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Introduction

Stable cell line development for biologics production
requires efficient and reproducible gene integration
approaches that maximize transcriptional output and
preserve genomic stability. The two primary approaches—
random integration and semi-targeted (or transposase)
integration—can differ in their impact on expression
variability, scalability, and regulatory approval.

Abzena’s AbZelectPRO" cell line development
platform combines an optimized CHO host
cell system with ProteoNic’s 2G UNic® vector
technology to enhance transcriptional activity
and clonal stability. It integrates optimized
host systems with vector-driven expression
control for rapid selection of high-producing
clones while preserving process scalability.

2G UNic® Element

Transcription hCMV
enhancerelement : (orother) |
| promoter |

Gene of Interest (GOI)

Random integration inserts transgenes at variable
genomic locations. This variability can influence
expression, but vector engineering helps mitigate
positional effects. The 2G UNic® vector incorporates
transcriptional enhancers, dual promoters, and
epigenetic stabilizers to support consistent expression
across diverse sites. High-throughput screening tools
such as Cyto-Mine® enable rapid selection of high-
producing, stable clones.

Semi-Targeted integration, by contrast, uses
transposases or recombinases to guide transgene
insertion toward preferred genomic motifs. This
improves insertion predictability and can reduce clonal
variability. However, chromatin accessibility and local
regulatory elements still affect expression, and empirical
screening remains essential. Because transposase
systems require co-delivery of enzymatic components,

regulators will request data to confirm absence of
residual activity in production clones. Random
integration, with its longer track record in CHO cell
systems, typically faces fewer regulatory requirements
around insertion characterization.

2G UNic®is an expression vector technology
with a proprietary transcriptional enhancer
that combines a strong CHO-derived promoter
with a downstream hCMV promoter. Leading
to enhanced protein production by optimizing
mMRNA stability, transport and translation.
The enhancer element is engineered to reduce
epigenetic silencing and enables stable
expression across diverse integration sites.
Integrated into the AbZelectPRO™ platform,
2G UNic® speeds up cell line development to
reduce timelines to 10 weeks and support
high-yield biologics production.
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This paper compares these two primary genetic
integration strategies and focuses on theirimpact on
transcription efficiency, clonal stability, scalability, and
regulatory considerations.
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Overview of Genetic Integration Strategies

Random Integration

Random integration inserts transgenes at non-specific
genomic locations through non-homologous end joining
(NHEJ), resulting in a wide distribution of insertion sites
that can support diverse expression outcomes. This
variability introduces challenges in clone selection due
to chromatin effects and positional influences. Studies
have shown that random integration can resultin
concatemerization, structural variations, and genomic
instability, which need extensive clone screening to
identify stable high-producers.! Added to this, increased
transgene copy number correlates with a decline in
expression over time due to repeat-induced gene
silencing (RIGS) and chromatin remodeling.3

However, vector design can mitigate the variability
associated with random integration. The 2G UNic® vector
incorporates several distinct features to help with this:

+ Dual-promoters enhance transcription by increasing
polymerase recruitment.

- Epigenetic stabilizers reduce gene silencing for
sustained expression over multiple generations.

+ Optimized 5'-UTRs and introns improve mRNA
stability and translation efficiency to increase
protein yield.

A potential challenge of random integration arises when
insertion events occur in heterochromatin as this can
suppress transcription. However, high-throughput clone
screening—using technologies such as Cyto-Mine®—is
already a necessary part of the workflow that allows for
early enrichment of high-producing clones and minimizes
this variability.

Semi-Targeted Integration

Semi-Targeted integration uses transposases

for transgene insertion.* Transposases target
transcriptionally active regions, but not inherently
safe harbor sites when defined as specific genomic
loci where transgenes can be inserted without
disrupting endogenous gene function or causing

unpredictable expression patterns. Transposases target
transcriptionally active regions, but not inherently

safe harbor sites when defined as specific genomic loci
where transgenes can be inserted without disrupting
endogenous gene function or causing unpredictable
expression patterns.

