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ABSTRACT

Chimeric antigen receptor T-cell (CAR-T) therapy has emerged as a groundbreaking advancement
in cancer immunotherapy, progressively improving over decades and producing remarkable clinical
outcomes. This review examines the evolution of CAR-T cell therapy by comparing ex vivo and newer
in-vivo approaches, evaluating the four primary delivery vehicles used for in-vivo CAR-T therapy, and
discussing their implications for safety, scalability, accessibility and future development. Although
ex vivo CAR-T therapy has demonstrated substantial clinical success, its complex manufacturing
process, high cost, prolonged production time, and reliance on specialized facilities limit patient access
worldwide. In contrast, in-vivo CAR-T therapy genetically reprograms T cells directly within the body,
eliminating external manipulation of T cells and thus many of the logistical barriers associated with ex
vivo manufacturing. Four primary delivery vehicles have shown immense progress within-vivo CAR-T
cell therapy: lentiviral vectors, lipid nanoparticles, polymeric nanoparticles, and virus-like particles. Each
delivery platform offers distinct advantages and limitations in terms of efficacy, safety, and scalability.
Most evidence for in-vivo CAR-T therapy to date comes from preclinical and early-phase studies; if these
approaches continue to mature, they may offer a more scalable, cost-effective, and accessible alternative
to traditional ex vivo CAR-T therapy, though this remains a projected rather than demonstrated benefit.
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INTRODUCTION

Chimeric antigen receptor (CAR) engineered T cell
therapy represents a remarkable breakthrough in cancer
immunotherapy, evolving through scientific progress and
research advancements. Burnet’s Clonal Selection theory,
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discovered in 1957, was among the first frameworks
to establish a direct connection between the immune
system and cancer. Burnet proposed that the immune
system continuously surveys the body for abnormal
cells, including cancer cells. During a viral infection,
a virus infects a cell and the cell then processes viral
proteins and presents viral peptide fragments on major
histocompatibility complex (MHC) molecules. T cells
recognize these viral peptide-MHC complexes through
their T-cell receptors (TCRs), triggering immune
activation and elimination of infected cells. Burnet
suggested that this process also enables the immune
system to recognize and eliminate malignant cells,
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establishing the conceptual foundation for modern cancer
immunotherapy (1,2). Unlike normal T-cells, CAR-T cells
use engineered chimeric antigen receptors to recognize
specific cell surface antigens without requiring MHC
presentation, allowing targeted recognition of cancer
cells (3). Another pivotal advancement toward developing
CAR-T cell therapy was tumor-infiltrating lymphocyte
(TIL) research in the late 1980s, which demonstrated
that endogenous T cells could combat cancer. TILs were
tested as early as 1987 in experiments with mice. Cells
extracted from a tumor were transferred to other mice
with lung tumors, resulting in tumor elimination. These
findings confirmed that T cells possess the capacity to
destroy malignant cells (4).

Building on this foundation, the first-generation
CAR-T cell was developed during the 20th century.
Eshhar described this early CAR-T construct as the “T
Body”. The first-generation CAR model established the
basic structural framework: an antibody-based targeting
domain, the single-chain variable fragment (scFv),
and activation signaling domains derived from the
T-cell receptor (TCR) and CD3 zeta (CD3() complex.
Researchers also demonstrated that these modified T
cells could be reinfused into the bloodstream to target
malignant cells. This initial model provided essential
insight into how T cells can be engineered to recognize
and attack cancer cells (3).

While this model established a foundation, the
second generation of CAR-T cells demonstrated greater
sustainability and persistence. Second-generation CAR-T
cells integrated a costimulatory domain, most commonly
CD28 or 4-1BB, along with a signaling domain within a
receptor. This enabled T cells to kill cancer cells while
continuing to expand in response to ongoing antigen
exposure. The added costimulatory signaling protected
the cells from early exhaustion and promoted persistence.
Consequently, CAR-T cells persisted longer in the body
and exhibited evidence of immune memory, representing
a critical technological advancement (5).

In the third generation of CAR-T cell therapy, a second
costimulatory domain was added, most often combining
CD28 and 4-1BB with CD3C. The CD28 component
promoted targeted cell elimination, whereas 4-1BB
enhanced persistence. By integrating two costimulatory
domains, researchers aimed to strengthen efficacy and
extend the duration of the CAR-T cell activity (6).

