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Abstract

T lymphocytes are indispensable for the host systems of defense against pathogens, tumors, and environmental threats. The
therapeutic potential of harnessing the cytotoxic properties of T lymphocytes for antigen-specific cell elimination is both
evident and efficacious. Genetically engineered T-cells, such as those employed in CAR-T and TCR-T cell therapies, have
demonstrated significant clinical benefits in treating cancer and autoimmune disorders. However, the current landscape
of T-cell genetic engineering is dominated by strategies that necessitate in vitro T-cell isolation and modification, which
introduce complexity and prolong the development timeline of T-cell based immunotherapies. This review explores the
complexities of gene delivery systems designed for T cells, covering both viral and nonviral vectors. Viral vectors are
known for their high transduction efficiency, yet they face significant limitations, such as potential immunogenicity and
the complexities involved in large-scale production. Nonviral vectors, conversely, offer a safer profile and the potential for
scalable manufacturing, yet they often struggle with lower transduction efficiency. The pursuit of gene delivery systems
that can achieve targeted gene transfer to T cell without the need for isolation represents a significant advancement in the
field. This review assesses the design principles and current research progress of such systems, highlighting the potential
for in vivo gene modification therapies that could revolutionize T-cell based treatments. By providing a comprehensive
analysis of these systems, we aim to contribute valuable insights into the future development of T-cell immunotherapy.
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1 Introduction

T lymphocytes are the primary components of the adap-
tive immune system, and in the past ten years, T-cell based
immunotherapy has shown tremendous success in the treat-
ment of autoimmune disorders and cancer [1-3]. Initial
T-cell immunotherapy involved isolating and expanding
tumor-specific T cells in vitro, followed by their reinfusion
into patients through therapies such as tumor-infiltrating
lymphocyte (TIL) therapy and cytolytic T-lymphocyte
(CTL) therapy [4-6]. Genetically modified T-cells use
patient autologous or allogeneic T cells to enhance immune
function [7], which primarily focuses on redirecting T cells
to tumor cells by genetically introducing specific antigen
receptors through diverse gene delivery systems, leading to
transient or stable expression [8], such as chimeric antigen
receptor T (CAR-T) cells and T-cell receptor T (TCR-T) cell
therapy.

The delivery of therapeutic genes to specific tissues and
cells is extremely crucial, as it offers a potential treatment
method for refractory diseases. Vector systems that deliver
targeted genes are typically divided into viral and nonviral
vector systems in nature, and are chosen based on cell type,
gene length, and experimental purpose. Viral vectors are cur-
rently widely used in the genetic engineering of T cells, with
promising results in the treatment of hematological diseases
[9]. Notably, a total of six CAR-T cell therapy products have
been approved by the U.S. Food and Drug Administration
(FDA), which include Kymriah, Yescarta, Tecartus, Brey-
anzi, Abecma, and Carvykti [10]. These immunotherapies
employ lentiviral or retroviral gene delivery systems for
the genetic modification of T cells. In addition to conven-
tional treatments, the tissue tropism of adeno-associated
viral vectors of different serotypes is effective in the treat-
ment of hereditary retinopathy [11], hemophilia [12], and
neuromuscular diseases [13]. Moreover, the vast majority of
gene therapy clinical trials of have utilized engineered viral
vectors, including lentiviruses, retroviruses, adenoviruses,
and adeno-associated viruses (AAVs), to deliver thera-
peutic genes. Despite significant progress in T-cell immu-
notherapy, viral vectors have several inherent limitations,
including their oncogenic potential, immunogenicity, and
restricted gene packaging capacity [14—16]. Consequently,
nonviral vector systems, such as nanoparticles (NPs),
transposons, and clustered regularly interspersed short pal-
indromic repeats (CRISPR)-associated protein 9 (Cas9) sys-
tems, have emerged as promising alternatives due to their
potential to mitigate these drawbacks, making them viable
contenders for targeted gene delivery [17]. For instance,
nonviral vector systems offer the benefits of accommodat-
ing larger gene sizes and exhibiting lower immunogenic-
ity [18]. Nonetheless, their principal limitation lies in their
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reduced transfection efficiency [19]. Therefore, there is a
pressing need to focus on vector systems capable of targeted
gene delivery to T cells, streamlining the process, minimiz-
ing costs, preserving the functional integrity of T cells to the
fullest extent, and overcoming the technical challenges that
currently limit the broad application of T-cell based genetic
engineering (Fig. 1).

In this review, we provide a comprehensive overview of
the various vector systems employed for gene delivery to T
cells, encompassing both viral and nonviral vector platforms.
We will also delve into current strategic designs, research
progress, identified limitations, and future prospects.

2 Viral vector systems

Viral vectors have been extensively used in the field of gene
therapy, with integrative and nonintegrative vectors repre-
senting two distinct classes of viral gene delivery systems
[20]. For example, lentiviral vectors (LVs) can integrate
foreign genes into the host genome to achieve stable expres-
sion, while adeno-associated viruses (AAVs) and adenovi-
ruses are nonintegrated viral-like vectors. In general, viral
vector are composed of three components: (1) a protein
capsid or envelope that encapsulates genetic information;
(2) the desired transgene, which can be expressed in cells
of interest; and (3) the regulatory cassette that regulates the
transgene’s stable or transient somatic expression [9]. Each
viral vector possesses unique components that are meticu-
lously engineered to address specific considerations and
fulfill the requirements for efficient gene delivery to target
cells. Commonly employed viral vectors, including retrovi-
ruses, adeno-associated viruses, and lentiviruses, form the
foundation for the majority of gene therapy applications
[21]. Targeted viral vectors are crucial for gene therapy [22],
particularly for the precise delivery of genetic material to T
lymphocytes, and are pivotal in the treatment of cancer and
autoimmune disorders. The strategic design of viral vec-
tors for targeted gene delivery to T cells is emerging as a
dominant trend in gene therapy. Although the specific engi-
neering techniques for vector targeting vary among different
virus types, the underlying principle is consistent: to exploit
the tropism of various viruses or serotypes, or to incorpo-
rate ligands, peptides, factors, or single-chain antibodies
that possess specific recognition capabilities. In this section,
we provide an overview of the current rational design and
research advancements in viral vectors tailored for T-cell-
directed gene delivery.
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Fig. 1 Overview of T-cell gene therapy in vivo and ex vivo. Ex vivo
T-cell therapy entails isolating T cells from patient’s peripheral blood,
activating in vitro, using a gene delivery system to genetically engi-
neer T cells, and then infusing the T cells with therapeutic genes back

2.1 Fundamental structure and function of viral
vector systems

In the field of engineered T cells, retroviruses represent a
prevalent choice of viral vectors. These viruses constitute
a varied group of enveloped RNA viruses known for their
capacity to reverse transcribe their RNA genome during
replication. Specifically, lentiviruses and y-retroviruses fall
under the Orthoretrovirinae subfamily of retroviruses [23].
Infectious viral particles engage specific cellular recep-
tors through membrane-anchored glycoproteins, leading to
either fusion of the viral envelope with the cell membrane
or internalization of the particles via endocytosis into the
cytoplasm [24]. Viral RNA is transformed into proviral
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into the patient. The therapeutic vector can also be delivered to patients
locally or systemically, which will then transduce the target cells in
vivo and rectify the condition

double-stranded DNA through an intricate series of reverse
transcription processes. The resulting proviral DNA is sub-
sequently complexed with viral proteins to enable nuclear
translocation and integration into the host genome [25].
Retroviral integration is not random across classes; instead,
it exhibits characteristic preferences. For instance, lentivi-
ruses, such as human immunodeficiency virus type I (HIV-
1), tend to preferentially integrate within transcriptional
units [26, 27]. Lentiviral vectors facilitate the stable inte-
gration of foreign genes, thereby enabling long-term gene
expression. Their notable characteristics, such as a large
viral genome capacity, ability to deliver multiple genes,
and ability to transduce both dividing and nondividing
cells, have led to their extensive use for transgene delivery
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[28-30]. The gag, pol, and env genes are essential for ret-
roviral and lentiviral survival and function. The gag gene
encodes structural proteins, pol gene controls the expression
of enzymes required for reverse transcription and integra-
tion into the host cell genome, and the env gene is respon-
sible for the synthesis of viral envelope glycoproteins [31].
Three major modifications have been made to HIV-based
lentiviral vectors to increase their effectiveness and safety.
The initial generation of lentiviral vectors included a sub-
stantial portion of the HIV genome, comprising the gag and
pol genes alongside several accessory viral proteins. Subse-
quently, safer second-generation vectors that lack the viru-
lence factors vif, vpr, vpu, and nef associated with AIDS
were engineered. The third-generation lentiviral vectors
improved safety even further by dividing the viral genome
into separate plasmids, with the gag and pol genes encoded
on different plasmids than the rev or env gene, resulting
in vectors composed of three distinct plasmids, creating a
self-inactivating viral vector system [32]. The y-retroviral
vector derived from Moloney murine leukemia virus has a
structure similar to that of a lentiviral vector. It is capable of
encapsulating up to 8 kb of genetic material and integrating
stably into the host genome, and the fundamental genes nec-
essary for this process are the gag, pol, and env genes. The
structural (gag) and enzymatic (pol) proteins are encoded by
a single helper plasmid, while the envelope (env) proteins
are specified by another plasmid, avoiding recombination
sequence overlap and reducing the risk of forming a replica-
tion-competent retrovirus. Moreover, this design mitigates
immune responses that can be triggered by residual retrovi-
ral proteins [33, 34]. Retroviral vectors can be engineered to
achieve transient (mRNA or protein delivery), semiperma-
nent (episomal DNA maintenance in nondividing cells over
extended periods until cell division), or permanent (stable
genomic integration with heritable DNA) cellular modifica-
tion, aligning with specific therapeutic requirements [35].
Adeno-associated viruses belong to the dependent par-
vovirus genus of the Parvoviridae family and consist of an
icosahedral protein capsid ~26 nm in diameter and a ~4.7
kb single-stranded DNA genome [36]. The AAV capsid con-
sists of three types of subunit proteins, VP1, VP2, and VP3.
Current AAV vectors retain the same sequence and structure
as the wild-type AAV (WT AAV) capsid, yet they have been
engineered to remove most of the protein-coding sequences.
This modification preserves T-shaped inverted-terminal
repeat (ITR) sequences, which are necessary for direct
genome replication and packaging during vector production,
facilitating the delivery of genomes up to approximately 5
kb in size [37]. The molecular interactions between the shell
of the AAV and the target cell surface receptor, as well as
the subsequent processes following particle internalization,
are crucial for ensuring the efficacy of AAV-mediated gene
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delivery. Notably, different serotypes of AAV recognize
distinct receptors, which results in their specific tissue or
cellular tropism [38]. To date, at least 12 natural serotypes
and more than 100 AAV variants have been used in gene
delivery research, and AAV mutants have been continuously
generated from these vectors to optimize and expand the use
of AAV for gene delivery [39, 40].

Lentiviral vectors, a type of retrovirus, are particularly
effective for the in vitro genetic engineering of T cells. This
involves the incorporation of synthetic chimeric antigen
receptors (CARs) or other synthetic receptors that enable
T cells to recognize tumor-associated antigens (TAAs) in
an MHC-independent manner. Alternatively, T cells can be
transduced with T-cell receptor (TCR) sequences that spe-
cifically target tumor antigens, thereby enabling them to
recognize and eliminate tumor cells [41, 42]. CAR-T cell
therapy using lentiviral/retroviral vector engineering has
demonstrated noteworthy clinical success in patients with
B-cell malignancies, with regulatory approval of the first
genetically engineered cell therapy using a lentiviral vector
[43]. As of June 2022, the FDA has approved six CAR-T
cell products for patients with relapsed and/or refractory
B-cell malignancies [44]. Four of the products (KYM-
RIAH, BREYANZI, ABECMA, and Carvykti) were gen-
erated using lentiviral vectors, while the last (TECARTUS
and YESCARTA) products were generated using retrovi-
ral vectors. Globally, lentiviral vectors are being tested in
more than 100 ongoing clinical trials for both in vitro cell
modification and in vivo therapy [25, 45]. The procedure
typically involves extracting peripheral blood mononuclear
cells (PBMCs) from the patient, followed by in vitro pro-
cesses such as T-cell isolation, activation, transduction,
and amplification, before the cells are reintroduced into the
patient. This pipeline has several drawbacks in that it adds
complexity to the overall process and involves additional
steps before cell transduction, which increases the dura-
tion and cost of the manufacturing process. The stimulation
used for activation in conjunction with prolonged ex vivo
culture may alter cells, which may harm the quality of the
final products; for example, naive cells can differentiate into
a less preferential phenotype, exhibiting a greater degree
of exhaustion, lower proliferative capacity, shorter in vivo
persistence, and less functionality. Thus, minimizing the
manipulation of lymphocytes during genetic modification
is of enormous clinical relevance [46]. A potential solution
involves engineering a viral vector to deliver T-cell specific
genes directly in vivo. This approach can minimize the need
for extensive ex vivo manipulation, reduce the associated
processing time, and help maintain the integrity and quality
of T cells.
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2.2 Rational design engineering for viral vector-
based targeted gene delivery systems

Viral targeting can be achieved through two primary strat-
egies: leveraging the tissue tropism of various viral vec-
tor envelope proteins or by incorporating ligand/antibody
sequences into the viral envelope glycoprotein that can
specifically recognize molecules on the target cell surface,
a technique referred to as receptor targeting engineering
(Fig. 2) [47]. Different retroviral envelope proteins are
responsible for recognition and attachment to specific cell
populations during virus infection. Pseudotyping involves
the strategic incorporation of heterologous envelope glyco-
proteins into the surface of original viral vectors to modify
their tropism as required [48, 49]. HIV-based lentiviruses
are frequently pseudotyped with the envelope protein of
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Fig. 2 Rational design engineering for viral vector-based T-cell-tar-
geted gene delivery systems. (A, C) T-cell-targeted gene delivery engi-
neering of lentiviral vector/retroviral vector. LVs are enveloped par-
ticles containing one or more viral glycoproteins and two copies of a
ssRNA genome packaged in a nucleocapsid. Targeted delivery of ther-
apeutic genes can be achieved through two strategies: pseudotyping
and the utilization of engineered glycoproteins. Retroviral envelope
proteins are responsible for the recognition and adhesion of different
cell populations, and pseudotyping is the process of incorporating het-
erologous envelope glycoproteins into the surface of original vectors
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another virus, which provides different characteristics for
the vector and influences its orientation and intended cel-
lular target; genetic engineering of T cells that use viral vec-
tors has been designed based on this concept [45].

The natural receptors for most viral vectors are either
not present on T cells or are ubiquitously expressed across
many cell types, which precludes targeted gene expression
specifically in T cells. In this case, a ligand or an antibody
sequence is incorporated into the viral envelope glyco-
protein to serve as a virus entry receptor that specifically
recognizes molecules expressed on the surface of the tar-
get cell [46, 50]. Usually, this process involves two steps:
either destroying the natural receptor of protein or adding
a binder for target recognition. Commonly utilized ligands
include single-chain variable fragments (scFv) and designed
ankyrin repeat proteins (DARPins) (Fig. 2). DARPins are
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as needed. An engineered glycoprotein refers to the insertion of a tar-
geting ligand (scFv or DARPin) into the virus envelope glycoprotein
so that the ligand may recognize the molecule expressed on the target
cell surface as the virus entrance receptor. (B, D) AAV is composed of
a ssDNA genome packaged into an icosahedral protein capsid. AAV
vector-specific gene delivery to T cells is mostly based on AAV sur-
face engineering, which includes mutating the capsid to inactivate the
native receptor and subsequently adding a target-targeting ligand. Cap-
sid engineering is a suitable design for projected progression
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based on naturally occurring ankyrin repeat proteins, a ubig-
uitously expressed family of proteins that mediate specific
protein-protein interactions [51]. These compounds can be
tailored to serve as alternatives to scFv through methods
such as ribosome display or phage display screening [52,
53]. While DARPins exhibit high affinity comparable to that
of scFv, their absence of cysteine residues reduces the like-
lihood of aggregation, thereby enhancing binding stability
and reducing the risk of nonspecific interactions [54].
Lentiviral vectors pseudotyped with vesicular stomatitis
virus glycoprotein (VSV-G) are widely utilized in T-cell
genetic engineering [55, 56]. Low-density lipoprotein
receptor (LDLR) and its family members can serve as the
primary cellular receptors for VSV-G and are expressed
on the surface of the majority of cells [57, 58]. As a result,
VSV-G pseudotyped LVs exhibit a broad tropism and can
achieve high transduction efficiency in various human cell
types, including activated T lymphocytes [58]. The ability
of VSV-G LVs to transduce many types of nondividing or
slowly proliferating cells provides a rich resource for appli-
cations in experimental platforms and is also very attractive
for clinical applications. The major drawback of the VSV-G
pseudotyped lentivirus is that its genetic manipulation of T
cells is limited almost entirely to ex vivo activities, and gene
delivery to T lymphocyte subtypes cannot be accomplished
by modifying membrane proteins, which are dependent on
receptor binding and membrane fusion. Thus, although tar-
get cell binding to receptors is accomplished, membrane
fusion between cells and viruses is disabled and difficult to
achieve [59]. Lentiviral vectors derived from simian immu-
nodeficiency virus (SIV) can be pseudotyped with different
envelope proteins to achieve gene transduction in various
cells, including T cells. The transduction efficiencies of len-
tiviruses pseudotyped with different envelope proteins var-
ies, possibly due to differences in receptor expression [60].
Viruses within the Alphaparamyxoviridae family, including
Nipah and Measles, possess distinct glycoproteins respon-
sible for recognition and fusion functions. These glyco-
proteins can be rationally engineered to specifically target
and deliver genes to subsets of T lymphocytes (Table 1).

Table 1 Overview of the pseudotyped virus and the targeted cell type

Moloney murine leukemia virus-based gamma-retroviral
vectors are commonly used as gene delivery vectors for an
increasing number of disease-targeting genes, where spe-
cific promoter/enhancer elements may lead to increased
transgene expression in specific tissues or cells [74], includ-
ing the use of a human T-cell-specific CD2 enhancer to
increase gene expression in T cells [75]. Like lentiviral
vectors, y-retroviral vectors are most commonly used to
deliver genes to specific cell types or tissues by receptor
targeting engineering: (1) pseudotyping with other envel-
oped virus glycoproteins [76]; (2) insertion of a retroviral
receptor-binding envelope subunit with a ligand, peptide or
scFv [77]; and (3) bridging of viral vectors and cells with
antibodies or ligands [78, 79].

Among the viral vectors without envelope proteins, the
AAV vector has become the most widely used vector for
gene delivery in vivo due to its high transduction efficiency,
stable transduction, and nontoxicity [80]. However, due to
the extensive transduction of cells, it is possible to transfer
genes to nontarget cells. Hence, in vivo delivery of these
genes via an AAV vector has not reached its full potential.
Strategies to address this drawback include cell-surface
targeting, transcriptional targeting, and posttranscriptional
targeting modifications of AAVs or AAV surface engineer-
ing and capsid engineering (Fig. 2). AAV infection of tar-
get cells depends on endocytosis triggered by the primary
receptor and coreceptor on the cell surface. After entering
the endosome, the capsid structure changes, the AAV virion
enters the nucleus, its single-stranded genome is released,
and transcription and translation begin [81]. Cell surface tar-
geting involves either mutating the AAV so that it no longer
recognizes the native receptor or inserting a short peptide
(ligand) of the desired cell surface receptor with binding
affinity into the capsid protein, which can be stably inher-
ited, or coupling to the viral capsid, which is not heritable.
Cell transduction is then mediated by novel ligand-receptor
interactions, similar to retroviral vectors targeting envelope
proteins [82, 83]. The goal of AAV capsid engineering is
to improve viral tissue tropism via directed evolution or
rational design. To achieve tissue preference, chimeric viral

Pseudo- Envelope protein  Original virus Natural receptors Targeting ligand Targeted cell type
types
VSV-LV  VSV-G Vesicular stomatitis virus LDL-R [58] - Activated T lymphocytes [58]
NIV-LV G,F Nipah virus EphinB2/B3 [61] Scfv/DARPin CD3 T lymphocytes [62]
CDS8 T lymphocytes [63]
MV-LV H,F Measles virus SLAM [64] Scfv/DARPin CD4 T lymphocytes [66]
CD46 [65] CDS8 T lymphocytes [67]
SIV-LV SIVNEL,2 Sindbis virus NRAMP [68] OKT3 CD3 T lymphocytes [69]
Anti CD4 MAb CD4 T lymphocytes [70]
BaEV-LV  BaEV Baboon endogenous retrovirus ASCT-1 - naive T cells and T-cell progenitors [72]

ASCT-2 [71]

RDI114-SIV RD114 Feline endogenous retrovirus

ASCT-2[71,73] -

primary blood lymphocytes [60]
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particles composed of a mixture of capsids from different
serotypes can be used. Tissue-specific promoter or enhancer
sequences can also be used during transcription, and after
transcription, the physiologically expressed microRNA tar-
get sequences can be integrated into the 3’-UTR of the AAV
vector cassette to inhibit the expression of the transgene,
which does not require tissue [84, 85]. This strategy can
limit the production of the transgene product to the desired
target cells while not affecting the biodistribution of the vec-
tor [86]. Posttranscriptional targeting strategies can be used
alone or in combination with cell type-specific promoter and
cell surface targeting strategies to avoid the problem of pro-
moter leakage [87]. For T-cell-targeted gene delivery, a cell
surface targeting strategy is mostly used. Although AAV is
generally considered to be very inefficient at transducing T
cells, the use of specific molecules, such as bispecific anti-
bodies [88] or avidin-conjugated ligands, to react with the
virus surface and cellular receptors can lead to the targeting
of modified AAV to lymphocytes [89, 90].

