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Abstract. CAR-T cell therapy is a cutting-edge form of immunotherapy that
involves extracting T cells from a patient, genetically modifying them into CART
cells, and then reinfusing them to the target and to eliminate cancer cells.
Lentiviruses are commonly used in this process to deliver the chimeric antigen
receptor (CAR) gene into T cells, enabling them to recognize and attack cancer
cells. Recombinant lentiviral vectors are especially advantageous because they
can transduce both dividing and non-dividing cells, are generally considered safe,
and provide long-term transgene expression. This is due to the integration of the
viral genome known as the provirus into the host cell’s DNA, allowing it to be
passed on to daughter cells. These properties are particularly important for CAR-
T cell therapy, where stable and sustained expression of the CAR is essential.
Lentiviral vectors are often used to deliver protein-encoding cDNAs, such as
CAR constructs or reporter genes, as well as noncoding sequences for RNA
interference or genome editing, including sShRNA or gRNA. This study aimed to
construct and validate lentiviral vectors for use in CAR-T cell therapy. Four
essential plasmids—pMDLg/pRRE, pRSV-Rev, pCMV-VSV-G, and a CAR-
encoding plasmid—were successfully amplified using competent cells. The
plasmids were then purified, quantified, and transfected into HEK293T cells
using PEI STAR. Lentiviral particles were harvested post-transfection and
confirmed by RT-qPCR. In HEK293T cells, transduction efficiency reached
24.5%, while transfection efficiency was measured at 80%, as determined by
fluorescence microscopy and flow cytometry. These results confirm the
successful construction of functional lentiviral vectors suitable for downstream
CAR-T cell applications. This establishes a foundational platform for CAR-T cell
applications development in Mongolia.
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1 Introduction

Cancer remains a major global health challenge. While traditional treatment modalities
such as chemotherapy, radiotherapy, and surgery have led to meaningful clinical
advances, they are frequently accompanied by significant limitations and adverse side
effects [1, 2]. In recent years, Chimeric Antigen Receptor (CAR)-T cell therapy has
emerged as a breakthrough in targeted cancer immunotherapy, demonstrating
remarkable success in selectively eradicating malignant cells. To date, six CAR-T
products targeting CD19 or B-cell maturation antigen (BCMA) have been approved by
the U.S. Food and Drug Administration (FDA), with many additional candidates
currently under clinical investigation [3].

CAR-T cell therapy involves isolating T cells from a patient’s blood, genetically
engineering them to express a Chimeric Antigen Receptor, and then reinfusing the
modified cells into the patient. These modified T cells are thereby equipped to
specifically recognize and eliminate cancer cells expressing the designated target
antigen.

CARs are synthetic, engineered receptors that reprogram lymphocytes most
commonly T cells to recognize and eliminate antigen-expressing cells. Unlike
conventional T cell receptors, CARs can bind directly to surface antigens on target cells
in an MHC-independent manner. This enables robust T cell activation and induces
potent anti-tumor responses [4]. Structurally, CARs are composed of four main
domains: (1) an extracellular antigen-binding domain, (2) a hinge or spacer region, (3)
a transmembrane domain, and (4) one or more intracellular signaling domains that
mediate T cell activation and function. The antigen-binding domain of a CAR
determines its target specificity and is typically derived from the variable heavy (VH)
and light (VL) chains of monoclonal antibodies, linked to form a single-chain variable
fragment (scFv). These scFvs generally recognize extracellular tumor antigens in an
MHC-independent manner. Upon antigen binding, T cell activation is triggered through
intracellular signaling domains incorporated into the CAR, including the CD3{
signaling motif and co-stimulatory domains such as CD28 or 4-1BB [5-7]. The antigen-
binding affinity and structural stability of the CAR construct depend on factors such as
the orientation of the variable fragments and the length of the spacer region [8].

The earliest protocols for introducing CAR genes into T cells utilized either gamma-
retroviral or lentiviral vectors [9, 10]. Today, gene transfer can be achieved using both
viral and non-viral delivery systems, with lentiviral vectors remaining the most widely
used due to their efficiency and stable gene expression [11]. As vectors, they are
capable of transducing dividing and non-dividing cells, such as neurons, hematopoietic
stem cells and immune cells, particularly T-cells, delivering transgenes of up to 11
kilobases (kb) in size [12]. The lentiviral vector system comprises a transfer vector that
carries the transgene within a modified viral genome. This genome retains only the
essential elements required for the viral life cycle and efficient transgene expression,
while excluding all sequences encoding viral proteins to ensure safety and replication
incompetence [13].

