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ARTICLE INFO ABSTRACT

Keywords: Immunotherapy has transformed the landscape of cancer treatment, driving sustained innovation and investment
Cancer across the biotechnology sector. Among the most prominent advances, CAR-T cell therapy and cancer nano-
Immunotherapy vaccines have emerged as powerful and potentially complementary strategies with the capacity to reshape
Cancer Nanovaccines s . . . . e e

CAR-T cells clinical practice. Despite their promise, each approach presents distinct strengths and limitations, as demon-

strated across preclinical and clinical studies. This review provides a comparative analysis of these platforms,
examining their underlying mechanisms, technological features, and recent developments aimed at improving
therapeutic efficacy. Particular attention is given to the key challenges that continue to limit their broader
clinical translation, including barriers associated with solid tumors, safety, scalability, and the durability of
immune responses. We further integrate these discussions into translational clinical decision-making insights
intended to support context-dependent patient stratification, therapeutic selection, and rational design of com-
bination immunotherapies. By integrating these perspectives, this work offers an updated overview of CAR-T cell
therapies and nanovaccines, emphasizing convergent and divergent features while outlining strategic directions
to guide future research and translational development.

1. Introduction

For many years, cancer has been a disease with a significant impact
on public health. In 2020, it is estimated that 18 million people were
diagnosed and 10 million died worldwide, a number that exceeds the 7
million deaths caused by COVID-19 between 2020 and 2023. Addi-
tionally, projections indicate that these numbers could rise to 30 million
diagnoses and 16 million deaths by 2040, highlighting the growing and
long-term challenge that this disease represents (Allemani et al., 2024).
The onset of cancer is related to changes in genetic and epigenetic
expression patterns that facilitate immortality and create a distinct
molecular profile compared to healthy cells (Farkona et al., 2016; Jones
and Baylin, 2007). Moreover, these cells are notably capable of evading
the immune system through various mechanisms, allowing for tolerance
and disruption of essential signaling pathways. Since the efficiency of
the body's natural immune response is compromised, conventional
treatments have evolved to combat this disease through other means,
such as surgery, chemotherapy, and radiotherapy (Farkona et al., 2016).
Despite the benefits these methods have brought, they are often ineffi-
cient and debilitating for patients.
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An alternative strategy to conventional treatments that has been
achieving significant milestones in recent years is cancer immuno-
therapy, which uses biological components to help the immune system
fight tumor cells. Among the main products used in this field are
monoclonal antibodies, immune checkpoint inhibitors, immune system
modulators, T-cell transfer therapies, and therapeutic vaccines
(Immunotherapy for Cancer-NCI, 2015). Rituximab was the first mono-
clonal antibody to be approved, receiving approval from the Food and
Drug Administration (FDA) in 1997, and is used for treating CD20-
positive leukemias and lymphomas (“Rituximab - NCI,”, 2006). In
2010 and 2014, the antibodies ipilimumab and pembrolizumab were
approved as checkpoint inhibitors to block the CTLA-4 (Cytotoxic T-
lymphocyte associated protein 4) and PD-1 (Programmed cell Death
protein 1) proteins, respectively (Farkona et al., 2016). Since then, the
class of inhibitors has been applied alone or in combination with other
treatment strategies, such as surgery, vaccines, cell therapies and
oncolytic viruses (Darvin et al., 2018). Between the 1980s and 1990s,
interferon-alpha (IFN-a) and interleukin-2 (IL-2) were approved for use
in cancer therapy. As important immunomodulators, these cytokines
play a key role in activating and promoting the proliferation of white
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blood cells, enhancing the immune system's ability to respond to cancer
(Immune System Modulators to Treat Cancer - NCI, 2019). Regarding T-cell
transfer therapies, in 2024, the first cellular therapy for solid tumors was
approved: lifileucel (Amtagvi), a treatment based on tumor-infiltrating
lymphocytes (TILs) for skin cancer melanoma (Lifileucel First Cellular
Therapy Approved for Cancer-NCI, 2024). This milestone highlights the
growing potential of adoptive T-cell therapies beyond hematologic
malignancies, where CAR-T cell therapy (chimeric antigen receptor T-
cell therapy) has been revolutionizing treatment since the approval of its
first product in 2017 (Commissioner, 2020a; Huang et al., 2020). In
addition to cancer, CAR-T has been explored for the treatment of other
diseases, such as lupus, multiple sclerosis, hepatitis B, AIDS, and stiff-
person syndrome (Faissner et al., 2024; Fischbach et al., 2024
Krickau et al., 2024; Mu et al., 2020; Zmievskaya et al., 2021). In the
field of vaccines, the FDA approved the first vaccine for use in cancer in
1990, the BCG tuberculosis vaccine, for cases of bladder cancer
(Tontonoz, 2020). In recent decades, this type of immunotherapy has
shown great promise by benefiting from the use of nanotechnology,
largely overcoming the inefficiency issues faced for years in clinical
trials (Mi et al., 2019).

Among immunotherapies, CAR-T cell therapy and cancer vaccines
have emerged as major pillars in the future of oncology, attracting
substantial investment from biotechnology companies worldwide. In
2024, the global CAR-T market was estimated at $5.5 billion, with an
impressive compound annual growth rate (CAGR) of 39.6% (“CAR T-cell
Therapy Market Growth, Drivers, and Opportunities,”, n.d.). In the same
year, the global market for cancer vaccines was valued at $9.84 billion,
with a robust CAGR of 5.4% (“Cancer Vaccines Market Growth, Drivers,
and Opportunities,”, n.d.). While CAR-T cell therapy represents a land-
mark in immunotherapy based on ex vivo genetic engineering of im-
mune cells to achieve antigen-specific recognition and enhanced
cytotoxic function, cancer vaccines have gained increasing relevance
through their ability to induce broad antigen-specific immune reper-
toires and long-term immunological memory. In this Review, we
comparatively analyze the fundamental design principles, mechanistic
frameworks, and recent technological advances underlying these two
platforms, with particular emphasis on how these features shape ther-
apeutic performance and address key barriers in cancer immunotherapy.
These discussions converge into clinical decision-making insights aimed
at supporting future evaluations of these biotechnologies as mono-
therapies or as components of multimodal therapeutic regimens.

2. CAR-T cell

CAR-T Cell therapy is an adoptive immunotherapy characterized by
the induced expression of chimeric antigen receptors (CARs), which
target surface molecules on tumor cells, in the patient's own T cells. The
cells are collected through leukapheresis, activated, and transduced
using viral vectors to express the CAR receptors. They are then expanded
ex vivo and reinfused into the patient following lymphodepleting
chemotherapy (Alard et al., 2020). This biotechnology combines the
function of T lymphocytes with the ability of antibodies to recognize
antigens with a high degree of specificity and without the need for MHC
(major histocompatibility complex) (Feins et al., 2019). Upon antigen
engagement, CAR-T cells undergo rapid clonal expansion and acquire
potent effector functions characterized by the secretion of proin-
flammatory cytokines, including interferon-gamma (IFN-y) and tumor
necrosis factor-alpha (TNF-a), which contribute to tumor cell apoptosis
and growth arrest. In addition, interleukin-2 (IL-2) production supports
signaling through the IL-2Ra/B/yc complex, activating JAK1/JAK3-
dependent pathways in both T cells and natural killer (NK) cells,
thereby amplifying immune responses. However, this proliferative
expansion of endogenous lymphocytes beyond CAR-T cells may be
constrained by prior lymphodepleting chemotherapy. Granulocyte-
macrophage colony-stimulating factor (GM-CSF) further contributes to
the activation and recruitment of myeloid cells, linking CAR-T activity to
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broader innate immune network engagement (Gabriel et al., 2026).
Beyond cytokine secretion, CAR-T cells release cytotoxic effector mol-
ecules such as perforin and granzymes A and B; perforin mediates pore
formation in target cell membranes, enabling granzyme entry into the
cytoplasm and triggering apoptotic and pyroptotic cell death programs
(Althaus et al., 2023). Fig. 1 illustrates the immune engagement mech-
anisms involved in CAR-T therapy.

The first CARs were developed over 30 years ago and have since
undergone progressive refinement. All CAR constructs share a modular
architecture composed of an extracellular antigen-recognition domain,
typically derived from the variable heavy and light chains of monoclonal
antibodies assembled into a single-chain variable fragment (scFv), a
transmembrane domain that ensures membrane anchoring and struc-
tural stability, and an intracellular signaling domain responsible for
initiating T cell activation upon antigen engagement (Alard et al., 2020;
Tokarew et al., 2019). First-generation CARs incorporated only the CD3¢
signaling domain, resulting in limited cytotoxicity and proliferative
capacity due to insufficient costimulatory signaling. This limitation was
addressed in second-generation CARs through the addition of a single
costimulatory domain (e.g., CD28 or CD137), followed by third-
generation constructs incorporating multiple costimulatory modules to
further enhance activation and persistence. Fourth-generation CARs
introduced inducible cytokine expression systems, such as IL-12, to
modulate the tumor microenvironment and augment antitumor immu-
nity. More recently, fifth-generation CARs have integrated cytokine re-
ceptor signaling elements, including truncated IL-2 receptor domains
coupled to JAK-STAT pathway activation motifs, enabling coordinated
engagement of TCR, costimulatory, and cytokine signaling pathways to
optimize T cell expansion, persistence, and effector function (Alard
et al., 2020; Huang et al., 2020; Tokarew et al., 2019).

Currently, there are seven CAR-T Cell therapies approved by the FDA
for the treatment of hematologic malignancies. Five of these are directed
against the CD19 antigen (Kymriah®, Yescarta®, Tecartus®, Breyanzi®,
Aucatzyl®), and two target BCMA (Abecma® and Carvykti®)
(Commissioner, 2020a, 2020b, 2020c; Research, 2024, 2022a, 2022b,
2021). Approved in 2024, Aucatzyl, developed for Acute Lymphoblastic
Leukemia (ALL), achieved 42% complete remission within 3 months,
with a median duration of 14.1 months (Research, 2024). The safety and
efficacy of Kymriah®, also approved for ALL, were demonstrated in a
multicenter clinical trial, achieving an overall remission rate of 83%
(Commissioner, 2020a). The treatment of Large B-Cell Lymphoma
(LBCL) with Yescarta® achieved a 51% complete remission rate, while
Breyanzi® showed its efficacy as a second-line treatment with higher
rates of event-free survival and progression-free survival compared to
standard second-line therapy (Commissioner, 2020b; Research, 2022a).
Tecartus®, indicated for Mantle Cell Lymphoma (MCL), demonstrated a
62% complete remission rate and an 87% objective response rate
(Commissioner, 2020c). Abecma®, approved for relapsed or refractory
Multiple Myeloma, achieved an overall response rate of 72% and a
complete response rate of 28%, with these patients remaining in com-
plete response for at least 12 months (Research, 2021). Carvykti®, also
approved for relapsed or refractory Multiple Myeloma, achieved an
overall response rate of 97.9% with a median duration of response of
21.8 months (Research, 2022b).

Despite significant advances in CAR-T therapy, serious and poten-
tially fatal side effects are present in all approved products and are
primarily related to two main factors: Cytokine Release Syndrome (CRS)
and Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS)
(Mitra et al., 2023). These processes are driven by a coordinated but
dysregulated immune network initiated upon CAR-mediated antigen
recognition, leading to rapid T cell activation and massive cytokine
secretion, reflected in elevated serum levels of IFN-y, TNF-a, GM-CSF,
interleukin-1 (IL-1), IL-2, interleukin-6 (IL-6), and interleukin-10 (IL-
10). A key component of CRS is the secondary activation of myeloid
cells, particularly monocytes and macrophages, which become the
dominant source of IL-6 and other pro-inflammatory mediators,
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Fig. 1. Immune engagement in CAR-T therapy. The figure illustrates the key effector mechanisms triggered upon CAR-antigen recognition, including cytokine
secretion, cytotoxic granule release, and downstream activation of myeloid and endogenous immune compartments, as well as the associated inflammatory toxicities

underlying CRS and ICANS.

including IL-1, IL-10, and TNF-a, thereby amplifying systemic inflam-
mation. This cytokine cascade further disrupts endothelial integrity,
promoting vascular leakage, capillary dysfunction, and subsequent he-
modynamic instability, which collectively underlie the clinical mani-
festations of CRS. CAR-T cells also contribute to this inflammatory
milieu by producing cytokines such as IFN-y, GM-CSF, and IL-2, which
further sustain myeloid and endothelial cell activation while promoting
T cell proliferation (Gabriel et al., 2026). Clinical manifestations include
high fever, malaise, fatigue, myalgia, nausea, anorexia, tachycardia,
capillary leak, cardiac dysfunction, renal and hepatic failure, and
disseminated intravascular coagulation. Studies have shown that CRS is
correlated with CAR-T expansion and is more acute in patients with
higher tumor burdens at the time of infusion (Brudno and Kochenderfer,
2019). CRS severity is defined according to the consensus grading sys-
tem for immune effector cell-associated toxicities (Lee et al., 2019).
Grade 1 CRS is characterized by fever without hypotension or hypoxia,
whereas grade 2 involves hypotension not requiring vasopressors and/
or low-flow oxygen supplementation. Grade 3 CRS is defined by hypo-
tension requiring a single vasopressor and/or high-flow oxygen support,
and grade 4 represents life-threatening toxicity with refractory hypo-
tension requiring multiple vasopressors and/or mechanical ventilation.
In this context, targeted cytokine blockade has emerged as a key man-
agement strategy, and Actemra®, an anti-IL-6 receptor antibody prod-
uct, is a FDA-approved medicine for CRS treatment and has
demonstrated a 69% complete resolution rate within two weeks after
one or two doses in clinical trials (Commissioner, 2020a; Mitra et al.,
2023). Other potential treatments include Anakinra, an IL-1 receptor
antagonist, and siltuximab, a chimeric anti-IL-6 antibody (Mitra et al.,

2023). Recently, a study reported that in situ conjugation of PEG to
the surface of CAR-T cells may reduce CRS and neurotoxicity symptoms
by hindering intensive tumor lysis and monocyte activation through
blocking cell-to-cell interaction (Gong et al., 2023). Thus, the ability of
CAR-T cells to interact with tumor cells would be restored over time
through cell expansion and a consequent decrease in PEG density,
potentially allowing a therapeutic window before monocyte
overactivation.