2.3 Current status of virus-targeted gene delivery
specificto T cells

CD3 is the most obvious cell surface marker of targeted T
lymphocytes. It is exclusively expressed on T lymphocytes
as part of the TCR-CD3 complex [91]. Pseudotyping with
envelope proteins from different viruses allowed lentiviral
vectors to deliver genes only to T cells in vivo. The first
attempt was to use Sindbis virus from the Alphaviridae fam-
ily to target CD3-expressing T cells via a lentiviral vector
containing an anti-CD3 antibody (OKT3) and an engineered
shuttle vector containing Sindbis virus glycoprotein [69].
This recombinant vector could specifically transduce gene
to human primary CD3-positive T cells and it could also
preferential delivery reporter genes to CD3-expressing cell
lines in an in vivo xenograft mouse model [69]. The Nipah
virus is a member of the Paramyxoviridae family and two
key proteins in its cellular entry are receptor attachment pro-
tein (G) and fusion protein (F). The former is responsible for
the recognition of receptors on the surface of the cell mem-
brane, and the latter mediates the fusion of viruses and the
cell membrane when receptors contact each other [92]. A
study showed that T-cell activation and targeted gene deliv-
ery could be achieved by using a lentiviral vector pseudo-
typed with the Nipah viral envelope protein while displaying
scFvs that specifically bind CD3 on the envelope protein
[62]. These pseudotyped lentiviruses were able to activate
T cells during transduction and mediate efficient gene deliv-
ery to nonactivated T lymphocytes in vitro, even in human
whole blood, without any additional external stimulation.
In addition, viral particles can directly generate functional

CAR-T cells in humanized mice and achieve gene delivery
to T cells in vivo.

The selective and specific delivery of transgenes into spe-
cific types of lymphocytes is extremely desirable for immu-
notherapy and gene therapy. CD4+ T cells play important
roles in both innate and adaptive immunity and are critical
for gene modification in basic research and immunotherapy.
In two patients with chronic leukemia who were treated
with CAR-T cell therapy, CAR-T cells were still detectable
and achieved sustained remission more than a decade later;
both of these patients had highly activated CD4+ CAR-T
cells, suggesting a role of CD44+ CAR-T cells in long-
term remission of leukemia [93]. The Sindbis pseudotyped
lentivirus was used for specific transduction via antibody
conjugation and binding to a specific antigen on the sur-
face of target cells. It has been shown that pretreatment of
Sindbis pseudotyped HIV vectors with anti-CD4 antibodies
can preferentially infect CD4+ T cells [69, 70]. The replace-
ment of the VSV-G envelope protein with the hemaggluti-
nin protein and the fusion protein of the Measles virus has
also been achieved in PBMCs to deliver the gene only to
CD4+ T cells. This resistance is achieved by the presence of
mutations that prevent the virus from recognizing its natu-
ral receptor and the addition of scFv sequences that specifi-
cally recognize CD4 or DARPIN sequences that bind CD4
with high specificity [94]. In mice systemically originally
administered human PBMC-NSG or CD34-NSG (hemato-
poietic stem cell recombination), reporter gene expression
was detected mainly in lymphatic organs. Flow cytometry
analysis of reporter genes in lymphoid organs revealed that
pseudotyped lentiviral vectors delivered the genes to CD4+
T cells, indicating that pseudotyped lentiviral vectors could
serve as a viable tool for the sustained in vivo reprogram-
ming of CD4+ T cell [66].The research team published a
study later in 2020 demonstrating that the pseudotyped len-
tivirus could specifically and efficiently target gene delivery
to CD4+ T cells in huPBMCs and in CD34 hematopoietic
stem cell of recombinant immunodeficient mice. The results
highlighted enhanced antitumor effects in vivo and circum-
vented the biases introduced by in vitro culture conditions,
indicating promising clinical application potential for the
pseudotyped lentivirus [95].

CD8+ T cells, also known as cytotoxic T lymphocytes
(CTLs), are among the most crucial immune cells capable
of directly recognizing and eliminating tumor cells. In pre-
clinical and clinical studies, CD8+ cytotoxic T lymphocytes
(CTLs) have been demonstrated to have potent antitumor
activity [96, 97]. The targeted delivery of genes to CD8+ T
cells has yielded promising results using the Measles virus
and Nipah virus. The selectivity of CD8-LV for CD8+ T
cells relies on scFv antibody fragment derived from the
monoclonal antibody OKTS8 and displayed on the H protein
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of the Measles virus. The lentivirus pseudotyped by Mea-
sles virus envelope glycoprotein was highly selective for
CD8+ cytotoxic T cells present in human PBMCs [67]. The
in vivo targeting potential of the virus was investigated in
NSG mice transplanted with human PBMCs. The results
revealed that the therapeutic transgene could be delivered
to CD8+ T cells with high efficiency and specificity, thus
effectively killing tumor cells [67, 98]. In a recent study, the
Nipah virus glycoprotein was exchanged with the Measles
virus glycoprotein for gene delivery to CD8+ T cells via
CDS8-specific DARpin displayed on the virus surface as a
receptor for CD8-specific recognition. The virus was found
to have a titer of more than 10% TU /ml without the effect
of neutralizing antibodies in the population, which will be
an important step in the clinical translation of this prom-
ising vector type [63]. A study also demonstrated that the
Nipah pseudotyped CD8-targeting lentiviral vector could
directly and selectively deliver CD19-CAR to human cyto-
toxic CD8+ T cells in PBMC-NSG and CD34-NSG mouse
models. In both models, large numbers of CD8 CAR-T cells
were present in the spleen and blood, whereas CD8 nega-
tive cells remained devoid of the CAR gene [99]. Cytokine
release syndrome (CRS), characterized by weight loss;
wrinkling fur, apathy, ataxia, and circular movement; and
lymphocyte infiltration in the spleen, liver, and brain, was
observed in this animal model, similar to what has been
observed in some patients treated with CAR-T cells [100].
These findings demonstrated the possibility of therapeutic
CD8 CAR-T cell generation in vivo. In subsequent research,
the team provided the first evidence for anti-tumoral activity
mediated by in vivo generated human CAR-T cells [101].
A single injection of Nipah virus-modified CD8-targeting
lentiviral vector was sufficient to generate CD19 CAR-T
cells in mice and eliminate tumor cells in the bone marrow
and spleen; unexpectedly, CAR-positive NK and NKT cells
were detected in the injected mice.

For the pseudotyped lentiviral vectors employing in
directly targeted gene delivery to T cells, the translation into
a clinical setting appears to be straightforward, since they
transduce human T cells without requiring a strong T cell
activation signal and have been derived from LV vectors for
which profound clinical experience is available [102]. Nev-
ertheless, further studies in primates may be needed before
real human clinical trials can commence. Moreover, as an
immunogen, the immune response should be taken into
account in clinical applications. Direct in vivo injection of
targeted lentiviral vectors to generate specific therapeutic T
cells also requires dose-dependent and long-term antitumor
efficacy consideration, which should be addressed in sub-
sequent in vivo animal studies. The presence of neutraliz-
ing antibodies in humans should also be considered when
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pseudotyping with different virus-type envelope proteins,
such as Measles virus glycoprotein.

Retroviral vectors are the longest studied and the first
viral vectors used in human gene therapy. These vectors
play a pivotal role in engineering T cells. A series of clini-
cal trials investigating primary immune deficiency have
demonstrated the benefits of retroviral-based gene therapy
[103-105]. Although serious adverse events caused byy-
retroviruses insertion mutagenesis have been reported in
subsequent studies [106—108], the study of retrovirus gene
delivery to T cells is still meaningful. This section provides
a brief overview of the use of y-retroviruses for delivering
genes to T cells, as well as the significant benefits and nota-
ble drawbacks associated with retroviral vectors.

In 1990, the first report emerged on the use of gamma
retroviruses to genetically modify T cells for human immu-
notherapy, specifically for the treatment of advanced
melanoma using retrovirus-modified tumor-infiltrating
lymphocytes (TILs). The viability and safety of retroviral
gene transfer for human gene therapy were demonstrated
for the first time in this pioneering work [109]. Patients with
adenosine deaminase severe combined immunodeficiency
(ADA-SCID) who have been treated with T lymphocytes
transduced with a y-retrovirus expressing the ADA gene to
reestablish the immune system have sustained integrated
vector and ADA gene expression in T cells after gene ther-
apy [110]. Since then, retroviral vectors have been widely
used in gene therapy, especially for treating T-lymphoid
malignancies. In the case of adoptive T-cell therapy, two
CAR-T cell therapeutic products (Yescarta, Tecartus) using
y-retroviral vector have been approved by the FDA for
relapsed or refractory large B-cell lymphoma and mantle
cell lymphoma.

However, utilizing retroviral vectors in T-cell gene engi-
neering carries inherent risks, including the potential for
insertional mutagenesis and the reactivation of dormant
endogenous viruses. A notable example of these risks is seen
in the widely-discussed application of retroviral vectors
in CAR-T cell therapy. Recent FDA warnings have high-
lighted the potential risk of T-cell malignancies in patients
treated with CAR-T therapy. Although a direct causality
between CAR-T cell therapies and malignant transforma-
tion has not been definitively established after more than a
decade of clinical application, there have been cases where
the CAR gene was inadvertently integrated into leukemic
B-cell during the manufacturing process, resulting in treat-
ment resistance [111]. An analysis conducted at the Univer-
sity of Pennsylvania involving 449 treated patients revealed
that over a median follow-up period of 10.3 months, 16
patients (3.6%) had developed secondary primary malig-
nancies (SPMs). However, CAR-T cell products have not
yet been shown to play a direct role in inducing malignant
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transformation [112]. Consistent with the assessment of
FDA, the benefits of CAR-T cell therapies are currently
considered to outweigh the potential risks. However, it is
crucial to implement long-term patient monitoring follow-
ing CAR-T cell therapy and to apply heightened scrutiny in
the design of CAR constructs and the selection of infusion
protocols. Additionally, reports indicate that reactivation of
human herpesvirus 6 (HHV-6) can occur in patients receiv-
ing CAR-T cell therapy. This reactivation is not attributed
to the CAR construct itself but is associated with factors
such as T-cell activation, proliferation, and culture dura-
tion. Moreover, an increase in the incidence of lytic-active
HHV-6 has been observed over time [113]. Overall, the
advantages of CAR-T cell products are considered to out-
weigh the potential risks. It is essential to conduct long-term
monitoring of patients after CAR-T cell therapy and to exer-
cise increased vigilance in the design of CAR configurations
and strategies for infusion treatments. These observations
further highlight the significance of targeted direct in vivo
CAR gene delivery systems. However, achieving precise
targeted delivery remains a paramount challenge.
Adeno-associated viruses have become increasingly pop-
ular as viral vectors for the in vivo delivery of gene editing
agents. The majority of current research focuses on employ-
ing AAVs to treat monogenic diseases such as Zolgens syn-
drome [114], hemophilia B [115], and Lebe’s congenital
amaurosis type 2 [116-118]. Moreover, promising studies
are exploring the precise delivery of genes to T cells using
AAVs. Christian J. et al has developed a modular approach
for efficient targeted gene delivery wherein DARPins-spe-
cifically designed to recognize CD4 as the targeting ligand—
were genetically fused to the AAV capsid protein VP2 [119].
Two arginine residues within the 60 capsid monomers were
mutated to abrogate binding to the native receptor [120].
Specific gene delivery to CD4+4 lymphocytes using AAV
has been demonstrated in a mouse model after systemic
administration, enabling genetic modification of these
cells both in vitro and in vivo without detectable off-target
effects [119]. The team also inserted the nanoantibody into
the GH2/3 loop of the AAV capsid VP2 to demonstrate that
AAV-targeted gene delivery to murine CD8+ T lymphocytes
was greater than 99%, indicating that the blockade of mouse
spleen cell transduction could be overcome by receptor tar-
geting [121]. Nawaz, W. et al. described a novel method
for generating CAR-T cells in vivo, wherein the injection
of an AAV vector harboring a CAR gene yielded CAR-T
cell suspensions adequate for inducing tumor regression
in a murine leukemia model [122]. Using an AAV vector
and a Sleeping Beauty (SB) transposon, Chen, Sidi, et al.
developed an AAV-Sleeping Beauty hybrid vector system
screening for membrane protein targets in CD8+ T cells
in a mouse model [123]. A CRISPR library was integrated

into the Sleeping Beauty transposon, which is positioned
between the inverted terminal repeats of AAVs, facilitating
the successful identification of membrane protein targets
amenable to direct T cell editing and the enhancement of T
cell function [123]. Systemic delivery of the exosome-asso-
ciated AAV8 (exo-AAVS) vector in mice enables transgene
expression across diverse immune cell lineages [124]. The
use of AAV as a vector for RNA-based nucleases achieves
efficient site-specific gene knock-in in T cells, resulting in
targeted recombination in primary human T cells [125].

Given the current in vivo gene therapy methods employ-
ing adeno-associated viruses [126], further research, which
should focus on evaluating the specificity, biocompatibility,
and in vivo safety of the engineered viruses, is essential to
refine the targeted gene delivery of adenoviruses to T cells.
In addition, the large number of preexisting neutralizing
antibodies against AAV due to natural infections in child-
hood and the generation of neutralizing antibodies induced
by AAV vector-mediated gene transfer in the human popu-
lation will affect the use of these types of viral vectors for
additional therapy [127]. A range of approaches to this situ-
ation are being tested, such as immunosuppression, hybrid-
ization of the AAV capsid, mutation [128], rational design
and directed evolution [129], or early administration of the
IgG-cleavage proteases IdeS and IdeZ in AAV recipients
[130, 131]. The next step in the targeted gene delivery of
T cells by adenovirus vectors can be combined with site-
specific DNA endonucleases to customize the AAV.

3 Nonviral vector systems

Despite the proliferation of investigations into the applica-
tion of viral vectors for gene therapy, concerns regarding
the immunogenic reactions elicited by these vectors and the
risks associated with unintended transgene integration have
spurred a quest for alternative methodologies within the sci-
entific community. The appeal of nonviral vector systems
lies in their reduced immunogenic and cytotoxic profiles,
coupled with the simplicity of their design and manufactur-
ing processes (Table 2). Therapeutic genes can be delivered
specifically to T cells using transposons, nanoparticle vec-
tors, or CRISPR systems.

3.1 Transposons in T-cell-targeted gene delivery

As nonviral vectors, transposons or mobile genetic elements
can also be used to achieve durable and efficient transgene
expression. Transposons can be broadly divided into two
classes: class I elements or retrotransposons that migrate
through RNA intermediates via a “copy and paste” mecha-
nism and class II or DNA transposons that migrate via a
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Table 2 Comparison of viral versus nonviral delivery systems for targeted gene transfer to T cells

viral vector system

nonviral vector system

Lentiviral vector ~ gama-retroviral vector AAV nanoparticle transposon CRISPR/Cas9
system
Maintenance Integration Integration Non-integration Non-integration  Integration Non-integration
Cargo size <8 kb <8 kb <5kb As needed increased cargo  As needed
size decreased
efficiency
Genotoxicity Insertional muta-  Insertional mutagenesis Insertional muta- inflammatory Insertional muta-  Off-target
genesis possible  possible genesis possible response genesis possible  toxicity
Immune response  + + + + +/— +
Preclinical Mouse model Primary T lymphocytes Mouse model Mouse model Mouse model Mouse model
evidence

DNA-mediated “cut and paste” mechanism [132]. Class II
transposons are genes encoding transposase proteins in the
middle flanked by inverted terminal repeats (ITRs) contain-
ing transposase binding sites. Typically, a transposon con-
sists of two functional components: a transposase and a gene.
Together with the inverted terminal repeats (ITRs) that flank
the gene, they form a two-component vector system. During
transposition, the transposase mediates the excision of the
element from its donor plasmid, followed by reintegration
of the transposon into the chromosomal locus to deliver the
gene specific to a specific type of cell. Translocation-based
gene delivery systems have the following advantages: (1)
the transposition mechanism enables the stable integration
of a gene into the host genome, ensuring long-term expres-
sion without the risk of gene loss and resulting in efficient
transgene expression as demonstrated in preclinical models
[133]; (2) the production of plasmid DNA is straightforward
and cost-effective; and (3) it provides a higher transgenic
capacity and superior safety profile compared to viral vec-
tors [133, 134]. The types of transposable elements that
are commonly used for targeted gene delivery in T cells
are Sleeping Beauty transposons and PiggyBac (PB) trans-
posons, and their applications in T-cell gene delivery are
described in this section.

3.1.1 PiggyBac transposon system

PB, which was originally isolated from the cabbage trocar
moth Ni [135] and is known for its precise excision abil-
ity, has undergone a series of optimizations over the years
[136]. PiggyBac elements comprise two main components:
the piggyBac transposases, responsible for facilitating
gene integration, and 5’ and 3’ inverted repeat sequences
that encompass the transgene. Transposase and transposons
are introduced into the genome, resulting in efficient “cut
and paste” transposition of the transgene into the genome
at the TTAA nucleotide element [137, 138]. A series of
optimizations of transposases, such as the unique hyperac-
tive piggyBac transposase obtained by mutation, excision,
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and integration of a PBase optimized with WT mammalian
codons (mPBase), which is more than 10-fold greater, have
been performed to improve transposition efficiency [139].
The excision ability/integration-deficient (Exc (+) Int (-))
transposases have also been generated by mutagenesis for
transient gene transfer in mammalian cells, such as the tran-
sient introduction of transcription factors for induced plurip-
otent stem cell production [140]. A prominent feature of the
piggyBac transposon system is that there is no DNA synthe-
sis involved in PB transposition, and the target gap caused
by transposition is closed only by ligation (the 3’OH end
of the transposon directly attacks the interlacing position of
the 5’ end of the TTAA target sequence), making PB trans-
position precise and unambiguous [136, 141]. Furthermore,
PB transposons exhibit the most efficient transposition in
mammalian cells, have a larger payload (up to 14 kb) than
viral vectors, and allow multiple transgene deliveries via the
design of polycistronic cassettes [142]. The PB transposon
system has been widely used in mammalian transgenics,
mutagenesis, in vitro modification of clinically relevant cell
types, and in vivo mammalian gene transfer [143].