Building on the essential role of lentiviral vectors in CAR-T cell engineering, this
study aimed to construct and validate functional lentiviral vectors for potential use in
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adoptive immunotherapy in Mongolia. We amplified and purified four key plasmids
required for vector production, transfected HEK293T cells to generate viral particles,
and assessed the efficiency of gene delivery through transduction assays. By optimizing
each step in the vector construction and delivery process, this study contributes to the
advancement of reliable gene transfer platforms essential for improving the efficacy
and scalability of CAR-T cell therapies.

2 Material and method

2.1  Study setting and laboratory resources

This study was conducted as part of the Mongolian Science and Technology Foundation
Project titled "Identification of Immune Evasion Mechanisms in Liver Cancer and
Development of Immunotherapeutic Strategies (project number NSFC-2023/03)". The
research was carried out in the Department of Immunology, School of Biomedicine,
Mongolian National University of Medical Sciences (MNUMS). Laboratory work was
performed under biosafety level 2 (BSL-2) conditions, using resources from the
Laboratory of Clinical Pathology of Department of Immunology, School of Biomedi-
cine, MNUMS and Laboratory of Microbiology of the Department of Microbiology
and Infection Prevention Control, School of Biomedicine, MNUMS, Immunobiology
Laboratory, Laboratory Pathology, Laboratory of Molecular Biology, and Laboratory
of Cell Culture within the Institute of Biomedical Sciences, MNUMS. Institutional Re-
view Board of the Ministry of Health of Mongolia approved the study protocol on Jan-
uary 22, 2024 [Protocol No. 24/006].

2.2 Preparation of Competent Cells

A 0.05 M calcium chloride (CaCl,) solution was prepared in a total volume of 2 L,
along with a 5x stock solution containing 20% glycerol in CaCl,. XL10 — Gold
Ultracompetent E.coli were streaked onto LB agar plates containing tetracycline
(100 pg/mL). A single colony was inoculated into 10 mL of LB broth and incubated at
37 °C with shaking at 250 rpm for 16 hours. This overnight culture was subsequently
transferred into 800 mL of fresh LB broth and incubated for an additional 3—4 hours
until the optical density at 600 nm (ODsoo) reached 0.4. Cells were harvested by
centrifugation at 3000 rpm for 10 minutes at 4°C, distributed into four 50 mL tubes. All
subsequent steps were carried out in an ice bath. The bacterial pellets were washed
sequentially with cold 0.05 M CaCl. and the CaClz-glycerol solution. Finally, the cells
were aliquoted into 1.5 mL microcentrifuge tubes and stored at —80°C until further use.

2.3 Transformation

Thawed competent cells were incubated on ice for 30 minutes with 1 uL of each
plasmid DNA (psLCAR-CD19-BBz, psLCAR-CD19-CD3z, MSGV-1D3-28z-All,
MSGV-1D3-28z-1.3mut, pMDLg/pRRE, pRSV-Rev, pCMV-VSV-G). All plasmids
were purchased from Addgene. Lentiviral packaging plasmids were kindly provided by
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Dr. Xuanming Yang (Shanghai Jiao Tong University, China). The mixture was then
subjected to heat shock at 42°C for 45 seconds, followed by a 5-minute incubation on
ice. Subsequently, 800 pL of prewarmed LB broth was added, and the culture was
incubated at 37°C with shaking at 250 rpm for 1 hour. Finally, 100 pL of the
transformed culture was plated onto LB agar containing ampicillin (100 pg/mL) and
incubated overnight (~16 hours).

2.4 Plasmid Purification

Using the E.Z.N.A.® Plasmid DNA Mini Kit (Omega Bio-tek), plasmids were isolated
from cultures grown in ampicillin-containing LB broth for 16 hours. Cells were lysed
sequentially with Sol I, Sol II, and Sol III reagents. The lysate was purified using spin
columns and eluted with the provided elution buffer. DNA concentration and purity
were measured using a Nanodrop spectrophotometer.