ICANS is linked to cytokine-driven disruption of the blood-brain
barrier and activation of CNS-resident and infiltrating myeloid pop-
ulations, including microglia, resulting in neuroinflammation and
altered neuronal homeostasis. Within the CNS, the influx of cytokines
and CAR-T cells promotes activation of resident microglia, the principal
phagocytic immune cells of the brain, further amplifying local inflam-
matory signaling. This microglial activation contributes to neuronal
injury and synaptic dysfunction, ultimately underpinning the charac-
teristic neurological manifestations of ICANS, including confusion,
aphasia, seizures, and in severe cases cerebral edema (Mitra et al., 2023;
Morris et al., 2022). Neurotoxicity is associated with various cytokines
and proteins found in the blood, such as IL-2, IL-6, IL-8, IL-10, IL-15,
IFN-y, TNF-a, and in the cerebrospinal fluid (CSF) (Brudno and
Kochenderfer, 2019). The treatment of ICANS involves the administra-
tion of corticosteroids and supportive care, with evidence indicating that
managing CRS is crucial for its resolution (Giorgioni et al., 2023; Mitra
et al., 2023). Analyses of therapy with Breyanzi® have shown that 45%
of treated patients developed CRS (with 1.3% of cases being grade 3),
and 27% developed neurological toxicity (with 7% of cases being grade
3) (Commissioner, 2020c). Despite the risks associated with the therapy,
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the FDA removed the previously required Risk Evaluation and Mitiga-
tion Strategies (REMS) for six approved CAR-T cell therapies targeting
BCMA and CD19, reflecting that current management guidelines and the
extensive experience of the medical community are now considered
sufficient to identify and manage these risks (Commissioner, 2025,
2020a, 2020b, 2020c; Research, 2022a, 2022b, 2021).

Despite the recent advances and approved products for hematologic
tumors, CAR-T faces several challenges in the context of solid tumors.
One primary obstacle is the tumor microenvironment (TME), which
employs various molecular and cellular mechanisms to hinder T cell
infiltration. These include the expression of chemokines that recruit
myeloid-derived suppressor cells (MDSCs), tumor-associated macro-
phages (TAMs), and cancer-associated fibroblasts (CAFs), which
abnormally deposit extracellular matrix (ECM), limiting T cell traf-
ficking. Additionally, the tumor microenvironment (TME) negatively
regulates adhesion molecules in blood vessels and is characterized by
low pH, hypoxia, nutrient deprivation, elevated levels of reactive oxy-
gen species (ROS), the release of small extracellular vesicles, and the
expression of Programmed Death-Ligand 1 (PD-L1) (Albelda, 2024a;
Hou et al., 2021; Zhong et al., 2023). Another challenge is that these
tumors usually express Tumor-Associated Antigens (TAAs) such as
ERBB2, CEA, EGFR, GD2, MUCI, instead of Tumor-Specific Antigens
(TSAs) (Martinez and Moon, 2019; Yan et al., 2023). Thus, the risk of
severe off-target toxicity is higher and can be fatal, as in the case of a
patient with metastatic colon cancer who died five days after receiving a
CAR-T infusion targeting HER2. The cause of death was attributed to low
levels of HER2 expression on lung epithelial cells (Martinez and Moon,
2019; Morgan et al., 2010). These effects suggest that a lower affinity of
the CAR to the antigen, in the case of TAAs, may predominantly guide
CAR-T cells to the tumor, thereby improving their safety (Martinez and
Moon, 2019; Morgan et al., 2010; Park et al., 2017). There is also the
challenges associated with antigenic heterogeneity, which allows sub-
sets of cells that do not express the target antigen to survive the therapy
(Albelda, 2024a; Martinez and Moon, 2019).

The cost for the end consumer also represents a challenge in CAR-T
cell therapy. The most significant expense is related to the acquisition
of the product, with prices ranging from $375,000 to $475,000 per
infusion, not including additional healthcare expenditures. When
administration procedures, inpatient care, and management of adverse
events are considered, total treatment costs have been reported to
approach $1,000,000 (Di et al., 2024; Rebecca Borgert, 2021). Some
strategies to reduce costs include (1) the production in countries where
manufacturing is cheaper, such as India, with the approval of NexCAR19
by ImmunoACT, with costs ranging from $30,000 to $50,000 (India's
First Homegrown CAR T-Cell Therapy-NCI, 2024); (2) production of
viral vectors by the company itself, as seen in Brazil, where the Oswaldo
Cruz Foundation, the largest biomedical research institute in Latin
America, established a partnership with Caring Cross to develop local
CAR-T manufacturing capabilities at a cost of around $35,000 (Dropulic,
2024); and (3) the production of the therapy within the medical center
where it is administered, as seen in Barcelona, where a hospital manu-
factured its own CAR-T therapy and provided it to patients at a cost of
$97,000 (Joseph, 2023).

3. Cancer nanovaccines

Unlike traditional vaccines used to prevent infectious diseases,
therapeutic cancer vaccines aim to stimulate the patient's adaptive im-
mune system against existing tumors (Drew, 2024; Saxena et al., 2021).
These vaccines have been tested in clinical trials over the past 50 years
(Shemesh et al., 2021). To date, more than 1900 clinical trials, either
ongoing or completed, are listed on ClinicalTrials.gov using the search
terms “cancer,” “therapeutic,” and “vaccine”. The principles for suc-
cessful administration of this type of immunotherapy are the delivery of
high-quality antigens in large quantities to antigen-presenting cells
(APCs), particularly dendritic cells (DCs), optimal activation of APCs,
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induction of a robust immune response by CD4" and CD8" T cells,
infiltration into the tumor microenvironment, and persistence and
maintenance of the immune response. (Saxena et al., 2021; Yao et al.,
2023a). Despite the great potential, a large number of clinical trials
have yielded disappointing results due to low immunogenicity and
short-term immune responses, often related to insufficient delivery of
antigens and adjuvants to the lymph nodes (Hashemi Goradel et al.,
2023; Y. Li et al., 2023b; Zhang et al., 2019). In this scenario, nano-
vaccines have emerged as a class of vaccines that use nanocarriers to
effectively deliver antigens to lymph nodes, prevent degradation, and
increase the stability of active agents. They also allow for the co-
encapsulation of adjuvants and facilitate endocytosis and processing
by APCs (Y. Li et al., 2023b; Zhang et al., 2019). These advantages are
being explored by various companies in the biotechnology sector,
including BioNTech SE, Genentech, Moderna, GlaxoSmithKline,
Regeneron Pharmaceuticals and Merck.

Nanovaccine platforms employ a broad spectrum of nanocarriers
spanning lipid-based, polymeric, metallic, microemulsion-based, and
nanogel systems, as well as biologically derived vesicles such as exo-
somes, outer membrane vesicles (OMVs), and virus-like particles (VLPs)
(Das and Ali, 2021). However, lipid-based nanocarriers, particularly li-
posomes and lipid nanoparticles, represent a significant portion of the
technologies in clinical development, largely due to technological
maturity and the boost received from the COVID-19 pandemic, respec-
tively. Given the critical role of the lymphatic system in orchestrating
immune responses, serving as a primary site for the production and
residence of immune cells, nanocarriers used in nanovaccines are often
designed and engineered to achieve efficient targeting and cellular up-
take in lymphoid organs such as the bone marrow, spleen, and lymph
nodes. These key targeting features can be optimized by modulating the
physicochemical properties of nanocarriers, including the choice of
nanomaterial, the ratio of components in the nanoparticle formulation,
particle size, surface charge, morphology, and surface chemistry,
thereby enabling the effective delivery of active agents and adjuvants
(Zaccariotto et al., 2025). Recently, significant preclinical and clinical
advances have been achieved with vaccine formulations capable of
binding to albumin, demonstrating improved ability to penetrate
lymphatic vessels, enhance dendritic cell uptake, and robustly activate
cytotoxic and memory T lymphocytes (Feng et al., 2025; Wainberg et al.,
2025).

Regarding the active agents, which include peptides, linear or cir-
cular mRNA, and pDNA, the most prominent are peptides and linear
mRNA, the latter commonly incorporating modifications to enhance
stability and reduce immunogenicity, such as pseudouridylation, a
modification employed in COVID-19 vaccines (Mei and Wang, 2023;
Zaccariotto et al., 2025). However, recent studies have demonstrated
that the use of non-nucleoside-modified uridine mRNA can elicit more
potent immune responses in the context of cancer vaccination (Qdaisat
et al., 2025; Sahin et al., 2026). These active agents are used to present
tumor antigens to the immune system, whether they are TAAs, present in
healthy cells but overexpressed in cancer cells, or TSAs, resulting from
somatic mutations in tumor cells (F. Wang et al., 2024a; Yao et al.,
2023b). In this regard, the selection of antigen types gives rise to two
major cancer vaccine paradigms: personalized vaccines derived from
patient-specific mutational landscapes, and off-the-shelf approaches
based on shared and non-mutated tumor antigens that are frequently
expressed across defined cancer types. When processed, these antigens
enable APCs to initiate immune responses against cells expressing the
target epitopes. In the canonical pathway, endogenous antigens are
presented to CD8" T cells via major histocompatibility complex class I
(MHC-I), whereas exogenous antigens are presented to CD4™ T cells via
MHC class II (MHC-II). Notably, DCs represent a specialized class of
APCs with the unique capacity to perform cross-presentation, whereby
exogenous antigens are presented through the MHC-I pathway to CD8™
T cells, a process that is central to vaccine-induced cytotoxic immunity
(Luri-Rey et al, 2025). Emerging evidence also highlights the
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contribution of additional immune mechanisms, such as cross-dressing,
in which APCs display pre-formed peptide-MHC complexes acquired
from other cells or extracellular vesicles (Jo et al., 2026; Y. Li et al.,
2025a). Furthermore, mRNA-based nanovaccines enable direct endog-
enous antigen expression in transfected cells, expanding the range of
cells capable of presenting tumor antigens via the MHC-I pathway and
thereby amplifying CD8" T cell priming (Marks et al., 2026). The
engagement of these complementary antigen presentation pathways
facilitates the generation of a diverse and robust adaptive immune
repertoire, as well as the establishment of long-lived immunological
memory, both of which are critical for durable antitumor immunity and
prolonged recurrence-free survival (Saxena et al., 2021; Tadic and
Martinez, 2024). This adaptive immune activation can amplify innate
immune responses through CD4" T cell-mediated signaling, promoting
the recruitment and activation of a broader range of immune cells, such
as macrophages, NK cells, and DCs, through cytokine secretion and
CD40/CD40L interaction (Chand Dakal et al., 2020; Speiser et al., 2023).
This process contributes to epitope spreading and, consequently, to
increased antigen uptake, presentation and T cell priming by APCs,
reinforcing overall immune amplification loops. Despite their capacity
to engage multiple immune pathways, vaccine performance varies
across individuals, primarily due to differences in baseline immune
competence and host-specific factors, influencing the magnitude and
durability of the elicited response (Lynn et al., 2022). Fig. 2 summarizes
the major immune mechanisms underlying cancer nanovaccines.
Despite sharing similar manufacturing processes and immunological
mechanisms, therapeutic cancer nanovaccines exhibit some differences
compared to prophylactic nanovaccines for infectious diseases. For
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example, in mRNA-based vaccines, the dosing regimen for infectious
diseases typically involves 1 to 2 doses per year, whereas therapeutic
cancer nanovaccines often require repeated administrations, in some
cases involving schedules such as up to nine doses over several months
(Rojas et al., 2023a). Consistently, preclinical evidence indicates that
therapeutic applications, particularly in oncology, may require sub-
stantially higher mRNA doses than prophylactic vaccination (Rohner
et al.,, 2022). This increase in demand for mRNA amplifies existing
challenges in production and scalability, such as the unintended gen-
eration of double-stranded RNA (dsRNA), uncapped mRNA, or mRNA
fragments, requiring more stringent quality controls during mRNA
synthesis (Lenk et al., 2024; Rohner et al., 2022). Concerning the
nanoparticles employed in nanovaccines, there are significant technical
challenges in optimizing these structures for the transition from pre-
clinical models to clinical applications. For example, ideal nanoparticle
size and the PEG density for mRNA delivery via lipid nanoparticles differ
significantly between rodent models and non-human primates (NHPs)
(Lam et al., 2023). Accumulating evidence indicates that nanoparticle
performance is influenced by species-specific biological factors, under-
scoring that a deeper understanding of these interspecies differences
may guide rational design approaches toward more successful clinical
translation. Additionally, challenges related to storage methods and
conditions remain, as they are fundamental to overcoming logistical
hurdles, including ensuring the stability and interactions of nano-
carriers, active agents, and excipients during long-term storage (Fan
et al., 2024; Oude Blenke et al., 2023).

