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Abstract

In the past decades, Chimeric Antigen Receptor (CAR)-T cell therapy has achieved remarkable success, leading

to the approval of six therapeutic products for haematological malignancies. Recently, the therapeutic poten-

tial of this therapy has also been demonstrated in non-tumoral diseases. Currently, the manufacturing process

to produce clinical-grade CAR-T cells is complex, time-consuming, and highly expensive. It involves multiple steps,
including the collection of T cells from patients or healthy donors, in vitro engineering and expansion, and finally
reinfusion into patients. Therefore, despite the impressive clinical outcomes, ex vivo manufacturing process makes
CAR-T cells out of reach for many cancer patients. Direct in vivo engineering of T cells could be a more rapid solution
able to circumvent both the complexity and the costs associated with ex vivo manufactured CAR-T cells. This novel
approach allows to completely eliminate ex vivo cell manipulation and expansion while producing therapeutic cell
populations directly in vivo. To date, several studies have demonstrated the feasibility of in vivo T cell reprogram-
ming, by employing injectable viral- or nanocarrier-based delivery platforms in tumour animal models. Additionally,
in vivo production of CAR-T cells might reduce the incidence, or at least the severity, of systemic toxicities frequently
occurring with ex vivo produced CAR-T cells, such as cytokine release syndrome and immune effector cell-associated
neurotoxicity syndrome. In this review, we highlight the challenges associated with the current ex vivo manufacturing
protocols and review the latest progresses in the emerging field of in vivo CAR-T therapy, by comparing the various
platforms so far investigated. Moreover, we offer an overview of the advantages deriving from in vivo reprogramming
of other immune cell types, such as Natural Killer and macrophages, with CAR constructs.
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Introduction

Since the first idea of genetically engineering T cells with

a novel chimeric receptor, demonstrating antigen recog-

nition by T cells in an MHC-independent context and

overcoming the limitations of TCR-engineered T cells,
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faces multifaceted challenges, such as the complex and
expansive manufacturing process and, in addition, sev-
eral systemic toxicities.

Recently, the generation of other immune cells such as
chimeric antigen receptor-modified macrophages (CAR-
M) and natural killer cells (CAR-NK) has been explored
as promising alternatives. These approaches are being
considered due to their potential advantages, such as
better infiltration into solid tumours, lower risk of graft-
versus-host disease (GvHD) and reduced systemic toxici-
ties. The in vivo engineering of these cells presents new
opportunities to further simplify the manufacturing pro-
cess and enhance therapeutic outcomes.

In this regard, the purpose of this review is to describe
the challenges associated with current ex vivo CAR-T
cell-based therapeutic approaches, while providing an
overview of the recent advances achieved through the
strategy of in vivo engineering of T cells, macrophages,
and NK cells for CAR-based therapies.

Car structure

CAR constructs have a typical modular design consist-
ing of three major domains: ectodomain, transmembrane
domain and endodomain, each of them composed of sev-
eral functional structures (Fig. 1A).

The ectodomain is the extracellular structure respon-
sible of the recognition of antigens expressed by tumour
cells in an MHC-independent manner, ensures strong
activation of CAR-T cells and consists of antigen-bind-
ing domain and hinge domain. Single chain variable
fragment (scFV) are the most commonly used antigen-
binding domains in CAR design. However, their use can
have drawbacks, such as immunogenicity and a tendency
to self-aggregate, which can lead to early exhaustion
of CAR-T cells [1]. As an alternative, antigen-binding
domain can be composed of nanobodies, also called VHH
domain, able to access solid tumour-associated epitopes,
normally hard to be reached by scFVs [2]. The Hinge
domain (HD), also known as “spacer’, connects the
antigen-binding domain beyond the plasma membrane,
being anchored to the transmembrane domain. HD pro-
vides stability and flexibility to the CAR, and its choice
is a crucial step when designing CARs. In this regard, it
has been demonstrated that the use of Ig-based hinge
domains might trigger innate immune responses, because
of the ability of CH2 region of IgG molecules to bind
to Fcy receptors expressed by innate immune cells [3].
However, mutation or complete deletion of CH2 in Ig-
based hinge can reduce immune reactions and improve
CAR-T cells persistence and antitumor efficacy [4]. HD
length also must be carefully designed, basing on the
epitope distance from the cell membrane to be achieved:
longer hinges are able to provide more flexibility and
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allow access to membrane-proximal epitopes or com-
plex glycosylated antigens, whereas shorter hinges can be
employed to target membrane-distal epitopes [5, 6].

The transmembrane domain (TMD) of CARs connects
the ectodomain to the intracellular signalling domain.
Although the primary function of the TMD is struc-
tural, the expression level and stability of CARs on T cells
can be affected by the type of TMD used [7]. Moreo-
ver, TDM can also be relevant for CAR-T cell function,
since it is involved in CAR dimerization, upon antigen
engagement by the antigen-binding domain, and medi-
ates the transmission of the activation signal by interact-
ing with endogenous signalling molecules [8]. Therefore,
the choice of the type of TDM allows to modulate CAR
functions.

The endodomain is the cytoplasmatic structure respon-
sible for the intracellular signalling by transmitting the
external antigen recognition signals to the inside of the
cell to activate the T cell and trigger an immune response
[9]. It generally contains a T cell activation domain and
one or multiple co-stimulatory domains. The most
commonly used activation domain, employed in all
FDA-approved CARs, is the CD3( chain, a component
naturally found in the TCR complex [10]. Immunore-
ceptor Tyrosine Activation Motifs (ITAMs) present on
cytoplasmic domains of the CD3( chain are the phos-
phorylation sites recruiting ZAP70, a protein kinase
involved in signalling cascades [11]. Although CAR-T
cells form non-classical immune synapses, they have also
been demonstrated to activate the ZAP70 kinase upon
antigen recognition [12]. Several types of costimulatory
molecules and other functional domains in addition to
the CD3( chain have been widely investigated over the
years, leading to the development of different generations
of CARs that are thoroughly described in the following
paragraph.