2.5 HEK293T Cell Culture and Transfection

HEK293T cells were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin antibiotics, and 25 uM essential amino acids. Cells
were maintained at 37°C in a humidified incubator with 5% CO.. PEI STAR (Bio-
Techne, Tocris, cat. No. 8174 — PEI STAR-Go™ ) was used for transfection. Lentiviral
vector production was performed in HEK293T cells cultured in 3.5 cm dishes,
following Addgene's standard protocol. Four plasmids were co-transfected using a
2.5:2:1:1 ratio, respectively: the transfer plasmid psLCAR-CD19-BBz, the packaging
plasmid pMDLg/pRRE encoding structural genes, the envelope plasmid pCMV-VSV-
G, and the regulatory plasmid pRSV-Rev. DNA and PEI were mixed at a 1:3 ratio in
Opti-MEM and incubated at room temperature for 12—15 minutes to allow complex
formation. The complexes were then added to HEK293T cells. After 18 hours, the
medium was replaced, and incubation was continued under standard culture conditions.
GFP-expressing plasmids were used to assess transfection efficiency. Green
fluorescence was observed under a fluorescence microscope (Smart-FL BK6000,
China), 72 hours post-transfection.

2.6  Flow Cytometry Analysis of Transfection Efficiency

Transfection efficiency was quantified using flow cytometry (MACSQuant Analyzer
10, Miltenyi Biotec, USA). Briefly, cells were washed twice with 1 mL PBS, detached
using trypsin, and resuspended in fresh culture medium. Cells were collected into 15
mL tubes and centrifuged at 1500 rpm for 3 minutes. The supernatant was discarded,
and cells were resuspended in 1 mL FACS buffer before analysis. The percentage of
GFP-positive cells was determined by flow cytometry.
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2.7 Lentiviral Particle Collection

Lentiviral supernatant was harvested at 48, 72, and 96 hours post-transfection. Culture
medium was collected and centrifuged at 2100xg for 5 minutes. The supernatant was
filtered through a 0.45 um filter and stored at —80°C until further use.

2.8  Viral RNA Extraction from Cell Supernatant

Viral RNA was extracted by adding 1 mL of TRIzol reagent to 500 pL of viral
supernatant, followed by 10 minutes incubation at room temperature. Then, 200 pL of
chloroform was added, mixed, and incubated for another 10 minutes. The samples were
centrifuged at 12,000 rpm for 15 minutes to separate the phases. The upper aqueous
phase was collected, mixed with 500 puL of isopropanol, and incubated for 10 minutes.
RNA was pelleted by centrifugation at 12,000 rpm for 10 minutes, washed with 75%
ethanol three times, and air-dried. The RNA pellet was dissolved in 50 uL. DEPC-
treated water.

29 RT-qPCR

To validate the assembly of the lentiviral vectors, viral RNA extracted from the
supernatant was subjected to one-step SYBR Green-based real-time reverse
transcription PCR (RT-qPCR). Specific primers targeting the Woodchuck Hepatitis
Virus Posttranscriptional Regulatory Element (WPRE) were used to detect the presence
of the lentiviral vector. The forward primer sequence was 5'-
CCGTTGTCAGGCAACGTG-3', and the reverse primer sequence was 5'-
AGCTGACAGGTGGTGGCAAT-3'. The reaction conditions included reverse
transcription at 42°C for 30 minutes, followed by initial denaturation at 95°C for 5
minutes. Amplification was performed for 45 cycles of denaturation at 95°C for 15
seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 30 seconds. A
final extension was carried out at 72°C for 5 minutes. The amplification was monitored
using a real-time PCR system, and Ct values were recorded to assess the presence and
relative quantity of lentiviral RNA in the collected supernatants.

2.10 Lentiviral Transduction of HEK293T Cells

HEK293T cells were seeded at a density of 1 x 10° cells per well in a 24-well plate.
The lentiviral supernatant (multiplicity of infection (MOI): 1-3) was added P incubated
for 8 hours, after which the medium was replaced with fresh complete medium and
cultured for 48 hours.

2.11 Assessment of Transduction Efficiency

Transduced cells expressing GFP were quantified by flow cytometry. Cells were
washed twice with PBS, detached with trypsin, and resuspended in fresh medium. After
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centrifuging at 300xg for 5 minutes at 4°C, the pellet was resuspended in 1 mL FACS
buffer. GFP-positive cells were quantified using a flow cytometer.