The PB transposon system has been successfully applied
in the gene transfer of T cells; the expression level of the
reporter gene is approximately 40%, and the system can
also stably express multiple transposable genes in T cells for
a long time. Moreover, integration site profiling in human
T cells has shown that the piggyBac transposon does not
exhibit a preference for integrating near known proto-onco-
genes; instead, it demonstrates site specificity [144]. Pig-
gyBac can also deliver a large 14 kb reporter gene to T cells
without affecting cell viability. It can deliver the caspase 9
(iCasp9) gene and successfully express it in T cells [145].
The PB transposon system is recognized for its potential to
revolutionize gene therapy by enabling the development of
CAR-T cell therapies that precisely target specific tumor
antigens. When T cells were genetically modified with PB
to generate hGMR-CAR-T cells, no off-target effects or
organ toxicities were found during the adoptive transfer of
autologous hGMR-CAR-T cells into cynomolgus monkeys
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[146]. Epstein—Barr virus (EBV)-specific cytotoxic T lym-
phocytes (EBV-CTLs) can be modified with PB to express
HER2-CAR. Truncated CD19 expressed as a second trans-
gene can be used to select transgenic CTLs, and HER2-
CAR-modified EBV-CTLs (HER2-CTLs) can eliminate
HER2-expressing tumor cells both in vitro and in a NOD-
SCID xenograft model [147]. Several phase I clinical tri-
als in which specific CAR genes, such as EGFR, CD19,
and BCMA, are targeted for therapy via the PB transposon
system have preliminarily demonstrated the safety and effi-
cacy of CAR-T cells generated via the piggyBac transposon
genetic engineering system [148—150]. However, utilizing
the PB transposon system as a vector for gene delivery in
CAR-T cell therapy presents potential risks. A clinical trial
involving the treatment of ten patients with relapsed and
refractory CD19+ B-cell malignancies using CAR-T cells
engineered with the piggyBac system resulted in the devel-
opment of lymphomas from the CAR-T cells in two cases,
with one patient dying due to disease progression [151].
The malignant transformation of the modified T cells is
suspected to be due to multiple genetic alterations, with the
manufacturing process of the CAR-T cells possibly play-
ing a significant role in this adverse outcome. Although the
PB transposon system offers cost-effectiveness and a greater
transgene capacity than viral vectors in the field of gene
engineering, the associated risks highlighted by recent find-
ings mandate a cautious approach in its therapeutic applica-
tions [151, 152].

3.1.2 Sleeping Beauty transposon system

The Sleeping Beauty gene is a transposase gene of the Sal-
moninae subfamily of fish element reconstructed from phy-
logenetic data and can be used for genetic transformation
and insertional mutagenesis. Named after the famous fairy
tale, the Sleeping Beauty transposon was the first transpo-
son to be able to be transposed efficiently into vertebrate
cells [153]. Because transposable elements coexist within
the host, the transposition activity needs to be modulated to
avoid insertional inactivation of essential genes, and the two
components of the SB system need to be optimized to achieve
the most efficient molecular tools [154]. Transposases like
SB10 and SB11 have been subjected to a series of optimiza-
tions to enhance transposition efficiency. The most recent
breakthrough is the creation of SB100X, a hyperactive
transposase identified through extensive genetic screening.
SB100X surpasses the efficacy of nonviral vectors, facili-
tating gene transfer to primary cell types with efficiency
matching that of integrated viral systems [155, 156]. Fur-
thermore, a hyperactive variant, hySB100X, was generated
by mutating SB100X, resulting in increased transposition
activity [157, 158]. The transposon DNA sequence has also

been optimized to express transgenes with highly complex
structures (e.g. repetitive motifs, multiple genes, various
regulatory sequences) [ 159, 160]. The mutation, addition, or
deletion of nucleotide residues in the ITR sequence has pro-
duced an improved version based on the original transposon
vector (pT), such as pT2, pT3, pT2B, or pT4 [161]. The use
of Sleeping Beauty transposon-based gene delivery offers
outstanding potential for innovative and potentially cura-
tive treatments for a range of genetic diseases [154, 162,
163]. Major examples of gene therapy for various diseases
include cancer [164-167], immunologic diseases [168],
pulmonary diseases [169], neurological diseases [170], and
muscular diseases [171].

The implementation of Sleeping Beauty transposon-
targeted gene delivery in T cells needs to solve two prob-
lems. First, the targeted insertion of transposons is required
because the insertion site of SB transposons is non-specific
and the delivery strategy is inefficient for primary T cells.
Second, direct integration of transposons into the nucleus
as DNA plasmids is difficult and requires the use of vectors
such as AAVs or nanoparticles. In theory, these hybrid vec-
tors can be used as alternatives to established viral/nonviral
vectors, as described above, for T-cell type specific genetic
engineering [172]. At least one component of the transposon
system, transposon vector DNA, or transposase must bind
to a defined site in the human genome to achieve targeted
transposon insertion. Proof-of-principle studies have shown
that by combining a site-specific DNA-binding domain
(DBD) with SB transposase, transposons can be integrated
into predetermined genomic sites [134, 173] or via site-spe-
cific integration of adeno-associated viruses [174] and that
mutagenesis of specific amino acids in the SB transposase
alters target site selection in human cells [175].

At present, the most widely used method is to use SB
transposons to modify T cells in vitro and introduce a sec-
ond-generation CAR targeting CD19 by electroporation
to genetically modify T cells to redirect T cells to tumors
expressing CD19 [172, 176]. Several clinical trials for
B-cell lymphoma have also evaluated the safety and effec-
tiveness of this method [177-179], and the first virus-free
CAR-T cell clinical trials for multiple myeloma are under-
way [180]. With the advantages of being cost-effective and
easy to perform, the Sleeping Beauty transposition system
can be used to engineer TCR genes from the T cells of can-
cer patients. Transposable T cells can specifically produce
multifunctional responses to homologous mutant neoanti-
gens and tumor cell lines. The transposition of mutation-
specific TCRs by Sleeping Beauty can promote the use of
personalized T-cell therapy for unique neoantigens [164].
The Sleeping Beauty transposon system combined with
methotrexate selection allows for the efficient transfer of
multiple genes to T cells [181]. CD19-specific CARs can
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be directly expressed in memory and effector T cells by
introducing a DNA plasmid with SB. When cocultured with
CD19+ artificial antigen-presenting cells (aAPCs), massive
expansion of CAR+ T cells can be achieved [182]. With
the use of the mini-circle (MC) vector as a vector for SB
transposon components, MC is the minimal expression cas-
sette; without a bacterial origin of replication or antibiotic
resistance genes, the MC achieves more efficient trans-
gene expression in T cells, and the survival rate of T cells
after electroporation is also greater. The antitumor effect of
these cells is comparable to that of lentivirus-transduced
CAR-T cells, suggesting that these cells have superior clini-
cal application potential [183]. SB transposon systems can
be delivered to target cells by loading them into targeted
ligand-modified nanoparticle lipid prototype cells (a closed
neutral lipid bilayer), with folate (FA) serving as the cancer
cell-targeting motif and dexamethasone (DEX) serving as
the nuclear localization signaling molecule. In vivo studies
have shown that the transfection efficiency of FA-modified
native cells in tumor tissues is much greater than that in
other tissues, indicating that the SB transposon system can
be delivered to T cells in vivo by targeted modification of
delivery vectors [184].

T-cell genetic engineering using transposons as delivery
vectors, such as CAR-T cells, CTLs, and TILs, has been
shown to have antitumor effects, lower production costs
and greater genetic capacity than the use of viral vectors,
demonstrating the potential of transposons for application
in gene delivery to T cells. However, targeting immune
cells in vivo remains a nascent endeavor, particularly for
the delivery of small molecules and the intrinsic issues of
transposons. In the practical application process, intrinsic
issues related to transposons, such as their safety for clini-
cal gene transfer, potential genotoxicity, self-resistance to
the plasmids they are carried on, the influence of enhancer
or promoter elements on transgene transcription, the num-
ber of copies integrated, the pattern of vector insertion sites,
and the precision of insertion site targeting, must be con-
sidered. One approach to risk assessment of vectors used
for gene delivery is to approximate the maximal tolerated
cancer dose before cancer is initiated (or accelerated) in
model animals [133]. These potential risks must be care-
fully evaluated by investigators and regulators alike, against
the potential benefit that delivery of a therapeutic transgene
can provide.

3.2 Nanoparticles
NPs are granular dispersions or solid particles with sizes in
the 1-100 nm range that have been well-studied for cancer

therapy in recent decades, and a large number of NPs are
currently being used for therapeutic delivery, diagnostic,
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and imaging applications [ 185—-187]. Based on their chemi-
cal composition, nanoparticle systems can be divided into
three broad categories: polymer-based, lipid-based, and
inorganic nanoparticles. Each system has advantages and
limitations concerning drug load, stability, biocompatibility,
and biodegradability, whereas the main types of therapy for
delivering T cells are hydrophobic small molecules, pro-
teins, and nucleic acids [188].

3.2.1 Rational design engineering for nonviral vector-
based targeted gene delivery systems

The targeted delivery of nanoparticles to T lymphocytes is
a greater challenge than targeting tumor cells. This is due
to the smaller size of T cells compared to tumor cells, the
increased nuclear-to-cytoplasmic ratio, decreased phago-
cytic activity, and the lower endocytic rate [188]. More-
over, different nanoparticle types and materials may induce
immune responses or affect the function of T cells [189].
It is generally believed that the targeted gene delivery of
nanoparticles to T cells in vivo needs to meet several cri-
teria: (1) The size of the nanoparticles should be limited.
The diameter of nanoparticles delivered to T cells should
be between 10 and 100 nm, with 50 nm being ideal [190].
Nanoparticles smaller than 10 nm are at risk of being cleared
by the glomerulus [191], chemical molecules with a diame-
ter in the range of 100 nm can leak from the blood and accu-
mulate in the tumor tissue (EPR effect), which is effective in
both human cancer and animal tumor models [192], and too
large a size is not compatible with clathrin-coated vesicles
inducing their own endocytosis (RME) [193]. (2) The entry
of nanoparticles does not cause an immune response in the
body, and the recognition and clearance of monocytes, tissue
macrophages and other immune cells triggered by nanopar-
ticles in the blood should be avoided, further limiting the
size of nanoparticles [194—196]. (3) The most efficient route
for T-cell uptake is to induce its own endocytosis (RME)
through clathrin-coated vesicles (Fig. 3); thus, nanoparticles
are ideally designed to interact with specific receptors on the
T-cell surface and, for T-cell targeting, to be conjugated with
antibodies or other RME ligands; therefore, the intracellular
signaling resulting from such receptor ligation is harmless
to cells [193, 197]. (4) A negatively charged coating can
shield the nanoparticles and diminish their surface charge
to reduce off-target binding. (5) A properly designed carrier
matrix can protect nucleic acids from nuclease degradation
after cellular endocytosis [198].

In general, successful gene delivery requires the design
of nanoparticles to overcome both extracellular and intracel-
lular barriers without affecting cell function. Polymers con-
taining primary amines, such as poly(L-lysine) (PLL), can
bind anionic DNA and compress it into positively charged
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Fig. 3 Pathway of nonviral
vectors into T cells. There are
two types of nonviral vectors
for T cells: clathrin-dependent
pathways and receptor-mediated

pathways, the main difference of l
which is the sizes of the vectors.
Electroporation, such as the use
of the CRISPR system and trans-
poson system for gene knock-in,
is the most essential approach for
editing T cells
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nanoparticles, similar to cations. Tertiary amine polymers
with high buffering capacity, such as polyethyleneimine
(PEI), can undergo endocytosis and subsequently escape the
endosome via a proton sponge mechanism [199-202]. The
latest generation of cationic polymers, such as chitosan and
polypB-amino ester (PBAE), have also been proven to be safe
and effective DNA delivery vectors because they shield the
positive charge of DNA to reduce off-target binding during
DNA delivery [203-205]. Targeting is generally achieved
by the addition of appropriate ligands to nanoparticles. Anti-
bodies and antibody fragments are the most suitable can-
didates for the conjugation of nanoparticles and antibody
molecules through adsorption, direct covalent linkage, or
the use of adaptor molecules [206-210]. The majority of
investigations pertaining to in vivo gene delivery predomi-
nantly employ antibodies or their derivative fragments that
are designed to specifically recognize and bind to the extra-
cellular regions of cell-surface proteins [211].

3.2.2 Nanoparticles based on different material types for
T-cell-targeted gene delivery

To achieve effective gene delivery to T cells, cationic poly-
mers must meet nanoparticle design requirements (Fig. 4),
such as surface-anchored ligands that selectively bind
nanoparticles to T cells and initiate rapid receptor-induced
endocytosis to internalize them, negatively charged coatings,
and suitable carrier matrices. In a recent report, research-
ers used T-cell-targeted anti-CD3E F(ab’), fragments
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conjugated to the surface of biodegradable poly(B-amino
ester)-based nanoparticles to codeliver plasmids encoding
CD19 4-1BBz CAR and piggyBac transposase to CD3+ T
cells in vivo via CD3e F(ab’), displayed on the nanoparticle
surface [199]. Nuclear localization and microtubule-asso-
ciated sequences are loaded with DNA cargo to promote
nuclear entry to improve gene transfer [212]. In vitro valida-
tion showed that CD3-targeting nanoparticles could selec-
tively bind to T lymphocytes, and lymphocytes transfected
with nanoparticles were fully functional and secreted at
levels similar to those of T cells transduced with lentivi-
ral vectors encoding the same CAR. In vivo studies have
shown that targeted nanoparticles can reprogram circulating
T cells in situ with leukemia-specific CAR genes. Although
phagocytes in the reticuloendothelial system remove a small
fraction of the injected nanocarrier, nanoparticles carry-
ing a CD19-specific CAR gene can specifically and selec-
tively rapidly modify CD3+ T cells in vivo to cause tumor
regression in a mouse model that is comparable in efficacy
to adoptive T-cell therapy, providing strong evidence that
synthetic nanoparticles can be engineered to program anti-
gen recognition into lymphocytes [200]. Similarly, by com-
bining synthesized mRNA with a positively charged PBAE
polymer, followed by the addition of PGA, which shields
the positive charge of PBAE-mRNA particles and enhances
lymphocyte targeting, the resulting mRNA nanoparticles
can mediate efficient genome editing of CAR-T cells with-
out interfering with their function [213].
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Fig. 4 Considerations for nanocarrier-based targeted T-cell gene
delivery. Liposomes, polymers, and inorganic ions are examples of
common nanomaterials used to deliver specific genes to T cells. The

Another study induced cell targeting by coupling an
anti-CD8 antibody to polyglutamic acid (PGA) to form a
conjugate electrostatically adsorbed to the particles using
a biodegradable poly(B-amino ester) (PBAE) polymer for-
mulation with a half-life between 1 and 7 h under aqueous
conditions [214]. The transient expression of virus-encap-
sulated nucleic acids (IVT mRNAs) that produce disease-
specific CARs or TCRs showed that only nanoparticles
functionalized with T-cell-specific (anti-CDS8) antibodies
were able to efficiently deliver the transgene, while iso-
type control-functionalized nanoparticles produced gene
expression levels close to those of the background levels.
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ligands linked to the nanoparticles could be Ab, Fab, scFv, or protein.
NPs can transport both DNA and RNA to T cells as therapeutic agents

Repeated infusions of these polymeric nanocrystals induced
sufficient host T cells expressing tumor-specific CARs or
virus-specific TCRs to induce tumor regression at levels
comparable to those induced by adoptive T-cell therapy in
mouse models of human leukemia, prostate cancer, and hep-
atitis B-induced hepatocellular carcinoma [198]. Similarly,
CD7 antibody-conjugated chitosan nanoparticles allow spe-
cific delivery of siRNA to T cells [215]. Using transferrin
receptor (TfR) expression on activated T cells, Y. Xie et al.
designed a lung siRNA delivery system based on transfer-
rin-polyethylenimine (Tf-PEI), which successfully induced
the knockdown of related genes in a mouse model [216].
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Among nonviral gene vectors, lipid nanoparticles (LNPs)
are stable and advanced platforms for systemic gene delivery
research, and they are the first nanoparticles that have been
used for cancer therapy [217]. Lipid-based nanoparticles are
composed of lipids or lipid-like materials for DNA bind-
ing, auxiliary lipids for improving transfection efficiency,
and DNA vectors encoding therapeutic genes (Fig. 4). The
efficiency of lipid-based DNA delivery and subsequent in
vitro and ex vivo gene expression depend on various fac-
tors, such as nanoparticle size, amount of DNA, and cell line
[218]. In summary, LNPs offer the advantages of reduced
toxicity and the ability to deliver gene fragments of varying
lengths into cells. For example, a team developed and opti-
mized anti-CD3-targeted lipid nanoparticles (aCD3-LNPs)
to deliver tightly packed, reporter gene mRNA specifically
to T cells [219]. The activation and exhaustion of T cells
were linked to the aCD3 antibody coating on the surface
of LNPs, and they evaluated the use of LNPs in direct, in
situ transfection of T cells. Additionally, therapeutic CAR-T
cells could be generated in vivo by injecting CD5-targeting
LNPs containing the mRNA required for reprogramming
T lymphocytes. Treatment with modified mRNA-targeting
LNP diminished fibrosis and restored cardiac function after
damage in mice. These findings indicate that CAR-T cells
generated in vivo have the potential to be a therapeutic plat-
form for treating a wide range of diseases [220]. Schmid
et al. described antibody-targeting nanoparticles that bind
to CD8+ T cells in mouse blood, lymphoid tissues, and
tumors [221]. The nanoparticles are targeted by conjugat-
ing anti-CD8a F(ab’), antibody fragments generated by the
IDeS-mediated cleavage of full-length IgG molecules. The
nanoparticles demonstrated specific binding in vitro and in
vivo, indicating that antibody fragments on the surface of
nanoparticles can be used not only to target specific T-cell
subsets but also to functionally neutralize coinhibitory
receptors, which is beneficial for preventing immune toler-
ance and enhancing the efficacy of tumor immunotherapy
[221]. Similarly, in a study by another group, conjugation
of a CD4 antibody to LNPs was shown to specifically target
and deliver genes to CD4+ T lymphocytes. Specific accu-
mulation of CD4-targeted mRNA-LNPs can be observed
in the spleens of mice after systemic injection, providing a
new idea for HIV-related treatment [222].

Inorganic nanomaterials are widely used in gene delivery,
cancer therapy, and imaging due to their easy functionaliza-
tion, unique electrical, optical properties, biocompatibility,
and low cytotoxicity. Commonly used inorganic nano-
materials include gold, silver, calcium phosphate, gra-
phene oxide, quantum dots, and magnetic nanomaterials
[223, 224]. Among them, gold nanoparticles (AuNPs)
are the most widely used for targeted gene delivery to T
cells (Fig. 4). Their size can be easily changed, and their

structure can be modified to achieve multiple functions by
creating multiple functions through monolayers; moreover,
nucleic acids and targeting agents can be placed on the sur-
face to achieve targeted gene delivery [225, 226]. One study
reported that they developed a gold nanoparticle carrier
that can efficiently deliver small-molecule drugs or genes
to targeted lymphocyte populations. The gold nanoparticles
(amph-NPs) have a gold core with a diameter of 2—3 nm
and are surrounded by an amphiphilic organic ligand shell
consisting of a mixed monolayer of alkyl alcohols termi-
nated by hydrophobic methyl and water-soluble sulfonate
groups. Lymphocyte targeting was achieved by conjugated
anti-CD8 VHH nanobodies. After particle endocytosis,
the protein-targeted fraction is degraded, allowing NPs to
regain their cell-penetrating ability and enter the cytoplasm
of T cells in situ. In vivo experiments have shown that the
uptake of targeted T cells by targeting nanoparticles is 40
times greater than that of nontargeting nanoparticles, and
the delivery of TGF- inhibitor-loaded particles to T cells
enhanced their cytokine polyfunctionality in a cancer vac-
cine model [227].

Exosomes are nanoscale membrane carriers secreted by
various cell types and are present in most body fluids [228,
229]. A large number of clinical studies have shown that
exosomes have high potential in the treatment of human
diseases [230-233]. Furthermore, by displaying antibod-
ies against target receptors on exosomes, endogenous exo-
somes can be used as artificial cellular immune controllers
to redirect immune effector cells and regulate their immune
reactivity. A recent study showed that the scFv antibodies
targeting CD3 and EGFR on exosomes were able to bind
to T cells and EGFR-expressing triple-negative breast can-
cer (TNBC) cells simultaneously. Both in vitro and in vivo
studies have demonstrated that exosomes have outstanding
antitumor activity [234]. These discoveries may pave the
way for the implementation of versatile platform technolo-
gies tailored for the advent of next-generation immunother-
apeutic strategies.

At present, nanoparticles are mostly used as drug deliv-
ery systems in T-cell based immunotherapy to optimize the
drug delivery curve [235]. The predominant focus in the
field of direct gene delivery to T cells via nanoparticles has
been on utilizing cationic polymers and liposomes as non-
viral vectors. These vectors are particularly appealing due
to their capacity to accommodate genetic fragments of vari-
ous sizes without any inherent limitations on size [236]. A
potential drawback of nano-delivery systems is the possibil-
ity that T cells, upon exposure to alien nanomaterials, may
elicit an immune response or undergo functional alterations
[189]. Furthermore, the activation of T cells is coupled with
a multitude of cellular modifications, such as the modu-
lation of surface receptor expression and morphological
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reorganization, which could potentially impact the interac-
tions between nanoparticles and immune cells [237]. For
example, a study indicated that using nanoparticles to tar-
get T cells may be associated with complex immunologi-
cal consequences, which requires further investigation for
potential therapeutic applications [219].