CAR design evolution: from the first to the “next
generation” CARs

By developing the so called “T-bodies” in 1987, Kuwana
et al. were the first to elucidate the key concept under-
lying CAR T-cell therapy, by combining portions from
monoclonal antibodies with the TCR [13]. The aim was
to generate T cells able to recognize tumour antigens in
an MHC-independent manner, given to the presence of
antigen-binding site from monoclonal antibodies, and
to eradicate tumour cells upon activation of the TCR
signalling pathway. The first concept of CAR-T cell was
then illustrated by Gross and Eshhar in 1989, who fused
the heavy and light chain of a monoclonal antibody to
the TCR [14, 15]. Although their basic conformation
has remained the same since their inception in the late
1980s, CARs have gone through five generations in the
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Fig. 1 A Schematic representation of CAR-T cell structure: intracellular, transmembrane, extracellular domain. B Evolution of the five generation
of CARs: from the first generation, containing only one activation domain, to the last next generation CARs, aiming to improve their safety

and efficacy

last decades (Fig. 1B), each one characterized by modifi-
cations to the structure, composition, and function of the
intracellular domain, with the aim to increase activation,
persistence, proliferation, safety and efficacy [16].
First-generation CARs were composed by a scFv and an
intracellular signalling domain containing the Fc receptor
gamma chain (FcyR) or the CD3( chain alone. Early stud-
ies comparing these signalling motifs showed superior
cytotoxic activity in CD3( -based CAR-T cells compared
to FcyR-based CAR-T cells, probably due to the presence

of multiple ITAMs in the CD3{ chain [17]. However,
first-generation CARs demonstrated to have poor persis-
tence and low antitumor efficacy in several clinical trials,
although cytotoxicity against target cells was observed
in vitro and in preclinical studies [18]. Therefore, given
the importance of co-stimulation for durable CAR-T cell
therapy, second-generation CARs containing a costimu-
latory molecule, placed in-cis with the CD3{ into the
intracellular signalling domain, were developed. The
most characterized and commonly used costimultatory
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molecules belong to the CD28 receptor family, such as
CD28 and inducible T cell co-stimulator (ICOS), or the
tumor necrosis factor receptor family, such as 4-1BB
(CD137), OX40 (CD134). Upon interaction with its cog-
nate ligands CD80 (B7-1) and CD86 (B7-2) expressed
on APCs, CD28 signalling enhances IL-2 production,
survival, proliferation and metabolic activity of naive
T cells, so improving CAR-T-cell survival, function and
antitumor response [19, 20]. 4-1BB is an inducible T cell
surface receptor belonging to the tumour necrosis fac-
tor receptor superfamily, whose expression normally
lacks on naive T cells, since it is only induced upon T
cell activation [21]. Similar to 4-1BB, OX40 is known
as a late costimulatory molecule that, upon the binding
with its ligand OX40L expressed on activated APCs, pro-
motes T cell persistence and the generation of memory T
cells [22]. ICOS is expressed on activated T cells and its
binding to ICOSL is crucial to direct immunity towards
humoral or inflammatory responses and for the develop-
ment and maintenance of human T helper 17 (Th17) cells
[23]. The addition of costimulatory molecules in second-
generation CARs improved T cells proliferation, activa-
tion, cytotoxicity, and in vivo persistence of CAR-T cells,
but different downstream pathways can be induced based
on the type of costimulatory molecule included into
the CAR design. Indeed, CARs bearing CD28 costimu-
latory domain could lead to greater T cell expansion,
survival and quicker antitumor response, compared to
CARs bearing 4-1BB [24, 25]. However, quicker acti-
vation might induce tonic signalling and T cell exhaus-
tion and, therefore, lack of durable antitumor response.
On the contrary, despite poorer in vitro efficacy and the
slower in vivo expansion compared to CD28, 4-1BB-
based CARs induced superior long-term persistence [26,
27] and a central memory phenotype, with a lower degree
of phosphorylation and weaker tonic signaling, relying on
fatty acid metabolism. Conversely, costimulation medi-
ated by CD28 preferentially promotes effector memory
phenotype development and aerobic glycolysis, a type
of metabolism that is connected to rapid activation and
more pronounced phosphorylation [28]. Similarly, CARs
containing ICOS as costimulatory domain were shown to
promote better persistence of CAR-T cells in vivo when
compared to CD28-bearing CAR-T cells [29].

Even though the introduction of a single co-stimulatory
molecule in second-generation CARs allowed to obtain
significant improvements compared to those observed
with first-generation CARs, the need to further improve
clinical responses prompted the development of third-
generation CARs. The aim was to optimize the different
pathways induced by various costimulatory molecules by
combining them into a single CAR. Therefore, third-gen-
eration CARs were obtained by including two different
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co-stimulatory domains, most commonly CD28 and
4-1BB, in addition to the CD3{ chain, resulting in a “dual
signalling”, in which the quick and powerful cytotoxic-
ity efficacy belonging to CD28 molecule synergized with
the 4-1BB ability to ensure durable CAR persistence and
proliferation and more effective antitumor responses [30,
31]. Several preclinical studies demonstrated superior
antitumor response and improved in vivo persistence
of third-generation CAR-T cells, compared to second-
generation ones, to treat different types of cancer [29, 32,
33]. Superior expansion and longer persistence were also
observed in early clinical trials in patients with leuke-
mia and non-Hodgkin lymphoma (NHL) [34]. However,
Ramello et al. found that, compared to third-generation
CARs, second-generation CARs can engage additional
species of CD3( in a supramolecular signalling complex
that may induce a more intense signalling and contribute
to their superior antitumor capacity [35].

A fourth-generation of CARs, also named as “T cells
redirected for universal cytokine killing” (TRUCKSs), was
developed to introduce additional transgenes for induc-
ible cytokine release. The intracellular signalling domain
of this generation is based on second-generation CARs
but owns a nuclear factor of the activated T-cell (NFAT)-
responsive cassette containing transgenic immunomod-
ulators (such as IL-2, IL-12, IL-15, IL-18) and a second
co-stimulatory domain. Upon the binding of TRUCKs
to the tumoral antigen, activation of NFAT results in
the productions of cytokines responsible for the recruit-
ment of innate immune cells that, in turn, cooperate and
enhance CAR-mediated antitumor response, specifically
confined to the tumour microenvironment [36].