Fourth-generation CAR-T cells, also known as
TRUCKSs (T cells Redirected for Universal Cytokine-
mediated Killing), are engineered on a second-
generation backbone with an additional transgene

encoding a cytokine, commonly interleukin-12 (IL-
12), that is released upon CAR engagement This local
cytokine release is intended to recruit and activate
additional endogenous immune cells within the tumor
microenvironment, making it more difficult for tumors to
evade immune destruction. (6).

Fifth-generation CAR-T cells build on the third-
generation design by incorporating an additional
intracellular domain to engage cytokine-receptor
signaling pathways, rather than through general
‘stability’ modifications alone. One example fuses a
truncated cytokine receptor tail from the interleukin-2
(IL-2) receptor f-chain to STAT3/5-binding motifs,
enabling ligand-induced or constitutive cytokine
signaling alongside conventional CAR activation, with
the goal of improved persistence and reduced toxicity (6).

Collectively, these developments illustrate the
ongoing evolution of CAR-T cell therapy and its
increasing precision and effectiveness over time. While
numerous publications describe CAR-T cell biology and
clinical applications, fewer reviews focus specifically on
emerging in-vivo delivery strategies and their potential
to improve global accessibility. This review examines ex
vivo and in-vivo CAR-T cell approaches, summarizes the
major delivery vehicles, and evaluates their mechanisms,
advantages, limitations, and potential for improving the
accessibility of cellular immunotherapy in the future.
A summary of current ex vivo CAR-T cell therapy and
emerging strategies for in-vivo CAR-T cell therapy are
summarized in Figure 1.

EX-VIVO AND IN-VIVO CAR-T CELL
THERAPY

Ex-Vivo CAR-T Cell Therapy

In ex vivo CAR-T cell therapy, the initial step involves
leukapheresis, during which T cells are collected from
the patient’s bloodstream. This can be performed through
two primary approaches: autologous or allogeneic.
The autologous approach uses the patient’s own cells,
reducing the risk of immune rejection, whereas the
allogeneic approach uses donor-derived T cells. Although
this reduces processing time, it increases the likelihood
of immune complications (7).

Following leukapheresis, the T cells are genetically
engineered, typically in a laboratory, by introducing
a chimeric antigen receptor onto the cell surface. This
CAR protein consists of four principal components. The
extracellular domain enables the T cell to recognize
and bind its target cell via the scFv. The hinge region
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Figure 1. Overview of CAR-T cell therapy and in-vivo delivery vehicles. CAR-T cell therapy works by engineering T cells to
recognize and destroy tumor antigens. The current ex vivo approach, while effective, faces significant access barriers that
limit its widespread use. In-vivo CAR-T represents an emerging strategy that could address these limitations by genetically
reprogramming cells within the patient. Four delivery vehicle platforms, such as lentivirus, lipid nanoparticles (LNPs),
polymeric nanoparticles (PNPs), and virus-like particles (VLPs), have high potential, each with different benefits and tradeoffs

in safety, targeting, and manufacturability.

connects the extracellular domain to the transmembrane
domain, which anchors the CAR within the cell
membrane. The intracellular domain transmits activation
signals that trigger cancer cell destruction (8). CD3(, part
of the intracellular domain, initiates T cell activation,
proliferation, cytotoxicity, and cytokine release.
Costimulatory domains such as CD28 or 4-1BB further
enhance T-cell effectiveness. Additional elements,
including IL-12 inducers or IL-2 receptor B chains,
further improve tumor growth suppression.