Among transposase-based systems, PiggyBac and
Sleeping Beauty are the most widely used.

 PiggyBacintegrates transgenes at TTAA sequences,
allowing excision without leaving residual vector
sequences at the excision site.

Sleeping Beauty integrates at TA dinucleotides with
a broader insertion profile than PiggyBac. While
this increases insertion variability, its preference for
transcriptionally active regions has been associated
with stable expression in some contexts.

« Recombinase-based systems (Cre/LoxP, FLP/
FRT) require engineered recognition sites within
the genome, which can limit their productivity
by using a single integration site.Semi-targeted
integration offers greater predictability than random
integration, but transposases still exhibit insertion
site preferences. For example, PiggyBac integrates
at TTAA sequences, while Sleeping Beauty prefers
TA dinucleotides.* These preferences mean that
even within transcriptionally active regions, some
variability in expression remains.

However, semi-targeted approaches may reduce the
screening burden by biasing integration toward more
transcriptionally active chromatin and by inserting
complete expression cassettes, allowing for each gene
copy to be intact and active, as opposed to concate-
merized vector fragments often containing incomplete
cassettes as found in random integration. In cases where
consistent insertion profiles are desired—such as for
regulatory predictability or genome engineering—these
systems may offer a strategic advantage.
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Transcriptional Efficiency, Insertion
Patterns & Chromatin Influence

Chromatin context will affect expression levels when
atransgene is randomly integrated into the genome.®
Transgene expression depends on promoter strength,
chromatin accessibility, and epigenetic regulation.
Insertion patterns impact transcription, but vector
engineering can stabilize expression. Strong promoters
drive transcription efficiency, while regulatory elements
such as UTRs, introns, and scaffold/matrix attachment

regions (S/MARs) enhance mRNA stability and translation.

Heterochromatin suppresses transcription because it is
densely packed, limiting access to transcription factors
and RNA polymerase. By contrast, euchromatin is more
open and promotes transcription through polymerase
recruitment and enhancer activity, aided by histone
marks such as H3K4 methylation and H3K27 acetylation.

Random integration introduces variability in insertion
sites, but vectors that incorporate epigenetic stabilizers
can counteract chromatin repression and mitigate these
effects. Traditional vectors, particularly those relying
solely on hCMV promoters, are prone to methylation

and transcriptional silencing, which can lead to
declining expression over time. In contrast, enhanced
vectors like the 2G UNic® vector by ProteoNic reduces
locus dependency by incorporating enhancers, dual
promoters, and optimized untranslated regions (UTRs),
which supports high transcriptional output across
diverse chromatin environments. 2G UNic was designed
to reduce epigenetic silencing and have demonstrated
consistent expression across diverse insertion sites

and passages. Analysis of top-producing CHO cell lines
expressing 2G UNic® has not revealed significant insertion
site bias yet consistently yields a high proportion of high-
expressing clones.
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Semi-Targeted integration provides more predictable
insertion patterns and often favors euchromatic regions,
which can support stable transcription and reduce

the risk of silencing. Transposases such as PiggyBac
and Sleeping Beauty preferentially insert into open
chromatin, where active histone marks promote
sustained expression.®” This can reduce the likelihood

of gene silencing and improve stability, especially in long-
term cultures. In addition, semi-targeted methods often
integrate as single-copy insertions and avoid concatemer
formation or genomic scars, which can benefit processing
consistency and simplify characterization given the
observed tendency to integrate with lower diversity
compared with transposase approaches.! However,

safe harbor sites may require additional regulatory
elements to achieve optimal yields, and chromatin
remodeling can still lead to transcriptional drift over
long-term cultures.® These effects highlight the need for
empirical validation of stability across all integration
strategies and suggest that vector design remains critical
regardless of insertion method.

Insertion site selectivity differs between random and
semi-targeted integration, with each method presenting
the impact of distinct trade-offs in efficiency, scalability,
and regulatory complexity (Table 1).