The most recent fifth-generation, also known as” next
generation’, CARs are currently in active development
and are designed to have multiple functions with the aim
to obtain safer and more effective antitumor response.
These CARs are based on second-generation CARs
but incorporate an additional truncated cytoplasmatic
domain derived from the beta chain of the IL-2 recep-
tor (IL-2 Rp), located between the CD28 co-stimulatory
domain and the CD3( chain, and a binding motif for
transcription factors like STAT-3/5. Following antigen
binding, the simultaneously activation of the CD28 co-
stimulatory domain, CD3({ chain and JAK-STAT 3/5
pathway promotes CAR-T cell function, proliferation,
and persistence [37].

Further improvements in the design of next-generation
CARs aim to suppress immune checkpoint inhibitor
(ICI) pathways, typically mediated by the binding of PD-1
or CTLA-4 to PD-L1 and CD80/CD86, respectively, in
order to reduce CAR-T cells exhaustion and enhance
antitumor activity [31]. Beyond this combinational
approach, a novel strategy to block the ICI-mediated
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pathways by engineering CAR-T cells has been recently
investigated and improved efficacy in terms of dimin-
ished exhaustion and increased antitumor response has
been demonstrated. Interestingly, Liu et al. conducted
a phase IB study to evaluate the antitumor efficacy of a
CD19-specific CAR-T expressing PD-1/CD28 chimeric
switch-receptor [38]. This novel receptor contains the
extracellular domain of PD-1 fused to the transmem-
brane and cytoplasmic domain of the costimulatory mol-
ecule CD28 and therefore, upon engagement of PD-L1
expressed on tumour cells, triggers an activating signal
(via the CD28 cytoplasmic domain) instead of the typical
inhibitory signal mediated by the PD-1/PD-L1 pathway.
When treated with this novel CAR-T product, termed as
CD19-PD-1/CD28-CART, patients showed efficient and
durable clinical response.

In addition, ICI receptors can be incorporated into
CAR design to generate inhibitory CARs (iCARs) with
the aim to circumvent on-target/off-tumour toxic-
ity. iCARs recognize antigens that are expressed on
normal tissues, but absent on tumour tissue, and are
expressed along with CARs that specifically target anti-
gen expressed on tumour cells or normal tissues. Upon
the interaction with healthy tissues expressing the anti-
gen recognized by the iCAR, the inhibitory signalling
cascade triggered by inhibitory coreceptor coupled to the
signalling domain of iCAR, such as PD-1 or CTLA-4, will
prevent the activation of the CAR T-cell, leading to mini-
mization of on-target/off-tumour toxicities [39].

Of note, despite the success achieved in treating hae-
matological malignancies, no CAR T-based therapy has
yet been approved for solid tumours [40], mainly due to
the hostile tumour microenvironment (TME) and the
lack of tumour specific antigens capable to minimize
on-target/off-tumor toxicities [41]. As tumour stroma is
abundantly composed of heparan sulfate proteoglycan
(HSPQ@) and hyaluronic acid, CARs engineered with Hep-
arinase [42] and Hyaluronidase [43] enzymes have been
demonstrated to disrupt the TME by degrading hyalu-
ronic acid and HSPG, thus improving CAR-T cells infil-
tration. Also, CARs engineered to express appropriate
chemokines receptors binding to chemokines secreted
by tumor cells, such as CXCR1 [44], CXCR2 [45] and
CCR4 [46], have been demonstrated to improve CAR-T
cell homing and trafficking toward multiple solid tumors.
In order to reverse the immunosuppressive TME of solid
tumors, armored CAR-T cells, secreting pro-inflamma-
tory cytokines, such as IL-12 [47], IL-15 [48], IL-18 [49]
and IL-7 [50] have been generated to improve antitumor
activity and to directly target TME. Also, considering the
high heterogeneity of antigens expressed by tumor cells,
current CAR-T cell therapy for solid tumors usually tar-
get tumor-associated antigens (TAAs) that often undergo
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the phenomenon of antigen escape and evade CAR-T cell
detection. Dual-targeting CAR-T cell therapy, based on
CAR-T cells able to recognize two or more TAAs, repre-
sents a promising approach to overcome tumour hetero-
geneity and antigen escape characterizing solid tumours.
There are several strategies to obtain multi-antigen spe-
cific CAR-T cells. The first approach, named “pooled
CAR-T cells’, consists in administering two or more dif-
ferent CAR-T cells together, each targeting a single anti-
gen. Administration of pooled CAR-T cells targeting
EphA2 and FAPa showed superior antitumor response
compared to either CAR in a murine xenograft model
of lung cancer [51]. Similar outcomes were observed in
a Non-Small Cell Lung Cancer (NSCLC) model treated
with pooled prostate stem cell antigen (PSCA)- and
MUCI-targeting CAR-T cells [52]. Bispecific CAR-T
cells (biCAR-T) represent an alternative approach,
in which a single T cell is engineered with two CARs
directed against two tumour antigens. biCAR-T cells co-
expressing HER2 and IL13Ra2 CAR molecules induced
enhanced antitumor response compared with unispe-
cific CARs alone or pooled HER2-CAR-T and IL13Ra2-
CAR-T cells in a glioblastoma model [53]. Alternatively,
T cells can be engineered with one CAR able to recog-
nize two different antigens (bivalent CAR), due to the
presence of two scFVs. Bivalent CARs can be classified in
two different types: in “tandem” bivalent CARs, the vari-
able light-heanvy chain complex (VL-VH) of one scFv is
directly linked to the VL-VH of the other scFv, while in
“loop” bivalent CARs the VL-VH of one scFv is separated
by the VL-VH of the other scFv [54].

Dual CAR-T cells are also referred as CAR-T using
“OR” logic gate, meaning that they that can be activated
by either one or more of the targeted tumour antigens,
whereas “AND-gate” CARs can be activated only when
two different tumour antigens are targeted, with the aim
to minimize on target-off tumor toxicity and improve
safety in clinical translation.