3 Result

3.1 Competent Cell Validation and Plasmid Extraction Outcomes

Competent E. coli cells were prepared using standard protocol. After transformation with
an ampicillin-resistant plasmid, transformation efficiency was determined to be 5 x 10°
CFU/pg, confirming their suitability for downstream applications. Transformed cells
were cultured in LB broth containing ampicillin, and plasmid DNA was extracted using
a commercial plasmid purification kit. Yield and purity were assessed using a Nanodrop
spectrophotometer.

Three plasmids essential for lentiviral vector assembly—pMDLg/pRRE (gag/pol),
pRSV-Rev (rev), and pCMV-VSV-G (vsv-g)—were each purified with yields exceeding
250 ng/pL and met the desired purity criteria (Table 1).

Table 1. Average yield and purity of three plasmids used for lentiviral vector construction from
three independent experiment.

Plasmid Yield (ng/pL) 260/280 260/230
pMDLg/pRRE 229.9+75.7 1.86 2.28
(gag/pol)
PRSV-Rev (rev) 546.6+21.2 1.88 2.35
pCMV-VSV-G (vsv-g) 716.9420.6 1.84 2.28

Additionally, two human CD19-targeting CAR plasmids and two murine CAR plasmids
were purified with yields over 300 ng/pL and acceptable purity (Table 2).

Table 2. Average yield and purity of four CAR-containing plasmids from three independent

experiment.
Plasmid Yield (ng/pL) 260/80 260/230
psLCAR-CD19-BBz 564.6£88.5 1.93 2.35
psLCAR-CD19-CD3z 637.8+£89.7 1.89 2.32
MSGV-1D3-28z-All 356.6£74.1 1.89 2.31
MSGV-1D3-28z-1.3mut 381.7491.8 1.86 2.32

3.2 Transfection Efficiency Results

The plasmids psLCAR-CD19-CD3z and psLCAR-CD19-BBz encode GFP, enabling
direct visualization of transfection efficiency. Each plasmid was transfected individually
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into HEK293T cells, and GFP expression was evaluated using fluorescence microscopy
and flow cytometry. Non-transfected cells served as a negative control. The initial
transfection with psLCAR-CD19-CD3z yielded a transfection efficiency of 33%, which
increased to 65% in a subsequent transfection. In comparison, the psLCAR-CD19-BBz
plasmid demonstrated a transfection efficiency of 80%, indicating that 80% of the cells
were GFP-positive (Fig 1). Following this, all four plasmids required for lentiviral vector
assembly were co-transfected into HEK293T cells. Successful transfection was
confirmed by fluorescence microscopy, using psLCAR-CD19-BBz as a fluorescent
marker due to its GFP expression. Transfected cells showed distinct green fluorescence,
confirming successful transfection (Fig 2).
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Fig. 1. Transfection results measured by flow cytometry. Histograms shown above are
representative results from at least three independent experiment.

A— Negative control (non-transfected cells), B— First transfection with psLCAR-CD19-CD3z, C-
Second transfection with psSLCAR-CD19-CD3z, D— Transfection with psLCAR-CD19-BBz

Fig. 2. Comparison of transfected and control cells by fluorescence microscopy. Representative
image from three independent experiment.

A — Negative control (100x magnification), B — Transfected cells (400x), C — Transfected cells
(100x), D — Transfected cells (40x)

3.3 Lentiviral Vector Validation by RT-qPCR

RNA was extracted from three sample groups: transfected cells (positive control), non-
transfected cells (negative control), and virus-containing supernatants (experimental
samples). One-step RT-qPCR was conducted to detect lentiviral sequences.
Amplification of RNA from the supernatants yielded Ct values of 27 and 37, likely
reflecting differences in transfection efficiency between the plasmids used (Fig. 3).
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These results confirm successful lentiviral vector production; however, further
concentration of viral particles will be necessary to accurately quantify viral titers.
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Fig. 3. RT-qPCR results of lentiviral vectors. Representative results from three independent

experiment.

Blue — Positive control RNA, Red (Ct=27) and green — Experimental RNA from supernatant,
Yellow — Negative control RNA

34

Transduction Results

Lentiviral vectors, generated by transfecting HEK293T packaging cells with the
appropriate plasmids, were used to transduce target HEK293T cells. Transduction
efficiency was evaluated by flow cytometry, based on the percentage of GFP-positive
cells. Approximately 24% of the total cell population exhibited GFP fluorescence,
confirming successful transduction by the lentiviral vectors (Fig 4).
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Fig. 4. Transduction results using lentiviral vectors. Flow cytometry plots shown above are
representative results from at least three independent experiment.