3.3 CRISPR/Cas9 system for T-cell-targeted gene
delivery

As a constantly developing gene editing technology, the
CRISPR—Cas system has distinct advantages compared with
transposons for precise gene editing. Protein-based (zinc
finger nucleases (ZFNs) and transcription activator-like
effector nucleases (TALENs)) and RNA-based (CRISPR—
Cas9) technologies can achieve specific gene knockouts and
site-specific knock-ins to varying degrees. The CRISPR-
Cas system is an adaptive immune mechanism used by
bacteria and archaea to resist the invasion of foreign patho-
gens by silencing nucleic acids in nature. Jennifer Doudna
et al. clarified how CRISPR-Cas works; in brief, once the
Cas effector is assembled with a spacer containing a guide
RNA molecule, the complex can bind to and cleave a spe-
cific sequence near the original protospacer adjacent motif
(PAM) [238, 239]. The basic principle is that broken DNA
double strands can be repaired by nonhomologous end join-
ing or homology-directed repair (HDR) processes. With
the use of nonhomologous end joining, which repairs DNA
double-strand breaks without end processing, HDR repair
allows the delivery of a transgene to a specific site for inte-
gration through the delivery of a DNA repair template. The
high flexibility and efficiency of the RNA-guided nuclease
CRISPR represent a game-changing technology that has
been widely employed in the field of cell therapy [240].

The base editor is an editing system based on the
CRISPR—Cas system that can be used for precise base
manipulation. It uses nuclease-damaged Cas9 fused with
deaminase to introduce specific point mutations into DNA
without causing DSBs or relies on a donor DNA template
and HDR [241, 242]. The base editor avoids DSBs caused
by nucleic acid backbone cleavage by chemically modify-
ing target bases directly, significantly improving product
purity and reducing indels. The two main current base edi-
tors are the cytosine base editor (CBE) and the adenine base
editor (ABE), which mediate all four possible switching
mutations, C to T, Ato G, T to C, and G to A [243], and
can be used to correct more than 70% of disease-associated
single-nucleotide polymorphisms (SNPs).

Although base editors can effectively recognize four met-
astatic mutations, improve the efficiency of correcting point
mutations, and can be applied in the treatment of human
genetic diseases, they cannot cause eight transforming
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mutations or the precise insertion or deletion of target gene
segments; moreover, effectively installing or correcting
these mutations for targeted transposition, insertion and
deletion is difficult. Liu et al. reported a gene-editing tech-
nique called prime editing that can mediate all 12 possible
combinations of base shifts as well as target indels in human
cells without DSBs or donor DNA templates [244]. Prime
editing adds a new search-and-replace capability to genome
editing, broadening its scope.

As a constantly evolving technology, CRISPR—Cas sys-
tem-mediated gene editing in T cells can not only knock
out the aff TCR in T cells but also prevent graft-versus-host
reactions in adoptive cell therapy [245]; additionally, these
cells can knock out genes related to immune suppression
microenvironments, such as PD-1 [246], and T-cell func-
tions, such as ID3 and SOX4 [126]. This gene-editing sys-
tem allows for the precise insertion of the CAR site at any
point in the T-cell genome, resulting in CAR-T cells with
well-defined transgene copy numbers and predictable trans-
gene expression regulation [247]. The use of Cas9 RNPs
and an exogenous single-stranded DNA template by homol-
ogy-directed repair allows the introduction of precisely
targeted nucleotide substitutions in primary T cells [248].
The specific delivery of CD19-specific CARs to the T-cell
receptor alpha constant (TRAC) site results in CAR-T cells
being superior to conventional virus-delivered CAR-T cells
in terms of antitumor activity, avoiding tonic CAR signal-
ing and delaying effector T-cell differentiation and exhaus-
tion [249]. A CRISPR—Cas9 genome targeting system that
does not require a viral vector has recently been reported,
allowing for the rapid and efficient insertion of large DNA
sequences (greater than one kilobase) at specific sites in
the genome of primary human T cells while maintaining
cell viability and function. Using this system to knock in
the ectopic TCR targeting the cancer antigen NY-ESO-1
and replace the endogenous TCR, antitumor effects were
achieved both in vitro and in vivo [250]. Multiple edits of T
cells can be achieved by base editing without affecting cell
proliferation or aberrant DNA damage response pathway
activation [251].

The role of CRISPR-Cas9 in reprogramming T cells
is unquestionable. The optimal T-cell based gene editing
method should be cell-specific and can directly perform
complex modifications for stable gene addition in vivo,
which is not only related to the gene editing target site but
also dependent on the delivery method [252, 253]. Cur-
rently, the commonly used strategy for delivering the Cas-9
RNP complex into cells for targeted editing is electropora-
tion (Fig. 3), which can be used only for gene editing in ex
vivo T cells and induces significant dose-dependent toxicity
with increasing template size. Physical damage to cells may
also affect their state. The use of clinically validated viral
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and nonviral vectors combined with targeted gene editing
technology is promising for achieving targeted gene knock-
in in T cells. The Cas9 protein (Cas9P LV) was packaged
in lentivirus particles, and the Cas9 protein was subse-
quently delivered into lentivirus particles containing vec-
tors expressing sgRNA to edit target cells, which reduced
off-target effects [254]. Moreover, the use of nanoblades,
a protein delivery vector based on friend murine leukemia
virus (MLV), allows the transfer of Cas9-sgRNA ribonu-
cleoprotein (RNP) into cell lines and primary cells both in
vitro and in vivo [255]. The combination of the cell-target-
ing and cell-fusion capabilities of enveloped viruses with
the transient delivery of CRISPR—Cas9 tools can not only
mediate gene knockout and CAR transgene integration to
produce transgenic CAR-T cells but also use viral pseudo-
typing (HIV) to target Cas9 RNP-mediated genome editing
activity to specific cell types (CD4+ T cells) in mixed cell
populations [248]. Similarly, engineered LNPs can be used
to effectively deliver Cas9/sgRNA RNPs to specific target
tissues for gene editing [256]. Synthetic RNP nanocapsules,
customized by surface modification, can effectively achieve
targeted gene editing in vitro and in vivo without any sig-
nificant cytotoxicity [257]. Another delivery approach
within the CRISPR framework that holds significant prom-
ise is the peptide-based delivery system, which utilizes cell-
penetrating peptides (CPPs) to transport ribonucleoprotein
complexes into target cells for the purpose of gene editing
[258]. CPPs are a class of short peptides typically composed
of a maximal length of 30 amino acids [259]. They are char-
acterized by their ability to efficiently translocate across
various cellular membranes with minimal cytotoxic effects
and without eliciting an immune response [259-261]. A
recent study has shown that engineered Peptide-Assisted
Genome Editing (PAGE) CRISPR-Cas system can be used
to achieve efficient and rapid gene editing in mouse T cells
and human primary T cells [262]. This system simplifies the
ex vivo engineering process for the development of next-
generation CAR T cells, offering significant advantages,
including minimal toxicity [262]. Another research indi-
cates that the combination of CRISPR ribonucleoproteins
with selected amphiphilic peptides can enhance the editing
efficiency of primary T lymphocytes and peptide-mediated
ribonucleoprotein delivery paired with an adeno-associ-
ated-virus-mediated homology-directed repair template
can introduce a chimeric antigen receptor gene at the T-cell
receptor a constant locus [263]. These bioengineered cells
have shown promising anticancer properties in murine mod-
els. The Peptide-Enabled RNP Delivery (PERC) technique
for CRISPR engineering presents minimally genotoxicity
and less invasive alternative to electroporation for genome
editing in primary T cells, without requiring specialized
equipment [263]. The peptide-based gene delivery system

could potentially streamline the production of engineered T
cells. However, the use of peptide-based CRISPR systems
for gene editing raises concerns about the possibility of pre-
existing immune responses that might restrict their in vivo
application. Further research is warranted to thoroughly
evaluate the immunogenicity of the peptide-based CRISPR
system within primary cells. Overall, the strategic integra-
tion of viral and non-viral delivery methods with CRISPR-
Cas9 holds promise for achieving precise gene knock-in in
T cells in vivo, thus bolstering the potential for sophisticated
immunotherapeutic strategies.

As the forefront of gene-editing technology with sig-
nificant clinical potential, employing the CRISPR/Cas sys-
tem to modify T cells is crucial for breaking through the
limitations encountered in existing T-cell therapies. Beyond
facilitating precise in vivo gene knock-in, the targeted inte-
gration of specific genes can yield allogeneic T cells that
exhibit heightened antitumor efficacy and reduced side
effects [264]. While the application of a secure and potent
CRISPR/Cas delivery system in clinical settings is not yet
widespread, numerous efforts have been directed towards
integrating CRISPR with established methods to enhance
gene editing in T cells.

4 Conclusion

The continuous update and development of gene delivery
systems is a prerequisite for the progress of immune cell
therapy. An optimal gene delivery system should not only
ensure precise gene targeting and integration but also adhere
to the fundamental principle of minimizing cellular dam-
age. A key area of focus in current T-cell based immuno-
therapy is the optimization of gene delivery vectors, guided
by clinical trials. The ability to deliver T-cell-specific genes
in vivo could initiate a new trend in the field. The critical
features and technical challenges of gene delivery vectors
include not only avoiding vector autoimmunity and ensur-
ing the accommodation of the appropriate gene size but also
minimizing genotoxicity and host immune responses. Most
importantly, precise targeted delivery of genes to desired
cells, such as the T cells highlighted in this review, is para-
mount. This report summarizes the current state of research
on potential vectors for targeted gene delivery to T cells. In
vivo gene-targeted delivery is still in its early stages, and
much work is needed before this approach can be officially
applied in clinical trials; nevertheless, once the technologi-
cal bottleneck of targeted gene delivery vectors is overcome,
the entire field of cell therapy may benefit.

Acknowledgements Images were created with BioRender.com.

Author contributions W.W. conceived and presented the article idea

@ Springer


http://www.BioRender.com

F. Wang et al.

and supervised the whole work. F.L.W. collected the data and wrote
the first draft of the manuscript. Y.H. provided important suggestions
for manuscript writing. J.Q.L. provided important suggestions for fig-
ure drawing. W.L.Z. provided important suggestions for figure draw-
ing. All the authors participated in the work and approved the manu-
script for publication.

Funding This work was supported by the National Natural Science
Foundation of China (81972878, 82172733), the Key Research and
Development Program of Sichuan Province (2022ZDZX0024).

Data availability Not applicable.

Declarations

Ethics approval and consent to participate Not applicable.

Competing interests The authors declare that they have no competing
interests.

References

1.

2.

10.

11.

12.

J. Lu, G. Jiang, Mol Cancer 21, 194 (2022). https://doi.
org/10.1186/s12943-022-01663-0

A.V. Finck, T. Blanchard, C.P. Roselle, G. Golinelli, C.H.
June, Nat. Med. 28, 678-689 (2022). https://doi.org/10.1038/
s41591-022-01765-8

M. Sadelain, 1. Riviére, S. Riddell, Nature 545, 423-431 (2017).
https://doi.org/10.1038/nature22395

Y. Kawakami, S. Eliyahu, C.H. Delgado, P.F. Robbins, K. Sak-
aguchi, E. Appella, J.R. Yannelli, G.J. Adema, T. Miki, S.A.
Rosenberg, Proc. Natl. Acad. Sci. U. S. A. 91, 6458-6462 (1994).
https://doi.org/10.1073/pnas.91.14.6458

S.A. Rosenberg, B.S. Packard, P.M. Aebersold, D. Solomon, S.L.
Topalian, S.T. Toy, P. Simon, M.T. Lotze, J.C. Yang, C.A. Seipp
and, et al., N. Engl. J. Med. 319, 1676-1680 (1988). https://doi.
org/10.1056/NEJM198812223192527

P. van der Bruggen, C. Traversari, P. Chomez, C. Lurquin, E. De
Plaen, B. Van den Eynde, A. Knuth, T. Boon, Science 254, 1643—
1647 (1991). https://doi.org/10.1126/science.1840703

A.D. Waldman, J.M. Fritz, M.J. Lenardo, Nat. Rev. Immunol. 20,
651-668 (2020). https://doi.org/10.1038/s41577-020-0306-5

M. Sadelain, 1, 447-466 (2017). https://doi.org/10.1146/
annurev-cancerbio-050216-034351

J.T. Bulcha, Y. Wang, H. Ma, PW.L. Tai, G. Gao, Signal
Trans. Targeted Ther. 6(53) (2021). https://doi.org/10.1038/
$41392-021-00487-6

M. Verma, K. Obergfell, S. Topp, V. Panier and J. Wu, Nat
Rev Drug Discov 22, 776-777 (2023). https://doi.org/10.1038/
d41573-023-00140-7

S. Russell, J. Bennett, J.A. Wellman, D.C. Chung, Z.-F. Yu, A.
Tillman, J. Wittes, J. Pappas, O. Elci, S. McCague, D. Cross,
K.A. Marshall, J. Walshire, T.L. Kehoe, H. Reichert, M. Davis,
L. Raffini, L.A. George, F.P. Hudson, L. Dingfield, X. Zhu, J.A.
Haller, E.H. Sohn, V.B. Mahajan, W. Pfeifer, M. Weckmann, C.
Johnson, D. Gewaily, A. Drack, E. Stone, K. Wachtel, F. Sim-
onelli, B.P. Leroy, J.F. Wright, K.A. High, A.M. Maguire, Lancet
(London, England) 390, 849-860 (2017). https://doi.org/10.1016/
S0140-6736(17)31868-8

S. Rangarajan, L. Walsh, W. Lester, D. Perry, B. Madan, M. Laf-
fan, H. Yu, C. Vettermann, G.F. Pierce, W.Y. Wong, K.J. Pasi, New
Engl. J. Med. 377, 2519-2530 (2017). https://doi.org/10.1056/
NEJMoal708483

@ Springer

14.

16.

17.

18.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

. J.R. Mendell, S. Al-Zaidy, R. Shell, W.D. Arnold, L.R. Rodino-

Klapac, T.W. Prior, L. Lowes, L. Alfano, K. Berry, K. Church,
J.T. Kissel, S. Nagendran, J. L’Italien, D.M. Sproule, C. Wells,
J.A. Cardenas, M.D. Heitzer, A. Kaspar, S. Corcoran, L. Braun,
S. Likhite, C. Miranda, K. Meyer, K.D. Foust, A.H.M. Burghes,
B.K. Kaspar, New Engl. J. Med. 377, 1713-1722 (2017). https://
doi.org/10.1056/NEJMo0al706198

C.E. Thomas, A. Ehrhardt, M.A. Kay, Nat. Rev. Genet. 4, 346—
358 (2003). https://doi.org/10.1038/nrg1066

. N. Bessis, F.J. GarciaCozar, M.C. Boissier, Gene. Ther. 11 Suppl

1, S10-17 (2004). https://doi.org/10.1038/sj.gt.3302364

C. Baum, O. Kustikova, U. Modlich, Z. Li, B. Fehse, Hum.
Gene. Ther. 17, 253-263 (2006). https://doi.org/10.1089/
hum.2006.17.253

A. Raguram, S. Banskota, D.R. Liu, Cell 185, 28062827 (2022).
https://doi.org/10.1016/j.cell.2022.03.045

A.G. Schatzlein, J. Biomed. Biotechnol. 2003, 149-158 (2003).
https://doi.org/10.1155/S1110724303209116

C.X. He, Y. Tabata, J.Q. Gao, Int. J. Pharm. 386, 232242 (2010).
https://doi.org/10.1016/j.ijpharm.2009.11.006

K.A. High, M.G. Roncarolo, New Engl. J. Med. 381, 455-464
(2019). https://doi.org/10.1056/NEJMral706910

X.M. Anguela, K.A. High, Annu. Rev. Med. 70, 273-288 (2019).
https://doi.org/10.1146/annurev-med-012017-043332

R. Waehler, S.J. Russell, D.T. Curiel, Nat. Rev. Genet. 8, 573-587
(2007)

K. Qu, B. Glass, M. Dolezal, FK.M. Schur, B. Murciano, A.
Rein, M. Rumlova, T. Ruml, H.-G. Krausslich, J.A.G. Briggs,
Proc. Natl. Acad. Sci. USA 115, E11751-E11760 (2018). https://
doi.org/10.1073/pnas. 1811580115

F. Sinangil, A. Loyter, D.J. Volsky, FEBS Lett. 239, 88-92 (1988)
M.C. Milone, U. O’Doherty, Leukemia 32, 1529-1541 (2018).
https://doi.org/10.1038/s41375-018-0106-0

M. Kvaratskhelia, A. Sharma, R.C. Larue, E. Serrao, A. Engel-
man, Nucl. Acids Res. 42, 10209-10225 (2014). https://doi.
org/10.1093/nar/gku769

W. Qian, Y. Wang, R.-F. Li, X. Zhou, J. Liu, D.-Z. Peng, Med. Sci.
Monit. 23, 1116-1122 (2017)

Y. Zhu, G. Feuer, S.L. Day, S. Wrzesinski, V. Planelles, Mol.
Ther. 4, 375-382 (2001)

X. Yu, X. Zhan, J. D’Costa, V.M. Tanavde, Z. Ye, T. Peng, M.T.
Malehorn, X. Yang, C.I. Civin, L. Cheng, Mol. Ther. 7, 827-838
(2003)

J. Tian, S.T. Andreadis, Genet. Ther. 16, 874-884 (2009). https://
doi.org/10.1038/gt.2009.46

D. Escors, K. Breckpot, Arch. Immunol. Ther. Exp. (Warsz) 58,
107-119 (2010). https://doi.org/10.1007/s00005-010-0063-4

T. Dull, R. Zufferey, M. Kelly, R.J. Mandel, M. Nguyen, D.
Trono, L. Naldini, J. Virol. 72, 8463—-8471 (1998)

M. Hildinger, K.L. Abel, W. Ostertag, C. Baum, J. Virol. 73,
4083-4089 (1999)

J.D. Suerth, T. Maetzig, M. Galla, C. Baum, A. Scham-
bach, J. Virol. 84, 6626-6635 (2010). https://doi.org/10.1128/
JVI.00182-10

J.D. Suerth, A. Schambach, C. Baum, Curr. Opin. Immunol. 24,
598-608 (2012). https://doi.org/10.1016/j.c0i.2012.08.007

D. Wang, P.W.L. Tai, G. Gao, Nat. Rev. Drug Discov. 18, 358—
378 (2019). https://doi.org/10.1038/s41573-019-0012-9

M.A. Kotterman, D.V. Schaffer, Nat. Rev. Genet. 15, 445-451
(2014). https://doi.org/10.1038/nrg3742

A. Hajitou, M. Trepel, C.E. Lilley, S. Soghomonyan, M.M.
Alauddin, F.C. Marini, B.H. Restel, M.G. Ozawa, C.A. Moya,
R. Rangel, Y. Sun, K. Zaoui, M. Schmidt, C. von Kalle, M.D.
Weitzman, J.G. Gelovani, R. Pasqualini, W. Arap, Cell 125, 385—
398 (2006)

U. Hacker, H. Biining, Therapeutic Deliv. 2, 967-970 (2011)


https://doi.org/10.1056/NEJMoa1706198
https://doi.org/10.1056/NEJMoa1706198
https://doi.org/10.1038/nrg1066
https://doi.org/10.1038/sj.gt.3302364
https://doi.org/10.1089/hum.2006.17.253
https://doi.org/10.1089/hum.2006.17.253
https://doi.org/10.1016/j.cell.2022.03.045
https://doi.org/10.1155/S1110724303209116
https://doi.org/10.1016/j.ijpharm.2009.11.006
https://doi.org/10.1056/NEJMra1706910
https://doi.org/10.1146/annurev-med-012017-043332
https://doi.org/10.1073/pnas.1811580115
https://doi.org/10.1073/pnas.1811580115
https://doi.org/10.1038/s41375-018-0106-0
https://doi.org/10.1093/nar/gku769
https://doi.org/10.1093/nar/gku769
https://doi.org/10.1038/gt.2009.46
https://doi.org/10.1038/gt.2009.46
https://doi.org/10.1007/s00005-010-0063-4
https://doi.org/10.1128/JVI.00182-10
https://doi.org/10.1128/JVI.00182-10
https://doi.org/10.1016/j.coi.2012.08.007
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1038/nrg3742
https://doi.org/10.1186/s12943-022-01663-0
https://doi.org/10.1186/s12943-022-01663-0
https://doi.org/10.1038/s41591-022-01765-8
https://doi.org/10.1038/s41591-022-01765-8
https://doi.org/10.1038/nature22395
https://doi.org/10.1073/pnas.91.14.6458
https://doi.org/10.1056/NEJM198812223192527
https://doi.org/10.1056/NEJM198812223192527
https://doi.org/10.1126/science.1840703
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1146/annurev-cancerbio-050216-034351
https://doi.org/10.1146/annurev-cancerbio-050216-034351
https://doi.org/10.1038/s41392-021-00487-6
https://doi.org/10.1038/s41392-021-00487-6
https://doi.org/10.1038/d41573-023-00140-7
https://doi.org/10.1038/d41573-023-00140-7
https://doi.org/10.1016/S0140-6736(17)31868-8
https://doi.org/10.1016/S0140-6736(17)31868-8
https://doi.org/10.1056/NEJMoa1708483
https://doi.org/10.1056/NEJMoa1708483