Challenges and limitations of ex vivo CAR-T
cell-based therapy

Manufacturing process

The manufacturing and administration processes of
CAR-T cells are considered the primary contributors
to the high costs of CAR-T cell-based therapy [55].
CAR-T cell manufacturing is highly expensive and
time-consuming and, since the first approved CAR-T
cell product by the US Food and Drug Administra-
tion in 2017 (namely, Tisagenlecleucel) for the treat-
ment of B cell Acute Lymphoblastic Leukemia (B-ALL)
[56], concerns raised about the broadly accessibility
of CAR-T cell therapy for health care systems and for
patients with rapidly progressive or aggressive cancers.
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Preparation of CAR-T cells, according to the classi-
cal ex vivo protocol, requires about 3—-4 weeks and is
accompanied by expenses typically over $400,000 USD
and sometimes over $1 million USD per patient [57,
58]. It is difficult, therefore, to consider this therapeutic
method as a standardly applicable clinical treatment for
cancer diseases.

All current clinically approved CAR-T cells are autol-
ogous products, obtained by ex vivo engineering of
patient-derived T cells (Fig. 2). The autologous CAR-T
cell manufacturing process comprises the following steps:
(a) leukocytes collection from the patient peripheral
blood via leukapheresis; (b) activation and transduction
of T cells using viral or non-viral vectors; (c) expansion
of transduced T cells in cytokine-supplemented culture
medium; (d) concentration of T cells and (e) CAR-T cells
reinfusion into patient. Finally, for all approved CAR-T
cell therapy, defined product characteristics, such as ste-
rility, cell viability, purity, potency, identity and stability,
must be downstream evaluated [59, 60].

Like all personalized cellular therapies, autologous
CAR-T cells face multiple challenges, such as logistic
expenses for leukapheresis collection, manufacturing and
rapid shipment given to short shelf life of CAR-T prod-
ucts [55, 61].
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Because of the difficulties associated with the patient-
specific nature of the autologous CAR-T cells and com-
plex manufacturing process, allogeneic CAR-T cells have
been proposed as an alternative approach to reduce man-
ufacturing costs. According to the allogeneic approach,
healthy donors-derived T cells, usually isolated from
PBMCs, are engineered using CAR-encoding viral or
non-viral vectors. Allogeneic T lymphocytes manufactur-
ing offers fully functional CAR-T cells in high amounts
allowing multiple generations of “off-the-shelf” CAR T
cells products [62, 63]. By overcoming many of the limi-
tations associated with autologous CAR-T cells manu-
facturing, the development of this ‘off-the-shelf’ product
aims to enhance scalability and direct access to CAR-T
therapies and, therefore, to provide a readily available
therapeutic solution [64].

Although allogeneic CAR-T therapy could reduce
the manufacturing time and costs associated with the
autologous one, downstream side effects must be con-
sidered: TCR present on the surface of allogeneic CAR-T
cells could recognize and attack patient’s healthy tissues,
thus triggering a potential fatal toxicity called “graft-ver-
sus-host” (GvH) [65]; conversely, in the scenario of the
“host-versus-graft” (HvG) reaction, the patient’s immune
system might rejects the foreign allogeneic CAR T cells
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and limit their in vivo persistence, thereby making the
treatment inert [66].

CAR-T cell-associated toxicities

Along with the remarkable results in treating cancer
diseases, CAR-T cell therapy is associated with severe
toxicities, such as cytokine release syndrome (CRS) and
immune effector cell-associated neurotoxicity syndrome
(ICANS).

CRS is a systemic inflammatory response characterized
by “cytokine storm” due to massive T cell stimulation
triggered by different factors, such as infectious diseases
or certain drugs [67]. The exact pathophysiology of CRS
is not yet completely understood, but CAR-T cell admin-
istration dose can affect the severity and the insurance of
CRS and ICANS, as observed in patients of a clinical trial
treated with different doses of infused CAR-T cells [68].
Regarding lymphodepletion regimen prior to CAR-T
cells infusion, it was observed a higher incidence of CRS
in patients preconditioned with cyclophosphamide and
fludarabine [69]. Correlation between CRS insurance
and lymphodepletion preconditioning is likely due to
the fact that the latter influences the cytokine milieu by
eliminating cells that act as sinks for those cytokines that
support CAR-T cell function and proliferation; in turn,
the increasing availability of these pro-survival cytokines
leads to excessive expansion and activation of CAR-T
cells [70-72].

ICANS is defined as neurotoxicity associated with
immune effector cell therapies [73]. In the case of CAR-T
cell therapy, ICANS typically occurs after the develop-
ment of CRS and is correlated with the severity of CRS
[74, 75]. Pathophysiology of ICANS relies on abnor-
mal systemic inflammatory response triggered after
activation of infused CAR-T cells and is characterized
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by increased levels of proinflammatory cytokines and
marked endothelial activation. To date, there remain no
approved therapies for the prevention of the above tox-
icities. Therefore, a comprehensive understanding of
CAR-T therapy-associated toxicities, including their eti-
ology and mechanisms, so as the optimization of CAR
engineering, are imperative to effectively manage, treat,
or mitigate toxicities occurrence in upcoming CAR-T
therapies [76, 77].

In vivo CAR-T cell generation: an attractive
alternative

Because of the aforementioned drawbacks associated
with current CAR T cell-based therapy, the need to inves-
tigate novel strategies to overcome the complexities of
the ex vivo CAR-T manufacturing process and the asso-
ciated systemic toxicities is increasingly urgent. Among
the most recently undertaken approaches, generation
of CAR T cells directly in vivo, although still technically
challenging, might be considered a possible innovative
alternative to simplify and standardize the manufacturing
process, in order to convert CAR-T based therapy into a
universally applicable “off-the-shelf” therapeutic product
[78]. Moreover, it is reasonable to think that the potential
functional exhaustion of current CAR-T cells, due to the
several rounds of in vitro expansion and activation prior
to their in vivo reintroduction [79, 80], could be over-
come, since CAR-T cells reprogrammed directly in situ
are unmanipulated and expanded through more gradual
kinetics.

As shown in Table 1, in the recent years several groups
have reported the successful in vivo generation of CAR T
cells in mouse models. To date, systemically injected viral
vectors, such as lentiviruses (LV) and Adeno-Associated-
Viruses (AAV) and polymer- or lipid-based nanocarriers

Table 1 In vivo CAR-T generation systems: type of delivery system, main studies citations and their advantages/disadvantages

Delivery system Type References Pros/Cons
Long term expression in both
AAV vectors Nawaz W et al, 2021 dividing and non-dividing

cells and broad tropism
Vs

Lentiviral vectors

Zhou Qetal, 2015;
Pfeiffer A et al, 2018;
Michels KR et al 2023

Safety (risk of integration
into bystander cells or
insertional mutagenesis)
and production costs

Polymer-based nanoparticles

Smith TTetal, 2017,
Parayath NN et al, 2020

Efficient transfection with
minimal toxicity
vs

Liponanoparticles

Rurik JG et al, 2022;
Zhou JE etal, 2022

Risk of Liver and Spleen
toxicity
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loaded with CAR-encoding DNA or mRNA have been
tested for in vivo generation of CAR-T cells [81-84].