After modification, CAR-T cells are expanded over
several weeks in the laboratory. Once sufficient cell
numbers are achieved, they are reinfused into the patient
in the hope that they will locate and eliminate cancer
cells (9). Throughout this process, patients are closely
monitored for signs of immune rejection or severe
adverse effects. While this procedure is time-consuming
and costly, it has demonstrated substantial success and
continues to show significant promise for the future of
immunotherapy.
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In-vivo CAR-T Cell Therapy

In contrast, in-vivo CAR-T cell therapy bypasses
external cell manipulation by genetically reprogramming
T cells directly within the patient’s body. Rather than
extracting cells and reprogramming cells externally in a
laboratory, in-vivo therapy delivers genetic material into
the patient to alter cells in situ. Delivery methods such
as lipid nanoparticles, virus-like particles, polymeric
nanoparticles, and lentiviruses are commonly used
to deliver the CAR gene to T cells. By eliminating ex
vivo cell manipulation, this approach has the potential
to reduce cost, shorten preparation time, and increase
accessibility, although these benefits remain primarily
projected rather than clinically demonstrated. Unlike
‘off-the-shelf” allogeneic CAR-T products, which use
standardized donor-derived cells manufactured in
advance, in-vivo CAR-T therapy instead involves direct
administration of a gene-delivery vehicle to the patient;
use of the term ‘off-the-shelf” here refers to the potential
for a standardized, pre-manufactured delivery product
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rather than to a banked cellular product. However,
challenges remain, including the risk of off-target effects
and immune rejection. Despite these challenges, in-vivo
CAR-T cell therapy remains an area of active preclinical
and early clinical investigation with promising, though

not yet fully validated, potential (10). It remains to
be determined which delivery vehicles will be most
effective for in-vivo CAR-T therapy. The key features of
each vehicle are summarized in Table 1.

Table 1. Comparison of in-vivo CAR-T delivery vehicles. Summary of four delivery platforms: lentiviral vectors, lipid nanoparticles
(LNPs), polymeric nanoparticles (PNPs), and virus-like particles (VLPs). Summarizes mechanisms, advantages, limitations, and
accessibility and scalability potential. LNP, lipid nanoparticle; PNP, polymeric nanoparticle; VLP, virus-like particle. Accessibility
and Scalability Potential ratings (Projected Moderate, Projected Moderate to High, Projected High) are the authors’ qualitative
synthesis of the manufacturing complexity, existing clinical/manufacturing precedent, and targeting requirements discussed in the
corresponding sections and cited sources for each platform, rather than a validated scoring instrument, ratings reflect projected

potential and do not imply established clinical accessibility. Established clinical experience (e.g., lentiviral vectors in ex vivo
manufacturing, nRNA-LNP platforms) is distinguished in the text from speculative future potential specific to vivo CAR-T applications.

l:/eellln‘i,cerey Mechanism Advantages Limitations Sclt::le)zlsiltb;lll’tzt::gal

Lentiviral Viral vectors integrate Durable gene expression; Risk of insertional Projected Moderate. Proven
Vectors CAR genes directly effective transduction of =~ mutagenesis; irreversible technology with strong

into T-cell DNA, resting and dividing cells; genomic integration; efficacy, but safety concerns
Sources: (11-19)  resulting in long-term  potential for long-lasting  difficult to discontinue and manufacturing

CAR expression. immune memory. if severe toxicity occurs; Requirements may limit

manufacturing complexity. widespread use.

Lipid Nonviral lipid carriers  Nonviral; scalable Liver accumulation and Projected High. Scalable
Nanoparticles deliver mRNA manufacturing; lower potential hepatotoxicity; production and existing
(LNPs) encoding, CAR immunogenicity; avoids  transient expression clinical experience with

Sources: (20-26)

Polymeric
Nanoparticles
(PNPs)

Sources: (27-35)

Virus-like
Particles
(VLPs)

Sources: (36-43)

Overall

Sources: (8-10,
29, 44-47)

constructs are directly
delivered to T cells

permanent genomic
modification; adaptable

in-vivo. for repeated dosing.
Biodegradable Biodegradable; tunable
polymer-based degradation rates;

carriers deliver genetic
material or signaling
molecules to target
cells.

reduced long-term
toxicity; capable of
carrying diverse cargo.

Engineered viral shells
lacking viral genomes
deliver genetic cargo
without causing

Highly targeted
delivery; no risk of viral
replication; Efficient
intracellular delivery;

infection. potential for precise gene
editing.
All delivery systems Reduced treatment time,

lower costs, broader
geographic access, and
potential “off-the-shelf”
administration.

aim to generate
CAR-T cells directly
within the patient,
eliminating ex

vivo manufacturing.

requiring repeat
administration; storage
challenges.