Nanocarriers have represented a significant advancement in the
vaccine field by enabling the co-delivery and targeted delivery of
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adjuvants alongside antigens. These adjuvants have the primary func-
tion of enhancing the adaptive immune response to antigens, activating
APCs, such as DCs and macrophages, to prepare the T cell response
(Facchini et al., 2021). Toll-like receptor (TLR) agonists, such as CpG
oligodeoxynucleotides (ODNs) and Polyethyleneimines (PEI), as well as
stimulator of interferon genes (STING) agonists, such as cyclic di-
nucleotides (CDNs), are well-documented for this application (Zhao
et al., 2023). These molecules positively contribute to the modulation
and amplification of the immune response generated by nanovaccines
(Facchini et al., 2021). Rather than consistently enhancing immune re-
sponses, the combination of adjuvants does not invariably result in
enhanced immunostimulatory effects. A recent study assessed the
impact of various adjuvants co-administered with mRNA-loaded lipid
nanoparticles on mRNA translation in parenchymal liver cells. The
findings revealed that 2'3-cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP), a well-documented adjuvant, demonstrated
efficiency comparable to the non-adjuvanted control. However, co-
administration of cGAMP with resiquimod (R848) led to enhanced
cellular responses (Svensson et al., 2025). These findings highlight a
critical design constraint in nanovaccine engineering, in which optimal
adjuvant selection requires careful calibration between immunostimu-
latory potency and translational efficiency, specially in mRNA-based
nanovaccines, reinforcing the need for rational and context-dependent
design strategies that integrate delivery kinetics, intracellular sensing
pathways, and cell-type-specific responses.

Beyond the role of adjuvants, additional factors contribute to the
suboptimal immunogenicity of cancer nanovaccines, constraining im-
mune activation and antitumor efficacy. In this context, although
nanoparticle platforms enable targeted delivery of active agents, effi-
cient intracellular processing remains a critical determinant of immu-
nogenic outcome. This is particularly relevant for mRNA-based
nanovaccines, in which productive antigen expression depends on the
ability of delivered mRNA to escape the endosomal pathway and access
the cytosol. Endosomal escape represents a major technological bottle-
neck and a central focus of nanocarrier design, as only a small fraction of
internalized RNA, estimated at ~1-3%, successfully reaches the cytosol
(Pei, 2025). Following endocytic uptake, nanoparticles traffic through
early endosomes that progressively mature into late endosomes and
lysosomes, where enzymatic degradation of exogenous material occurs.
Consequently, timely release of nucleic acid cargo prior to endosomal
maturation is essential to preserve translational competence and enable
efficient antigen production (Chatterjee et al., 2024). Diverse nano-
particle engineering strategies are being explored to enhance cytosolic
delivery of nucleic acids, including the use of pH-responsive lipids,
optimization of LNP lipid architecture, and surface functionalization
approaches such as the incorporation of fusogenic peptides (Meng et al.,
2026; Padilla et al., 2025; X. Wang et al., 2025a). In addition, strategies
that promote endosomal destabilization, such as ionizable lipids that
become protonated during endosomal acidification and subsequently
interact with and disrupt the endosomal membrane, have been devel-
oped to facilitate endosomal escape and increase the fraction of cargo
reaching the cytosol (Zaccariotto et al., 2025). Therefore, rational
nanocarrier engineering strategies that integrate endosomal escape ef-
ficiency with controlled intracellular trafficking represent an important
avenue to enhance both antigen expression and downstream
immunogenicity.

After successful processing and presentation, another key constraint
for enhanced immunogenicity emerges: immunodominance. Immuno-
dominance is defined as the preferential focusing of T cell responses on a
limited subset of epitopes rather than the full repertoire encoded by the
vaccine. Although multi-antigen strategies are designed to broaden
target coverage, dominant epitopes can shape the immune response,
restricting clonal diversity and facilitating tumor immune escape. This
hierarchy is strongly influenced by the affinity between peptides and
human leukocyte antigen (HLA; major histocompatibility complex class
I in humans) proteins, as well as the stability and density of
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peptide-MHC class I complexes on the surface of antigen-presenting
cells (X. Li et al., 2023c). Epitopes that form more stable pepti-
de-MHC-I complexes are presented for longer durations and at higher
densities, resulting in more efficient T cell receptor engagement, pref-
erential priming, and competitive outgrowth of specific T cell clones. In
contrast, subdominant epitopes, often characterized by lower binding
affinity or reduced complex stability, are presented less efficiently,
leading to weaker priming and limited expansion of corresponding T cell
populations. In this context, rational vaccine design strategies aimed at
modulating epitope hierarchy, such as selective exclusion of highly
dominant epitopes or optimization of subdominant peptide binding,
may enhance the breadth of the immune response. This is particularly
relevant in tumors enriched for subdominant neoantigens, where
insufficient clonal representation can compromise both immediate
cytotoxic activity and the establishment of durable immunological
memory (Hoos and Sim, 2026). Moreover, although most experimen-
tally validated HLA class [-binding peptides are restricted to single al-
leles or alleles within the same supertype, a limited subset of peptides,
so-called “superbinders”, has been shown to bind multiple HLA super-
type. The emergence of large-scale datasets and machine learning-based
HLA binding predictors now enables more systematic identification and
design of such broad-binding epitopes, potentially expanding popula-
tion coverage and improving the robustness of vaccine-induced T cell
responses (Peer et al., 2026).

4. Contrasting immunotherapeutic strategies in cancer

Nanovaccines and CAR-T cell therapy have emerged as a paradigm
shift in cancer treatment, significantly improving patient outcomes both
in clinical trials and through approved products. This section provides a
comparative overview of the strengths and limitations of each strategy,
alongside recent advancements in technology and science. The discus-
sion is structured into two complementary axes: (I) biological con-
straints and engineering strategies in cancer immunotherapy,
encompassing key challenges such as antigen heterogeneity, tumor
microenvironment barriers, immune evasion, memory formation, and
multimodal therapeutic strategies; and (II) clinical translation and pre-
cision immunotherapy allocation, addressing safety, manufacturing
complexity, personalization, and barriers to clinical implementation.
Table 1 provides a comparative overview of CAR-T cell therapy and
cancer nanovaccines across these key dimensions.

4.1. Biological constraints and engineering strategies in cancer
immunotherapy

4.1.1. Tackling antigenic heterogeneity in refractory cancer

The relationship between refractory cancer with antigenic hetero-
geneity, which refers to the variability of antigens in subsets of tumor
cells, is an important issue. This factor is highly relevant in solid tumors
but is also present in hematological cancer (Albelda, 2024b). Cases of
refractory cancer can occur due to tumor cell subsets that either do not
express the target antigen of the therapy or have undergone mutations
(Albelda, 2024b). For example, it has been shown that selective CAR
targeting mediates antigen loss and escape of antigen-negative tumor
cells in glioblastoma cases (Choe et al., 2021; O'Rourke et al., 2017). In
this scenario, the development of therapies that encompass a greater
number of tumor antigens shows greater potential for tumor eradication
and prevention. Nanovaccines have demonstrated their ability to target
a broader range of antigens, a capability enhanced by mRNA technol-
ogy, which enables the delivery of mRNA sets encoding multiple tumor
antigens. Moreover, a single mRNA molecule can be translated multiple
times within the cell, generating repeated antigen production. Recent
advances in research with circRNA (circular mRNA) and saRNA (self-
amplifying mRNA) have further expanded this capability by improving
antigen payload capacity, molecular stability, translational efficiency,
and the duration of antigen expression (Blakney et al., 2021; Gong et al.,
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Table 1
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Comparative overview of CAR-T cell therapy and cancer nanovaccines. The table compares both technologies across key dimensions, including manufacturing
complexity and cost, safety profile, antigen heterogeneity and tumor escape, immunogenicity and immune breadth, tumor microenvironment (TME), persistence and
immune memory, MHC dependence and immune evasion, clinical applicability in solid tumors, personalization versus accessibility, combination strategies, and key

translational and regulatory challenges.

Biological Constraints and Engineering Strategies in Cancer Inmunotherapy

Dimension

CAR-T Cell Therapy

Key Advances (CAR-T)

Nanovaccines

Key Advances (Nanovaccines)

Antigen heterogeneity &
tumor escape

MHC dependence &
immune evasion

Tumor microenvironment
(TME), solid tumor
barriers & clinical

applicability

Immunogenicity &
immune breadth

Persistence & immune
memory

Combination strategies

Typically single-antigen targeting
(antigen loss and relapse common)

MHC-independent recognition
(major advantage in MHC-deficient
tumors)

Limited infiltration and function in
solid tumors; immunosuppressive
TME restricts efficacy; limited
clinical applicability in solid
tumors

Highly specific, cell-mediated
cytotoxicity; limited engagement
of broader immune system

Persistence depends on T cell
phenotype; challenges of
exhaustion and limited durability

Synergy with checkpoint
inhibitors, TKIs, vaccines

Bispecific CAR-T; universal CARs;
multi-CAR delivery (in vivo);
antigen upregulation strategies (e.
g., Flare system)
intrinsic advantage

Armored CAR-T; ECM-degrading
enzymes; cytokine engineering;
CAR-T exosomes; dual-target CARs;
CAR-NK, CAR-M; combination
therapies (vaccines, checkpoint
inhibitors)

Armored CAR-T; cytokine-
secreting CARs; CAR combinations
with vaccines

Selection of Tscm/Tcm; CAR design
(4-1BB, CAR-E); transcriptional
modulation (FOXO1, BATF)

CAR-T + vaccines; CAR-T + OV;
engineered combinatorial circuits

Multi-antigen targeting via
mRNA; capable of encoding
multiple neoantigens
simultaneously
MHC-dependent antigen
presentation (vulnerable to
immune escape)
Primarily act via lymph
node priming (indirect
TME modulation), broad
applicability across
multiple solid tumors

Broad immune activation
(T + B cells); can engage
innate and adaptive
immunity
Designed to induce durable
immune memory;
dependent on effective
priming
Strong synergy with
checkpoint inhibitors and
nanomedicine platforms

circRNA, saRNA; improved neoantigen
selection algorithms; ML-based antigen
prediction

Strategies to restore MHC (HDACI, IFN-
I); NK cell engagement; alternative
immune activation
In situ vaccination; multifunctional
nanocarriers; TAM repolarization;
hypoxia-targeting systems; combination
therapies; improved delivery systems;
enhanced immune activation (adaptive
and innate immunity)
Inclusion of innate immune activators
(TLR, STING agonists); APC targeting
strategies

Cytokine adjuvants (IL-7, IL-15);
induction of long-lived memory T cells;
polyepitopic responses

Nanocarriers delivering
immunomodulators; OV-based
vaccination; multimodal platforms

Clinical Translation and Precision Immunotherapy Allocation.

Dimension

CAR-T Cell Therapy

Key Advances (CAR-T)

Nanovaccines

Key Advances (Nanovaccines)

Manufacturing
complexity & cost

Highly complex, multi-step ex vivo
process, genetic engineering, expansion,

and reinfusion; high cost (~$400 k) and

Safety profile

specialized infrastructure

High risk of severe toxicities (CRS,

ICANS), need for hospitalization and
monitoring; risks from lymphodepletion

Personalization vs
accessibility

Translational &
regulatory
challenges

and viral vectors
Autologous therapies (limited
scalability and accessibility)

Complex logistics, manufacturing
standardization, centralized vs
decentralized production

In vivo CAR generation; non-viral
delivery (mRNA, CRISPR,
transposons); decentralized
manufacturing; automation and
closed systems
Transient CAR expression (mRNA);
safety switches (iCasp9, CD20/EGFR
targeting); non-viral systems;
improved toxicity management
Allogeneic CAR-T; in vivo CAR
approaches

Advanced preclinical modeling and
screening; decentralized models;
automation; improved QC systems

Lower manufacturing

mRNA platforms; scalable

complexity; personalized
vaccines still costly (~$100 k)
but simpler production pipeline

Generally mild-to-moderate
adverse effects; rare severe
events

Personalized vaccines require
sequencing and design time;
fixed vaccines more scalable

Scale-up, reproducibility,
complex nano-bio interactions,
regulatory and patient
heterogeneity

nanoparticle synthesis; Al-assisted
manufacturing; off-the-shelf
formulations

Platform optimization; improved
adjuvants

Combination of personalized and

fixed-antigen vaccines; improved

turnaround via Al/omics/protocol
standardization

Advanced preclinical modeling
and screening; Al-driven
optimization; GMP

standardization

2025; O'Leary et al.,, 2025). For example, Moderna's personalized
nanovaccine platform, mRNA-4157, is capable of encoding up to 34
neoantigens identified from the patient-specific tumor mutational pro-
file and has been evaluated in malignancies such as resected melanoma,
non-small-cell lung cancer, and renal cell carcinoma (Dolgin, 2024; Lee
etal., 2024; Motzer et al., 2025). In a Phase II clinical trial, patients with
resected melanoma treated with mRNA-4157 in combination with
pembrolizumab exhibited a 44% reduction in the risk of recurrence or
death compared with pembrolizumab monotherapy (Weber et al.,
2024). The combination also resulted in an approximately 65% reduc-
tion in the risk of distant metastasis or death, with 18-month distant
metastasis—free survival rates of 91.8% versus 76.8% for pembrolizumab
alone. The immunological impact of the mRNA-4157 nanovaccine in
combination with pembrolizumab also extends to a marked increase in
T-cell clonal expansion and repertoire diversification. Combination
therapy resulted in increased T-cell clonality in 70% of patients,
compared with 31% in the pembrolizumab monotherapy group. This
was accompanied by a higher number of novel expanded clonotypes

(median of 38 versus 22, respectively), indicating enhanced recruitment
and expansion of previously underrepresented T-cell populations.
Importantly, clonal expansion correlated with clinical outcomes, as
patients without recurrence exhibited a higher number of expanded
clonotypes (median of 40 versus 16 in patients who relapsed), suggest-
ing that T-cell clonal breadth may serve as a functional correlate of
relapse-free survival. These findings indicate that multi-neoantigen
vaccination strategies promote not only an increase in clonal magni-
tude but also a diversification of the T-cell repertoire, characterized by
the recruitment of novel clonotypes and broadening of antigen
recognition.