Targeted gene delivery systems for T-cell engineering

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

K.B. Kaufmann, H. Biining, A. Galy, A. Schambach, M. Grez,
EMBO Mol. Med. 5, 1642-1661 (2013). https://doi.org/10.1002/
emmm.201202287

M. Hong, J.D. Clubb, Y.Y. Chen, Cancer Cell 38, 473-488 (2020).
https://doi.org/10.1016/j.ccell.2020.07.005

L. Labanieh, R.G. Majzner, C.L. Mackall, Nat. Biomed. Eng. 2,
377-391 (2018). https://doi.org/10.1038/s41551-018-0235-9
S.L. Maude, Curr. Opin. Pediatr. 29, 27-33 (2017). https://doi.
org/10.1097/MOP.0000000000000436

L. Amini, S.K. Silbert, S.L. Maude, L.J. Nastoupil, C.A. Ramos,
R.J. Brentjens, C.S. Sauter, N.N. Shah, M. Abou-El-Enein, Nat.
Rev. Clin. Oncol. 19, 342-355 (2022). https://doi.org/10.1038/
s41571-022-00607-3

C. Perry, A.C.M.E. Rayat, Viruses 13 (2021). https://doi.
org/10.3390/v13020268

A .M. Frank, C.J. Buchholz, Mol. Therapy Methods Clin. Develop.
12, 19-31 (2019). https://doi.org/10.1016/j.omtm.2018.10.006
A. Michels, N. Ho, C.J. Buchholz, Mol. Ther. 30, 2401-2415
(2022). https://doi.org/10.1016/j.ymthe.2022.05.018

S. Funke, A. Maisner, M.D. Miihlebach, U. Koehl, M. Grez, R.
Cattaneo, K. Cichutek, C.J. Buchholz, Mol. Ther. 16, 1427-1436
(2008). https://doi.org/10.1038/mt.2008.128

A. Schambach, D. Zychlinski, B. Ehrnstroem, C. Baum, Human
Gene Ther. 24, 132-142 (2013). https://doi.org/10.1089/
hum.2012.229

C.J. Buchholz, T. Friedel, H. Biining, Trends Biotechnol. 33,
777-790 (2015). https://doi.org/10.1016/j.tibtech.2015.09.008
S.G. Sedgwick, S.J. Smerdon, Trends Biochem. Sci. 24, 311-316
(1999)

A. Kohl, H.K. Binz, P. Forrer, M.T. Stumpp, A. Pliickthun, M.G.
Griitter, Proc. Natl. Acad. Sci. U. S. A. 100, 1700-1705 (2003)
H.K. Binz, P. Amstutz, A. Kohl, M.T. Stumpp, C. Briand, P. For-
rer, M.G. Griitter, A. Pliickthun, Nat. Biotechnol. 22, 575-582
(2004)

R.C. Miinch, M.D. Miihlebach, T. Schaser, S. Kneissl, C. Jost, A.
Pliickthun, K. Cichutek, C.J. Buchholz, Mol. Ther. 19, 686—693
(2011). https://doi.org/10.1038/mt.2010.298

L. Naldini, Nature 526, 351-360 (2015). https://doi.org/10.1038/
nature15818

A. Gutierrez-Guerrero, F.-L. Cosset, E. Verhoeyen, Viruses 12
(2020). https://doi.org/10.3390/v12091016

J. Nikolic, L. Belot, H. Raux, P. Legrand, Y. Gaudin, A.A. Alber-
tini, Nat. Commun. 9, 1029 (2018). https://doi.org/10.1038/
s41467-018-03432-4

F. Amirache, C. Lévy, C. Costa, P.-E. Mangeot, B.E. Tor-
bett, C.X. Wang, D. Negre, F.-L. Cosset, E. Verhoeyen,
Blood 123, 1422-1424 (2014). https://doi.org/10.1182/
blood-2013-11-540641%JBlood

N. Anastasov, 1. Hofig, S. Mall, A.M. Krackhardt, C. Thirion,
Methods Mol. Biol. (Clifton, N.J.) 1448, 49-61 (2016). https://
doi.org/10.1007/978-1-4939-3753-0 4

V. Sandrin, B. Boson, P. Salmon, W. Gay, D. Négre, R. Le Grand,
D. Trono, F.-L. Cosset, Blood 100, 823—-832 (2002)

O.A. Negrete, E.L. Levroney, H.C. Aguilar, A. Bertolotti-Ciarlet,
R. Nazarian, S. Tajyar, B. Lee, Nature 436, 401-405 (2005)
AM. Frank, A .H. Braun, L. Scheib, S. Agarwal, 1.C. Schneider,
F. Fusil, S. Perian, U. Sahin, F.B. Thalheimer, E. Verhoeyen,
C.J. Buchholz, Blood Adv. 4, 5702-5715 (2020). https://doi.
org/10.1182/bloodadvances.2020002229

AM. Frank, T. Weidner, J. Brynza, W. Uckert, C.J. Buchholz, J.
Hartmann, Human Gene Ther. 31, 679-691 (2020). https://doi.
org/10.1089/hum.2019.248

H. Tatsuo, N. Ono, K. Tanaka, Y. Yanagi, Nature 406, 893—-897
(2000)

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

M. Manchester, D.S. Eto, A. Valsamakis, P.B. Liton, R. Fernan-
dez-Munoz, P.A. Rota, W.J. Bellini, D.N. Forthal, M.B. Oldstone,
J. Virol. 74, 3967-3974 (2000)

Q. Zhou, K.M. Uhlig, A. Muth, J. Kimpel, C. Lévy, R.C. Miinch,
J. Seifried, A. Pfeiffer, A. Trkola, C. Coulibaly, D. von Laer, W.S.
Wels, U.F. Hartwig, E. Verhoeyen, C.J. Buchholz, J. Immunol.
(Baltimore, Md., 1950) 195, 2493-2501 (2015). https://doi.
org/10.4049/jimmunol.1500956

Q. Zhou, I.C. Schneider, I. Edes, A. Honegger, P. Bach, K. Schon-
feld, A. Schambach, W.S. Wels, S. Kneissl, W. Uckert, C.J. Buch-
holz, Blood 120, 4334-4342 (2012). https://doi.org/10.1182/
blood-2012-02-412973

P.P. Rose, S.L. Hanna, A. Spiridigliozzi, N. Wannissorn, D.P.
Beiting, S.R. Ross, R.W. Hardy, S.A. Bambina, M.T. Heise, S.
Cherry, Cell Host Microbe. 10 (2011). https://doi.org/10.1016/j.
chom.2011.06.009

H. Yang, K.-1. Joo, L. Ziegler, P. Wang, Pharm. Res. 26, 1432—
1445 (2009). https://doi.org/10.1007/s11095-009-9853-y

K. Morizono, G. Bristol, Y.M. Xie, S.K. Kung, I.S. Chen, J. Virol.
75, 8016-8020 (2001)

C.S. Tailor, M. Marin, A. Nouri, M.P. Kavanaugh, D. Kabat, J.
Biol. Chem. 276, 27221-27230 (2001)

O. Bernadin, F. Amirache, A. Girard-Gagnepain, R.D. Moi-
rangthem, C. Lévy, K. Ma, C. Costa, D. Negre, C. Reimann,
D. Fenard, A. Cieslak, V. Asnafi, H. Sadek, R. Mhaidly, M.
Cavazzana, C. Lagresle-Peyrou, F.-L. Cosset, 1. André, E. Ver-
hoeyen, Blood Adv. 3, 461475 (2019). https://doi.org/10.1182/
bloodadvances.2018027508

J.E. Rasko, J.L. Battini, R.J. Gottschalk, I. Mazo, A.D. Miller,
Proc. Natl. Acad. Sci. U. S. A. 96, 2129-2134 (1999)

L.A. Couture, C.A. Mullen, R.A. Morgan, Human Gene Ther. 5,
667-677 (1994)

B. Engels, H. Cam, T. Schiiler, S. Indraccolo, M. Gladow, C.
Baum, T. Blankenstein, W. Uckert, Human Gene Ther. 14, 1155—
1168 (2003)

K. Morizono, Y. Xie, G.-E. Ringpis, M. Johnson, H. Nassanian,
B. Lee, L. Wu, 1.S.Y. Chen, Nat. Med. 11, 346-352 (2005)

M. Marin, D. Noél, S. Valsesia-Wittman, F. Brockly, M. Etienne-
Julan, S. Russell, F.L. Cosset, M. Piechaczyk, J. Virol. 70, 2957—
2962 (1996)

X. Han, N. Kasahara, Y.W. Kan, Proc. Natl. Acad. Sci. U. S. A.
92,9747-9751 (1995)

N.V. Somia, M. Zoppé, .M. Verma, Proc. Natl. Acad. Sci. U. S.
A.92,7570-7574 (1995)

F. Mingozzi, K.A. High, Nat. Rev. Genet. 12, 341-355 (2011).
https://doi.org/10.1038/nrg2988

Z. Wu, A. Asokan, R.J. Samulski, Mol. Ther. 14, 316-327 (2006)
H. Biining, L. Perabo, O. Coutelle, S. Quadt-Humme, M. Hallek,
J. Gene Med. 10, 717-733 (2008). https://doi.org/10.1002/
jgm.1205

J. Zengel, J.E. Carette, Adv. Virus Res. 106, 39—84 (2020). https://
doi.org/10.1016/bs.aivir.2020.01.002

C. Qiao, Z. Yuan, J. Li, B. He, H. Zheng, C. Mayer, J. Li, X.
Xiao, Genet. Ther. 18, 403—410 (2011). https://doi.org/10.1038/
¢t.2010.157

B.L. Davidson, P.B. McCray, Nat. Rev. Genet. 12, 329-340
(2011). https://doi.org/10.1038/nrg2968

B. Wang, J. Li, F.H. Fu, C. Chen, X. Zhu, L. Zhou, X. Jiang, X.
Xiao, Genet. Ther. 15, 1489-1499 (2008). https://doi.org/10.1038/
¢t.2008.104

Z. Wang, T. Zhu, C. Qiao, L. Zhou, B. Wang, J. Zhang, C. Chen,
J. Li, X. Xiao, Nat. Biotechnol. 23, 321-328 (2005)

J.S. Bartlett, J. Kleinschmidt, R.C. Boucher, R.J. Samulski, Nat.
Biotechnol. 17, 181-186 (1999)

G.S. Amold, A K. Sasser, M.D. Stachler, J.S. Bartlett, Mol. Ther.
14 (2006)

@ Springer


https://doi.org/10.4049/jimmunol.1500956
https://doi.org/10.4049/jimmunol.1500956
https://doi.org/10.1182/blood-2012-02-412973
https://doi.org/10.1182/blood-2012-02-412973
https://doi.org/10.1016/j.chom.2011.06.009
https://doi.org/10.1016/j.chom.2011.06.009
https://doi.org/10.1007/s11095-009-9853-y
https://doi.org/10.1182/bloodadvances.2018027508
https://doi.org/10.1182/bloodadvances.2018027508
https://doi.org/10.1038/nrg2988
https://doi.org/10.1002/jgm.1205
https://doi.org/10.1002/jgm.1205
https://doi.org/10.1016/bs.aivir.2020.01.002
https://doi.org/10.1016/bs.aivir.2020.01.002
https://doi.org/10.1038/gt.2010.157
https://doi.org/10.1038/gt.2010.157
https://doi.org/10.1038/nrg2968
https://doi.org/10.1038/gt.2008.104
https://doi.org/10.1038/gt.2008.104
https://doi.org/10.1002/emmm.201202287
https://doi.org/10.1002/emmm.201202287
https://doi.org/10.1016/j.ccell.2020.07.005
https://doi.org/10.1038/s41551-018-0235-9
https://doi.org/10.1097/MOP.0000000000000436
https://doi.org/10.1097/MOP.0000000000000436
https://doi.org/10.1038/s41571-022-00607-3
https://doi.org/10.1038/s41571-022-00607-3
https://doi.org/10.3390/v13020268
https://doi.org/10.3390/v13020268
https://doi.org/10.1016/j.omtm.2018.10.006
https://doi.org/10.1016/j.ymthe.2022.05.018
https://doi.org/10.1038/mt.2008.128
https://doi.org/10.1089/hum.2012.229
https://doi.org/10.1089/hum.2012.229
https://doi.org/10.1016/j.tibtech.2015.09.008
https://doi.org/10.1038/mt.2010.298
https://doi.org/10.1038/nature15818
https://doi.org/10.1038/nature15818
https://doi.org/10.3390/v12091016
https://doi.org/10.1038/s41467-018-03432-4
https://doi.org/10.1038/s41467-018-03432-4
https://doi.org/10.1182/blood-2013-11-540641%JBlood
https://doi.org/10.1182/blood-2013-11-540641%JBlood
https://doi.org/10.1007/978-1-4939-3753-0_4
https://doi.org/10.1007/978-1-4939-3753-0_4
https://doi.org/10.1182/bloodadvances.2020002229
https://doi.org/10.1182/bloodadvances.2020002229
https://doi.org/10.1089/hum.2019.248
https://doi.org/10.1089/hum.2019.248

F. Wang et al.

90.

91.

92.

93.

94.

9s.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

D. Grimm, J.S. Lee, L. Wang, T. Desai, B. Akache, T.A.
Storm, M.A. Kay, J. Virol. 82, 5887-5911 (2008). https://doi.
org/10.1128/JV1.00254-08

A. Alcover, B. Alarcéon, V. Di Bartolo, Ann. Rev. Immu-
nol. 36, 103-125 (2018). https://doi.org/10.1146/
annurev-immunol-042617-053429

R.R. Bender, A. Muth, I.C. Schneider, T. Friedel, J. Hartmann,
A. Pliickthun, A. Maisner, C.J. Buchholz, PLoS Pathogens 12,
€1005641 (2016). https://doi.org/10.1371/journal.ppat.1005641
J.J. Melenhorst, G.M. Chen, M. Wang, D.L. Porter, C. Chen,
M.A. Collins, P. Gao, S. Bandyopadhyay, H. Sun, Z. Zhao, S.
Lundh, I. Pruteanu-Malinici, C.L. Nobles, S. Maji, N.V. Frey, S.1.
Gill, L. Tian, I. Kulikovskaya, M. Gupta, D.E. Ambrose, M.M.
Davis, J.A. Fraietta, J.L. Brogdon, R.M. Young, A. Chew, B.L.
Levine, D.L. Siegel, C. Alanio, E.J. Wherry, F.D. Bushman, S.F.
Lacey, K. Tan, C.H. June, Nature 602, 503-509 (2022). https://
doi.org/10.1038/s41586-021-04390-6

A. Schweizer, P. Rusert, L. Berlinger, C.R. Ruprecht, A. Mann, S.
Corthésy, S.G. Turville, M. Aravantinou, M. Fischer, M. Robbi-
ani, P. Amstutz, A. Trkola, PLoS Pathogens 4, 1000109 (2008).
https://doi.org/10.1371/journal.ppat.1000109

S. Agarwal, J.D.S. Hanauer, A.M. Frank, V. Riechert, F.B. Thal-
heimer, C.J. Buchholz, Mol. Ther. 28, 1783-1794 (2020). https://
doi.org/10.1016/j.ymthe.2020.05.005

S.A. Rosenberg, N.P. Restifo, Science (New York, N.Y.) 348,
62—-68 (2015). https://doi.org/10.1126/science.aaa4967

R.J. Brentjens, 1. Riviére, J.H. Park, M.L. Davila, X. Wang, J.
Stefanski, C. Taylor, R. Yeh, S. Bartido, O. Borquez-Ojeda, M.
Olszewska, Y. Bernal, H. Pegram, M. Przybylowski, D. Holly-
man, Y. Usachenko, D. Pirraglia, J. Hosey, E. Santos, E. Halton,
P. Maslak, D. Scheinberg, J. Jurcic, M. Heaney, G. Heller, M.
Frattini, M. Sadelain, Blood 118, 48174828 (2011). https://doi.
org/10.1182/blood-2011-04-348540

Q. Zhou, C.J. Buchholz, Oncoimmunology 2, €22566 (2013)

A. Pfeiffer, F.B. Thalheimer, S. Hartmann, A.M. Frank, R.R.
Bender, S. Danisch, C. Costa, W.S. Wels, U. Modlich, R.
Stripecke, E. Verhoeyen, C.J. Buchholz, EMBO Mol. Med. 10
(2018). https://doi.org/10.15252/emmm.201809158

K.A. Hay, L.-A. Hanafi, D. Li, J. Gust, W.C. Liles, M.M. Wurfel,
J.A. Lopez, J. Chen, D. Chung, S. Harju-Baker, S. Cherian, X.
Chen, S.R. Riddell, D.G. Maloney, C.J. Turtle, Blood 130, 2295—
2306 (2017). https://doi.org/10.1182/blood-2017-06-793141

S. Agarwal, T. Weidner, F.B. Thalheimer, C.J. Buchholz, Onco-
immunology 8, €1671761 (2019). https://doi.org/10.1080/21624
02X.2019.1671761

L. Naldini, D. Trono, I.M. Verma, Science (New York, N.Y.) 353,
1101-1102 (2016). https://doi.org/10.1126/science.aah6192

F. Ciceri, C. Bonini, M.T.L. Stanghellini, A. Bondanza, C. Tra-
versari, M. Salomoni, L. Turchetto, S. Colombi, M. Bernardi,
J. Peccatori, A. Pescarollo, P. Servida, Z. Magnani, S.K. Perna,
V. Valtolina, F. Crippa, L. Callegaro, E. Spoldi, R. Crocchiolo,
K. Fleischhauer, M. Ponzoni, L. Vago, S. Rossini, A. Santoro,
E. Todisco, J. Apperley, E. Olavarria, S. Slavin, E.M. Weiss-
inger, A. Ganser, M. Stadler, E. Yannaki, A. Fassas, A. Anagnos-
topoulos, M. Bregni, C.G. Stampino, P. Bruzzi, C. Bordignon,
Lancet Oncol. 10, 489-500 (2009). https://doi.org/10.1016/
S1470-2045(09)70074-9

M. Cavazzana-Calvo, S. Hacein-Bey, G. de Saint Basile, F. Gross,
E. Yvon, P. Nusbaum, F. Selz, C. Hue, S. Certain, J.L. Casanova,
P. Bousso, F.L. Deist, A. Fischer, Science (New York, N.Y.) 288,
669-672 (2000)

A. Aiuti, F. Cattaneo, S. Galimberti, U. Benninghoff, B. Cassani,
L. Callegaro, S. Scaramuzza, G. Andolfi, M. Mirolo, I. Brigida, A.
Tabucchi, F. Carlucci, M. Eibl, M. Aker, S. Slavin, H. Al-Mousa,
A. Al Ghonaium, A. Ferster, A. Duppenthaler, L. Notarangelo,
U. Wintergerst, R.H. Buckley, M. Bregni, S. Marktel, M.G.