Viral-based delivery systems for in vivo CAR-T
generation

Regarding in vivo CAR-T cell therapy, two main classes
of viral vectors are being evaluated: AAV vectors and rep-
lication-defective lentivirus or retrovirus.

Adeno-associated viruses (AAV) are among the most
suitable tools for in vivo gene delivery since long-term
expression can be achieved through episomal expression,
without integration into the host genome, in both divid-
ing and non-dividing cells and are considered as one of
the safest vectors for gene therapy [85].

In the only study regarding the use of AAV vectors
for in vivo manufacturing of CAR-T cells, Nawaz et al.
observed tumour regression as a result of in vivo repro-
gramming of immune cells by administrating an AAV
carrying a CAR gene [84].

Lentiviral vectors are one of the most common plat-
forms for gene therapy applications, mainly because of
the advantages derived by their ability to stably integrate
relatively large DNA sequences into host cell genome,
their broad tropism and their high transfection efficacy
in both dividing and non-dividing cells. Many of the cur-
rently clinically approved CAR-T products rely on the
use of lentiviral vectors to engineer CAR-T cells ex vivo.
Recently, to restrict the tropism of systemically injected
CAR-encoding lentiviral vectors to circulating T cells,
target ligands such as antibodies, single-chain variable
fragment (scFV) or nanobodies directed against T cell
surface molecules have been investigated [86, 87]. Pfeiffer
et al. demonstrated direct in vivo production of CD19-
CAR T cells following intraperitoneal administration
of a CD8-scFV fused Nipah virus pseudotyped lentivi-
rus in NSG mice transplanted with human CD34 + cells
[88]. Interestingly, Michels et al. developed a lentiviral
vector-based platform for in vivo engineering of T cells
(VivoVec) with the aim to gain successful CAR T-cell
expansion and persistence in vivo, normally ensured by
preconditioning with lymphodepleting regimens when
ex vivo manufactured CAR-T cells are reinfused into
patients [89].

While in vivo CAR-T cell engineering with viral vectors
offers several advantages, careful consideration of safety
and efficacy is essential to realize its full potential in clini-
cal applications. Indeed, lentiviruses ability to lead to sta-
ble integration and expression of the CAR gene not only
generates a long-lived cell product but also carries safety
risks such as insertional mutagenesis, which can result in
dysregulated gene expression in somatic cells and could
possibly lead to secondary malignancies. Integration into
bystander cells, like germ cells or inhibitory immune cells
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is also a risk, since it could lead to germline transfor-
mation or alter the regulation of the immune response.
Moreover, the production of large amounts of GMP-
grade lentiviral vectors suitable for human application is
a complex and costly process, requiring numerous rigor-
ous tests of the final product to establish purity, potency,
and safety, thus increasing production time and the final
cost of the therapeutic product. [90, 91].

Nanoparticle-based delivery systems for in vivo
CAR-T generation

Because of the earlier discussed safety concerns, safer
and less expensive gene delivery methods for T cell engi-
neering have been investigated, such as electroporation
and nanosystems [92]. Currently, electroporation has
been employed as physical transfection technique for
production of CAR-T cells with mRNA and DNA trans-
posons [93, 94].

Among the non-viral gene delivery strategies, the use
of nanosystems to engineer T cells represents an eco-
nomic and safer gene delivery alternative that can address
the challenges of viral- and electrical mechanical-based
gene delivery strategies [95]. Moreover, the easy synthe-
sis process and the possibility to storage them in stable
forms (e.g. freeze dried) allow mass-production of “ready
to use” large amounts of nanosystems for gene delivery.
The most frequently incorporated nucleic acid is RNA
because of its advantages over DNA. Indeed, RNA is eas-
ily synthesized in a cell-free manner and the production
process is highly scalable and standardized, thus mini-
mizing the variability of the product and allowing a large-
scale manufacturing. Nanosystems can be composed of
different biomaterials and the most widely used for CAR
T cell engineering are cationic polymers and cationic
lipids.

Cationic polymers-based nanosystems used for T
cell engineering normally contain Polyethylenimine
(PEI), polyethylene glycol (PEG), poly (2-dimethylami-
noethyl methacrylate) (PDMAEMA), poly (B-amino
esters) (PBAE), polyurethane (PU) and poly-L-histidine
(PHSTD) [96, 97, 99]. Moftfett HF et al. demonstrated
that the use of PBAE polymers loaded with mRNA could
efficiently transfect primary T lymphocytes in vitro, with
minimal toxicities [100]. By using CAR-encoding plasmid
DNA (pDNA) encapsulated in self-assembling nanoparti-
cles (SNPs) composed of PEG, PEI and polyamidoamine
(PAMAM), Yu Q et al. demonstrated efficient CAR gene
delivery in Jurkat cells with tenfold transfection efficacy
compared to Lipofectamine 2000 transfection reagent
[101]. Beyond polymer-based nanoparticles, cationic
liposomes and lipid nanoparticles (LNPs) represent lipid-
based nanosystems commonly used for in vitro T cell
engineering.
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Liposomes are closed vesicles with an aqueous core
surrounded by one or more lipid bilayers of phospholip-
ids, and based on their charge, they can be divided in cat-
ionic, anionic or neutral, but cationic ones are the most
commonly used for non-viral gene delivery because of
their ability to establish electrostatic interactions with the
negatively charged nucleic acids [92, 102, 103].

LNPs are composed by a lipid layer containing cationic
ionizable lipids, helper lipids, (PEG)ylated lipids and cho-
lesterol, surrounding and nucleic acids [104, 105]. Ioniz-
able LNPs-mediated CAR expression efficacy, and their
ability to kill tumour cells in vitro, were found to be simi-
lar to those observed in T lymphocytes transfected by
electroporation. However, ionizable LNPs-based trans-
fection was accompanied by significative lower toxic-
ity, in terms of T cell viability analysed after transfection
[106, 107].