However, despite the potential advantages of multi-antigen strate-
gies, not all selected antigens are necessarily immunogenic. In person-
alized cancer vaccine development, computational prediction
algorithms may fail to prioritize the most clinically relevant neoantigen
targets, resulting in the presentation of only a subset of epitopes. Across
clinical evaluations of autogene cevumeran platform, half of treated
patients develop detectable T-cell responses, while antigen-level
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analyses indicate that only a limited fraction of encoded neoantigens
elicit robust ELISpot responses. In early clinical data in pancreatic can-
cer patients, only ~11% of individual neoantigens induced measurable
T-cell activity across the entire cohort, increasing to ~24% among re-
sponders, despite each vaccine encoding up to 20 tumor-specific targets
per patient (Rojas et al., 2023b). In a larger phase I study in advanced
solid tumors using the same vaccine platform, 71% of patients exhibited
detectable responses to at least one neoantigen, and expanded antigen
screening approaches further increased the proportion of detectable
responses to 52% of evaluated neoantigens following in vitro stimula-
tion, although the median number of immunogenic epitopes per patient
remained low (Lopez et al., 2025). These findings indicate that the
apparently restricted immunogenicity of multi-epitope vaccines cannot
be attributed solely to inefficient antigen selection, but rather reflects a
multifactorial interplay involving tumor-intrinsic biology, neoantigen
quality, clonal architecture, and technical limitations of immunomoni-
toring platforms, which may underestimate low-frequency or sub-
threshold T-cell responses. Nevertheless, despite the substantial increase
in the proportion of patients exhibiting detectable neoantigen-specific
responses with autogene cevumeran in the larger clinical trial, the
development of machine learning models integrating genomic, tran-
scriptomic, and experimentally validated immunogenicity datasets re-
mains essential. Such advances, aimed at improving neoantigen
prioritization and predictive robustness, may increase the fraction of
vaccine-encoded neoantigens capable of eliciting clinically relevant T-
cell responses. This optimization remains important even considering
that immune responses directed against a single immunogenic neo-
antigen may already produce meaningful clinical benefit, as broader
neoantigen coverage is expected to improve tumor control in hetero-
geneous disease settings and reinforce long-term immune surveillance
against antigenic escape.

In the field of CAR-T therapy, the technology primarily targets single
antigens, such as CD19 or BCMA in hematological malignancies. Despite
excellent initial responses, studies show that at least 50% of patients
experience relapse or refractory disease after CD19 CAR-T administra-
tion, and 60% of patients treated with BCMA CAR-T did not remain
progression-free 12 months after treatment (Chavez et al., 2019; Raje
et al., 2019; Xie et al., 2022). To improve the response to therapy, a
strategy used in preclinical models and in the clinic is the development
of bispecific CAR-T (Bi-CAR) cells, which are capable of recognizing two
different antigens (Furgan and Shah, 2022; Xie et al., 2022). Reported
combinations include CD19/CD20, CD19/CD22, and BCMA/other tar-
gets such as CD38 and CS1 (Mei et al., 2021; Xie et al., 2022; Zah et al.,
2020). Recently, the results of a Phase I/II clinical trial of BCMA/CD19
CAR-T for relapsed or refractory multiple myeloma were published (Shi
et al., 2024). The therapy was well-tolerated, showing grade 3 or higher
CRS in only 8% of patients, with no grade 3 to 5 neurotoxic events
observed. Additionally, a progression-free survival of 19.7 months and
an overall response rate of 92% were achieved, demonstrating the po-
tential of this technology to eliminate a greater number of tumor cells. In
another recent clinical study, the dual-target CAR-T cell strategy was
evaluated in a phase I clinical trial for the treatment of recurrent glio-
blastoma, targeting both the epidermal growth factor receptor (EGFR)
and interleukin-13 receptor alpha 2 (IL13Ra2). Eight patients (62%)
exhibited tumor regression, with one patient maintaining stable disease
for over 16 months. Although most tumors resumed growth within one
to three months post-treatment, among patients followed for at least 12
months, 47% were still alive after one year, an encouraging outcome
given the aggressive nature and poor median survival associated with
this type of tumor (Bagley et al., 2025). These early clinical data suggest
that dual-target strategies may improve both the depth and durability of
responses without a proportional increase in severe toxicity, thereby
reinforcing the feasibility of expanding antigenic breadth within CAR-T
engineering frameworks. This is particularly relevant for overcoming a
key limitation of single-antigen targeting approaches, in which initial
tumor debulking is frequently followed by the outgrowth of antigen-
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negative subclones or phenotypic modulation of target expression, ul-
timately driving relapse and treatment failure. Another strategy to cover
a greater number of antigens is the development of universal CARs,
which are not directed at a specific antigen but rather at independent
molecules that target antigens, such as antibodies. This strategy creates a
system where the CAR binds to the receptor, and the receptor recognizes
the target cell, allowing the same CAR-T to be administered with
different receptors for targeting various antigens (Cho et al., 2018; Zhao
etal., 2018). A key implication of this modular “adapter-based” design is
the functional and structural decoupling of antigen recognition from
CAR signaling. This architecture introduces a higher degree of flexibility
in antigen targeting while promoting the development of a standardized
and “off-the-shelf” effector cell product. It is also advantageous in terms
of tumor antigen heterogeneity and antigen loss variants, as it enables
rapid retargeting without the need for re-engineering the CAR construct
itself. However, this increased adaptability also introduces new layers of
pharmacological and immunological complexity, including control of
adapter pharmacokinetics and potential competition between targets.
Building on this modular logic of antigen recognition, in vivo engi-
neering approaches extend the same conceptual principle by enabling
the simultaneous delivery of multiple mRNAs encoding distinct CAR
constructs targeting different antigens (Y.-R. Li et al., 2025b). By
distributing CAR specificity across multiple transiently expressed re-
ceptors, this approach increases the probability of recognizing diverse
tumor subclones while maintaining a tunable expression profile, thereby
broadening antigenic coverage. However, as with other multiplexing
strategies, its efficacy is influenced by delivery heterogeneity, differ-
ences in CAR expression kinetics, and potential competition for trans-
lational and intracellular signaling machinery within target cells. In
addition to developing CARs directed against multiple antigens,
inducing antigen expression within tumors has emerged as a promising
approach to overcome heterogeneity. In this context, delivery nano-
systems are designed to upregulate the CAR target antigen in tumor
cells, thereby increasing the homogeneity of antigen presentation across
the tumor mass and enhancing the cytotoxic efficacy of subsequently
administered CAR-T cells. Beyond modulating antigen expression, this
platform can also deliver immunomodulatory agents capable of coun-
teracting the immunosuppressive tumor microenvironment, enhancing
the antitumor response (Aalipour et al., 2020). The latter strategy in-
troduces a complementary conceptual shift compared to multiplex CAR
engineering, as it seeks to reprogram the tumor rather than diversify the
effector cell repertoire. By artificially homogenizing antigen expression
across heterogeneous tumor populations, antigen-inducing platforms
can effectively convert “cold” or antigen-sparse lesions into more uni-
formly targetable substrates for CAR-T recognition. In this context,
tumor tagging approaches also provide an additional layer of spatial and
functional control, enabling selective marking of malignant cells while
simultaneously enhancing their susceptibility to immune clearance.

4.1.2. Memory cells against recurrent cancer

Cancer recurrence remains a major challenge for advanced therapies
like CAR-T and nanovaccines, often limiting their long-term effective-
ness. In these cases, tumor immune evasion, antigen loss, and an
immunosuppressive microenvironment contribute to relapse. Over-
coming this challenge requires the development of immune memory
cells that maintain immune surveillance, preventing recurrence and
metastasis while enhancing the long-term response in patients (Zhao
et al., 2022). In cancer nanovaccines, the induction of these cells has
been recognized as a crucial step for therapeutic success, driving the
search for immunomodulatory agents to target this heterogeneous group
of cells, which vary in phenotype, function, and localization (Zhao et al.,
2022). Consequently, stimulating different memory T cell phenotypes
has distinct impacts on improving cancer vaccines and other immuno-
therapies (Q. Liu et al., 2020b). A study demonstrated that inhibiting
tissue-resident memory T cells (Trm) reduces the efficacy of cancer
vaccines in a preclinical model of head and neck cancer. Furthermore,
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the authors highlighted the role of Trm in humans by demonstrating that
their abundance is positively correlated with better overall survival in
lung cancer (Nizard et al., 2017). Therefore, strategies that enhance
memory T cell formation are essential, and cytokines involved in their
differentiation, survival, proliferation, and maintenance have been
investigated as adjuvants for vaccines. Among these cytokines, IL-7
stands out for its role in various processes related to T cells, playing a
crucial role in memory T cell differentiation. This process is mediated by
the presence of IL-7R in specific subsets of these cells, allowing their
survival by upregulating anti-apoptotic Bcl-2 family proteins. In addi-
tion to its role in the proliferation and maintenance of CD4+ memory T
cells, IL-7 works alongside another key cytokine, IL-15, to support these
processes in CD8+ memory T cells (Zhao et al., 2022). Importantly,
emerging clinical evidence demonstrates that the induction of durable
immunological memory against cancer is not only feasible but can
translate into long-term clinical benefit. In a recent clinical trial
involving patients with pancreatic ductal adenocarcinoma (PDAC)
treated with atezolizumab, autogene cevumeran, and mFOLFIRINOX,
individuals who mounted a vaccine-induced T cell response exhibited
significantly prolonged recurrence-free survival compared to non-
responders, with a median follow-up of 3.2 years. Notably, autogene
cevumeran induced CD8+ T cell clones with an estimated average life-
span of 7.7 years, with approximately 20% of clones predicted to persist
for several decades. (Sethna et al., 2025). Consistently, in another
clinical study involving patients with triple-negative breast cancer
(TNBC) treated in the adjuvant setting, 11 of 14 individuals remaining
relapse-free for up to six years post-vaccination and developing de novo
and high-magnitude T-cell responses against multiple neoantigens that
were sustained for several years. These outcomes were associated with
the presence of early-differentiated T cell subsets displaying stem-like
memory features, including high expression of IL-7Ra and TCF7
(Sahin et al., 2026). Collectively, these findings reinforce the concept
that the generation of long-lived, polyfunctional memory T cells, sup-
ported by cytokine signaling pathways such as IL-7/IL-15, is a key
determinant for sustained antitumor immunity and effective prevention
of tumor recurrence.