@ Springer

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Valsecchi, P. Rossi, F. Ciceri, R. Miniero, C. Bordignon, M.-G.
Roncarolo, New Engl. J. Med. 360, 447—458 (2009). https://doi.
org/10.1056/NEJM0a0805817

S. Stein, M.G. Ott, S. Schultze-Strasser, A. Jauch, B. Burwinkel,
A. Kinner, M. Schmidt, A. Kramer, J. Schwible, H. Glimm, U.
Koehl, C. Preiss, C. Ball, H. Martin, G. Goéhring, K. Schwarz-
waelder, W.-K. Hofmann, K. Karakaya, S. Tchatchou, R. Yang,
P. Reinecke, K. Kiihlcke, B. Schlegelberger, A.J. Thrasher, D.
Hoelzer, R. Seger, C. von Kalle, M. Grez, Nat. Med. 16, 198-204
(2010). https://doi.org/10.1038/nm.2088

S. Hacein-Bey-Abina, J. Hauer, A. Lim, C. Picard, G.P. Wang,
C.C. Berry, C. Martinache, F. Rieux-Laucat, S. Latour, B.H.
Belohradsky, L. Leiva, R. Sorensen, M. Debr¢, J.L. Casanova,
S. Blanche, A. Durandy, F.D. Bushman, A. Fischer, M. Cavaz-
zana-Calvo, New Engl. J. Med. 363, 355-364 (2010). https://doi.
org/10.1056/NEJMoal000164

S. Hacein-Bey-Abina, A. Garrigue, G.P. Wang, J. Soulier, A.
Lim, E. Morillon, E. Clappier, L. Caccavelli, E. Delabesse, K.
Beldjord, V. Asnafi, E. Maclntyre, L. Dal Cortivo, I. Radford, N.
Brousse, F. Sigaux, D. Moshous, J. Hauer, A. Borkhardt, B.H.
Belohradsky, U. Wintergerst, M.C. Velez, L. Leiva, R. Sorensen,
N. Wulffraat, S. Blanche, F.D. Bushman, A. Fischer, M. Cavaz-
zana-Calvo, J. Clin. Investigat. 118, 3132-3142 (2008). https://
doi.org/10.1172/JCI135700

S.A. Rosenberg, P. Aebersold, K. Cornetta, A. Kasid, R.A. Mor-
gan, R. Moen, E.M. Karson, M.T. Lotze, J.C. Yang, S.L. Topa-
lian, New Engl. J. Med. 323, 570-578 (1990)

R.M. Blaese, K.W. Culver, A.D. Miller, C.S. Carter, T. Fleisher,
M. Clerici, G. Shearer, L. Chang, Y. Chiang, P. Tolstoshev, J.J.
Greenblatt, S.A. Rosenberg, H. Klein, M. Berger, C.A. Mullen,
W.J. Ramsey, L. Muul, R.A. Morgan, W.F. Anderson, Science
(New York, N.Y.) 270, 475480 (1995)

M. Ruella, J. Xu, D.M. Barrett, J.A. Fraietta, T.J. Reich, D.E.
Ambrose, M. Klichinsky, O. Shestova, P.R. Patel, I. Kulikovs-
kaya, F. Nazimuddin, V.G. Bhoj, E.J. Orlando, T.J. Fry, H. Bit-
ter, S.L. Maude, B.L. Levine, C.L. Nobles, F.D. Bushman, R.M.
Young, J. Scholler, S.I. Gill, C.H. June, S.A. Grupp, S.F. Lacey,
J.J. Melenhorst, Nat. Med. 24, 1499-1503 (2018). https://doi.
org/10.1038/s41591-018-0201-9

G. Ghilardi, J.A. Fraietta, J.N. Gerson, V.M. Van Deerlin, J.J.D.
Morrissette, G.C. Caponetti, L. Paruzzo, J.C. Harris, E.A.
Chong, S.P. Susanibar Adaniya, J. Svoboda, S.D. Nasta, O.H.
Ugwuanyi, D.J. Landsburg, E. Fardella, A.J. Waxman, E.R.
Chong, V. Patel, R. Pajarillo, I. Kulikovskaya, D.B. Lieberman,
A.D. Cohen, B.L. Levine, E.A. Stadtmauer, N.V. Frey, D.T. Vogl,
E.O. Hexner, S.K. Barta, D.L. Porter, A.L. Garfall, S.J. Schuster,
C.H. June, M. Ruella, Nat. Med. (2024). https://doi.org/10.1038/
$41591-024-02826-w

C.A. Lareau, Y. Yin, K. Maurer, K.D. Sandor, B. Daniel, G. Yag-
nik, J. Pefia, J.C. Crawford, A.M. Spanjaart, J.C. Gutierrez, N.J.
Haradhvala, J.M. Riberdy, T. Abay, R.R. Stickels, J.M. Verboon,
V. Liu, F.A. Buquicchio, F. Wang, J. Southard, R. Song, W. Li, A.
Shrestha, L. Parida, G. Getz, M.V. Maus, S. Li, A. Moore, Z.J.
Roberts, L.S. Ludwig, A.C. Talleur, P.G. Thomas, H. Dehghani,
T. Pertel, A. Kundaje, S. Gottschalk, T.L. Roth, M.J. Kersten, C.J.
Wu, R.G. Majzner, A.T. Satpathy, Nature 623, 608—615 (2023).
https://doi.org/10.1038/s41586-023-06704-2

S.M. Hoy, Drugs 79, 1255-1262 (2019). https://doi.org/10.1007/
$40265-019-01162-5

A.C. Nathwani, E.G.D. Tuddenham, S. Rangarajan, C. Rosales,
J. Mclntosh, D.C. Linch, P. Chowdary, A. Riddell, A.J. Pie, C.
Harrington, J. O’Beirne, K. Smith, J. Pasi, B. Glader, P. Rustagi,
C.Y.C. Ng, M.A. Kay, J. Zhou, Y. Spence, C.L. Morton, J. Allay,
J. Coleman, S. Sleep, J.M. Cunningham, D. Srivastava, E. Bas-
ner-Tschakarjan, F. Mingozzi, K.A. High, J.T. Gray, U.M. Reiss,


https://doi.org/10.1056/NEJMoa0805817
https://doi.org/10.1056/NEJMoa0805817
https://doi.org/10.1038/nm.2088
https://doi.org/10.1056/NEJMoa1000164
https://doi.org/10.1056/NEJMoa1000164
https://doi.org/10.1172/JCI35700
https://doi.org/10.1172/JCI35700
https://doi.org/10.1038/s41591-018-0201-9
https://doi.org/10.1038/s41591-018-0201-9
https://doi.org/10.1038/s41591-024-02826-w
https://doi.org/10.1038/s41591-024-02826-w
https://doi.org/10.1038/s41586-023-06704-2
https://doi.org/10.1007/s40265-019-01162-5
https://doi.org/10.1007/s40265-019-01162-5
https://doi.org/10.1128/JVI.00254-08
https://doi.org/10.1128/JVI.00254-08
https://doi.org/10.1146/annurev-immunol-042617-053429
https://doi.org/10.1146/annurev-immunol-042617-053429
https://doi.org/10.1371/journal.ppat.1005641
https://doi.org/10.1038/s41586-021-04390-6
https://doi.org/10.1038/s41586-021-04390-6
https://doi.org/10.1371/journal.ppat.1000109
https://doi.org/10.1016/j.ymthe.2020.05.005
https://doi.org/10.1016/j.ymthe.2020.05.005
https://doi.org/10.1126/science.aaa4967
https://doi.org/10.1182/blood-2011-04-348540
https://doi.org/10.1182/blood-2011-04-348540
https://doi.org/10.15252/emmm.201809158
https://doi.org/10.1182/blood-2017-06-793141
https://doi.org/10.1080/2162402X.2019.1671761
https://doi.org/10.1080/2162402X.2019.1671761
https://doi.org/10.1126/science.aah6192
https://doi.org/10.1016/S1470-2045(09)70074-9
https://doi.org/10.1016/S1470-2045(09)70074-9

Targeted gene delivery systems for T-cell engineering

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

A.W. Nienhuis, A.M. Davidoft, New Engl. J. Med. 365, 2357—
2365 (2011). https://doi.org/10.1056/NEJMoal1108046

J.W.B. Bainbridge, A.J. Smith, S.S. Barker, S. Robbie, R. Hen-
derson, K. Balaggan, A. Viswanathan, G.E. Holder, A. Stockman,
N. Tyler, S. Petersen-Jones, S.S. Bhattacharya, A.J. Thrasher,
F.W. Fitzke, B.J. Carter, G.S. Rubin, A.T. Moore, R.R. Ali, New
Engl. J. Med. 358, 2231-2239 (2008). https://doi.org/10.1056/
NEJMo0a0802268

A.M. Maguire, F. Simonelli, E.A. Pierce, E.N. Pugh, F. Mingozzi,
J. Bennicelli, S. Banfi, K.A. Marshall, F. Testa, E.M. Surace, S.
Rossi, A. Lyubarsky, V.R. Arruda, B. Konkle, E. Stone, J. Sun,
J. Jacobs, L. Dell’Osso, R. Hertle, J.-X. Ma, T.M. Redmond, X.
Zhu, B. Hauck, O. Zelenaia, K.S. Shindler, M.G. Maguire, J.F.
Wright, N.J. Volpe, J.W. McDonnell, A. Auricchio, K.A. High, J.
Bennett, New Engl. J. Med. 358, 2240-2248 (2008). https://doi.
org/10.1056/NEJM0a0802315

A.M. Maguire, K.A. High, A. Auricchio, J.F. Wright, E.A. Pierce,
F. Testa, F. Mingozzi, J.L. Bennicelli, G.-S. Ying, S. Rossi, A.
Fulton, K.A. Marshall, S. Banfi, D.C. Chung, J.I.W. Morgan, B.
Hauck, O. Zelenaia, X. Zhu, L. Raffini, F. Coppieters, E. De Baere,
K.S. Shindler, N.J. Volpe, E.M. Surace, C. Acerra, A. Lyubarsky,
T.M. Redmond, E. Stone, J. Sun, J.W. McDonnell, B.P. Leroy, F.
Simonelli, J. Bennett, Lancet (London, England) 374, 1597-1605
(2009). https://doi.org/10.1016/S0140-6736(09)61836-5

R.C. Miinch, A. Muth, A. Muik, T. Friedel, J. Schmatz, B. Dreier,
A. Trkola, A. Pliickthun, H. Biining, C.J. Buchholz, Nat. Com-
mun. 6, 6246 (2015). https://doi.org/10.1038/ncomms7246

R.C. Miinch, H. Janicki, I. Volker, A. Rasbach, M. Hallek, H.
Biining, C.J. Buchholz, Mol. Ther. 21, 109-118 (2013). https://
doi.org/10.1038/mt.2012.186

A. Michels, A.M. Frank, D.M. Giinther, M. Mataei, K. Borner,
D. Grimm, J. Hartmann, C.J. Buchholz, Mol. Therapy Methods
Clin. Develop. 23, 334-347 (2021). https://doi.org/10.1016/j.
omtm.2021.09.014

W. Nawaz, B. Huang, S. Xu, Y. Li, L. Zhu, H. Yiqiao, Z. Wu,
X. Wu, Blood Cancer J. 11, 119 (2021). https://doi.org/10.1038/
s41408-021-00508-1

L. Ye, J.J. Park, M.B. Dong, Q. Yang, R.D. Chow, L. Peng, Y. Du,
J. Guo, X. Dai, G. Wang, Y. Errami, S. Chen, Nat. Biotechnol. 37,
1302-1313 (2019). https://doi.org/10.1038/s41587-019-0246-4
C.B. Breuer, K.S. Hanlon, J.-S. Natasan, A. Volak, A. Meliani, F.
Mingozzi, B.P. Kleinstiver, J.J. Moon, C.A. Maguire, Sci. Rep.
10, 4544 (2020). https://doi.org/10.1038/s41598-020-61518-w
B.D. Sather, G.S. Romano Ibarra, K. Sommer, G. Curinga, M.
Hale, I.LF. Khan, S. Singh, Y. Song, K. Gwiazda, J. Sahni, J.
Jarjour, A. Astrakhan, T.A. Wagner, A.M. Scharenberg, D.J.
Rawlings, Sci. Trans. Med. 7, 307ral56 (2015). https:/doi.
org/10.1126/scitranslmed.aac5530

J.R. Mendell, S.A. Al-Zaidy, L.R. Rodino-Klapac, K. Good-
speed, S.J. Gray, C.N. Kay, S.L. Boye, S.E. Boye, L.A. George,
S. Salabarria, M. Corti, B.J. Byrne, J.P. Tremblay, Mol. Ther. 29,
464-488 (2021). https://doi.org/10.1016/j.ymthe.2020.12.007

S. Boutin, V. Monteilhet, P. Veron, C. Leborgne, O. Benveniste,
M.F. Montus, C. Masurier, Human Gene Ther. 21, 704-712
(2010). https://doi.org/10.1089/hum.2009.182

M.A. Lochrie, G.P. Tatsuno, B. Christie, J.W. McDonnell, S.
Zhou, R. Surosky, G.F. Pierce, P. Colosi, J. Virol. 80, 821-834
(2006)

C. Li, R.J. Samulski, Nat. Rev. Genet. 21, 255-272 (2020).
https://doi.org/10.1038/s41576-019-0205-4

C. Leborgne, E. Barbon, J.M. Alexander, H. Hanby, S. Delignat,
D.M. Cohen, F. Collaud, S. Muraleetharan, D. Lupo, J. Silver-
berg, K. Huang, L. van Wittengerghe, B. Marolleau, A. Miranda,
A. Fabiano, V. Daventure, H. Beck, X.M. Anguela, G. Ronzitti,
S.M. Armour, S. Lacroix-Desmazes, F. Mingozzi, Nat. Med. 26,
10961101 (2020). https://doi.org/10.1038/s41591-020-0911-7

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Z.C. Elmore, D.K. Oh, K.E. Simon, M.M. Fanous, A. Asokan,
JCI Insight 5 (2020). https://doi.org/10.1172/jci.insight. 139881
Z. Ivics, M.A. Li, L. Matés, J.D. Boeke, A. Nagy, A. Bradley, Z.
Izsvak, Nat. Methods 6, 415-422 (2009). https://doi.org/10.1038/
nmeth.1332

P.B. Hackett, D.A. Largaespada, L.J.N. Cooper, Mol. Ther. 18,
674-683 (2010). https://doi.org/10.1038/mt.2010.2

Z. lvics, A. Katzer, E.E. Stiiwe, D. Fiedler, S. Knespel, Z. 1zsvak,
Mol. Ther. 15, 1137-1144 (2007)

L.C. Cary, M. Goebel, B.G. Corsaro, H.G. Wang, E. Rosen, M.J.
Fraser, Virology 172, 156-169 (1989)

Q. Chen, W. Luo, R.A. Veach, A.B. Hickman, M.H. Wilson, F.
Dyda, Nat. Commun. 11, 3446 (2020). https://doi.org/10.1038/
s41467-020-17128-1

C.A. Bauser, T.A. Elick, M.J. Fraser, Insect Mol. Biol. 8, 223-230
(1999)

M.J. Fraser, T. Ciszczon, T. Elick, C. Bauser, Insect Mol. Biol. 5,
141-151 (1996)

K. Yusa, L. Zhou, M.A. Li, A. Bradley, N.L. Craig, Proc.
Natl. Acad. Sci. U. S. A. 108, 1531-1536 (2011) https://doi.
org/10.1073/pnas.1008322108

X. Li, E.R. Burnight, A.L. Cooney, N. Malani, T. Brady, J.D.
Sander, J. Staber, S.J. Wheelan, J.K. Joung, P.B. McCray,
F.D. Bushman, P.L. Sinn, N.L. Craig, Proc. Natl. Acad. Sci.
U. S. A. 110, E2279-E2287 (2013). https://doi.org/10.1073/
pnas.1305987110

R. Mitra, J. Fain-Thornton, N.L. Craig, EMBO J. 27, 1097-1109
(2008). https://doi.org/10.1038/embo;j.2008.41

S. Zhao, E. Jiang, S. Chen, Y. Gu, A.J. Shangguan, T. Lv, L. Luo,
Z. Yu, Transl. Lung Cancer Res. 5, 120—125 (2016). https://doi.
org/10.3978/j.issn.2218-6751.2016.01.05

L.E. Woodard, M.H. Wilson, Trends Biotechnol. 33, 525-533
(2015). https://doi.org/10.1016/j.tibtech.2015.06.009

D.L. Galvan, Y. Nakazawa, A. Kaja, C. Kettlun, L.J.N. Cooper,
C.M. Rooney, M.H. Wilson, J. Inmunother. 32, 837-844 (2009).
https://doi.org/10.1097/CJ1.0b013e3181b2914c

Y. Nakazawa, L.E. Huye, G. Dotti, A.E. Foster, J.F. Vera, P.R.
Manuri, C.H. June, C.M. Rooney, M.H. Wilson, J. Immuno-
ther. (Hagerstown, Md.: 1997) 32, 826-836 (2009). https://doi.
org/10.1097/CJ1.0b013e3181ad762b

H. Morokawa, S. Yagyu, A. Hasegawa, M. Tanaka, S. Saito, H.
Mochizuki, K. Sakamoto, A. Shimoi, Y. Nakazawa, Clin. Transl.
Immunol. 9, €1207 (2020). https://doi.org/10.1002/cti2.1207

Y. Nakazawa, L.E. Huye, V.S. Salsman, A.M. Leen, N. Ahmed, L.
Rollins, G. Dotti, S.M. Gottschalk, M.H. Wilson, C.M. Rooney,
Mol. Ther. 19, 2133-2143 (2011). https://doi.org/10.1038/
mt.2011.131

Y. Zhang, Z. Zhang, Y. Ding, Y. Fang, P. Wang, W. Chu, Z. Jin, X.
Yang, J. Wang, J. Lou, Q. Qian, J. Cancer Res. Clin. Oncol. 147,
3725-3734 (2021). https://doi.org/10.1007/s00432-021-03613-7
N. Nishio, R. Hanajiri, Y. Ishikawa, M. Murata, R. Taniguchi, M.
Hamada, E. Nishikawa, N. Kawashima, A. Narita, H. Muramatsu,
Y. Takahashi, Blood 138, 3831 (2021). https://doi.org/10.1182/
blood-2021-150469

C. Costello, B.A. Derman, M.H. Kocoglu, A. Deol, A.A. Alj,
T. Gregory, B. Dholaria, J.G. Berdeja, A.D. Cohen, K.K. Patel,
D.S. Siegel, R. Nath, K. McArthur, J. McCaigue, C.E. Martin,
M. Ghoddusi, H. Namini, E.M. Ostertag, M.A. Spear, R. Belani,
N. Shah, Blood 138, 3858 (2021). https://doi.org/10.1182/
blood-2021-151672

D.C. Bishop, L.E. Clancy, R. Simms, J. Burgess, G. Mathew, L.
Moezzi, J.A. Street, G. Sutrave, E. Atkins, H.M. McGuire, B.S.
Gloss, K. Lee, W. Jiang, K. Maddock, G. McCaughan, S. Avdic,
V. Antonenas, T.A. O’Brien, P.J. Shaw, D.O. Irving, D.J. Gott-
lieb, E. Blyth, K.P. Micklethwaite, Blood 138, 1504—1509 (2021).
https://doi.org/10.1182/blood.2021010813

@ Springer


https://doi.org/10.1172/jci.insight.139881
https://doi.org/10.1038/nmeth.1332
https://doi.org/10.1038/nmeth.1332
https://doi.org/10.1038/mt.2010.2
https://doi.org/10.1038/s41467-020-17128-1
https://doi.org/10.1038/s41467-020-17128-1
https://doi.org/10.1073/pnas.1008322108
https://doi.org/10.1073/pnas.1008322108
https://doi.org/10.1073/pnas.1305987110
https://doi.org/10.1073/pnas.1305987110
https://doi.org/10.1038/emboj.2008.41
https://doi.org/10.3978/j.issn.2218-6751.2016.01.05
https://doi.org/10.3978/j.issn.2218-6751.2016.01.05
https://doi.org/10.1016/j.tibtech.2015.06.009
https://doi.org/10.1097/CJI.0b013e3181b2914c
https://doi.org/10.1097/CJI.0b013e3181ad762b
https://doi.org/10.1097/CJI.0b013e3181ad762b
https://doi.org/10.1002/cti2.1207
https://doi.org/10.1038/mt.2011.131
https://doi.org/10.1038/mt.2011.131
https://doi.org/10.1007/s00432-021-03613-7
https://doi.org/10.1182/blood-2021-150469
https://doi.org/10.1182/blood-2021-150469
https://doi.org/10.1182/blood-2021-151672
https://doi.org/10.1182/blood-2021-151672
https://doi.org/10.1182/blood.2021010813
https://doi.org/10.1056/NEJMoa1108046
https://doi.org/10.1056/NEJMoa0802268
https://doi.org/10.1056/NEJMoa0802268
https://doi.org/10.1056/NEJMoa0802315
https://doi.org/10.1056/NEJMoa0802315
https://doi.org/10.1016/S0140-6736(09)61836-5
https://doi.org/10.1038/ncomms7246
https://doi.org/10.1038/mt.2012.186
https://doi.org/10.1038/mt.2012.186
https://doi.org/10.1016/j.omtm.2021.09.014
https://doi.org/10.1016/j.omtm.2021.09.014
https://doi.org/10.1038/s41408-021-00508-1
https://doi.org/10.1038/s41408-021-00508-1
https://doi.org/10.1038/s41587-019-0246-4
https://doi.org/10.1038/s41598-020-61518-w
https://doi.org/10.1126/scitranslmed.aac5530
https://doi.org/10.1126/scitranslmed.aac5530
https://doi.org/10.1016/j.ymthe.2020.12.007
https://doi.org/10.1089/hum.2009.182
https://doi.org/10.1038/s41576-019-0205-4
https://doi.org/10.1038/s41591-020-0911-7