Table 1. Comparing Random vs. Semi-Targeted Integration in Stable Cell Line Development

Feature

Insertion Efficiency
multiple locations

Locus Control

Transcription Levels
enhancers)

Expression Variability

Gene Silencing Risk
repression

Long-Term Stability

Random Integration (2G UNic®)

High, potential for integration at

None, mitigated by vector design

High, vector-driven (dual promoters,

Moderate, controlled by vector

Low, epigenetic stabilizers prevent

High, stable for 260 passages

Semi-Targeted Integration
(Transposases/Recombinases)

Moderate, depends on transposase activity
and recognized genomic motifs

Partial, influenced by chromatin state

Locus-dependent, influenced by
regulatory elements

Lower, but still subject to chromatin effects

Present, requires additional genetic
regulator elements

Variable, depends on chromatin remodeling
Requires additional screening to

compensate for site-dependent
expression variability

Screening High-throughput enrichment identifies
Complexity rare high-producers
Regulatory Characterization focused on integration
Consideration and expression stability demonstrated
through molecular biology techniques
and orthogonal characterization
and protein expression measurements
Development 10 weeks to research cell bank (RCB)
Timeline due to optimized CHO-K1 cell line that

can grow to high densities with reduced
doubling times

Additional genetic characterization focused
on integration event disruption and
expression stability, in addition to helper
construct clearance demonstration

Comparable, but may require additional
validation to confirm insertion site and
optimize expression
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Clone Selection & Process Scalability

Screening is essential regardless of integration strategy.
Random integration appears riskier initially due to
insertion variability, but this broad distribution increases
the likelihood of isolating the highest-producing clones
in subsequent steps (Figure 1). In contrast, semi-targeted
integration provides more predictable insertion but does
not assure optimized expression.

Developments in microfluidic-based single-cell analysis
have significantly improved clone selection efficiency.
Cyto-Mine®, an integrated microfluidic system, enables
high-throughput isolation and characterization of
individual cells by measuring productivity, growth
kinetics, and stability. Unlike traditional limiting dilution
or FACS-based methods, Cyto-Mine® encapsulates cells
in picodroplets, allowing rapid, automated screening of
thousands of clones while maintaining monoclonality
assurance. This technology reduces the timeline

for stable cell line development and enables early
identification of top-performing candidates.

In random integration workflows, variability in insertion
sites makes early high-yield clone identification espe-
cially important. Combining microfluidic screening with

———Transposases

TITRE (G/L)

image-based analytics can improve process scalability
by selecting clones with both high productivity and
robust growth.

Semi-Targeted integration reduces insertion variability
and may streamline early screening efforts. However,
expression remains influenced by chromatin context,
and empirical validation is still required to identify
clones with favorable growth and production profiles. In
both approaches, clone performance must be assessed
holistically, including long-term stability and scalability.

High-producing clones from both random and semi-
targeted systems can experience metabolic burden,
leading to reduced viability over time.® Cells under
excessive transcriptional stress may be outcompeted
by lower-producing variants during extended culture.
This underscores the importance of optimizing selection
criteria to balance productivity with cell fitness.

A high-throughput, data-driven clone selection
strategy—integrating microfluidic screening, image-
based analysis, and predictive modeling—will likely
accelerate development and improve final product
consistency, regardless of integration strategy.

———Random Integration
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Figure 1. Random integration produces a wider range of expression levels across clones, including rare high producers. Semi-targeted integration
yields more uniform expression, reducing variability but limiting the chance of identifying top-performing outliers.
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Regulatory Considerations

Regulatory agencies assess genomic integrity,
expression stability, and process reproducibility in cell
line development. As a well-established method in
CHO-based biologics production, random integration
benefits from strong regulatory precedent. Its lack of
transposase genes further simplifies genomic integrity
assessments and Master Cell Bank (MCB) qualification.