In CAR-T cell therapy, the long-term persistence of modified cells can
be optimized by selecting T cell subsets with enhanced antitumor ac-
tivity and memory potential (Mohammadkhani et al., 2026). Immuno-
phenotypic analysis of both the apheresis material and infused product
has provided valuable insights for predicting clinical outcomes, as pre-
viously reported in hematologic malignancies (Dreyzin et al., 2025). The
identification of surface markers that distinguish these subsets enables
the selective expansion of cells with superior therapeutic capacity
within the infused product (Arcangeli et al., 2022; Mohammadkhani
et al., 2026). Among T cell subsets, evidence suggests that T memory
stem cells (Tscm) exhibit superior long-term persistence and antitumor
activity compared to central memory T cells (Tcm), with the Tscm
fraction emerging as a defining determinant of CAR-T product fitness.
Tscm content directly governs early in vivo expansion and the durability
of clonal maintenance, parameters that dictate therapeutic efficacy.
Converging evidence indicates that, despite their low representation in
the infused product, Tscm function as the principal progenitor reservoir,
sustaining continuous effector cell replenishment and enabling pro-
longed antitumor responses (Biasco et al., 2021). Recent clinical and
translational data further refine this concept by indicating that the
relevance of Tscm extends beyond a merely favorable differentiation
state. Rather, Tscm appear to address one of the major biological bot-
tlenecks of current CAR-T therapy: the inconsistent engraftment, limited
early expansion, and progressive loss of functional persistence that un-
derlie primary resistance and post-remission relapse. In contrast to
conventional heterogeneous products enriched in late-differentiated
effector cells, highly defined CAR-T products enriched for CD8" Tscm
have demonstrated more reliable in vivo expansion and durable com-
plete responses, even at relatively low cell doses and even in the absence
of lymphodepleting chemotherapy (Gattinoni et al., 2026). These
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findings are particularly significant because early CAR-T expansion has
repeatedly emerged as one of the strongest correlates of clinical efficacy.
In addition, analyses of post-infusion variations in native immune cell
populations among patients with more durable responses may
contribute to a deeper understanding and the development of comple-
mentary strategies aimed at promoting an immune network capable of
eliciting more effective antitumor responses. Observations indicate that
long-term remissions are associated with elevated levels of native
cytotoxic and proinflammatory effector cells, as well as clonotypic
expansion of effector memory T cells following infusion. Conversely,
early relapse has been associated with impaired NK cell cytotoxicity and
increased levels of immunoregulatory cells (Cheloni et al., 2025).
Another strategy to achieve long-term persistence is promoting memory
cell formation through the stimulation or inhibition of CAR-T pathways.
These pathways can be modulated through receptors incorporated into
the CAR, as demonstrated in a recent study that developed an Enhancer
CAR (CAR-E), which integrates a BCMA CAR with a low-affinity IL-2
domain. This design enhances activation and promotes the formation of
memory CAR-T cells, enabling their re-expansion upon restimulation.
(Rakhshandehroo et al., 2024). Another example is CARs incorporating
the 4-1BB receptor to promote the formation of central memory T cells,
which have demonstrated greater persistence in vitro, while also
enhancing respiratory activity, fatty acid oxidation, and mitochondrial
biogenesis (Cook et al., 2025; Kawalekar et al., 2016). The depletion of
the basic leucine zipper ATF-like transcription factor (BATF) has also
been shown to enhance CAR-T cell therapy by increasing antitumor
activity, inducing resistance to exhaustion, and promoting the formation
of central memory T cells (X. Zhang et al., 2022b). In contrast, the
overexpression of another transcription factor, FOXO1, was found to
promote memory cell formation and restrict exhaustion, showing a
correlation with improved clinical outcomes (Doan et al., 2024).
Collectively, these findings highlight the versatility of CAR-T engineer-
ing strategies aimed at rewiring signaling and transcriptional networks
to favor memory formation and sustained functionality. By integrating
or modulating receptors such as IL-2-based enhancers or 4-1BB do-
mains, as well as targeting key transcriptional regulators like BATF and
FOXOL1, it is possible to shift CAR-T fate decisions toward long-lived
memory phenotypes with improved metabolic fitness and resistance to
exhaustion. Despite the challenges of cancer recurrence in CAR-T ther-
apy, remarkable outcomes have been achieved, with some early re-
cipients remaining cancer-free for over a decade. The most notable case
is a woman who has been in remission for 19 years, the longest reported
cancer remission following CAR-T therapy. The patient received the
treatment at the age of four after being diagnosed with neuroblastoma
that had spread to her bones, with a poor prognosis. In this phase 1
clinical trial, the children were treated with first-generation GD2 CAR-T
cells, and three out of eleven with active disease at infusion achieved
complete remission. Among them, two sustained remissions, one for
eight years (until lost to follow-up) and the other for 19 years. Despite
receiving CAR-T cells without costimulatory domains, highly significant
outcomes were observed, particularly the prolonged remission of this
woman's disease for nearly two decades (Ledford, 2025; Li et al., 2025b).
Clinical case studies such as this can provide valuable insight into the
contribution of host- and tumor-dependent factors to the establishment
and maintenance of long-term immunological memory following CAR-T
cell therapy. However, it is important to emphasize that multiple addi-
tional variables likely contributed to the exceptionally durable remis-
sion observed in this patient, extending beyond CAR-mediated memory
formation alone. Patient-related factors, including younger age and
associated immune plasticity, may also have contributed to a more
robust and adaptable memory response. The tumor may have exhibited
strong dependence on the target antigen, which could have limited the
emergence of antigen-negative escape variants and thereby sustained
immune pressure over time. Moreover, a favorable immune status at the
time of treatment could have supported not only the initial expansion
and persistence of CAR-T cells, but also secondary mechanisms such as
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epitope spreading and the activation of endogenous T cell responses.

4.1.3. Targeting immune evasion: MHC loss

A significant advantage of CAR-T cell therapy compared to nano-
vaccines lies in its ability to recognize tumor cells in an MHC-
independent manner via an antibody-derived single-chain variable
fragment (scFv) that directly binds surface antigens (Feins et al., 2019).
A widely recognized mechanism of tumor immune evasion involves the
downregulation or genetic and epigenetic alterations affecting MHC
class I expression and components of the antigen-processing machinery.
Reported frequencies of MHC class I defects varying widely across tumor
types and ranging from 40% to 90% in certain malignancies, alterations
that impair antigen presentation and consequently reduce the recogni-
tion and cytotoxic activity of CD8" T lymphocytes (Dersh et al., 2021;
Dhatchinamoorthy et al., 2021; Guasp et al., 2024). This mechanism is
associated with resistance to vaccines, as the development of a reper-
toire of CD8 + T lymphocytes specific to tumor antigens is crucial in this
immunotherapy (Guasp et al., 2024). Thus, loss or downregulation of
MHC class I impairs the presentation of tumor-derived peptides to the T
cell receptor (TCR) on lymphocytes, thereby diminishing vaccine-
induced immune responses (Guasp et al., 2024). This mechanism was
recently reported in a clinical trial conducted by BioNTech in patients
with TNBC treated with a personalized mRNA-based nanovaccine.
Among the patients who experienced recurrence, one exhibited low
MHC class I expression in tumor cells from the primary lesion, which
subsequently evolved to an almost complete loss of MHC class I
expression in the recurrent tumor. These findings underscore the critical
role of MHC class I downregulation as an immune evasion mechanism
and highlight its relevance in the context of vaccine-based immuno-
therapies (Sahin et al., 2026). Pharmacological strategies aimed at
restoring or enhancing antigen presentation represent a rational pre-
conditioning approach to improve vaccine responsiveness. Agents that
increase MHC class I expression, including histone deacetylase in-
hibitors (HDACi), EZH2 inhibitors, and type I interferons (IFN-I), can
modulate antigen-processing machinery, thereby improving the pre-
sentation of tumor-derived peptides on the cell surface (Ennishi et al.,
2019; Qdaisat et al., 2025; Sun et al., 2019). This upregulation of
MHC-I-dependent antigen display may enhance priming and effector
function of CD8™ T cells, increasing the likelihood of vaccine-induced
immune responses in tumors characterized by immune evasion
through antigen presentation defects. A complementary implication of
these strategies is the expansion of nanovaccine design beyond classical
CD8" T-cell priming toward the coordinated activation of innate and
adaptive immune compartments. By engaging natural killer (NK) cells,
which retain the capacity to eliminate target cells with reduced or absent
MHC class I expression, nanovaccines may partially circumvent a key
immune evasion mechanism frequently observed in solid tumors
(Burster et al., 2021; Dagher and Posey, 2023). In this context,
nanoparticle-mediated delivery systems can be engineered not only to
enhance NK cell recruitment through chemokine receptor modulation,
but also to potentiate their cytotoxic activity via innate immune agonists
such as TLR and STING ligands, or by silencing negative regulatory
pathways through siRNA-based approaches (Uthaman et al., 2023).
These multifunctional strategies aim to reprogram the tumor-immune
interface, reinforcing immune pressure through coordinated engage-
ment of innate and adaptive cytotoxic compartments, particularly NK
cells and CD8" T cells. Emerging evidence further indicates that the
efficacy of such approaches in tumors with low MHC-I expression de-
pends on a higher-order immune circuitry in which NK cell activation is
coupled to CD4 ™" T cell-driven orchestration of dendritic cell function. In
the MICB-vax model, CD4" T cells were required for effective NK cell
recruitment into the tumor microenvironment, acting through CD40L-
dependent licensing of ¢cDC1 and ¢DC2 cells in tumor-draining lymph
nodes (Badrinath et al., 2022). This axis promoted cDC1 migration and
enhanced expression of chemotactic and co-stimulatory programs,
including CXCL9, CXCL10, CD80, CD86, and IL-18, thereby amplifying
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downstream recruitment and activation of both NK cells and CD8" T
cells. Disruption of cDC1 populations impaired the accumulation and
effector function of NK cells, CD4" T cells, and CD8" T cells within tu-
mors, underscoring the central role of cDC1 as a functional hub inte-
grating innate and adaptive immunity. In this framework, NK cell-
mediated cytotoxicity is complemented by CD4" T cell-dependent im-
mune coordination and cDC1-driven antigen cross-presentation, sus-
taining broader immune pressure against tumor escape variants. In this
context, comprehensive genomic and transcriptomic profiling of patient
tumor samples to assess MHC class I expression and antigen-processing
competence may inform eligibility for specific nanovaccine platforms or
to MHC-independent strategies such as CAR-T cell therapy, thereby
enabling more rational selection of the most appropriate immunother-
apeutic strategy. That integration of multi-omics datasets and machine
learning-based predictive models is increasingly enabling biomarker-
driven patient stratification in immuno-oncology. While initially
developed to forecast responses to immune checkpoint inhibitors (Xie
et al., 2023; Yoo et al., 2025), these platforms are progressively being
adapted to inform the selection of other immunotherapeutic modalities,
including CAR-T cell therapy and cancer vaccines (Garcia-Prieto et al.,
2022; Shindo et al., 2017).

Enhancing Solid Tumor Therapy.

Nanovaccines are currently under clinical investigation for a range of
solid tumors, including ovarian, breast, prostate, melanoma, glioblas-
toma, lung, and colon cancers (NCT05933577, NCT06077760,
NCT01436968, NCT05141721, NCT00952692, NCT03029403,
NCT04573140). Although their primary mechanism of action involves
cytotoxic T cell-mediated responses, vaccine formulations also engage
additional adaptive immune pathways that contribute to antitumor ac-
tivity, including CD4™" T cell responses and humoral immunity. CD4" T
cells enhance CD8™" T cell priming and effector function, as well as B cell
activation and differentiation into IgG-producing plasma cells through
their helper activity. In certain contexts, they may also exert direct
cytotoxic effects by recognizing tumor antigens presented via MHC class
II molecules. In parallel, vaccine-induced antibody responses can
contribute to tumor control through mechanisms such as antibody-
dependent cellular cytotoxicity (ADCC), in which Fc receptor-bearing
effector cells recognize and eliminate antibody-coated target cells (Zaidi
et al., 2025). In addition to NK cells, ADCC can be mediated by other
innate immune populations expressing Fc receptors, including macro-
phages and certain subsets of monocytes (Vincken et al., 2025).
Furthermore, recent studies have explored strategies to activate innate
immune compartments, such as monocytes, macrophages, and dendritic
cells, which play critical roles in reshaping the tumor microenviron-
ment, a major constraint on effective T cell function. Tumor-associated
macrophages represent an abundant and heterogeneous population in
solid tumors, frequently associated with poor prognosis due to their
predominantly immunosuppressive activity. However, their functional
state is dictated by tissue-specific cues and tumor evolution, reflecting
their dual origin from both tissue-resident precursors and infiltrating
monocytes. Evidence indicates that pro-inflammatory macrophage
subsets can cooperate with CD8" T cells to support effective tumor
control, suggesting that macrophage reprogramming rather than
depletion may be a more effective therapeutic strategy (Baharom et al.,
2025). Monocytes exhibit marked functional plasticity within the tumor
milieu, where hypoxic conditions can drive immunosuppressive pro-
grams, such as arginase production and T cell dysfunction, whereas in
vascular niches they may contribute to immunosurveillance by recruit-
ing NK cells and limiting metastatic spread. Upon tumor infiltration,
monocytes can further differentiate into macrophages or dendritic cell
populations, positioning them as key intermediates in shaping antigen
presentation and immune polarization (Baharom et al., 2025). Among
APCs, DCs remain central due to their superior capacity to prime tumor-
specific CD8" and CD4™ T cells, with distinct subsets (cDC1, ¢cDC2, and
plasmacytoid DCs) orchestrating cytotoxic priming, helper responses,
and type I interferon production, respectively. Notably, cDC1
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functionality and spatial localization within tumors and draining lymph
nodes are critical determinants of durable antitumor immunity, influ-
encing the generation of memory and stem-like T cell compartments,
while ¢cDC2 enrichment has been associated with improved prognosis,
and inflamed and IFNy-rich TME (Baharom et al., 2025). CAR-T cell
therapy, in contrast to vaccines, relies on a more restricted mode of
immune network engagement. However, in the context of solid tumors,
this immune engagement may be broadened by the potential reduction
in dependence on intensive lymphodepleting regimens, which are pri-
marily optimized for hematological malignancies. In this setting, cyto-
kines secreted by CAR-T cells may exert a greater relative contribution
to shaping the overall antitumor response, not only through direct tumor
cytotoxicity but also via the activation of endogenous lymphocytes and
myeloid populations. In addition, the increased availability of endoge-
nous T cells may enhance DC-mediated priming through antigen release
and epitope spreading, thereby expanding the breadth of the antitumor
immune repertoire beyond CAR specificity. Nevertheless, the efficacy of
CAR-T cells in solid tumors remains substantially constrained by the
tumor microenvironment. The proportion of infused cells that success-
fully complete the full sequence of trafficking, tumor infiltration, and
effector function remains low, highlighting trafficking and tissue pene-
tration as critical bottlenecks. Moreover, antigen heterogeneity,
together with a metabolically hostile and immunosuppressive micro-
environment, further impairs CAR-T cell survival, expansion, and
effector activity, limiting durable antitumor responses (Chen et al.,
2022; Lamplugh et al., 2026; Zhang et al., 2026). Nevertheless, ad-
vances have been reported in the use of CAR-T cell therapies for solid
tumors such as glioblastoma and gastrointestinal cancers. A phase II
clinical trial involving 156 patients with previously treated advanced
gastric or gastro-oesophageal junction adenocarcinoma evaluated the
efficacy of CAR-T cells targeting Claudin-18 isoform 2, in a therapy
known as satri-cel, compared to standard-of-care treatments selected at
the physician's choice (including nivolumab, paclitaxel, docetaxel, iri-
notecan, or rivoceranib). Among patients treated with satri-cel, 35%
exhibited a clinical response, whereas only 4% responded in the control
group. Furthermore, CAR-T cell therapy resulted in a median overall
survival gain of 2.4 months and a 31% reduction in mortality risk
compared to standard treatments. However, grade 3 or higher adverse
events were reported in 99% of patients receiving satri-cel, compared to
63% in the control group (Fieldhouse, 2025; Qi et al., 2025). In a Phase 1
clinical trial involving patients with recurrent glioblastoma, dramatic
responses were reported following infusion of CAR-T cells targeting the
epidermal growth factor receptor variant III (EGFRVIII). After a single
infusion of the therapy (CAR-TEAM), a 72-year-old man exhibited an
18.5% reduction in tumor size within two days, which further pro-
gressed to a 60.7% reduction by day 69, with the response sustained for
over six months. Remarkably, a 57-year-old woman demonstrated near-
complete tumor regression within just five days of a single infusion. A
third patient, a 74-year-old man, showed a rapid but transient tumor
regression (Choi et al., 2024).