F. Wang et al.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

K.P. Micklethwaite, K. Gowrishankar, B.S. Gloss, Z. Li, J.A.
Street, L. Moezzi, M.A. Mach, G. Sutrave, L.E. Clancy, D.C.
Bishop, R.H.Y. Louie, C. Cai, J. Foox, M. MacKay, F.J. Sed-
lazeck, P. Blombery, C.E. Mason, F. Luciani, D.J. Gottlieb, E.
Blyth, Blood 138, 1391-1405 (2021). https://doi.org/10.1182/
blood.2021010858

Z. Ivics, P.B. Hackett, R.H. Plasterk, Z. 1zsvak, Cell 91, 501-510
(1997)

S.A. Narayanavari, S.S. Chilkunda, Z. Ivics, Z. Izsvék, Crit. Rev.
Biochem. Mol. Biol. 52, 18-44 (2017). https://doi.org/10.1080/1
0409238.2016.1237935

L. Matés, M.K.L. Chuah, E. Belay, B. Jerchow, N. Manoj, A.
Acosta-Sanchez, D.P. Grzela, A. Schmitt, K. Becker, J. Matrai, L.
Ma, E. Samara-Kuko, C. Gysemans, D. Pryputniewicz, C. Mis-
key, B. Fletcher, T. VandenDriessche, Z. Ivics, Z. Izsvak, Nat.
Genet. 41, 753-761 (2009). https://doi.org/10.1038/ng.343

Z. Jin, S. Maiti, H. Huls, H. Singh, S. Olivares, L. Matés, Z. Izs-
vak, Z. Ivics, D.A. Lee, R.E. Champlin, L.J.N. Cooper, Genet.
Ther. 18, 849-856 (2011). https://doi.org/10.1038/gt.2011.40

F. Voigt, L. Wiedemann, C. Zuliani, I. Querques, A. Sebe, L.
Matés, Z. Izsvak, Z. Ivics, O. Barabas, Nat. Commun. 7, 11126
(2016). https://doi.org/10.1038/ncomms11126

M. Amberger, Z. Ivics, BioEssays: news and reviews in molecu-
lar. Cell. Dev. Biol. 42, €2000136 (2020). https://doi.org/10.1002/
bies.202000136

Z. Cui, A.M. Geurts, G. Liu, C.D. Kaufman, P.B. Hackett, J. Mol.
Biol. 318, 1221-1235 (2002)

E. Kowarz, D. Loscher, R. Marschalek, Biotechnol. J. 10, 647—
653 (2015). https://doi.org/10.1002/biot.201400821

A. Moretti, M. Ponzo, C.A. Nicolette, 1.Y. Tcherepanova, A.
Biondi, C.F. Magnani, Front. Immunol. 13, 867013 (2022).
https://doi.org/10.3389/fimmu.2022.867013

Z. lvics, Z. Izsvak, Mobile DNA 1(25) (2010). https://doi.
org/10.1186/1759-8753-1-25

M. Hudecek, Z. Izsvak, S. Johnen, M. Renner, G. Thumann, Z.
Ivics, Crit. Rev. Biochem. Mol. Biol. 52, 355-380 (2017). https://
doi.org/10.1080/10409238.2017.1304354

D.C. Deniger, A. Pasetto, E. Tran, M.R. Parkhurst, C.J. Cohen,
P.F. Robbins, L.J. Cooper, S.A. Rosenberg, Mol. Ther. 24, 1078—
1089 (2016). https://doi.org/10.1038/mt.2016.51

P.D. Peng, C.J. Cohen, S. Yang, C. Hsu, S. Jones, Y. Zhao, Z.
Zheng, S.A. Rosenberg, R.A. Morgan, Genet. Ther. 16, 1042—
1049 (2009). https://doi.org/10.1038/gt.2009.54

J.R. Ohlfest, Z.L. Demorest, Y. Motooka, I. Vengco, S. Oh, E.
Chen, F.A. Scappaticci, R.J. Saplis, S.C. Ekker, W.C. Low, A.B.
Freese, D.A. Largaespada, Mol. Ther. 12, 778—788 (2005)

L.R. Belur, K.M. Podetz-Pedersen, B.S. Sorenson, A.H. Hsu,
J.B. Parker, C.S. Carlson, D.A. Saltzman, S. Ramakrish-
nan, R.S. Mclvor, Mol. Cancer 10(14) (2011). https://doi.
org/10.1186/1476-4598-10-14

H. Zayed, L. Xia, A. Yerich, S.R. Yant, M.A. Kay, M. Puttaraju,
G.J. McGarrity, D.L. Wiest, R.S. Mclvor, J. Tolar, B.R. Blazar,
Mol. Ther. 15, 1273-1279 (2007)

J. Xiao, X.-M. Meng, X.R. Huang, A.C. Chung, Y.-L. Feng, D.S.
Hui, C.-M. Yu, J.J. Sung, H.Y. Lan, Mol. Ther. 20, 1251-1260
(2012). https://doi.org/10.1038/mt.2012.36

H. Eyjolfsdottir, M. Eriksdotter, B. Linderoth, G. Lind, B. Julius-
son, P. Kusk, O. Almkvist, N. Andreasen, K. Blennow, D. Fer-
reira, E. Westman, I. Nennesmo, A. Karami, T. Darreh-Shori,
A. Kadir, A. Nordberg, E. Sundstrom, L.-O. Wahlund, A. Wall,
M. Wiberg, B. Winblad, A. Seiger, L. Wahlberg, P. Almqvist,
Alzheimer’s Res. Ther. 8(30) (2016). https://doi.org/10.1186/
s13195-016-0195-9

H. Escobar, V. Schéwel, S. Spuler, A. Marg, Z. Izsvak, Mol.
Therapy Nucl. Acids 5, €277 (2016). https://doi.org/10.1038/
mtna.2015.52

@ Springer

172

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

. P. Kebriaei, Z. Izsvak, S.A. Narayanavari, H. Singh, Z. Ivics,
Trends Genet. TIG 33, 852-870 (2017). https://doi.org/10.1016/j.
tig.2017.08.008

K. Voigt, A. Gogol-Déring, C. Miskey, W. Chen, T. Cathomen,
Z. Izsvak, Z. lvics, Mol. Ther. 20, 1852—1862 (2012). https://doi.
org/10.1038/mt.2012.126

I. Ammar, A. Gogol-Déring, C. Miskey, W. Chen, T. Cathomen,
Z. lzsvak, Z. lvics, Nucl. Acids Res. 40, 6693-6712 (2012).
https://doi.org/10.1093/nar/gks317

C. Miskey, L. Kesselring, 1. Querques, G. Abrusan, O. Barabas,
Z. lvics, Nucl. Acids Res. 50, 2807-2825 (2022). https://doi.
org/10.1093/nar/gkac092

P. Kebriaei, H. Singh, M.H. Huls, M.J. Figliola, R. Bassett, S. Oli-
vares, B. Jena, M.J. Dawson, P.R. Kumaresan, S. Su, S. Maiti, J.
Dai, B. Moriarity, M.-A. Forget, V. Senyukov, A. Orozco, T. Liu,
J. McCarty, R.N. Jackson, J.S. Moyes, G. Rondon, M. Qazilbash,
S. Ciurea, A. Alousi, Y. Nieto, K. Rezvani, D. Marin, U. Popat, C.
Hosing, E.J. Shpall, H. Kantarjian, M. Keating, W. Wierda, K.A.
Do, D.A. Largaespada, D.A. Lee, P.B. Hackett, R.E. Champlin,
L.J.N. Cooper, J. Clin. Investigat. 126, 3363-3376 (2016). https://
doi.org/10.1172/JCI86721

P. Kebriaei, H. Huls, B. Jena, M. Munsell, R. Jackson, D.A.
Lee, P.B. Hackett, G. Rondon, E. Shpall, R.E. Champlin, L.J.N.
Cooper, Human Gene Ther. 23, 444-450 (2012). https://doi.
org/10.1089/hum.2011.167

B. Jena, G. Dotti, L.J.N. Cooper, Blood 116, 1035-1044 (2010).
https://doi.org/10.1182/blood-2010-01-043737

H. Singh, H. Huls, P. Kebriaei, L.J.N. Cooper, Immunol. Rev.
257, 181-190 (2014). https://doi.org/10.1111/imr.12137

S. Prommersberger, M. Reiser, J. Beckmann, S. Danhof, M.
Amberger, P. Quade-Lyssy, H. Einsele, M. Hudecek, H. Bonig, Z.
Ivics, Genet. Ther. 28, 560-571 (2021). https://doi.org/10.1038/
s41434-021-00254-w

N. Kacherovsky, G.W. Liu, M.C. Jensen, S.H. Pun, Biotech-
nol. Bioeng. 112, 1429-1436 (2015). https://doi.org/10.1002/
bit.25538

H. Singh, P.R. Manuri, S. Olivares, N. Dara, M.J. Dawson, H.
Huls, P.B. Hackett, D.B. Kohn, E.J. Shpall, R.E. Champlin,
L.JN. Cooper, Cancer Res. 68, 2961-2971 (2008). https://doi.
org/10.1158/0008-5472.CAN-07-5600

R. Monjezi, C. Miskey, T. Gogishvili, M. Schleef, M. Schmeer,
H. Einsele, Z. Ivics, M. Hudecek, Leukemia 31, 186—194 (2017).
https://doi.org/10.1038/1eu.2016.180

K. Ma, D. Fu, D. Yu, C. Cui, L. Wang, Z. Guo, C. Mao, Bio-
materials 121, 55-63 (2017). https://doi.org/10.1016/;.
biomaterials.2016.12.033

D. Bobo, K.J. Robinson, J. Islam, K.J. Thurecht, S.R. Corrie,
Pharm. Res. 33, 2373-2387 (2016). https://doi.org/10.1007/
s11095-016-1958-5

S.R. D’Mello, C.N. Cruz, M.-L. Chen, M. Kapoor, S.L. Lee,
K.M. Tyner, Nat. Nanotechnol. 12, 523-529 (2017). https://doi.
org/10.1038/nnano.2017.67

A.C. Anselmo, S. Mitragotri, Bioeng. Transl. Med. 4, e10143
(2019). https://doi.org/10.1002/btm2.10143

PM. Cevaal, A. Ali, E. Czuba-Wojnilowicz, J. Symons, S.R.
Lewin, C. Cortez-Jugo, F. Caruso, ACS Nano 15, 3736-3753
(2021). https://doi.org/10.1021/acsnano.0c09514

E. Mariani, G. Lisignoli, R.M. Borzi, L. Pulsatelli, Int. J. Mol.
Sci. 20 (2019). https://doi.org/10.3390/ijms20030636

H. Arami, A. Khandhar, D. Liggitt, K.M. Krishnan, Chem. Soc.
Rev. 44, 8576-8607 (2015). https://doi.org/10.1039/c5¢cs00541h
K. Pombo Garcia, K. Zarschler, L. Barbaro, J.A. Barreto, W.
O’Malley, L. Spiccia, H. Stephan, B. Graham, Small (Weinheim
an Der Bergstrasse, Germany) 10, 2516-2529 (2014). https://doi.
org/10.1002/smll.201303540


https://doi.org/10.1016/j.tig.2017.08.008
https://doi.org/10.1016/j.tig.2017.08.008
https://doi.org/10.1038/mt.2012.126
https://doi.org/10.1038/mt.2012.126
https://doi.org/10.1093/nar/gks317
https://doi.org/10.1093/nar/gkac092
https://doi.org/10.1093/nar/gkac092
https://doi.org/10.1172/JCI86721
https://doi.org/10.1172/JCI86721
https://doi.org/10.1089/hum.2011.167
https://doi.org/10.1089/hum.2011.167
https://doi.org/10.1182/blood-2010-01-043737
https://doi.org/10.1111/imr.12137
https://doi.org/10.1038/s41434-021-00254-w
https://doi.org/10.1038/s41434-021-00254-w
https://doi.org/10.1002/bit.25538
https://doi.org/10.1002/bit.25538
https://doi.org/10.1158/0008-5472.CAN-07-5600
https://doi.org/10.1158/0008-5472.CAN-07-5600
https://doi.org/10.1038/leu.2016.180
https://doi.org/10.1016/j.biomaterials.2016.12.033
https://doi.org/10.1016/j.biomaterials.2016.12.033
https://doi.org/10.1007/s11095-016-1958-5
https://doi.org/10.1007/s11095-016-1958-5
https://doi.org/10.1038/nnano.2017.67
https://doi.org/10.1038/nnano.2017.67
https://doi.org/10.1002/btm2.10143
https://doi.org/10.1021/acsnano.0c09514
https://doi.org/10.3390/ijms20030636
https://doi.org/10.1039/c5cs00541h
https://doi.org/10.1002/smll.201303540
https://doi.org/10.1002/smll.201303540
https://doi.org/10.1182/blood.2021010858
https://doi.org/10.1182/blood.2021010858
https://doi.org/10.1080/10409238.2016.1237935
https://doi.org/10.1080/10409238.2016.1237935
https://doi.org/10.1038/ng.343
https://doi.org/10.1038/gt.2011.40
https://doi.org/10.1038/ncomms11126
https://doi.org/10.1002/bies.202000136
https://doi.org/10.1002/bies.202000136
https://doi.org/10.1002/biot.201400821
https://doi.org/10.3389/fimmu.2022.867013
https://doi.org/10.1186/1759-8753-1-25
https://doi.org/10.1186/1759-8753-1-25
https://doi.org/10.1080/10409238.2017.1304354
https://doi.org/10.1080/10409238.2017.1304354
https://doi.org/10.1038/mt.2016.51
https://doi.org/10.1038/gt.2009.54
https://doi.org/10.1186/1476-4598-10-14
https://doi.org/10.1186/1476-4598-10-14
https://doi.org/10.1038/mt.2012.36
https://doi.org/10.1186/s13195-016-0195-9
https://doi.org/10.1186/s13195-016-0195-9
https://doi.org/10.1038/mtna.2015.52
https://doi.org/10.1038/mtna.2015.52

Targeted gene delivery systems for T-cell engineering

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.
202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

Z.G. Chen, Trends Mol. Med. 16, 594-602 (2010). https://doi.
org/10.1016/j.molmed.2010.08.001

H.T. McMabhon, E. Boucrot, Nat. Rev. Mol. Cell Biol. 12, 517—
533 (2011). https://doi.org/10.1038/nrm3151

C.J. Cheng, G.T. Tietjen, J.K. Saucier-Sawyer, W.M. Saltzman,
Nat. Rev. Drug Discov. 14, 239-247 (2015). https://doi.
org/10.1038/nrd4503

N. Bertrand, J.-C. Leroux, J. Control Release 161, 152-163
(2012). https://doi.org/10.1016/j.jconrel.2011.09.098

Q. Dai, N. Bertleff-Zieschang, J.A. Braunger, M. Bjérnmalm, C.
Cortez-Jugo, F. Caruso, Adv. Healthcare Mater. 7 (2018). https://
doi.org/10.1002/adhm.201700575

S. Tortorella, T.C. Karagiannis, J. Membrane Biol. 247, 291-307
(2014). https://doi.org/10.1007/s00232-014-9637-0

N.N. Parayath, S.B. Stephan, A.L. Koehne, P.S. Nelson, M.T.
Stephan, Nat. Commun. 11, 6080 (2020). https://doi.org/10.1038/
$41467-020-19486-2

A. Mangraviti, S.Y. Tzeng, K.L. Kozielski, Y. Wang, Y. Jin, D.
Gullotti, M. Pedone, N. Buaron, A. Liu, D.R. Wilson, S.K. Han-
sen, F.J. Rodriguez, G.-D. Gao, F. DiMeco, H. Brem, A. Olivi,
B. Tyler, J.J. Green, ACS Nano 9, 1236-1249 (2015). https://doi.
org/10.1021/nn504905q

T.T. Smith, S.B. Stephan, H.F. Moffett, L.E. McKnight, W. Ji,
D. Reiman, E. Bonagofski, M.E. Wohlfahrt, S.P.S. Pillai, M.T.
Stephan, Nat. Nanotechnol. 12, 813-820 (2017). https://doi.
org/10.1038/nnano.2017.57

D. Luo, W.M. Saltzman, Nat. Biotechnol. 18, 33-37 (2000)

O. Boussif, F. Lezoualc’h, M.A. Zanta, M.D. Mergny, D. Scher-
man, B. Demeneix, J.P. Behr, Proc. Natl. Acad. Sci. U. S. A. 92,
7297-7301 (1995)

M. Fathi, S. Majidi, P.S. Zangabad, J. Barar, H. Erfan-Niya, Y.
Omidi, Medicinal Res. Rev. 38, 2110-2136 (2018). https://doi.
org/10.1002/med.21506

R.A. Cordeiro, A. Serra, J.F.J. Coelho, H. Faneca, J. Con-
trol Release 310, 155-187 (2019). https://doi.org/10.1016/j.
jeonrel.2019.08.024

J. Kim, Y. Kang, S.Y. Tzeng, J.J. Green, Acta Biomater. 41, 293—
301 (2016). https://doi.org/10.1016/j.actbio.2016.05.040

M.M. Cardoso, I.N. Peca, A.C.A. Roque, Curr. Medicinal Chem.
19,3103-3127 (2012)

M.C. Johnston, C.J. Scott, Drug Discov. Today Technol. 30,
63-69 (2018). https://doi.org/10.1016/j.ddtec.2018.10.003

M. Arruebo, M. Valladares, A.J.J.O.N. Gonzélez-Fernandez,
2009, 37 (2009)

D.A. Richards, A. Maruani, V. Chudasama, Chem. Sci. 8, 63-77
(2017). https://doi.org/10.1039/c65c02403¢c

A.D. Friedman, S.E. Claypool, R. Liu, Curr. Pharmaceutical Des.
19, 6315-6329 (2013)

W. Nawaz, S. Xu, Y. Li, B. Huang, X. Wu, Z. Wu, Acta Biomater.
109, 21-36 (2020). https://doi.org/10.1016/j.actbio.2020.04.015
K. Narayanan, S.K. Yen, Q. Dou, P. Padmanabhan, T. Sudhaha-
ran, S. Ahmed, J.Y. Ying, S.T. Selvan, Sci. Rep. 3, 2184 (2013).
https://doi.org/10.1038/srep02184

H.F. Moffett, M.E. Coon, S. Radtke, S.B. Stephan, L. McKnight,
A. Lambert, B.L. Stoddard, H.P. Kiem, M.T. Stephan, Nat. Com-
mun. 8, 389 (2017). https://doi.org/10.1038/s41467-017-00505-8
S.Y. Tzeng, H. Guerrero-Cazares, E.E. Martinez, J.C. Sunshine,
A. Quifiones-Hinojosa, J.J. Green, Biomaterials 32, 54025410
(2011). https://doi.org/10.1016/j.biomaterials.2011.04.016

J. Lee, K.-S. Yun, C.S. Choi, S.-H. Shin, H.-S. Ban, T. Rhim,
S.K. Lee, K.Y. Lee, Bioconjugate Chem. 23, 1174-1180 (2012).
https://doi.org/10.1021/bc2006219

Y. Xie, N.H. Kim, V. Nadithe, D. Schalk, A. Thakur, A. Kilig,
L.G. Lum, D.J.P. Bassett, O.M. Merkel, J. Control Release 229,
120-129 (2016). https://doi.org/10.1016/j.jconrel.2016.03.029

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

. M. Wang, M. Thanou, Pharmacol. Res. 62, 90-99 (2010). https://

doi.org/10.1016/j.phrs.2010.03.005

J. Buck, P. Grossen, P.R. Cullis, J. Huwyler, D. Witzigmann,
ACS Nano 13, 3754-3782 (2019). https://doi.org/10.1021/
acsnano.8b07858