When administering directly in vivo, the risk of liver
and spleen toxicity must be considered. Indeed, it has
been demonstrated that intravenously injected mRNA-
loaded LNPs are endocytosed by various types of cells,
mainly hepatocytes [108]. Nonetheless, nanosytems can
be easily tailor-made designed to achieve their address to
specific target cells, for example by adding target-specific
ligands on nanoparticles surface, that selectively bind to
T cells and induce receptor-mediated endocytosis [92].

The firsts attempt to achieve in vivo nucleic acid deliv-
ery to T cells was carried out by Smith TT [81], by using
plasmid DNA encoding leukemic-specific CAR encap-
sulated in cationic poly (B-amino-ester)-based nanocar-
riers. In a follow-up study, the same group used PBAE
polymer-based nanoparticles loaded with in vitro tran-
scribed (IVT) mRNA for in vivo transient expression of
CAR in circulating T lymphocytes. Repeated intravenous
administrations of these nanoparticles were able to pro-
duce in situ CAR-T cells that shown antitumor responses
in xenograft murine models of leukemia, prostate cancer
and HBV-induced hepatocellular carcinoma, with effica-
cies similar to those of adoptive methods [82]. Zhou JE
et al. designed LNPs encapsulating pDNA containing
human interleukin-6 (IL-6) short hairpin RNA (shRNA)
and the CD19-targeting CAR gene [109]. In vivo pro-
duced CAR-T cells shown antitumor response against
leukemia tumor cells, in xenograft acute lymphoblas-
tic leukemia model, comparable to conventional CAR-T
therapy.

In vivo produced CAR-T cells by means of injectable
nanosystems loaded with CAR-encoding nucleic acids
has been recently investigated also beyond cancer dis-
eases, such as for cardiac fibrosis. Aghajanian H et al.
demonstrated that adoptive transfer of T cells express-
ing a CAR against an endogenous cardiac fibrosis target,
fibroblast activation protein (FAP), resulted in reduction

Page 9 of 16

of cardiac fibrosis and restoration of myocardium func-
tion, in a mouse model of angiotensin II/phenylephrine
(Angli/PE)-induced cardiac injury and fibrosis [110].
Interestingly, Rurik JG et al. used CD5-targeted LNPs
encapsulated with FAP-specific CAR-encoding mRNA
to engineer circulating T cells and tested the feasibility
to mitigate cardiac fibrosis [111]. FAP CAR-T cells were
found to accumulate closely to activated fibroblast in
injured myocardium and improvements in cardiac func-
tion were found 14 days after a single systemic LNPs
injection, as measured by echocardiography and histo-
logical analyses.

Possible drawbacks of in vivo T cell engineering
One of the major hurdles of in vivo T cell engineer-
ing is to ensure a targeted delivery of CAR transgenes
uniquely to T cells, considering that any transduction
of immune cells with inhibitory profile (such as regula-
tory T cells) could compromise the desired antitumor
efficacy. More importantly, it is crucial that the CAR-
encoding transgene is not delivered into malignant cells:
CAR expressed on tumour cell surface could bind to the
target epitope in cis, thus masking it from detection by
CAR-T cells. In a paediatric B- ALL patient treated with
ex vivo manufactured anti-CD19 CAR-T cells, transduc-
tion of a single leukemic B cell resulted in resistance to
antitumor therapy [112]. Several studies have demon-
strated that using lentiviruses or nanocarriers expressing
ligands such as mAb, scFv or Fab fragment for in vivo T
cell engineering significantly increases the delivery of the
CAR encoding transgene into T cells, compared to deliv-
ery platforms lacking this T cell targeting system [89, 109,
111].

Besides selective gene delivery into T cells, CAR
expression persistence overtime in in vivo engineered
T cells is another issue to be addressed. Given lentiviral
vector ability to stably integrate into the genome of the
transduced cell, when employed to generate CAR-T cells
in vivo, one single administration of lentiviral vector
might ensure highgene transduction efficiency and pro-
longed CAR expression on engineered T cells [83, 88, 89].
On the contrary, the necessity for repeated administra-
tions of nanocarriers provides the advantage of promptly
fine-tune the antitumor potency of CAR-T cells to mini-
mize the potential insurance of systemic toxicities [81,
82].

As previously described, the potential occurrence of
systemic toxicities resulting from preconditioning is
completely avoided with in vivo CAR-T cells technol-
ogy. However, other factors, such as the affinity of the
antigen-binding domain and the type of costimulatory
molecules chosen for CAR design, might lead to exces-
sive activation of in vivo generated CAR-T cells and to
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the development of systemic toxicities [113]. For exam-
ple, in ex vivo administered CAR-T cells, it has been
demonstrated that CARs with CD28 as costimula-
tory domain are associated with a more rapid onset of
CAR-T cell activity and earlier development of systemic
toxicities, compared to CARs with a 4—1BB costimula-
tory domain [114]. Moreover, in order to enhance CAR-T
cells safety, one powerful approach is the introduction of
“killing switches’, obtained by adding drug-dependent
genes, known as “suicide genes’, such as inducible cas-
pase 9 (iCas9) and Herpes Simplex Virus-1 Thymidine
Kinase (HSV- TK), able to trigger apoptosis of CAR-T
cell upon administration of the inducing drug [16]. Alter-
natively, CAR-T cell design can be modified to express
elimination markers, such as CD20 or truncated Epider-
mal Growth Factor Receptor (tEGFR), on their surface.
When systemic toxicities occur, administration of mAbs
against CD20 (rituximab) or EGFR (cetuximab) can
deplete CAR-T cells by ADCC or complement- depend-
ent cytotoxicity (CDC) [115, 116]. The major limitation
associated with these inducible death systems is the irre-
versible loss of CAR-T cells and, in turn, the necessity of
a novel manufacturing process whenever the patient still
requires further injections of CAR-T cells. To address
this issue, scientists have recently developed small-mole-
cule drugs able to reversibly regulate activation or inhibi-
tion of CAR-T cells in vivo [117]. Alternatively, the small
molecule dasatinib can inhibit the phosphorylation of
CD3( and ZAP70 kinase, thus blocking CAR signalling
in a different manner [118]. Thus, further studies aiming
to improve the efficacy and the specificity of the differ-
ent engineering platforms able to produce CAR-T cells
in vivo are warranted.