Rapid clearance from
circulation; potential off
target distribution; variable
delivery efficiency; limited
clinical experience.

Manufacturing complexity;
stability concerns; high
production costs; limited
large-scale

experience.

Safety, targeting
precision, persistence,

and manufacturing remain
active areas of research.

mRNA-LNP platforms
make this one of the most
promising approaches for
broad implementation.

Projected Moderate to High.
Attractive due to the

safety profile, but
optimization of

targeting and persistence
remains necessary.

Projected High.
Manufacturing challenges
need to be overcome. Offers
strong safety and targeting
advantages.

In-vivo CAR-T therapy
may improve global access
to cellular immunotherapy
relative to current ex vivo
approaches, pending further
clinical validation.
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DELIVERY VEHICLES FOR IN-VIVO CAR-T
CELL THERAPY

Lentiviral Vectors

Lentivirus is one of the primary delivery vehicles
for CAR-T cell therapy. Although it is currently the
state-of-the-art method for ex vivo CAR-T cell therapy,
researchers are working to adapt the virus for in-
vivo applications. Historically, lentivirus use has been
restricted to ex vivo cell therapy, in which a patient’s T
cells are removed, genetically modified, and reinfused as
engineered CAR-T cells. More recently, lentiviral vectors
have been engineered for systemic administration,
enabling target-cell modification without prior cell
extraction (11).

Normally, the VSV-G protein binds LDLR, enabling
targeting of many cell types. Researchers have modified
this by incorporating a different envelope protein, cocal,
and added receptors such as anti-CD3 scFv to activate the
T cells. Costimulatory ligands, such as CD80 and CDS58,
further enhance cellular strength and persistence. At the
beginning of the process, anti-CD3 scFv enables particle
binding and T-cell activation, after which the cocal
protein directs the T cell to its target (12). Lentivirus is
widely used as a viral vector because it is safe, effective,
and long-lasting. It can insert desired genes into both
resting and dividing cells, which is a major advantage
because many other viral vectors can only transduce
dividing cells (13).

Despite these advantages, immune rejection remains
a challenge. Immune reactions occur when the body
detects a foreign gene, such as green fluorescent
protein (GFP). In an experiment with mice, lentivirus
carrying GFP was initially expressed within cells but
was later recognized as foreign, triggering immune
clearance. GFP was subsequently eliminated from the
body, demonstrating a limitation of lentiviral delivery.
Researchers are attempting to address this by using
antigen-presenting cells to promote immune tolerance,
targeting genes to specific sites, and controlling gene
expression levels (14).

In general, CAR-T-cells expand rapidly, reach peak
concentration during initial tumor burden reduction,
and subsequently decline while persisting long-term,
providing years of immune memory (15). However,
lentiviral use carries risks. Because the virus integrates
into the patient’s DNA, it cannot be turned off or removed
if complications arise (16).

Severe adverse effects, such as cytokine release
syndrome, are therefore difficult to reverse. Insertional

mutagenesis also poses a serious threat, as viral gene
insertion may activate oncogenes or disrupt critical genes.
Researchers are addressing this through structure quality
control to prevent replication-competent viruses, careful
dosing, and awareness of endogenous retroviruses that
may recombine with therapeutic vectors (17). Lentivirus
is also a versatile delivery vehicle capable of targeting
not only hematologic malignancies but also solid tumors
and immune cells such as dendritic cells (18).

Advances are improving accessibility by combining
CAR-T cell and lentiviral technology to increase
infection efficiency while reducing vector dose
requirements, thereby lowering cost. Concentrating T
cells and lentivirus particles enhances efficiency and
may reduce dosing frequency (19). Overall, lentivirus is
an effective delivery vehicle that originated in ex vivo
therapy but is increasingly being adapted for in-vivo use,
potentially enabling long-lasting treatment that continues
to advance.