A. Kheirolomoom, A.J. Kare, E.S. Ingham, R. Paulmurugan, E.R.
Robinson, M. Baikoghli, M. Inayathullah, J.W. Seo, J. Wang, B.Z.
Fite, B. Wu, S.K. Tumbale, M.N. Raie, R.H. Cheng, L. Nichols,
A.D. Borowsky, K.W. Ferrara, Biomaterials 281, 121339 (2022).
https://doi.org/10.1016/j.biomaterials.2021.121339

J.G. Rurik, I. Tombacz, A. Yadegari, P.O. Méndez Fernandez,
S.V. Shewale, L. Li, T. Kimura, O.Y. Soliman, T.E. Papp, Y.K.
Tam, B.L. Mui, S.M. Albelda, E. Pur¢, C.H. June, H. Aghajanian,
D. Weissman, H. Parhiz, J.A. Epstein, Science (New York, N.Y.)
375, 91-96 (2022). https://doi.org/10.1126/science.abm0594

D. Schmid, C.G. Park, C.A. Hartl, N. Subedi, A.N. Cartwright,
R.B. Puerto, Y. Zheng, J. Maiarana, G.J. Freeman, K.W. Wuch-
erpfennig, D.J. Irvine, M.S. Goldberg, Nat. Commun. 8, 1747
(2017). https://doi.org/10.1038/s41467-017-01830-8

I. Tombacz, D. Laczkd, H. Shahnawaz, H. Muramatsu, A. Nate-
san, A. Yadegari, T.E. Papp, M.-G. Alameh, V. Shuvaev, B.L. Mui,
Y.K. Tam, V. Muzykantov, N. Pardi, D. Weissman, H. Parhiz,
Mol. Ther. 29, 3293-3304 (2021). https://doi.org/10.1016/j.
ymthe.2021.06.004

M.K. Riley, W. Vermerris, Nanomaterials (Basel, Switzerland) 7
(2017). https://doi.org/10.3390/nano7050094

N. Erathodiyil, J.Y. Ying, Accounts Chem. Res. 44, 925-935
(2011). https://doi.org/10.1021/ar2000327

Z.P. Xu, Q.H. Zeng, G.Q. Lu, A.B. Yu, Chem. Eng. Sci. 61, 1027—
1040 (2006). https://doi.org/10.1016/j.ces.2005.06.019

Y. Ding, Z. Jiang, K. Saha, C.S. Kim, S.T. Kim, R.F. Landis,
V.M. Rotello, Mol. Ther. 22, 1075-1083 (2014). https://doi.
org/10.1038/mt.2014.30

Y.-S.-S. Yang, K.D. Moynihan, A. Bekdemir, T.M. Dichwalkar,
M.M. Noh, N. Watson, M. Melo, J. Ingram, H. Suh, H. Ploegh,
F.R. Stellacci, D.J. Irvine, Biomater. Sci. 7, 113—124 (2018).
https://doi.org/10.1039/c8bm01208c

C. Théry, L. Zitvogel, S. Amigorena, Nat. Rev. Immunol. 2, 569—
579 (2002). https://doi.org/10.1038/nri855

M. Yanez-Mo6, PR.M. Siljander, Z. Andreu, A.B. Zavec, F.E.
Borras, E.I. Buzas, K. Buzas, E. Casal, F. Cappello, J. Carvalho,
E. Colas, A. Cordeiro-da Silva, S. Fais, J.M. Falcon-Perez, I.M.
Ghobrial, B. Giebel, M. Gimona, M. Graner, 1. Gursel, M. Gur-
sel, N.H.H. Heegaard, A. Hendrix, P. Kierulf, K. Kokubun, M.
Kosanovic, V. Kralj-Iglic, E.-M. Kramer-Albers, S. Laitinen,
C. Lasser, T. Lener, E. Ligeti, A. Ling, G. Lipps, A. Llorente, J.
Lotvall, M. Mancek-Keber, A. Marcilla, M. Mittelbrunn, I. Naza-
renko, E.N.M. Nolte-’t Hoen, T.A. Nyman, L. O’Driscoll, M. Oli-
van, C. Oliveira, E. Pallinger, H.A. Del Portillo, J. Reventos, M.
Rigau, E. Rohde, M. Sammar, F. Sanchez-Madrid, N. Santarém,
K. Schallmoser, M.S. Ostenfeld, W. Stoorvogel, R. Stukelj, S.G.
Van der Grein, M.H. Vasconcelos, M.H.M. Wauben, O. De Wever,
J. Extracellular Vesicles 4, 27066 (2015). https://doi.org/10.3402/
jev.v4.27066

K.B. Johnsen, J.M. Gudbergsson, M.N. Skov, L. Pilgaard, T.
Moos, M. Duroux, Biochimica et Biophysica Acta 1846, 75-87
(2014). https://doi.org/10.1016/j.bbcan.2014.04.005

J. Ren, W. He, L. Zheng, H. Duan, Biomater. Sci. 4, 910-921
(2016). https://doi.org/10.1039/c5bm00583¢c

S. Fais, L. O’Driscoll, F.E. Borras, E. Buzas, G. Camussi, F. Cap-
pello, J. Carvalho, A. Cordeiro da Silva, H. Del Portillo, S. El
Andaloussi, T. Ficko Tréek, R. Furlan, A. Hendrix, I. Gursel, V.
Kralj-Iglic, B. Kaeffer, M. Kosanovic, M.E. Lekka, G. Lipps, M.
Logozzi, A. Marcilla, M. Sammar, A. Llorente, I. Nazarenko, C.
Oliveira, G. Pocsfalvi, L. Rajendran, G. Raposo, E. Rohde, P.
Siljander, G. van Niel, M.H. Vasconcelos, M. Yafiez-Mo6, M.L.

@ Springer


https://doi.org/10.1016/j.phrs.2010.03.005
https://doi.org/10.1016/j.phrs.2010.03.005
https://doi.org/10.1021/acsnano.8b07858
https://doi.org/10.1021/acsnano.8b07858
https://doi.org/10.1016/j.biomaterials.2021.121339
https://doi.org/10.1126/science.abm0594
https://doi.org/10.1038/s41467-017-01830-8
https://doi.org/10.1016/j.ymthe.2021.06.004
https://doi.org/10.1016/j.ymthe.2021.06.004
https://doi.org/10.3390/nano7050094
https://doi.org/10.1021/ar2000327
https://doi.org/10.1016/j.ces.2005.06.019
https://doi.org/10.1038/mt.2014.30
https://doi.org/10.1038/mt.2014.30
https://doi.org/10.1039/c8bm01208c
https://doi.org/10.1038/nri855
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1016/j.bbcan.2014.04.005
https://doi.org/10.1039/c5bm00583c
https://doi.org/10.1016/j.molmed.2010.08.001
https://doi.org/10.1016/j.molmed.2010.08.001
https://doi.org/10.1038/nrm3151
https://doi.org/10.1038/nrd4503
https://doi.org/10.1038/nrd4503
https://doi.org/10.1016/j.jconrel.2011.09.098
https://doi.org/10.1002/adhm.201700575
https://doi.org/10.1002/adhm.201700575
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1038/s41467-020-19486-2
https://doi.org/10.1038/s41467-020-19486-2
https://doi.org/10.1021/nn504905q
https://doi.org/10.1021/nn504905q
https://doi.org/10.1038/nnano.2017.57
https://doi.org/10.1038/nnano.2017.57
https://doi.org/10.1002/med.21506
https://doi.org/10.1002/med.21506
https://doi.org/10.1016/j.jconrel.2019.08.024
https://doi.org/10.1016/j.jconrel.2019.08.024
https://doi.org/10.1016/j.actbio.2016.05.040
https://doi.org/10.1016/j.ddtec.2018.10.003
https://doi.org/10.1039/c6sc02403c
https://doi.org/10.1016/j.actbio.2020.04.015
https://doi.org/10.1038/srep02184
https://doi.org/10.1038/s41467-017-00505-8
https://doi.org/10.1016/j.biomaterials.2011.04.016
https://doi.org/10.1021/bc2006219
https://doi.org/10.1016/j.jconrel.2016.03.029

F. Wang et al.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

Yliperttula, N. Zarovni, A.B. Zavec, B. Giebel, ACS Nano 10,
3886-3899 (2016). https://doi.org/10.1021/acsnano.5b08015

B. Gyorgy, M.E. Hung, X.O. Breakefield, J.N. Leonard, Annu.
Rev. Pharmacol. Toxicol. 55, 439-464 (2015). https:/doi.
org/10.1146/annurev-pharmtox-010814-124630

Q. Cheng, X. Shi, M. Han, G. Smbatyan, H.-J. Lenz, Y. Zhang,
J. Am. Chem. Soc. 140, 16413-16417 (2018). https://doi.
org/10.1021/jacs.8b10047

D.J. Irvine, E.L. Dane, Nat. Rev. Immunol. 20, 321-334 (2020).
https://doi.org/10.1038/s41577-019-0269-6

M.J. Mitchell, M.M. Billingsley, R.M. Haley, M.E. Wechsler,
N.A. Peppas, R. Langer, Nat. Rev. Drug Discov. 20, 101-124
(2021). https://doi.org/10.1038/s41573-020-0090-8

K.-H. Roh, B.F. Lillemeier, F. Wang, M.M. Davis, Proc. Natl.
Acad. Sci. U. S. A. 112, E1604-E1613 (2015). https:/doi.
org/10.1073/pnas.1503532112

W. Zhou, J. Yang, Y. Zhang, X. Hu, W. Wang, MedComm 3, ¢155
(2022). https://doi.org/10.1002/mco2.155

M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J.A. Doudna, E.
Charpentier, Science (New York, N.Y.) 337, 816-821 (2012).
https://doi.org/10.1126/science.1225829

S.R. Bailey, M.V. Maus, Nat. Biotechnol. 37, 1425-1434 (2019).
https://doi.org/10.1038/s41587-019-0137-8

A.C. Komor, Y.B. Kim, M.S. Packer, J.A. Zuris, D.R. Liu, Nature
533, 420424 (2016). https://doi.org/10.1038/nature17946

A.C. Komor, A.H. Badran, D.R. Liu, Cell 168, 20-36 (2017).
https://doi.org/10.1016/j.cell.2016.10.044

N.M. Gaudelli, A.C. Komor, H.A. Rees, M.S. Packer, A.H.
Badran, D.I. Bryson, D.R. Liu, Nature 551, 464471 (2017).
https://doi.org/10.1038/nature24644

A.V. Anzalone, P.B. Randolph, J.R. Davis, A.A. Sousa, L.W. Kob-
lan, J.M. Levy, P.J. Chen, C. Wilson, G.A. Newby, A. Raguram,
D.R. Liu, Nature 576, 149-157 (2019). https://doi.org/10.1038/
s41586-019-1711-4

M. Legut, G. Dolton, A.A. Mian, O.G. Ottmann, A.K.
Sewell, Blood 131, 311-322 (2018). https://doi.org/10.1182/
blood-2017-05-787598

L.J. Rupp, K. Schumann, K.T. Roybal, R.E. Gate, C.J. Ye, W.A.
Lim, A. Marson, Sci. Rep. 7, 737 (2017). https://doi.org/10.1038/
$41598-017-00462-8

D.L. Wagner, U. Koehl, M. Chmielewski, C. Scheid, R. Stripecke,
Front. Immunol. 13, 865424 (2022). https://doi.org/10.3389/
fimmu.2022.865424

K. Schumann, S. Lin, E. Boyer, D.R. Simeonov, M. Subrama-
niam, R.E. Gate, G.E. Haliburton, C.J. Ye, J.A. Bluestone, J.A.
Doudna, A. Marson, Proc. Natl. Acad. Sci. U. S. A. 112, 10437—
10442 (2015). https://doi.org/10.1073/pnas.1512503112

J. Eyquem, J. Mansilla-Soto, T. Giavridis, S.J.C. van der Stegen,
M. Hamieh, K.M. Cunanan, A. Odak, M. Go6nen, M. Sadelain,
Nature 543, 113-117 (2017). https://doi.org/10.1038/nature21405
T.L. Roth, C. Puig-Saus, R. Yu, E. Shifrut, J. Carnevale, P.J. Li,
J. Hiatt, J. Saco, P. Krystofinski, H. Li, V. Tobin, D.N. Nguyen,
MR. Lee, A.L. Putnam, A.L. Ferris, J.W. Chen, J.-N. Schickel,
L. Pellerin, D. Carmody, G. Alkorta-Aranburu, D. Del Gaudio,
H. Matsumoto, M. Morell, Y. Mao, M. Cho, R.M. Quadros, C.B.
Gurumurthy, B. Smith, M. Haugwitz, S.H. Hughes, J.S. Weiss-
man, K. Schumann, J.H. Esensten, A.P. May, A. Ashworth,
G.M. Kupfer, S.A.W. Greeley, R. Bacchetta, E. Meffre, M.G.
Roncarolo, N. Romberg, K.C. Herold, A. Ribas, M.D. Leonetti,
A. Marson, Nature 559, 405-409 (2018). https://doi.org/10.1038/
s41586-018-0326-5

C. Diorio, R. Murray, M. Naniong, L. Barrera, A. Camblin, J.
Chukinas, L. Coholan, A. Edwards, T. Fuller, C. Gonzales, S.A.

@ Springer

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Grupp, A. Ladd, M. Le, A. Messana, F. Musenge, H. New-
man, Y.-C. Poh, H. Poulin, T. Ryan, R. Shraim, S.K. Tasian, T.
Vincent, L. Young, Y. Zhang, G. Ciaramella, J. Gehrke, D.T.
Teachey, Blood 140, 619-629 (2022). https://doi.org/10.1182/
blood.2022015825

R.C. Wilson, L.A. Gilbert, ACS Chem. Biol. 13, 376-382 (2018).
https://doi.org/10.1021/acschembio.7b00680

B.T. Staahl, M. Benekareddy, C. Coulon-Bainier, A.A. Ban-
fal, S.N. Floor, J.K. Sabo, C. Urnes, G.A. Munares, A. Ghosh,
J.A. Doudna, Nat. Biotechnol. 35, 431-434 (2017). https://doi.
org/10.1038/nbt.3806

J.G. Choi, Y. Dang, S. Abraham, H. Ma, J. Zhang, H. Guo, Y. Cai,
J.G. Mikkelsen, H. Wu, P. Shankar, N. Manjunath, Genet. Ther.
23, 627-633 (2016). https://doi.org/10.1038/gt.2016.27

P.E. Mangeot, V. Risson, F. Fusil, A. Marnef, E. Laurent, J. Blin,
V. Mournetas, E. Massouridés, T.J.M. Sohier, A. Corbin, F. Aubé,
M. Teixeira, C. Pinset, L. Schaeffer, G. Legube, F.-L. Cosset, E.
Verhoeyen, T. Ohlmann, E.P. Ricci, Nat. Commun. 10(45) (2019).
https://doi.org/10.1038/s41467-018-07845-z

T. Wei, Q. Cheng, Y.-L. Min, ENN. Olson, D.J. Siegwart,
Nat. Commun. 11, 3232 (2020). https://doi.org/10.1038/
s41467-020-17029-3

G. Chen, A.A. Abdeen, Y. Wang, P.K. Shahi, S. Robertson, R. Xie,
M. Suzuki, B.R. Pattnaik, K. Saha, S. Gong, Nat. Nanotechnol.
14, 974-980 (2019). https://doi.org/10.1038/s41565-019-0539-2
J. Geng, X. Xia, L. Teng, L. Wang, L. Chen, X. Guo, B. Belin-
gon, J. Li, X. Feng, X. Li, W. Shang, Y. Wan, H. Wang, J. Con-
trol Release 341, 166-183 (2022). https://doi.org/10.1016/.
jeonrel.2021.11.032

I. Ruseska, A. Zimmer, Beilstein J. Nanotechnol. 11, 101-123
(2020). https://doi.org/10.3762/bjnano.11.10

B. Suresh, S. Ramakrishna, H. Kim, Methods Mol. Biol. 1507,
81-94 (2017)

O. Gustafsson, J. Rédler, S. Roudi, T. Lehto, M. Hallbrink, T.
Lehto, D. Gupta, S.E. Andaloussi, J.Z. Nordin, Pharmaceutics 13
(2021). https://doi.org/10.3390/pharmaceutics 13060878
Z.Zhang, A E. Baxter, D. Ren, K. Qin, Z. Chen, S.M. Collins, H.
Huang, C.A. Komar, P.F. Bailer, J.B. Parker, G.A. Blobel, R.M.
Kohli, E.J. Wherry, S.L. Berger, J. Shi, Nat. Biotechnol. 42, 305—
315 (2024). https://doi.org/10.1038/s41587-023-01756-1

D.V. Foss, J.J. Muldoon, D.N. Nguyen, D. Carr, S.U. Sahu, J.M.
Hunsinger, S.K. Wyman, N. Krishnappa, R. Mendonsa, E.V.
Schanzer, B.R. Shy, V.S. Vykunta, V. Allain, Z. Li, A. Marson,
J. Eyquem, R.C. Wilson, Nat. Biomed. Eng. 7, 647-660 (2023).
https://doi.org/10.1038/s41551-023-01032-2

B.D. Choi, X. Yu, A.P. Castano, H. Darr, D.B. Henderson, A.A.
Bouffard, R.C. Larson, I. Scarfo, S.R. Bailey, G.M. Gerhard, M.J.
Frigault, M.B. Leick, A. Schmidts, J.G. Sagert, W.T. Curry, B.S.
Carter, M.V. Maus, J. ImmunoTher. Cancer 7, 304 (2019). https://
doi.org/10.1186/s40425-019-0806-7

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1182/blood.2022015825
https://doi.org/10.1182/blood.2022015825
https://doi.org/10.1021/acschembio.7b00680
https://doi.org/10.1038/nbt.3806
https://doi.org/10.1038/nbt.3806
https://doi.org/10.1038/gt.2016.27
https://doi.org/10.1038/s41467-018-07845-z
https://doi.org/10.1038/s41467-020-17029-3
https://doi.org/10.1038/s41467-020-17029-3
https://doi.org/10.1038/s41565-019-0539-2
https://doi.org/10.1016/j.jconrel.2021.11.032
https://doi.org/10.1016/j.jconrel.2021.11.032
https://doi.org/10.3762/bjnano.11.10
https://doi.org/10.3390/pharmaceutics13060878
https://doi.org/10.1038/s41587-023-01756-1
https://doi.org/10.1038/s41551-023-01032-2
https://doi.org/10.1186/s40425-019-0806-7
https://doi.org/10.1186/s40425-019-0806-7
https://doi.org/10.1021/acsnano.5b08015
https://doi.org/10.1146/annurev-pharmtox-010814-124630
https://doi.org/10.1146/annurev-pharmtox-010814-124630
https://doi.org/10.1021/jacs.8b10047
https://doi.org/10.1021/jacs.8b10047
https://doi.org/10.1038/s41577-019-0269-6
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1073/pnas.1503532112
https://doi.org/10.1073/pnas.1503532112
https://doi.org/10.1002/mco2.155
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/s41587-019-0137-8
https://doi.org/10.1038/nature17946
https://doi.org/10.1016/j.cell.2016.10.044
https://doi.org/10.1038/nature24644
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1182/blood-2017-05-787598
https://doi.org/10.1182/blood-2017-05-787598
https://doi.org/10.1038/s41598-017-00462-8
https://doi.org/10.1038/s41598-017-00462-8
https://doi.org/10.3389/fimmu.2022.865424
https://doi.org/10.3389/fimmu.2022.865424
https://doi.org/10.1073/pnas.1512503112
https://doi.org/10.1038/nature21405
https://doi.org/10.1038/s41586-018-0326-5
https://doi.org/10.1038/s41586-018-0326-5

	﻿Targeted gene delivery systems for T-cell engineering
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Viral vector systems
	﻿2.1﻿ ﻿Fundamental structure and function of viral vector systems
	﻿2.2﻿ ﻿Rational design engineering for viral vector-based targeted gene delivery systems
	﻿2.3﻿ ﻿Current status of virus-targeted gene delivery specific to T cells

	﻿3﻿ ﻿Nonviral vector systems
	﻿3.1﻿ ﻿Transposons in T-cell-targeted gene delivery
	﻿3.1.1﻿ ﻿PiggyBac transposon system
	﻿3.1.2﻿ ﻿Sleeping Beauty transposon system


	﻿3.2﻿ ﻿Nanoparticles
	﻿3.2.1﻿ ﻿Rational design engineering for nonviral vector-based targeted gene delivery systems
	﻿3.2.2﻿ ﻿Nanoparticles based on different material types for T-cell-targeted gene delivery

	﻿3.3﻿ ﻿CRISPR/Cas9 system for T-cell-targeted gene delivery
	﻿4﻿ ﻿Conclusion
	﻿References