Beyond CAR-T cells: in vivo generation of CAR-NK
and CAR-M cells

In order to overcome some of the barriers associated
with CAR-T cell-based therapy, scientists have investi-
gated the feasibility and the therapeutic effects of other
immune cells, such as macrophages and Natural Killer
cells (NK), engineered with CARs (Fig. 3).

CAR-M cells are capable of infiltrating solid tumours
and withstanding the immunosuppressive tumour micro-
environment, potentially reversing it to a more pro-
inflammatory state. CAR-NK cells offer the advantage
of a lower risk of GvHD and have shown promising anti-
tumor activity with reduced systemic toxicities. These
approaches can expand the applicability of CAR thera-
pies to a broader range of cancers and improve patient
outcomes.

Regarding the CAR design, most CARs used for NK cell
engineering have the same structure as used in CAR-T
cells, plus NK-specific intracellular signalling domains,
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such as NKG2D and DNAX-activation protein (DAP)
10 or DAP12, to improve cytotoxicity [119]. Moreover,
it is known that the short lifespan of in vivo transferred
NK cells, that might limit their clinical efficacy, can be
improved by the presence of cytokines such as IL-2 or
IL-15. Therefore, CAR-NK cells persistence and prolif-
eration can be further enhanced by engineering NK cells
with fourth generation CARs that autonomously produce
IL-2 or IL-15 [120, 121]. Moreover, it was observed in
both patients and mouse models that NK cells suppress
GVHD by inhibiting T cell activation via their cytotoxic
ability and almost all clinical studies on NK cells reported
no evidence of GvHD [122]. Therefore, in contrast to
allogeneic CAR-T cells which requires a prior step of
TCR-gene editing to eliminate the risk of GvHD, thus
increasing manufacturing complexity and cost, alloge-
neic haploidentical CAR-NK cells do not require such
gene editing step and can be employed as a “of-the-shelf”
ready-to-use product, that can be mass-produced and
infused to patients at any time [123]. Beyond the reduced
risk of GvHD, another relevant feature that makes CAR-
NK cells a safer alternative to CAR-T cells is the lower
risk of systemic toxicities, such as CRS and ICANS, fre-
quently occurring in CAR-T cell-based therapy. In addi-
tion, the limited in vivo lifetime of the CAR-NK cells is
another feature that contributes to reducing the risk of
CRS and ICANS. To date, results from several clinical
trials demonstrated the safety and efficacy of CAR-NK
cell-based therapy and preclinical studies reported CAR-
NK cell-mediated antitumor responses markedly higher
than those observed with CAR-T cells [124]. To date, the
direct in vivo engineering of NK cells with CAR-encod-
ing nucleic acids has been only attempted by Andorko JI
and colleagues, who designed a lentiviral vector encoding
an anti-CD20 CAR pseudotyped with a novel binder, to
provide targeted transduction of CD7 +NK cells follow-
ing intravenous delivery [125].

An alternative recent approach, especially against
solid tumours, is the development of CAR macrophages
(CAR-M). In addition to their enhanced ability to infil-
trate tumour site, CAR-M cells are capable of withstand-
ing the hostile and immunosuppressive milieu they meet
once entered into TME and do not develop an exhausted
phenotype, in contrast to CAR-T and CAR-NK cells,
whose antitumor function is suppressed by the inhibitory
action of both cellular and matric components of TME
[126]. In this regard, Klichinsky M et al. demonstrated
that HER2-targeting CAR-M cells secreted proinflamma-
tory factors that sustained M2 macrophage polarization
toward the M1 phenotype, thus reversing immunosup-
pressive/protumoral TME toward a proinflammatory/
antitumoral state [127]. Once infiltrated into the TME,
CAR-M cells, similarly to CAR-NK cells, can exert their
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Fig.3 Comparison of CAR-NK and CAR-M cell mechanism of action. A CAR-dependent tumor killing pathway of CAR-NK cells involves the binding
of a specific tumor antigen with CAR, and the following secretion of perforin and granzyme B, to kill tumor cells, and pro-inflammatory cytokines
(TNF-a and INF-y), to promote CAR-NKs activation and stimulate antitumor response of other T-cells. B CAR-NK cells can mediate a direct killing

of tumor cells through the following CAR-independent mechanisms: signaling of activating receptors expressed on NK cells surface, that lead

to secretion of TNF-a, INF-y, perforin and granzyme B; induction of cell apoptosis through FasL/Fas and TRAIL/TRAIL-R pathways; triggering of ADCC
via the CD16 Fc receptor; secretion of chemokines and cytokines that recruit and activate other immune cells. C CAR-dependent tumor killing
pathway of CAR-M cells involves the binding of a specific tumor antigen with CAR and the subsequent antigen-specific tumor phagocytosis

and release of pro-inflammatory cytokines, which stimulate antitumor response of other T cells. D CAR-M cells can mediate a direct killing of tumor
cells through the following CAR-independent mechanisms: direct phagocytosis of tumour cells and subsequent presentation of processed tumor
antigens to T cells trough MHC-I molecules; secretion of pro-inflammatory cytokines; triggering of ADCC via the CD16 Fc receptor; expression

of “killing molecules’, such as ROS and iNOS, which mediate cytotoxic effects on tumor cells

cytotoxic function against cancer cells through CAR-
dependent and independent pathways, since macrophage
ability to directly phagocytize tumour cells and cross-
present tumour-derived antigens to T cells, thus increas-
ing specific antitumor T cell response [128]. Similar to
CAR-NK cells, CAR-M cells have a low risk of GVHD
due to rapid extravasation from blood vessels and in-
vivo limited expansion capacity [129]. Moreover, despite
the high cytotoxic effects of CAR-M cells, several studies
demonstrated lower risk to develop serious side effects,
such as CRS and ICANS, but only weak reactions like a
low-grade fever, abdominal discomfort, cutaneous toxic-
ity, and body weight loss [130-132].