Lipid Nanoparticles

Lipid Nanoparticles (LNPs) are a key delivery vehicle
that plays a major role in-vivo CAR-T cell therapy. As
LNP production improves, they are becoming safer,
more effective, and a longer-term solution. Compared
with other delivery vehicles, LNPs cause less immune
reaction because they are composed of naturally
occurring lipids rather than viral vectors. They can carry
larger genetic material, are easier to manufacture, and
can be produced at a larger scale. LNPs are ionizable,
meaning they can change charge and alter their structure
to improve delivery effectiveness. Polyethylene glycol
(PEG)-lipids may also prolong LNP circulation time in
the body; however, they may induce anti-PEG antibodies
that clear LNPs, reducing effectiveness while increasing
the likelihood of side effects. There is also a focus on
organ targeting to direct LNPs to specific tissues (20).
However, T-cell-specific targeting for CAR delivery
has not been solved to the same degree as organ-level
targeting, and minimizing transfection of non-target cell
types remains an open engineering challenge for LNP-
based in-vivo CAR-T approaches. Current approaches
include decorating delivery vehicles with T-cell-targeting
ligands or antibodies (for example anti-CD3 or anti-
CD5), although optimal specificity remains an active
area of investigation.

Despite these advances, challenges remain. LNPs
tend to accumulate in the liver. Liver toxicity occurs
when liver enzymes, such as alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), increase
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indicating liver damage. PEGylated LNPs and ionizable
lipids can still bind apolipoprotein E (ApoE) in
circulation. ApoE naturally directs lipoprotein particles
to LDL receptors on hepatocytes, leading to liver uptake
and potential toxicity (21).

To address this limitation, a method called Selective
Organ Targeting (SORT) has been developed. SORT
lipids direct nanoparticles to different organs: cationic
lipids target the lungs, anionic lipids target the spleen,
and ionizable lipids can also target the lungs if needed
(22). This improves tissue specificity and delivery
accuracy. Additionally, N-acetylgalactosamine
(GalNAc)-conjugated delivery systems have been used
to guide LNPs specifically to hepatocytes rather than
other cell types; this evidence comes from hepatocyte-
directed RNAI therapeutics rather than from CAR-T-
specific engineering, and the strategy is discussed here
as a general LNP organ-targeting approach that has not
yet been demonstrated for T-cell-directed CAR delivery
(23).

Other challenges include mRNA loss during delivery,
unpredictability of immune response, and limited stability,
which may require the administration of multiple doses.
The therapeutic goal is for LNPs to enter cells, release
mRNA, and enable protein expression; however, mRNA
degradation during this process reduces effectiveness. In
vitro testing does not always predict in-vivo outcomes.
In one study comparing four common LNP formulations
(SM-201, ALC-0315, MC3, and C12-200), laboratory
results did not fully correlate with mouse model outcomes,
and increased cellular uptake did not necessarily
correspond to greater effectiveness, as immune responses
were similar across formulations (24).

mRNA has a short half-life, resulting in transient
expression and the need for repeat dosing. Storage also
poses accessibility challenges, as mRNA-LNP therapies
often require very low temperatures. Lyophilization is
being explored to improve stability. With this method,
LNPs can remain stable for 12 weeks at room temperature
and 24 weeks at 4 °C while maintaining effectiveness.
The addition of sugars during the freeze-drying process
protects the LNP structure (25).

Beyond current in-vivo CAR-T applications, LNPs
have also been used to deliver gene-editing tools such as
Cas9, CFTR genes for cystic fibrosis, CAR-mRNA for
cancer therapy, and siRNA for amyloidosis (26). Overall,
while LNPs represent a promising delivery vehicle
for in-vivo CAR-T cell therapy and other treatments,
challenges such as liver toxicity, immune response,
and delivery efficiency remain. Advances, including

SORT targeting, GalNAc ligands, and improved storage
methods, continue to enhance their safety, effectiveness,
and accessibility.

Polymeric Nanoparticles

Polymeric nanoparticles (PNPs) are another delivery
vehicle that has advanced CAR-T cell therapy. They
are microscopic particles composed of polymers such
as polylactic-co-glycolic acid (PLGA) or PEG-based
materials. They can be used in-vivo to deliver drugs
to cells and regulate CAR-T cell activity. During
nanoparticle formation, the drug is mixed with polymer
using solvent evaporation or nanoprecipitation. The
resulting particles circulate through the bloodstream
to reach target cells. Cells internalize nanoparticles via
endocytosis, after which the PNP degrades and releases
the drug (27).