Transposase-based integration methods complexiy
which can be of concern to regulated bodies considering
cell line characterization:

- Potential off-target insertions require genome-wide
screening to confirm integration exclusivity.

+ Demonstration that Residual transposase DNA and
helper constructs are cleared.

- Insertion site characterization is often expected to
confirm that integration does not disrupt essential
host genes.

While random integration carries similar theoretical risks,
regulators generally do not require full insertion site
mapping for well-established CHO systems using standard
vectors. This distinction reflects a long history of safe use
and consistent performance data in CHO-based platforms,
which provides confidence in clone behavior without
requiring exhaustive insertion site mapping in most cases.
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Practical Considerations for Cell Line Development

Protein Complexity &
Expression Demands

The structural and biochemical properties of a thera-
peutic protein influence integration strategy selection.
Monoclonal antibodies (mAbs), Fc-fusion proteins, and
bispecifics require stable, high-yield expression to meet
clinical and commercial demands. Structural complexity
and post-translational modifications can also affect
processing efficiency, especially for multimeric enzymes
or heavily glycosylated proteins.

While semi-targeted systems improve insertion predicta-
bility and may reduce integration-related variability, they
do not inherently control protein folding, glycosylation,
or metabolic load. These attributes are shaped by

transgene context, host cell biology, and clone-specific
behavior. Random integration, despite its variability,
offers a broader sampling of genomic environments,
which can, in some cases, yield clones with unexpectedly
high product quality or enhanced processing efficiency.
This diversity may be particularly useful when developing
complex or poorly expressed proteins.

Ultimately, empirical screening remains essential for both
approaches. Advances in microfluidic single-cell analysis,
high-throughput fluorescence sorting, and image-based
screening improve selection efficiency and help identify
high-producing clones that maintain product quality
across fed-batch and perfusion conditions (Table 2).1°

Table 2. Weighted View of Using Random vs. Semi-Targeted Integration

Factor Random Integration (2G UNic®)

Protein Type Standard mAbs, difficult-to-express
proteins

Expression Stability High stability across clones due to

Development Speed

vector-driven control

Faster, integrates into standard
CHO workflows

Manufacturing Optimized for fed-batch and
Suitability perfusion culture

Regulatory Lower, follows well-established
Complexity guidelines for CHO-based production
Scalability High, robust under commercial

production conditions

Semi-Targeted Integration
(Transposases/Recombinases)

Enzymes, multimeric proteins require
locus-specific optimization

Locus-dependent, requires validation

Similar to random integration, at times
may be quicker in selection of stable pools.

Case-dependent, needs validation for each
production system

Higher, requires transposase clearance
and site-specific analysis

Moderate, additional validation required
for large-scale production
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AbZelectPRO™ Platform through
Scale-Up to Manufacture

Manufacturing

3x2L STR

» USP performance
» DSP performance
2L STR » Confirm Process
» USP performance

> In parallel with stability

» Select Lead clone

50L non-GMP

» Scale up for Pilot/Tox batch
» Process locked in for cGMP
manufacturing

Ambrl5

& Growith, productiviy &iPOA Sartorius Single Use Bioreactors
CLD > Select 6 lead clones from 15 mL to 2000 L

_ Semi-Targeted integration provides controlled insertion
Process Devel.opment, Sc.ale Up and mayitreamlinfinitialclone screening by reducing
& Ma nUfaCturlng Constraints variability in early-stage outputs. While insertion control
Manufacturing platforms need to accommodate does not directly influence metabolic efficiency, it may
expression stability under fed-batch and perfusion support consistency across bioreactor scales—particularly
conditions if they are to minimize the need for for processes that prioritize reproducibility and long-term
process-specific re-optimization. Commercial cell line run performance, such as perfusion-based manufacturing.

development depends on scalability, productivity,

. Both integration strategies have been used successfully
and regulatory compliance.