Both therapeutic strategies face several obstacles imposed by the
unique barriers of solid tumors. The challenges of eliciting an effective
immune response against cancer involve a chain of events in which each
step influences the outcome. Defective vascular access, metabolic and
molecular checkpoints, immunosuppressive cells, hypoxia, abnormal
extracellular matrix, among others, are critical barriers to tumor cell
destruction faced by nanovaccines and CAR-T therapy. Additionally,
MHC class I presentation defects also impact the T cell response gener-
ated by vaccination (Vermaelen, 2019). Regarding vascular issues, the
tumor endothelium is known to exhibit low expression of adhesion
molecules, such as intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1), which hampers the infil-
tration of effector lymphocytes into the TME. Additionally, angiogenic
factors, such as vascular endothelial growth factor (VEGF), promote the
formation of aberrant blood vessels, further hindering the extravasation
of immune cells. Immunosuppressive cells such as regulatory T cells (T-
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regs), MDSCs, and TAMs reduce the activity of T cells, generated by
nanovaccines or modified with CAR, through various mechanisms
(Maalej et al., 2023; Vermaelen, 2019; Wang et al., 2023). T-regs play
their immunosuppressive role through the production of cytokines such
as IL-10 and TGF-, the consumption of IL-2, essential for the prolifer-
ation of cytotoxic T lymphocytes, and by expressing high levels of CTLA-
4, which negatively regulate signaling in DCs (C. Li et al., 2020a).
MDSCs are known to play an immunosuppressive role by engaging the
PD-1/PD-L1 pathway, as they express high levels of PD-L1 in response to
the nutrient and oxygen deprivation characteristic of the TME (He et al.,
2025). Additionally, MDSCs can release high levels of nitric oxide (NO)
and ROS, which, when combined to form nitrosamines, impair TCR
function, a critical component of vaccine-based therapies (Vermaelen,
2019). The immunosuppressive role of TAMs is associated with the
M2 phenotype, which secretes factors such as TGF-f, IL-10, EGF, and
VEGF, contributing to angiogenesis, tumor growth, and metastasis.
Furthermore, like T-regs and MDSCs, TAMs also contribute to the
depletion of arginine in the tumor microenvironment, impairing T cell
proliferation (Basak et al., 2023). Another significant obstacle in solid
tumor therapy is T cell exhaustion. Exhausted T cells are hypofunctional
effector T cells that exhibit reduced proliferative capacity and cytokine
secretion, along with increased expression of inhibitory receptors such
as PD-1, TIM-3, LAG-3, CTLA-4, and TIGIT (Andrews et al., 2024; Blank
et al., 2019). This dysfunction occurs in response to chronic stimulation
of TCRs in the presence of persistent antigens, which protects T cells
from cell death associated with overactivation (Chow et al., 2022a).
Strategies to overcome T cell exhaustion have been explored to enhance
CAR-T cell efficacy, including vaccination aimed at re-stimulation
(Chow et al., 2022a; Jiang et al., 2021). However, this challenge is
also relevant to the antitumor response induced by nanovaccines, as
prolonged tumor persistence can drive exhaustion in vaccine-derived T
cells (Chow et al., 2022b).

Since nanovaccines are often designed to deliver tumor antigens to
APCs in lymph nodes, where T-cell priming occurs, modulation of the
TME typically requires additional or multifunctional strategies, as the
primary targets (lymphatic system versus tumor site) are distinct.
Nevertheless, this principle is influenced by the route of administration,
as in the case of in situ vaccination, where intratumoral delivery allows
immunomodulatory components to be incorporated directly into the
formulation (Gong et al., 2024a). By contrast, CAR-T cells are inherently
designed to act within the tumor site, which enables the integration of
genetic circuits specifically engineered to modulate the TME from
within (Maalej et al., 2023). Synthetic biology has emerged as a pivotal
tool for engineering CAR-T cells, termed armored CAR-T cells, to
endogenously produce cytokines and chemokines, such as IL-8, IL-12, IL-
15, IL-18 and Fms-like tyrosine kinase 3 ligand (FIt3L), thereby
enhancing both their own activity and that of the host's immune cells
(Kwon and Chen, 2025; Lai et al., 2020; Steffin et al., 2024). Addition-
ally, the production of bacterial virulence factors has been explored to
induce a pro-inflammatory response, promoting the recruitment of
innate immune cells (Jin et al., 2022). Another strategy involves the
incorporation of enzymes into CAR-T cell design, aimed at degrading the
extracellular matrix, to facilitate deeper penetration into the TME (Ali
and DiPersio, 2024). Beyond these CAR-T engineering methods, CAR-
T-derived exosomes have shown potential to overcome the immuno-
suppressive tumor microenvironment. Exosomes secreted by CAR-T cells
display the CAR on their surface, enabling precise tumor targeting, and
carry cytokines relevant to cancer therapy, such as perforin, granzymes,
and interleukins. Besides these naturally occurring molecules, exosomes
can also be used to deliver exogenous biomolecules, including siRNA,
drugs, and other therapeutic agents, highlighting their versatile thera-
peutic potential (Z. Wang et al., 2025b). The combination of nano-
vaccines and CAR-T cell therapy has also been explored to enhance
efficacy against solid tumors. In a Phase I clinical trial, a CAR-T cell
therapy targeting the Claudin-6 (CLDN6) antigen, expressed on multiple
solid tumors such as sarcoma, ovarian, testicular, endometrial, and
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gastric cancers, is being investigated in combination with CARVac, an
mRNA nanovaccine that encodes the CAR-T target antigen, for CLDN6-
positive relapsed or refractory advanced solid tumors (Mackensen et al.,
2023). In this strategy, the nanovaccine is applied to enhance the
persistence and functionality of the modified cells, mediating their
stimulation and expansion in vivo, inducing a memory T cell phenotype,
and increasing target sensitivity.

The limitations of conventional CAR-T cell therapies, particularly
exhaustion, antigenic heterogeneity, and restricted infiltration into solid
tumors, have stimulated the emergence of alternative CAR-engineered
immune cell platforms (Li et al., 2026) that exploit the intrinsic
biology of distinct immune lineages, including innate cytotoxicity, tissue
tropism, and immunoregulatory functions, to overcome key functional
bottlenecks. These strategies require lineage-adapted engineering and
manufacturing workflows, encompassing optimized cell sourcing,
expansion systems, and gene-editing compatibility to ensure scalability
and translational robustness. Early clinical evidence across CAR-NK and
CAR-macrophage platforms supports their feasibility and highlights
differentiated safety and functional advantages relative to conventional
CAR-T cells. NK cells represent an attractive platform due to their
intrinsic and MHC-unrestricted cytotoxicity, enabling rapid tumor
elimination even in the absence of CAR engagement. When engineered
with CAR constructs, NK cells acquire enhanced antigen specificity
while preserving their native killing capacity, thereby establishing a
dual-layered antitumor mechanism that is less vulnerable to antigen
escape and tumor heterogeneity (Dagher and Posey, 2023; Wrona et al.,
2021). NK cell activity is governed by the integration of activating and
inhibitory signals, including “missing self” recognition of MHC-
I-deficient cells, “induced self’ recognition of stress ligands, and
antibody-dependent cellular cytotoxicity via CD16, enabling broad
tumor surveillance independent of antigen presentation. Upon activa-
tion, NK cells eliminate targets through perforin/granzyme release and
death receptor pathways, while secreting pro-inflammatory cytokines
such as IFN-y and TNF-a that further amplify and coordinate antitumor
immunity (Peng et al., 2024). Despite these advantages, CAR-NK ther-
apies remain constrained by limited in vivo persistence, suboptimal
tumor infiltration, and functional impairment within the immunosup-
pressive tumor microenvironment, in addition to the need for CAR ar-
chitectures specifically optimized for NK signaling biology. To overcome
these barriers, multiple engineering strategies are being actively
explored, including cytokine support systems (e.g., IL-15 armoring or
systemic cytokine supplementation), modulation of chemokine receptor
expression to enhance tumor homing, and genetic disruption of inhibi-
tory checkpoint pathways to sustain cytotoxic activity within hostile
microenvironments (Dagher and Posey, 2023; Maalej et al., 2023; Peng
etal., 2024; W. Wang et al., 2024b; Wrona et al., 2021). These strategies
aim to reconcile the innate strengths of NK cells with durable CAR-
driven specificity. Clinically, CAR-NK therapies are being investigated
across multiple solid tumor indications, including glioblastoma, breast,
ovarian, and pancreatic cancers, with early trials demonstrating feasi-
bility and encouraging safety profiles, although most studies remain in
early phases with limited cohort sizes (W. Wang et al., 2024b; Wrona
et al., 2021). A completed Phase I clinical trial using CAR-NK cells
with the NKG2-ligand in patients with metastatic solid tumors demon-
strated strong lysis of colorectal cancer cells, with no adverse events of
grade > 3 observed in any of the three patients (W. Wang et al., 2024b).
These results are consistent with the lower risks of CRS, ICANS, and
graft-versus-host disease (GvHD) associated with CAR-NK cells,
although the reasons are not yet fully understood (Dagher and Posey,
2023; E. Liu et al., 2020a; Maalej et al., 2023). However, this factor
may be related to the limited number of completed clinical trials
compared to CAR-T (Dagher and Posey, 2023). For CAR-M, their anti-
tumor activity is based on phagocytosis, cytokine secretion, reprog-
ramming of the TME, and antigen presentation, positioning them as both
direct effector and immunomodulatory platforms within solid tumors
(Reiss et al., 2025). A key advantage lies in their intrinsic myeloid
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plasticity and adaptability: CAR-M can be derived from multiple cellular
sources, adopt a pro-inflammatory M1-like phenotype, and exhibit
enhanced tumor infiltration capacity, partly mediated by endogenous
matrix metalloproteinases that facilitate extracellular matrix remodel-
ing and penetration into dense tumor stroma (N. Li et al., 2024b; Maalej
et al., 2023). These features enable CAR-M to address major limitations
observed in CAR-T and CAR-NK therapies within immunosuppressive
and structurally restrictive TMEs. Beyond direct cytotoxicity, CAR-M
function as dynamic immunological amplifiers by enhancing antigen
presentation and promoting secondary activation of adaptive immune
compartments, particularly CD8™ T cells, thereby potentially converting
“cold” tumors into inflamed microenvironments (J. Li et al., 2024a).
However, these benefits are counterbalanced by significant translational
challenges, including the requirement for stable M1 polarization, tech-
nical barriers in efficient CAR transduction in primary macrophages, and
the intrinsic risk of excessive cytokine release, given that macrophages
are central mediators of cytokine storm syndromes (N. Li et al., 2024b;
Maalej et al., 2023). Early clinical evidence from a phase I trial using
anti-HER2 CAR-M (CT-0508) demonstrated a favorable safety profile,
with no > grade 3 CRS or ICANS, while also confirming in vivo traf-
ficking, TME remodeling and secondary expansion of CD8" T cells,
supporting the concept of CAR-M as both effect and immune reprog-
ramming agents in solid tumor immunotherapy (Reiss et al., 2025).