To circumvent the transient nature of RNA delivery
by PNPs, scientists have employed transposon systems
that permanently integrate DNA sequences into the
genome. However, this approach carries risks of
unintended genomic changes and long-term effects.
Alternatively, PNPs can deliver synthetic mRNA, which
does not alter DNA but instead instructs cytoplasmic
protein production without entering the nucleus (28).
If complications occur, biodegradable PNPs naturally
degrade within the body (29, 27).

Compared with LNPs, PNPs degrade more rapidly
because polymers break down faster than the lipid
structure. They can be administered at higher doses,
engineered for variable degradation rates, and break
down into relatively safe byproducts. In-vivo studies
in mice demonstrated a half-life of approximately 1-7
hours. Although PNPs persist briefly, they deliver
genetic instructions rapidly before degrading. In murine
studies, polymeric nanoparticles demonstrated a half-life
of approximately 1-7 hours (29). In a brain tumor trial, it
was effective in gene delivery (27).

PNPs also protect CAR-T cells during delivery,
facilitate cellular entry, deliver signaling molecules,
protect genetic material, increase CAR-T cell numbers,
and enhance function by carrying immune-modeling
agents (30).

However, limitations exist. Reported adverse effects
include extrapyramidal symptoms due to dopamine
receptor disruption, cytotoxicity, apoptosis, DNA
damage, and structural cell injury (31); these findings
come from general polymeric nanodrug toxicology
studies rather than CAR-T-specific trials, and their direct
relevance to CAR-T engineering warrants further study.
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Despite toxicity concerns, in a trial, there was no sign of
toxicity when using PNP in CAR-T cell therapy. It was a
trial with mice, and 6% of cells were modified with CAR
after 6 days and 20% after 12 days. In 7/10 mice, their
tumors were removed, and they lived an average of 58
days longer (32). Off-target delivery and rapid clearance
also pose challenges. The mononuclear phagocytic
system (MPS) removes nanoparticles via macrophage-
mediated clearance. Opsonization by plasma proteins
forms a protein corona on nanoparticles, which can
either aid targeting or promote immune elimination and
misdirection (33, 34).

Storage is another limitation. Liquid PNP formulations
require preservatives; therefore, lyophilization or spray-
drying is used to stabilize particles. Freeze-drying
removes water by sublimation, whereas spray-drying
converts liquid into dry powder (35).

A newer approach involves injectable mRNA-loaded
nanoparticles capable of reprogramming cells in-vivo.
Because mRNA is translated directly in the cytoplasm
rather than requiring nuclear entry, this reduces
processing time relative to DNA-based approaches,
since no nuclear transport or genomic integration
step is required. Overall, polymeric nanoparticles are
an effective CAR-T delivery system with advantages
including biodegradability, targeted delivery, and
reduced immune rejection. While challenges such as
off-target effects, rapid clearance, and potential toxicity
are present, ongoing research continues to improve their
safety and efficiency.

Virus-like Particles

Virus-like particles (VLPs) are another major delivery
vehicle for in-vivo CAR-T cell therapy. VLPs structurally
resemble viruses and mimic viral outer components,
allowing immune recognition, but they lack viral
genomes and therefore do not cause infection (36). VLPs
can be engineered to carry DNA or RNA encoding CAR
constructs. Surface receptors are incorporated to target T
cells specifically, enabling binding, intracellular delivery
of mRNA, and subsequent therapeutic activity. VLPs are
effective in both ex vivo and in-vivo applications, with
recent advances emphasizing in-vivo use. Engineered
VLPs efficiently deliver ribonucleoproteins (RNPs),
including gene-editing components such as base editors,
demonstrating high targeting accuracy and reduced off-
target effects due to the short lifespan of RNPs (37).

VLPs achieve specific targeting by incorporating
antibodies on their surface to bind designated cells.
They deliver drugs directly into cells without lysosomal

degradation. After entry via endosomes, VLPs escape
before lysosomal fusion, preventing destruction and
enabling intracellular delivery (38).