in scale-up workflows. Integration choice should reflect

Random integration enables process adaptation and project goals, product complexity, and the importance
offers flexibility when scaling from R&D to commercial of early screening flexibility versus insertion precision.
production. Its broad insertion diversity allows for Advances in clone selection, process analytics, and vector
natural selection of high-producing clones, which design continue to improve scale-up performance for
can perform well under both fed-batch and perfusion both approaches.

workflows. Enhanced vectors such as 2G UNic® further
stabilize expression across scales and reduce the need
for clone-specific process adjustments.
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Case Study: CHO Cell Line Performance

with 2G UNic" Technology

To assess the impact of 2G UNic® vector technology on protein expression in CHO cell lines, a study compared
standard expression vectors with 2G UNic®-optimized constructs across multiple CHO host backgrounds.**

Methods

Clonal CHO cell lines—including CHOK1SV, HD-BIOP3,
CHOZN, CHO DG44, CHO-S, and CHO-K1—were
generated using either a conventional reference
vector or a vector incorporating 2G UNic® technology.
These lines were used to express a range of complex
therapeutic proteins, including a monoclonal antibody
(IgG), a bispecific antibody, and an Fc-fusion protein.
In CHO DG44 (DHFR™/7) cells, comparisons were made
between a conventional CMO vector and a 2G UNic®-
modified vector, with additional optimization through
methotrexate (MTX) amplification, sub-cloning, and
scale-up. Protein expression was assessed in 10-14-day
fed-batch cultures.

Results
CHOK1SV, HD-BIOP3, and CHOZN (Fed-batch cultures)

CHO cell lines modified with 2G UNic®
technology produced significantly higher titers
than reference vectors.

Complex proteins, including a difficult-to-express
bispecific antibody and an Fc-fusion protein, showed
enhanced expression.

With 2G UNic® technology titers are typically

6-8 g/L before process optimization and scale up
across products, and are 2-4 fold higher than
without 2G UNic.

CHO DG44 (DHFR™/") Cells

A 3- to 4-fold increase in protein production was
observed using 2G UNic® compared to a conventional
CMO vector.

Further gains in yield were achieved through
MTX amplification and sub-cloning.

Scale-Up Performance

High-producing 2G UNic® clones maintained
expression stability during scale-up to 300L
bioreactors, demonstrating the platform’s
compatibility with large-scale production.

Production levels exceeding 8 g/L were reached
in large-scale production.

Conclusion

The 2G UNic® vector system significantly enhances
transcription and translation efficiency and improves
CHO cell productivity, consistently producing 2-4x higher
titers across the tested lines. Titerimprovement was
obtained in all cases, lower titers or any other negative
effects were not observed.
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Ssummary & Outlook

Stable cell line development relies on selecting an
integration strategy that balances transcriptional
efficiency, clonal stability, process scalability, and
regulatory compliance. Here, we compared random
integration (as offered by 2G UNic® technology) with
semi-targeted transposase-based systems and their
respective advantages and limitations.

Each integration method presents trade-offs. Random
integration remains a standard due to its simplicity and
established regulatory precedent but requires vector
engineering and extensive clone selection to mitigate
variability—although this may result in identifying
high-producing clones. Transposase-based approaches
can improve integration predictability and reduce
clone screening requirements in some contexts, but

is limited to insertion at safe harbors. Both strategies
require robust characterization to ensure long-term
performance in manufacturing environments.

AbZelectPRO™is Abzena’s CHO cell line development
platform that combines an optimized CHO-K1 host

with 2G UNic® vector technology and high-throughput
screening using Cyto-Mine®. This platform is designed

to improve transcriptional stability and accelerate clone
selection under a random integration framework. For
developers prioritizing flexibility in integration sites and
scalable expression across diverse protein formats, this
approach offers a robust alternative to more constrained
insertion systems. In parallel, semi-targeted methods
remain a strategic option when insertion precision and
early expression consistency are the primary goals. As
screening and vector engineering tools continue to
evolve, the ability to tailor integration strategy to product
and process needs will remain essential.
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