stem cells are prepared, a small number of cells with high VCN values (>10 copies/cell; high-VCN
clones) may still persist. The European Medicines Agency (EMA) has highlighted the importance of monitoring
clones exceeding 10 copies/cell; however, there is no clear guidance regarding when and how such high-VCN clones
should be evaluated. Furthermore, in both nonclinical studies using animal models and first-in-human clinical trials,
VCN monitoring is required to evaluate the biodistribution of gene therapy products. Therefore, establishing a
universal and reproducible VCN monitoring method that is minimally affected by differences among facilities or
operators is an important unmet need.

In this study, we aimed to establish a highly reproducible nucleic acid quantification method using droplet digital
PCR (ddPCR) that would be less susceptible to inter-facility and inter-operator variability. Specifically, we generated
reference cell lines and established ddPCR-based VCN measurement protocols that could provide comparable results
across multiple facilities and operators. In addition, we developed single-cell VCN analysis methods for
hematopoietic stem cells and T cells and evaluated their consistency with conventional bulk VCN measurements.
Furthermore, instead of treating VCN merely as an average value, we sought to evaluate VCN distributions using
descriptive statistics including standard deviation and to establish a novel evaluation strategy for gene therapy
products through mathematical modeling.

The overall goal of this project was to improve the safety evaluation of gene and cell therapy products by
establishing highly sensitive and accurate methods for VCN measurement and single-cell VCN analysis. In particular,
we aimed to identify high-VCN clones that are difficult to detect by conventional bulk analysis and to evaluate clonal
dynamics in vivo.

In Research and Development Project 1, we established the foundation for VCN measurement using qPCR and
ddPCR. Using reference-cloned Jurkat cells and plasmids containing target sequences, we evaluated detection
sensitivity and found that the detection limit of gPCR was approximately 10”2 copies, which was consistent with the
known performance characteristics of conventional qPCR assays. Analyses using genomic DNA demonstrated a slight
reduction in sensitivity in low-concentration samples; however, sufficient accuracy for VCN evaluation was

maintained within the DNA concentration ranges typically required for gene therapy product analysis. ddPCR showed
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high sensitivity and reproducibility as an absolute quantification method, although slight deviations caused by
differences in PCR amplification efficiency were observed. Moreover, comparison of results among multiple
operators demonstrated high inter-operator reproducibility, with variability remaining within 10% for both qPCR and
ddPCR assays, indicating that standardized assay systems could be established.

In Research and Development Project 2, we attempted to establish a single-cell VCN analysis method for gene-
modified human hematopoietic stem cells. Initially, we investigated both whole-genome amplification (WGA)-based
and non-WGA-based approaches; however, we prioritized the WGA-based strategy because it enabled sufficient
nucleic acid recovery from single cells. Approximately 50-100 ng of nucleic acids could be recovered from single-
cell-sorted cells, which was sufficient for VCN analysis. Nevertheless, potential PCR bias during the WGA process
suggested that the resulting measurements were closer to relative quantification rather than true absolute
quantification. Despite this limitation, the method proved useful for identifying high-copy clones. Indeed, analysis of
human hematopoietic stem cells with long-term repopulating capacity demonstrated that samples with high bulk VCN
values showed increased frequencies of high-VCN clones. In particular, clones with VCN values greater than 5 or
even 10 copies/cell were detected at measurable frequencies, revealing clonal heterogeneity that could not be
identified by bulk analysis alone.

In Research and Development Project 3, we integrated the single-cell VCN datasets and attempted to construct a
mathematical model to estimate the risk of high-VCN clone emergence. Analysis of hematopoietic stem cell samples
derived from multiple donors showed that high-VCN samples contained approximately 20% high-VCN clones,
whereas low-VCN samples exhibited substantially lower frequencies. However, it became evident that a larger
number of donors and analyzed cells would be necessary for statistically robust evaluation of high-VCN clones. In
particular, analysis of approximately 100 cells was insufficient to accurately estimate the frequency of rare high-VCN
clones, and future studies will likely require analysis of at least 10 donors and approximately 1,000 cells per sample.
Therefore, mathematical modeling remained at a preliminary stage and represents an important future challenge.

In Research and Development Project 4, we investigated in vivo VCN monitoring using a humanized
immunodeficient mouse model. Human umbilical cord blood-derived CD34-positive cells transduced with lentiviral
vectors were transplanted into immunodeficient mice. Although 5-10% human CD45-positive cells were detected in
peripheral blood, the number of recovered cells was insufficient for single-cell VCN analysis. In contrast, a larger
number of human cells could be recovered from the spleen, enabling successful evaluation of clonal VCN distribution
by single-cell analysis. Interestingly, variability in VCN distribution was observed even among mice transplanted
with cells derived from the same donor lot, suggesting that recipient-related factors may influence engraftment
efficiency and the emergence of dominant clones.

In conclusion, this study established highly reproducible VCN measurement systems using qPCR and ddPCR and
developed single-cell VCN analysis methods for human hematopoietic stem cells, enabling the detection of high-
VCN clones and evaluation of in vivo clonal distributions. At the same time, several limitations were identified,
including PCR bias associated with whole-genome amplification and qPCR, insufficient donor numbers, and low
engraftment efficiency in vivo. Future improvements in WGA technology, ddPCR instrumentation, and high-
throughput multi-sample processing, combined with large-scale data analysis and mathematical modeling, are
expected to provide a more accurate framework for evaluating the risk of high-VCN clone emergence in gene and

cell therapy products.