VLPs can be engineered to deliver both DNA and
RNA cargo. RNA delivery is more challenging due to
molecular size and polarity, but VLP-mediated DNA
delivery has been more extensively studied in nanocarrier
and gene-delivery contexts rather than specifically as
a clinically tested CAR-T platform (39); most clinical
experience with VLPs to date comes from their use as
vaccines rather than as vehicles for CAR gene delivery,
and this distinction is important when evaluating their
readiness for CAR-T applications. Delivery activates
both humoral and cellular immune responses: antibody
production by B cells and activation of T-cell cytotoxic
responses (40).

Manufacturing  challenges  include  assembly
inefficiency, aggregation, sensitivity to environmental
factors such as oxygen, temperature, and pH, and high
testing costs. Proper storage conditions are essential
for maintaining VLP stability (41). VLPs may induce
long-term immune protection or require repeated
administration depending on the specific VLP platform
and therapeutic application. Animal studies suggest
long-term tumor immunity, with no recurrence at the
original tumor site indicating immune memory, although
further validation is needed (42). However, long-term
immune protection observed in preclinical studies does
not necessarily imply that a single administration will
be sufficient in future clinical use. Certain VLP-based
applications, such as vaccines, may require multiple
doses (43).

Overall, VLPs provide a promising CAR-T delivery
platform with precise targeting, efficient intracellular
delivery, and potential long-term immune protection
without live-virus risk. Despite manufacturing and
stability challenges, continued advancements may
establish VLP-based therapies as major tools in disease
treatment.

COST AND ACCESSIBILITY

One of the major limitations of ex vivo CAR-T cell
therapy is low accessibility due to high cost and limited
treatment centers. Ex vivo treatment is complex. Cells
are extracted via leukapheresis, isolated, expanded,
genetically modified with CAR engineering, stored,
transported, and reinfused. Each step is time-intensive,
requiring approximately three to four weeks for
preparation, and extremely costly, ranging from $400,000
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to $1,000,000 per patient, excluding hospitalization (44).

The high cost largely reflects laboratory
infrastructure, specialized equipment, personnel, and
storage requirements. Storage itself restricts accessibility
because CAR-T cells have limited shelf life outside the
body, making widespread distribution difficult. In-vivo
therapy addresses several of these barriers. CAR-T cells
are generated directly within the body, eliminating many
complex ex-vivo steps. This reduces cost and processing
time, potentially shortening therapy preparation from
weeks to less than one week. If successfully translated
clinically, in-vivo CAR-T therapy could eliminate the
need for ex vivo cell expansion, cryopreservation,
storage, and transport. Internal modification also
increases sterility, speed, and direct patient delivery.
However, the durability of treatment depends on the
delivery platform. Integrating viral vectors are designed
to support longer-lasting CAR expression following
successful gene delivery, whereas mRNA-based
platforms such as lipid nanoparticles generally produce
transient CAR expression and may therefore require
repeated administration (45).

Delivery vehicles reprogram cells in-vivo, reducing
reliance on chemotherapy and improving patient comfort
and safety (46). Because laboratory manipulation is
unnecessary, treatment can be administered at more
locations, including clinics rather than specialized
centers. This expands access, particularly for underserved
populations distant from advanced medical facilities. Ex
vivo therapy requires individualized cell processing,
whereas in-vivo CAR-T therapy could resemble vaccine-
like standardized production. Although benefits are
substantial, side effects may still occur, including
immune rejection, fever, chills, dyspnea, headache,
nausea, and fatigue (47).

Studies indicate that repeated in-vivo dosing can
achieve outcomes comparable to multiple ex-vivo
treatment cycles in diseases such as leukemia, prostate
cancer, and hepatitis B (28). Another advancement
is VivoVec, a platform engineered to produce CAR-
modified cells in Vivo. VivoVec is a modified lentiviral
vector containing enhanced signaling components. In
nonhuman primate studies, all B cells were eliminated
within 10 weeks through anti-CD20 CAR-T production,
representing an important preclinical advance in in-vivo
therapy development (12).

In summary, although ex vivo CAR-T therapy
is effective, its cost and logistical complexity limit
accessibility. In- vivo CAR-T therapy addresses
these challenges by reducing laboratory dependence,

preparation time, and storage constraints, offering the
potential for globally accessible treatment.