4.1.4. Multimodal methods: enhancing cancer immunotherapy

Strategies to strengthen the capacity of therapeutic nanovaccines to
elicit a robust immune repertoire against tumor antigens, and to
enhance CAR-T cell recognition of their targets, are essential for
improving therapeutic efficacy. However, a significant challenge lies not
only in the ability to identify cells expressing the target antigen but also
in the tumor's ability to suppress the immune response that would lead
to its destruction. In this regard, clinical trials have shown better results
when nanovaccines are used in combination with checkpoint inhibitors,
which block the immune tolerance pathways utilized by the tumor,
compared to monotherapy (Lei et al., 2020; Sahin et al., 2020). Simi-
larly, the combination of CAR-T therapies with immune checkpoint in-
hibitors or tyrosine kinase inhibitors (TKIs) also yields significant
clinical benefits (Ali and DiPersio, 2024). These results underscore the
critical importance of targeting immune evasion mechanisms to enhance
the efficacy of these therapies, emphasizing the value of multimodal
methods. Beyond immune tolerance pathways, other aspects of the
tumor microenvironment, such as immunosuppression, hypoxia,
abnormal extracellular matrix, among others, pose significant chal-
lenges and require more sophisticated therapeutic strategies (Chao and
Liu, 2023; Gong et al., 2024b; Zhong et al., 2023).

In addition to the use of monoclonal antibodies, nanotechnology has
enabled the development of extensive literature based on nanoparticles
targeted actively or passively to tumors, providing technologies that
utilize the EPR effect, target molecules, or homotypic recognition to
guide drugs and biomolecules in resensitizing resistant neoplastic niches
(Gong et al., 2021; Guido et al., 2020; Raju et al., 2022). To overcome
immunosuppression, nanocarriers can be designed to promote cell
phenotypes favorable to therapy, such as the repolarization of TAMs
from the M2 to the M1 subtype, and the disruption of tolerance path-
ways, such as PDL-1 knockdown through the delivery of siRNA (J. Li
et al., 2020b). In response to hypoxia, nanoparticles can be designed
for the delivery of hypoxia-activated prodrugs, enhancing selective cell
death in low-oxygen environments such as the TME (Wang et al., 2017).
Conversely, nanocarriers can be used to transport oxygen to this envi-
ronment, as demonstrated by the application of artificial red blood cells
NPs (Gao et al., 2017), counteracting various hypoxia-associated resis-
tance mechanisms, including the activation of MDSCs and Tregs, as well
as the upregulation of VEGF, TGF-p, and PDL-1 transcription in both
immune and tumor cells (Wu et al., 2022). Furthermore, to impair blood
supply and induce ischemic necrosis in the tumor, the vascular disrup-
tion can be achieved through the delivery of disruptive agents and
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antiangiogenic drugs via nanocarriers, as demonstrated by the applica-
tion of platelet-membrane-coated nanoparticles to selectively target
tumor vasculature, blocking nutrient supply and contributing to tumor
eradication (Li et al., 2021). In tumor extracellular matrix, nanocarriers
can deliver proteases such as collagenase and hyaluronidase to degrade
its components, enhancing immune cell infiltration into the tumor
microenvironment. However, it is important to note that the diffusion
efficiency of nanoparticles within the tumor is itself influenced by the
properties of the ECM. (He et al., 2023; Li et al., 2022).

Oncolytic virotherapy (OV) is another therapeutic strategy that
shows potential for a synergistic effect, enhancing the cytotoxic activity
of CAR-T cells and boosting immune activation in nanovaccines (Rezaei
et al., 2022; Ylosmaki and Cerullo, 2020). This strategy employs natu-
rally occurring or genetically engineered viruses that selectively repli-
cate within cancer cells, inducing cellular lysis and immunogenic cell
death. This process releases TAAs, TSAs, damage-associated molecular
patterns (DAMPs), and pathogen-associated molecular patterns
(PAMPs), facilitating tumor antigen presentation and immune cell
activation, thereby enhancing the anti-tumor immune response
(Ylosmaki and Cerullo, 2020). In cancer nanovaccines, OVs have been
utilized as immunomodulatory agents for in situ vaccination, leveraging
these characteristics and their ability to counteract the immunosup-
pressive TME by inducing local inflammation (Gong et al., 2024a).
Moreover, utilizing the viral genome to encode tumor antigens, cos-
timulatory signals, and cytokines has also emerged as a strategy to
enhance T cell priming and pro-inflammatory functions in the anti-
cancer immune response, representing a promising technology for
combination immunotherapy. (Cheng et al., 2024; Rezaei et al., 2022;
Ylosmaki and Cerullo, 2020). The changes in cytokine and chemokine
expression profiles induced by OVs infection within the tumor also
transform the tumor microenvironment into a more favorable environ-
ment for immune cell infiltration, benefiting both nanovaccines and
CAR-T cell therapy. Furthermore, these gene expression alterations can
promote the expansion and persistence of CAR-T cells, resulting in a
more effective combined therapeutic response (Rezaei et al., 2022). A
Phase I clinical trial will investigate the combined antitumor activity of a
genetically modified human adenovirus (CAdVEC), designed to encode
immunomodulatory molecules, and HER2-specific CAR-T cells in pa-
tients with HER24 breast cancer (Makawita et al., 2024). Preclinical
evidence supports the translational rationale of combining oncolytic
adenoviral platforms with CAR-T cell therapy to overcome key barriers
in solid tumors, particularly poor trafficking, limited persistence, and an
immunosuppressive tumor microenvironment. For example, in murine
models of kidney, prostate, and pancreatic cancer, local viral priming
prior to CAR-T administration resulted in marked tumor regression and
durable protection against tumor rechallenge, indicating the establish-
ment of long-term antitumor immune memory (Fang et al., 2023).
Tumor-localized immune conditioning strategies, such as oncolytic vi-
ruses, can reprogram the suppressive tumor microenvironment into a
more permissive niche for CAR-T cell expansion and effector function,
thereby potentially extending the efficacy of adoptive cell therapies to
otherwise resistant solid tumor settings.

As previously discussed, vaccines have also been explored to enhance
CAR-T cell therapy efficacy. This strategy can involve vaccines encoding
tumor-specific antigens to stimulate the immune system to recognize
and attack tumor cells, or vaccines designed to directly enhance CAR-T
cells function, boosting their activity and persistence (Y.-R. Li et al.,
2025a). A phase I clinical trial using a vaccine based on DCs targeting
tumor antigens EPS8 or WT1 was applied as a booster to CD19 CAR-T
cells in patients with refractory or relapsed acute B-cell lymphoma. An
increase in the proliferation of modified cells and memory T cells was
observed, with CAR-T cells peaking at 7 days and a median persistence
of 336 days after infusion. All 8 treated patients achieved a complete
response, with a median disease-free survival of 489 days. These find-
ings in hematological malignancies underscore the potential of vaccine-
augmented CAR-T strategies to improve cellular persistence and clinical
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efficacy, supporting further exploration of multimodal immunothera-
peutic approaches, particularly in the more challenging context of solid
tumors (Y.-R. Liet al., 2025a; Tu et al., 2023). Although the latter studies
were not based on nanovaccine platforms, the underlying immunolog-
ical principle was directly translatable to nanoparticle-based vaccines,
whose nanomaterial versatility and tunable physicochemical properties
expand their functional scope, enabling both vaccines encoding tumor-
specific antigens and formulations designed to enhance CAR-T cell
function.

The integration of CAR-T cell therapy and therapeutic cancer vac-
cines with conventional modalities such as chemotherapy and radio-
therapy has emerged as a more feasible multimodal framework for near-
term clinical translation. In the CAR-T context, lymphodepleting
chemotherapy regimens such as cyclophosphamide and fludarabine
enhance T cell expansion and persistence by reducing regulatory T cells
and myeloid-derived suppressor cells, while simultaneously establishing
a cytokine-rich niche that supports CAR-T engraftment. Beyond lym-
phodepletion, both chemotherapy and radiotherapy remodel the tumor
microenvironment by increasing antigen availability through immuno-
genic cell death, upregulating stress and antigen presentation pathways,
and promoting chemokine-driven immune infiltration, thereby
improving CAR-T trafficking, tumor recognition, and intratumoral ac-
tivity (Khaliulin et al., 2024). A parallel, convergent synergy is observed
in therapeutic cancer vaccines, where radiotherapy functions as a potent
immune primer by upregulating MHC molecules, Fas (CD95), ICAM-1,
and tumor-associated antigens, significantly amplifying vaccine-driven
immune recruitment (Q. Li et al., 2023a). Similarly, chemotherapy,
particularly carboplatin/paclitaxel-based regimens, reduces immuno-
suppressive myeloid populations, thereby relieving tumor-induced im-
mune inhibition and enabling robust type 1 T cell responses following
vaccination. Clinically, this multimodal synergy has translated into
meaningful tumor regressions and survival benefits, as demonstrated in
HPV16-associated cancers treated with ISA101 vaccination combined
with chemotherapy, where enhanced immune responses correlated with
improved clinical outcomes (Melief et al., 2020).

It is worth noting that, despite the great potential of these combi-
nation methods to amplify the immunological response against cancer,
the expected synergistic effects are not guaranteed. This underscores the
need for a thorough analysis of the actual occurrence of synergistic ef-
fects between these and other methods to optimize therapeutic out-
comes and avoid unnecessary interventions that could increase costs or
toxicity without providing significant benefits.

4.2. Clinical translation and precision immunotherapy allocation

4.2.1. Safety considerations

Overall, safety issues are simpler for nanovaccines compared to CAR-
T therapy. The side effects of nanovaccines, such as fever, chills,
weakness, dizziness, nausea, fatigue, muscle aches, and changes in blood
pressure, are generally mild and manageable, often treatable with
common medications (Sahin et al., 2020). However, it is worth noting
that severe side effects have been documented. For example, three pa-
tients treated with BioNTech's BNT116 for advanced non-small cell lung
cancer (NSCLC) experienced grade 3 cytokine release syndrome, grade 3
bronchospasm, and grade 3 pyrexia (Oven et al., 2024). These data
contrast with the generally mild to moderate adverse events reported for
another vaccine (BNT111) developed using the same platform, as well as
with the overall safety profile typically observed for therapeutic nano-
vaccines. In contrast, CAR-T therapy is known for its serious and
potentially fatal complications, which requires medical monitoring for
two weeks after infusion and the administration of medications under
supervision, such as monoclonal antibodies and corticosteroids (Liu,
2024; Mitra et al., 2023). Some of these medications can have ambig-
uous effects, mitigating some risks while increasing others. For example,
the use of high doses of corticosteroids to minimize CRS and ICANS
increases the patient's susceptibility to infections due to their
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immunosuppressive effect. Another safety factor is that the lymphode-
pleting chemotherapy preceding CAR-T cell therapy is associated with
an increased risk of secondary malignancies, particularly myeloid neo-
plasms, although this risk is also related to prior treatments to which
CAR-T-eligible patients have been exposed (Cordas dos Santos et al.,
2024). Beyond chemotherapy, CAR-T cells themselves are still being
investigated to determine whether they contribute to secondary cancers
(Levine et al., 2024). A recent meta-analysis demonstrated that the
primary cause of non-relapse deaths in patients treated with CAR-T
therapy is infections (50.9%), while CRS/ICANS together account for
11.5%, and secondary malignancies 7.8%. A noteworthy finding of this
study is that 53.4% of infection-related deaths were attributed to
COVID-19, an expected outcome given that many of the included studies
were conducted between 2020 and 2023. Nonetheless, the data under-
score the ongoing significance of infectious complications following
CAR-T cell therapy (Cordas dos Santos et al., 2024). These divergent
safety profiles arise from fundamental differences in immune engage-
ment between the two platforms. Nanovaccines predominantly exploit
physiological antigen processing and endogenous priming, leading to
spatially and temporally regulated immune activation that remains
constrained by host immune checkpoints and homeostatic feedback
mechanisms. In contrast, CAR-T cells are ex vivo-engineered to
circumvent conventional antigen presentation and regulatory control,
enabling rapid and often supraphysiological activation upon antigen
recognition, which underlies systemic cytokine release and neurotox-
icity. These intrinsic differences have direct implications for patient
stratification, dosing paradigms, and the rational design of immuno-
therapies aimed at optimizing efficacy while minimizing risk.