A — GFP-negative population of negative control, B — GFP-negative population of negative
control histogram, C — GFP-positive cells post-transduction, D — GFP-positive cells post-

transduction (24.5%)
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Overall, these results demonstrate the successful preparation of high-efficiency
competent cells, effective plasmid transfection, validated lentiviral vector production,
and functional transduction capability in HEK293T cells, establishing a reliable
workflow for downstream gene delivery applications.

4 Discussion

This study represents the first effort in Mongolia to construct lentiviral vectors for in
vitro CAR-T cell applications, detect extracellular lentiviral RNA, and evaluate
transduction efficiency. The theoretical and methodological frameworks established
here provide a foundation for advancing next-generation immunotherapy technologies
nationally and hold considerable promise for the development of molecular and cell
biology research in Mongolia.

A third-generation lentiviral packaging system was employed in this study, utilizing
HEK293T cells transfected with four plasmids—gag/pol, rev, VSV-G, and a transfer
plasmid encoding a CDI9-targeting CAR. PEI STAR achieving transfection
efficiencies of up to 80%, consistent with previous findings [14].

Given that transfection efficiency is critical for effective viral assembly, we adapted
Addgene’s 10 cm dish protocol to a 3.5 cm dish format, optimizing DNA input
volumes. This modification proved to be a cost-effective and practical approach for
small-scale labs. We validated viral RNA presence by one-step RT-qPCR, targeting the
WPRE sequence. The assay employed is a non-probe-based, cost-effective method
compatible with standard laboratory conditions [15]. Nevertheless, it should be noted
that RT-qPCR-based RNA titration may not precisely reflect infectious viral titer due
to the presence of viral mRNA from degraded cells [16].

To further confirm functional lentiviral assembly, unpurified and unconcentrated
viral supernatant was used to transduce HEK293T cells. Flow cytometry revealed that
approximately 24.5% of cells were GFP-positive post-transduction, confirming that the
lentiviral particles were not only successfully assembled but also infectious. This aligns
with findings by Wang et al. [17], which demonstrated that even small volumes of
unconcentrated supernatant can retain functional viral titers.

A key limitation of this study is the lack of precise lentiviral quantification in trans-
ducing units per milliliter (TU/mL), a standard metric for evaluating functional viral
titers in both clinical and preclinical contexts. Although titration assays such as p24
ELISA or limiting dilution on GFP were not performed, transduction efficiency and
RT-qPCR results confirm that functional lentiviral vectors were successfully produced.
Additionally, lentiviral particles were not concentrated by ultracentrifugation, as we did
not have access to the necessary equipment. We acknowledge that this may have im-
pacted viral yield and will consider using PEG-based concentration methods in future
studies. Finally, transduction experiments were conducted only in HEK293T cells due
to the unavailability of primary T cells. We recognize this as a limitation and aim to
validate our system in primary T cells in future work to better reflect its therapeutic
potential.

The implications of efficient lentiviral vector production extend beyond CAR-T
therapy, including applications in gene editing, intracellular protein expression, and
exosome engineering [14, 18]. The CD19-specific CAR construct developed here can
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serve as a foundational tool for preclinical evaluation against B-cell malignancies, such
as leukemia and lymphoma. Future work will focus on viral titer quantification via
western blot, preclinical evaluation of CAR-T cell efficacy in animal tumor models,
development of GMP-compliant vector production protocols, and the establishment of
core infrastructure for CAR-T cell technology in Mongolia.

5 Conclusion

This study successfully constructed and validated functional lentiviral vectors for CAR-
T cell therapy using a third-generation lentiviral packaging system in HEK293T cells.
The prepared competent cells and plasmids demonstrated high transfection efficiency,
with up to 80% GFP-positive cells, and lentiviral particles were confirmed by RT-qPCR
and effective transduction of target cells with approximately 24.5% efficiency. These
results establish a reliable and cost-effective workflow for lentiviral vector production
in Mongolia, laying the groundwork for future development of CAR-T cell therapies
and other gene delivery applications. Further optimization, including precise viral titer
quantification and preclinical evaluation, will be essential to advance this technology
towards clinical and research use in the region.
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