CONCLUSION

Advancements in CAR-T cell therapy have
transformed cancer treatment but continue to face
challenges related to cost, accessibility, effectiveness,
and efficiency. Ex vivo therapies have achieved major
clinical success but remain limited by technological
requirements, high cost, and long processing times,
all of which restrict patient access. These limitations
have driven the development of in-vivo CAR-T therapy,
which genetically modifies cells directly within the
patient’s body, eliminating many steps required in ex
vivo therapy, including cell extraction, modification,
storage, and reinfusion. Consequently, it reduces cost,
time, and technological requirements while expanding
treatment accessibility to patients who would otherwise
lack access.

In-vivo CAR-T therapy is most commonly delivered
using four vehicles: lentiviral vectors, lipid nanoparticles,
polymeric nanoparticles, and virus-like particles. Each
delivery vehicle has distinct advantages and limitations.
Lentiviral vectors enable stable gene delivery but may
cause insertional mutagenesis or permanent genomic
alteration. Lipid nanoparticles effectively deliver mRNA
but may cause liver-associated toxicity. Polymeric
nanoparticles are biodegradable and less immunogenic
but are rapidly cleared and may exhibit targeting
inaccuracies. Virus-like particles provide precise
targeting but may lack consistency and stability. In-vivo
therapy also presents broader complications, including
immune rejection and off-target modification. Although
these limitations reduce therapeutic efficacy, continued
development is improving in each system.

Although substantial progress has been made, several
challenges must still be addressed before in-vivo CAR-T
cell therapy can become widely accessible. Future
research should prioritize improving targeting precision,
safety, scalable manufacturing, and global accessibility.
Targeting precision remains a major challenge because
delivery vehicles often accumulate in non-target organs,
such as the liver, leading to increased toxicity and
reduced efficacy. Emerging strategies such as Selective
Organ Targeting (SORT) lipids and GalNAc ligands
have shown promise in reducing off-target effects, while
enhancing efficacy and minimizing side effects. To
improve the safety of integrating delivery platforms, the
risk of insertional mutagenesis can be reduced through
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controlled CAR gene integration, and programmable
safety off-switch mechanisms can be integrated to
deactivate engineered cells if they cause serious adverse
effects. Finally, storage challenges create a barrier to
scalability as strict temperature control is often required
for manufacturing, storage, and transport. Stabilization
strategies, such as lyophilization and spray-drying, are
being explored to improve transportability and global
distribution. Importantly, clinical evidence for in-
vivo CAR-T therapy remains limited relative to the ex
vivo field: most findings summarized here derive from
preclinical, animal, or early-phase studies; long-term
safety and durability data in humans are not yet available,
and head-to-head comparisons among the four delivery
platforms have not been conducted. Priorities for future
research therefore include developing robust T-cell-
specific targeting strategies, controllable and reversible
CAR expression systems, standardized biodistribution
and immunogenicity assays that allow direct comparison
across platforms, repeat-dosing studies, large-animal and
clinical-phase testing, formal cost-effectiveness analyses,
and dedicated evaluation of implementation strategies for
low-resource settings.

While all four delivery platforms demonstrate
promise, lipid nanoparticles and virus-like particles have
demonstrated several characteristics that may support
future clinical translation since they pair strong safety
profiles with the potential for scalable manufacturing.
Lipid nanoparticles benefit from scalable manufacturing,
established clinical experience through mRNA
therapeutics, and avoidance of permanent genomic
modification. Virus-like particles provide highly targeted
delivery without the risk of viral replication and may
have more precise cellular engineering. Since this is a
narrative review, the discussion synthesizes findings
across studies that vary substantially in maturity,
ranging from established clinical CAR-T therapies to
preclinical investigations of emerging delivery systems.
Furthermore, differences in experimental models, CAR
constructs, delivery methods, and outcome measures
currently limit direct comparison among delivery
platforms.

Continued advances in targeting specificity, safety
mechanisms, manufacturing processes, and clinical
validation will ultimately determine which platform
emerges as the preferred strategy for large-scale
implementation of in-vivo CAR-T cell therapy. As these
technologies mature, they have the potential to transform
cancer treatment towards faster, safer, more effective,
and more accessible therapies for patients worldwide.
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