Alternatively, Treg cells can be engineered with CARs
to treat autoimmune diseases. Differently from CAR-T
cells, which act through cytolysis, CAR-Treg cells act by
suppressing immune responses. Indeed, given to their
immunosuppressive functions, adoptive Treg-based
immunotherapy has demonstrated promising results in
treating several autoimmune diseases or transplant rejec-
tion in preclinical models [133-135] and clinical trials.
Since the expansion of antigen-specific T cells from the
natural Treg pool is technically challenging, a more fea-
sible way is to ex vivo engineer Tregs with recombinant
TCRs or CARs. As per CAR-T cells, the main advan-
tage of CAR-Tregs is the complete independence from
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the MHC presentation by APCs. In addition, it has been
demonstrated that CAR-Tregs are less dependent on
IL-2 than TCR-Tregs [136]. Currently, ongoing clinical
trials cells are testing autologous CAR-Tregs targeting
HLA-A2 to prevent organ rejection after liver and kidney
transplantation. The efficacy of CAR-Tregs against auto-
antigen has been investigated also in several autoimmune
diseases. For example, Fransson et al. demonstrated that
CAR-Tregs targeting myelin oligodendrocyte glycopro-
tein (MOG) reduced disease symptoms and decreased
proinflammatory cytokine in an autoimmune encepha-
lomyelitis (EAE) murine model [137]. CAR-Tregs against
carcinoembryonic antigen (CEA), that has been shown
to be overexpressed in ulcerative colitis (UC), showed
effectiveness in suppressing the manifestations of colitis
in mouse models [133]. Raffin et al. generated CAR-Tregs
directed against citrullinated vimentin (CV), which is
present abundantly in the extracellular matrix of inflamed
joints in patients affected by Rheumatoid arthritis (RA)
[138] and a phase I clinical trial is currently investigat-
ing the efficacy of autologous CAR-Tregs for treating RA.
Additional preclinical studies are assessing the therapeu-
tic potential of CAR-Tregs in other autoimmune diseases,
such as vitiligo, asthma and T1D [139-141].

To the best of our knowledge, direct in vivo engineer-
ing of Treg cells to produce CAR-Tregs has not been
jet investigated. However, in addition to the advantages
described for in vivo CAR-T cells, in vivo engineering of
CAR-T regs may also solve a safety issue related to the
transfer of ex vivo engineered CAR-Tregs into patients,
known as “T cell plasticity” [142]. T cell plasticity refers
to the ability of T cells to adapt and potentially shift their
phenotype and function in response to environmental
triggers, such as cytokines or signaling molecules. In the
context of Tregs, T cell plasticity may lead to the loss of
suppressive functions and covert Treg cells into effector
T cells, exacerbating inflammation rather than suppress-
ing it. It has been demonstrated that Tregs easily lose
suppressive activity into the artificial environment pre-
sent during ex vivo expansion [143] so it would be worth
to consider direct in vivo production of CAR-Treg cells
as a possible strategy to overcome the risk of phenotype
shifting, toward pro-inflammatory T cells, of ex vivo
expanded CAR-Tregs.

Conclusions

Despite the impressive clinical outcomes of using CAR-T
cells for haematological malignancies, engineering cir-
culating T cells directly in vivo offers a promising alter-
native. This method can overcome the prolonged time,
complexity, and high costs associated with the ex vivo
manufacturing of CAR-T cells. Also, beyond the reduc-
tion of manufacturing costs and complexity, in vivo
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CAR-T cell production could allow to overcome also
some of the drawbacks associated with patient precondi-
tioning, such the risk of opportunistic infections and sys-
temic toxicities occurrence.

However, some limits associated with the use of sys-
temically administrated lentiviral vectors and nanocarri-
ers must be considered. The main advantage of the use
of viral vectors as injectable drug for in vivo reprogram-
ming of circulating T cells, which makes them the gold
standard for ex vivo CAR-T cell production too, is their
ability to integrate large DNA inserts into both dividing
and non-dividing cells, thus promoting stable and long-
term surface expression of CARs in transduced cells.
Nevertheless, concerns arise form the risk of uncontrol-
lable vector-based insertional mutagenesis and innate
immune response against injected viral particles. These
limitations can be overcome by systemic administration
of non-integrating delivery systems, such as nanocarriers
loaded with CAR-encoding DNA or RNA.

Regardless the employed platform, in vivo CAR-T cell
manufacturing needs high precision T cell targeting, to
avoid modification of other cell types. Additionally, in
vivo engineering of other immune cells, such as NK cells
and macrophages with CAR-encoding transgene, has
shown therapeutic potential. However, in-depth study of
strategies to gain specific transgene integration without
off-target delivery, and the investigation of consequences
deriving from CAR protein expression in non-T cells as
well, are definitely warranted.

In vivo CAR-T cell manufacturing also opens the door
to broadening the therapeutic applications of CAR tech-
nology. For example, the development of CAR-NK and
CAR-M cells could offer new strategies for targeting
solid tumours and other diseases beyond haematologi-
cal malignancies. These cells may provide advantages
in terms of reduced risk of graft-versus-host disease
(GvHD) and potentially lower systemic toxicities.

The integration of in vivo CAR-T cell generation with
advanced delivery technologies, such as CRISPR/Cas9
for precise gene editing and novel targeting ligands for
enhanced specificity, could further enhance the effi-
cacy and safety of CAR therapies. Such advancements
could lead to more precise and controlled modifications,
improving therapeutic outcomes.

As the field advances, it is crucial to address regula-
tory and ethical considerations surrounding in vivo gene
editing and CAR-T cell therapies. Ensuring patient safety,
informed consent, and equitable access to these inno-
vative treatments will be essential for their successful
implementation in clinical practice.

In conclusion, while numerous challenges persist, the
encouraging results derived from various preclinical
studies hold the promise to concretely consider in vivo
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CAR-T cell manufacturing as a powerful innovative alter-
native that, by circumventing ex vivo cell manufacturing,
will substantially lower expenses, enhancing accessibility
to CAR-T cell therapy for patients requiring this treat-
ment. Nonetheless, comprehensive pharmacokinetic
studies and safety validations need to be carried out
and must precede the potential application of in vivo
CAR-T cell manufacturing platforms in clinical trials.
Additionally, expanding the therapeutic applications,
integrating advanced technologies, addressing resist-
ance mechanisms, and considering regulatory and ethical
implications will be key to the future success of this field.
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