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Abstract

viding cells and achieve long-lasting transgene expression, have become one of the most widely used gene delivery

LVs (lentiviral vectors), known for their ability to efficiently transduce both dividing and non-di-

tools in cell and gene therapy, especially in CAR-T cell therapy and the treatment of genetic diseases. This article
aims to provide a comprehensive overview of the requirements for producing lentiviral vectors and ensuring qual-
ity control. It reviews the historical development of lentiviral vector systems, including their engineering from HIV-
1 and safety improvements through three generations of system upgrades, and compares the technological progress
and regulatory frameworks established domestically and internationally. This article systematically elaborates on
the mainstream strategies for current lentiviral vector production, including large-scale manufacturing processes
based on adherent cells and suspension cells, the advantages and disadvantages of transient transfection versus sta-
ble producer cell line establishment, as well as downstream purification and concentration strategies. Special focus
is placed on the quality control system for LVs, covering critical quality attributes such as biological activity (titer),
purity, safety [sterility, mycoplasma detection, RCL (replication-competent lentivirus), etc.], and physicochemi-
cal properties, along with their testing methods and standards. Lastly, future directions are discussed, including
innovations in production technology (e.g., stable cell line development, serum-free suspension culture methods),
improvements in analytical techniques (e.g., next-generation sequencing, rapid testing methods), and strategies to
overcome challenges in large-scale production. The goal is to offer insights that support the clinical translation and
industrialization of LVs-based cell and gene therapy products.

Keywords lentiviral vectors; cell and gene therapy; production process; quality control; replication-com-

petent lentivirus
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Fig.1 Modification strategies for different generations of lentivirus (modified from the reference [11])
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Table 1 Characteristics of packaging systems for different generations of lentivirus

FRIK F O RFE OIS HEmE H i) e
Generation Core features Modification strategies ~ Purpose Advantages Disadvantages
1st generation Three-plasmid Genome splitting; Initial biosafety; First achieved safe and Contains tat; high LTR

2nd generation

3rd generation

4th generation

system

Tat deletion

Four-plasmid

system

Establishment of

stable cell lines

accessory genes
deletion; VSV-G
pseudotyping
Deletion of tat from
packaging plasmid;
use of heterologous
promoter in 5 LTR of
transfer vector
Splitting packaging
plasmid into gag/pol

and rev plasmids

Integration of lentiviral
genes into the cellular

genome

altering cell tropism

Further enhanced
safety; system

simplification

Minimizing
homologous
recombination risk,
achieving the highest
clinical safety standard
Obtaining stable cell
lines for long-term

expression

efficient gene delivery

Improved safety; widely
used, high titer

High safety, considered
the gold standard for

clinical therapy

No need for transfection,

high consistency,
low cost, no plasmid

impurities

activity, relatively high

risk of recombination

Still relies on rev-RRE
system

System complexity,
potentially slightly

lower titer

Long development
cycle, technically
challenging,
potentially lower yield
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Table 2 Globally marketed CGT products utilizing lentiviral vectors
ELEZS A B Lt T ML FRALIF 8]
Product name Company Type Indication Approval date
Zynteglo Bluebird Bio Gene therapy (HSC) f-thalassemia EU/2019
Skysona Bluebird Bio Gene therapy (HSC) CALD (cerebral adrenoleukodystrophy) ~ EU/2021
Lyfgenia Bluebird Bio Gene therapy (HSC) SCD (Sickle cell disease) USA/2023
Tecartus Kite Pharma CAR-T cell therapy Mantle cell lymphoma USA/2020
Breyanzi Bristol Myers Squibb ~ CAR-T cell therapy Large B-cell lymphoma USA/2021
Carvykti Janssen/Legend Bio CAR-T cell therapy Multiple myeloma USA/2022

B IR T = 245 8 75 4l 2 PharmaGO®
Data sourced from the PHARMCUBE database (PharmaGO®).
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Table 3 Lentivirus-related regulations in China, United States, and European Union

AR KA 8] FATHN

Regulatory document name Release date Issuing authority

Guidelines for Pharmaceutical Research and Evaluation of In Vivo Gene Therapy Prod- May 2022 Center for Drug Evaluation

ucts (Trial Implementation)

Guidelines for Quality Management of Plasmid Production Used in the Manufacture of May 2023 Center for Food and Drug

Immune Cell Therapy Products Inspection

Guidelines for Research and Evaluation of Cell Therapy Products (Trial Implementation) December 2017 National Medical Products
Administration

Guidelines for Pharmaceutical Research and Evaluation of Immune Cell Therapy Prod- May 2022 Center for Drug Evaluation

ucts (Trial Implementation)

Guidelines for Pharmaceutical Research and Evaluation of Ex Vivo Gene Modification May 2022 Center for Drug Evaluation

Systems (Trial Implementation)

General Chapter on Human Gene Therapy Products October 2025 Chinese Pharmacopoeia
Commission

Questions and Answers on Rcl Testing for Lentiviral Vectors (Draft for Comments) October 2023 Center for Drug Evaluation

Common Issues and Technical Requirements for Replication-Competent Lentivirus (RCL) ~ October 2024 Center for Drug Evaluation

Testing

Draft-Considerations for the Development of Chimeric Antigen Receptor (CAR) T Cell Prod- April 2008 Food and Drug Administration

ucts

USP45<1040> Quality Considerations of Plasmid DNA as a Starting Material for Cell December 2025 United States Pharmacopeia

and Gene Therapies Including RNA Products

USP45<1046> Cell-Based Advanced Therapies and Tissue-Based Products December 2025 United States Pharmacopeia

USP45<1047> Gene Therapy Products December 2025 United States Pharmacopeia

Chemistry, Manufacturing, and Control (CMC) Information for Human Gene Therapy January 2020 Food and Drug Administration

Investigational New Drug Applications (INDs)

Testing of Retroviral Vector-Based Human Gene Therapy Products for Replication Com- January 2020 Food and Drug Administration

petent Retrovirus During Product Manufacture and Patient Follow-Up. 2020

Gene Therapy Product Quality Aspects in the Production of Vectors and Genetically
Modified Somatic Cells

Guideline on Quality, Non-Clinical and Clinical Aspects of Live Recombinant Viral Vec-
tored Vaccines

Guideline on the Quality, Non-Clinical and Clinical Aspects of Gene Therapy Medicinal
Products

Drafi-Guideline on Quality, Non-Clinical and Clinical Requirements for Investigational
Advanced Therapy Medicinal Products in Clinical Trials

Guideline on Quality, Non-Clinical and Clinical Aspects of Medicinal Products Contain-
ing Genetically Modified Cells

Guideline on Development and Manufacture of Lentiviral Vectors

December 1994

European Medicines Agency

August 2010 European Medicines Agency
July 2018 European Medicines Agency
January 2019 European Medicines Agency
December 2020 European Medicines Agency
September 2025 European Medicines Agency

AP AR T AR KT OB SR

16 T 1 7 5 SO 26 2 7 R B AL

Wegk T TR IE. RREEY) . 8
JEW A R4 BRESIEMRER: . R
A, AR S BLAT R B 25 M VbR, e > T2
41 o 72 [MCB(master cell bank)fIWCB(working cell
bank) ] FE AR 52, 001805 35 42 7 2R 4 i (end
of production cell, EOPC)FIAE 7 i 4 v oK Ak 3 U
3RV (unprocessed bulk, UPB)HEAT 4 JE 7 5 K 145
.

(GMP), A= p= i #2 o 75 ZEEURE 47 o (8] 5 4% 11 70 G
B AS E o _DUf L2 AE  h) A R
T pH. VA5 M AR AR B R0 R e 2% A
EZH, PR TZMEINME, T LEH EARR R
KA BT WS o 2 B (1 25, AR 23 B 2= ot , 491 4l
f5EDNA. 15 FHEE. 6 ERNAL G55 A4
PN EE RS 12 EE I 2 — M BORTE C
SN SRR AR R AP AT O E . N



192 T - SRR T RALBT T -
F4 BREBRAETELETTIZXNT
Table 4 Comparison of major production processes for lentiviral vectors
A5 R A B
Manufacturing process Advantages Disadvantages Applicable stage

Transient transfection

(adherent culture)
Transient transfection

(suspension culture)

Stable producer cell line

Mature technology, high flexibility

Easy to scale up, closed-system operation,
serum-free culture
No transfection needed, high consistency,

low cost, no plasmid impurities

Limited scale, labor-intensive, risks
associated with serum use

Challenging transfection efficiency
optimization, massive plasmid demand
Long development cycle, technically

challenging, potentially lower yield

Preclinical and early

clinical stages

Late-stage clinical and

commercialization

Commercialization

Cell
recovery

!

Cell
culture

!

Cell
expansion
culture

!

Transfection

|

Harvest

N Clarificati
arification
filtration

l

Digestion

l

Ultrafiltration

l

Chromatographic
Purification

l

Sterile filtration —

E2 @mEtrsIZRiEE

Filling

l

Lamp inspection

l

Labeling
packaging and
warehousing

Fig.2 Lentivirus production process flowchart
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Table 5 Quality control requirements for lentiviral vectors used in the production of cell and gene therapy products

far P H
Test items

LRI WIRFS
Test method

i

Acceptance criteria

Transgene sequencing

P24 protein

Biological titer
Specific activity
Residual benzonase
Residual plasmid DNA

Residual transfection reagent

Sanger method

ELISA (enzyme-linked immunosorbent assay)
FCM (flow cytometry)

Biological titer/P24 protein

ELISA

qPCR (quantitative polymerase chain reaction)

CAD-HPLC (charged aerosol detection HPLC)

The measured sequence should be consistent
with the theoretical sequence

Report result
Product-dependen
Report result

<10 ng/mL
Product-dependent
<2 ug/mL

Residual SV40 LTA qPCR Product-dependent
Residual E1A qPCR Product-dependent
Residual HCP (host cell protein) ELISA Product-dependent
Residual HCD (host cell DNA) qPCR Product-dependent
DNA fragment distribution qPCR Report result
Endotoxins Gel-clot limit test <10 EU/mL
Sterility Membrane filtration No growth
Mycoplasma Culture method and indicator cell method Negative

RCL (replication competent lentivirus) Culture assay Negative

Appearance Visual inspection
pH Potentiometry
Osmolality Freezing point depression

Report result
Formulation-dependent

Formulation-dependent
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