The use of viral vectors, primarily retroviruses and lentiviruses, as
the main method for introducing CAR constructs in CAR-T cell therapy
raises important safety concerns (105). This approach presents several
limitations and risks, including restricted cargo capacity, the potential
for insertional mutagenesis, generation of replication-competent vi-
ruses, activation of oncogenes (more commonly associated with gam-
maretroviral vectors), and inactivation of tumor suppressor genes
(especially in lentiviral vectors) (Moretti et al., 2022; J. Zhang et al.,
2022a). However, despite the risks, the susceptibility of T cells to
these transformations has been considered low, even in cases of onco-
gene insertions and destruction of tumor suppressor genes (Moretti
et al.,, 2022; Shah et al., 2019). For example, a recent study analyzing
783 patients treated with viral vector-transduced T cell therapies
concluded that none of the 18 cases of secondary malignancies identified
were associated with insertional mutagenesis, corroborating previous
findings (Hamilton et al., 2024; Jadlowsky et al., 2025). Nevertheless,
several non-viral strategies for CAR generation have been reported in
the literature, including mRNA, plasmid DNA, CRISPR-Cas9, and
transposon-based systems, which can be delivered through various
methods such as electroporation or nanoparticle-based delivery
(Lussana et al., 2025; Moretti et al., 2022; J. Zhang et al., 2022a). A
clinical trial demonstrated the safety and efficacy of CAR-T development
using CRISPR-Cas9-based genetic editing in patients with relapsed or
refractory B-cell non-Hodgkin lymphoma, representing an important
step toward simplifying the manufacturing process, reducing costs, and
enabling large-scale production (J. Zhang et al., 2022a). More recently,
mimetic lipid nanoparticles capable of simultaneously activating human
T cells and transfecting them with CAR mRNA in a single step have been
developed and evaluated in murine xenograft models, demonstrating
their potential for the rapid generation of non-viral CAR-T cells
(Metzloff et al., 2024). The shift toward non-viral platforms reflects an
effort to decouple this technology from viral vectors, which present
significant challenges in terms of both cost and safety. Transient
expression systems, such as mRNA-based delivery, reduce the risk of
insertional mutagenesis while enabling tighter temporal control over
CAR expression, which may mitigate prolonged toxicity but can also
limit persistence. In contrast, genome-editing approaches, such as
CRISPR-Cas9, allow targeted integration into defined genomic loci,
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improving transcriptional stability and reducing positional effects
associated with random insertion. Transposon-based systems offer an
intermediate strategy, combining stable integration with lower
manufacturing complexity and cost. These strategies provide a versatile
toolbox for CAR incorporation that extends beyond the limitations of
viral vector systems, addressing key concerns related to manufacturing
complexity, cost, and safety. However, these strategies also intersect
with a critical challenge: the in vivo persistence and duration of CAR
expression within patient-derived T cells, particularly in contexts where
the target antigen is not strictly tumor-exclusive. This limitation is
exemplified by CD19-directed CAR-T therapies, in which a subset of
patients develops sustained B-cell aplasia due to prolonged targeting of
normal B-cell compartments (Gabelli et al., 2024; Johnson et al., 2023).
In this regard, transient expression systems, such as mRNA-based de-
livery, can reduce risks associated with permanent genomic integration
and prolonged antigen engagement, although they may necessitate
repeated dosing to maintain therapeutic efficacy (Raes et al., 2021).
Conversely, stable integration strategies enable durable CAR expression
and long-term immune surveillance but may increase the risk of off-
tumor toxicities. Therefore, the selection of gene delivery modality
must be guided not only by vector engineering constraints, but also by a
deliberate alignment between CAR expression kinetics and the intended
temporal profile of antitumor immune pressure in vivo.

4.2.2. Simplifying cancer therapy

The complexity of the manufacturing process, which is directly
linked to the final cost of the therapeutic products, is significantly higher
for CAR-T cell therapy than for nanovaccines. Manufacturing costs for
personalized cancer vaccines, among the most expensive vaccine plat-
forms, have been reported to exceed $100,000 per patient, highlighting
the economic challenges associated with individualized production
(Magoola and Niazi, 2025). However, this remains substantially lower
than CAR-T cell therapy, for which acquisition costs are typically around
$400,000 per treatment (Cliff et al., 2023), despite considerable vari-
ability across products and manufacturing settings, with total costs
increasing substantially when hospital care and toxicity management
are included. These costs are associated with the complexity of the CAR-
T therapy process, which involves the collection of T cells via apheresis,
ex vivo manipulation, genetic modification using viral vectors, patient
conditioning with lymphodepleting chemotherapy, and the intravenous
infusion of modified cells. Each of these steps demands stringent con-
trols and specialized care to ensure the therapy's success and patient
safety, resulting in the need for specialized infrastructure and skilled
workforce (Xin et al., 2022). In this scenario, a line of research attracting
attention from biotechnology companies is the generation of CARs in
vivo (Waldron, 2025). This strategy simplifies the therapeutic process,
reduces costs, potentially to around $5000 per dose, minimizes the
toxicity associated with CRS and ICANS, and does not require lympho-
depletion, thereby preserving the patient's immune system and avoiding
associated risks (Mullard, 2024; Xin et al., 2022). Various delivery sys-
tems have been explored for this application, including polymeric and
lipid-based nanoparticles, and viral systems (Adams et al., 2023;
Andorko et al., 2023). Nanoparticles, in particular, have been designed
for targeting delivery of genetic material, such as synthetic DNA or
mRNA, to T cells in the patient's body, either permanently or transiently
editing T cell populations to induce CAR expression. While achieving
specific delivery can be challenging, transducing other cell types does
not always pose a problem and may contribute to antitumor activity
(Agarwal et al., 2019). Instead of presenting several advantages, new
challenges emerge, such as the pre-existing and acquired immunity
against nanoparticles, e.g., anti-PEG antibodies, or viral vectors, which
negatively impact the efficiency of cell modification and, consequently,
therapeutic efficacy, especially in re-dosing regimens. Moreover, the
functional equivalence between in vivo-generated CAR-T cells and their
ex vivo counterparts has, to date, been demonstrated solely through
preclinical proof-of-concept studies, underscoring the need for more
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extensive research and clinical validation (Y.-R. Li et al., 2025b). In vivo
CAR-T generation technologies are currently in advanced stages of
preclinical development and early clinical trials. Myeloid Therapeutics,
with its LNP/mRNA-based candidates for in vivo immune cell pro-
gramming across multiple cell types, including myeloid cells, natural
killer cells, and T cells, is conducting two Phase I clinical trials aimed at
advanced or metastatic epithelial tumors and advanced hepatocellular
carcinoma (NCT05969041, NCT06478693). Capstan reported preclini-
cal data describing a patented LNP-based system that achieves efficient
cell-targeted delivery, resulting in higher CAR expression and deeper B-
cell depletion at lower doses (Hunter et al., 2025; Karmali and Tanis,
2023). In parallel, EsoBiotec has advanced a lentiviral vector platform
for in vivo CAR-T induction. In a small Phase I clinical trial, two patients
achieved a complete response, while the other two showed partial re-
sponses, with reductions in tumor lesions and cancer cell burden. Three
out of four patients developed grade 3 CRS, and one developed grade 1
CRS. Additionally, the patient with the highest tumor burden experi-
enced grade 1 ICANS (Xu et al., 2025). The potential of this strategy, as
well as conventional ex vivo manufacturing, is also being explored
beyond oncology, particularly in autoimmune diseases. Many autoim-
mune disorders are driven by autoreactive B cells (and, in some cases, T
cells), which contribute to pathology through autoantibody production,
pro-inflammatory cytokine secretion, and antigen presentation against
self-tissues. In this context, both in vivo and ex vivo T cell engineering
strategies are emerging as promising therapeutic alternatives for con-
ditions such as multiple sclerosis, systemic lupus erythematosus, and
lupus nephritis, as well as other B cell-mediated diseases (Y.-R. Li et al.,
2024c).

4.2.3. Balancing personalization and accessibility

Currently, all FDA-approved CAR-T therapies are autologous, which
prevents their “off-the-shelf” commercialization. The development of
allogeneic CAR-T cells has been gaining attention for various advan-
tages, such as reducing the time and cost for treatment availability,
potential standardization, immediate availability of cryopreserved
batches, re-dosing, and the combination of CAR-T cells targeting
different antigens (Depil et al., 2020). Moreover, allogeneic products
may overcome impairments in the adaptive immune system commonly
observed in pretreated patients with chemotherapy or those with un-
derlying comorbidities, which can adversely affect the quality and
functionality of autologous cell products. However, two major chal-
lenges in this field are the risks of GVHD and the rapid elimination of the
cells by the recipient's immune system (Castelli et al., 2022). To mitigate
these limitations, HLA-compatible donors can be selected, or alterna-
tively, donor-derived T cells can be genetically engineered to eliminate
endogenous TCR and HLA expression, thereby reducing the risk of MHC
mismatch-related complications (Morgan et al., 2020). A recent trial
created an allogenic anti-CD19 CAR-T, named TyU109, to treat refractory
systemic lupus erythematosus by CRISPR/Cas9 disrupt of TRAC, HLA-A,
HLA—B, CIITA as well as PD-1. TyU1l9 cells demonstrated robust
expansion and persistence for more than two months, with only mild
(grade 1) cytokine release syndrome observed, suggesting that the
applied genetic modifications were effective in preventing immune-
mediated rejection of allogeneic CAR-T cells (Yang et al., 2025). These
engineering strategies aim to decouple CAR-T cell function from
endogenous alloreactive signaling pathways that drive graft-versus-host
disease and host-versus-graft rejection. Disruption of the TCR complex
(e.g., TRAC knockout) prevents recognition of host HLA molecules,
thereby mitigating alloreactivity toward healthy tissues, while deletion
of HLA class I and II regulators (such as HLA-A, HLA—B, and CIITA)
reduces antigen presentation that would otherwise trigger rapid im-
mune clearance by recipient T cells. In parallel, modulation of inhibitory
checkpoints such as PD-1 may further enhance persistence by sustaining
effector signaling in inflammatory environments. These edits rewire
both recognition and signaling axes, enabling allogeneic CAR-T cells to
evade immune surveillance while maintaining cytotoxic functionality.
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The favorable expansion and limited toxicity observed with TyU19
further support the feasibility of simultaneously engineering immune
evasion and functional durability in allogeneic platforms. CAR-NK cells
have also emerged as an alternative due to their intrinsically lower risk
of inducing graft-versus-host disease, even in HLA-incompatible settings
(W. Wang et al., 2024b). This advantage is attributed to their MHC-
unrestricted cytotoxicity and the absence of a clonotypic TCR, which
reduces alloreactive responses. In addition, CAR-NK cells can be
generated from multiple sources, including immortalized NK cell lines,
peripheral blood-derived NK cells, umbilical cord blood, or differenti-
ated from pluripotent stem cells, enabling the development of poten-
tially standardized “off-the-shelf” products with scalable manufacturing
workflows (Wrona et al., 2021). However, compared with allogeneic
CAR-T platforms, CAR-NK cells still face important translational limi-
tations, including lower and less stable CAR transduction efficiency,
inter-donor and inter-source variability in cytotoxic potency, and chal-
lenges in achieving sufficient in vivo expansion and persistence to sus-
tain durable antitumor responses (Maalej et al., 2023).

In the context of nanovaccines, challenges similar to those observed
in autologous cell therapies emerge, including the need for standardized
collection and labeling procedures, harmonized platforms and pro-
tocols, and optimized response times. Among these challenges, the dif-
ference in response time for delivering immunotherapy to the patient is
notable when comparing nanovaccines and CAR-T. Currently, the
typical vein-to-vein time for CAR-T is between 3 and 4 weeks, whereas
autogene cevumeran (BNT122) has demonstrated a response time of 9
weeks (Rojas et al., 2023b; Wayne Bequette, 2026). Although this dif-
ference is expected due to the different stages of maturity of the tech-
nologies, it represents a significant challenge to be overcome. To
develop a personalized nanovaccine, biopsy, genetic sequencing, and
robust machine learning models are required to determine a sufficient
number of immunogenic neoantigens (Sahin and Tiireci, 2018). Conse-
quently, this strategy is limited in tumors that cannot be biopsied,
although advances in liquid biopsy techniques, such as analyzing
circulating tumor DNA (ctDNA), provide potential avenues for over-
coming this limitation (Li and Sun, 2024). Therefore, in cases where
biopsies aren't feasible, fixed-antigen nanovaccines may be a more
appropriate choice. In melanoma cases, for example, a fixed-antigen
nanovaccine, BioNTech's BNT111, is applied to unresectable or meta-
static melanoma, while a personalized nanovaccine, Moderna's V940, is
used in patients after resection. The fixed-antigen nanovaccines provide
an immediately deployable option, particularly in advanced or unre-
sectable disease where rapid intervention is required. Conversely,
personalized platforms are better positioned in settings with available
tumor material and lower disease burden, such as post-resection, where
there is sufficient time for vaccine design and where targeting patient-
specific neoantigens may enhance precision and reduce off-target ef-
fects. Together, these complementary strategies enable a more flexible
and context-dependent therapeutic framework, expanding clinical
applicability across distinct disease stages and tumor settings.

4.2.4. Barriers to clinical translation

In CAR-T cell therapy, several important translational challenges
remain, despite the current CAR-T landscape, with seven approved
products and numerous ongoing clinical trials, exemplifying how coor-
dinated efforts in research, development, and technological innovation
can mitigate such limitations. These challenges include the requirement
for ex vivo processing of biological material, transportation to special-
ized centers with adequate infrastructure and skilled personnel, the use
of viral vectors, and lengthy cell expansion processes. Innovations and
research aimed at tackling some of these challenges have been addressed
in previous sections. A key aspect that has gained increasing attention
involves the advantages and disadvantages of centralized versus
decentralized manufacturing, particularly in the context of overcoming
logistical, cost-related, and time hurdles. Centralized manufacturing
offers greater control over processes and products, ensuring higher
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production compliance and scalability, which facilitates regulatory
oversight. However, it requires a robust logistical network for distribu-
tion and often results in a longer vein-to-vein time. Conversely, decen-
tralized manufacturing mitigates distribution-related risks, as cells are
processed closer to the patient receiving the therapy (Shah et al., 2023).
This can significantly reduce the vein-to-vein time, which may reach 7
days (Castella et al., 2020). However, this model requires an efficient
logistical infrastructure to ensure the continuous supply of reagents,
vectors, and other essential materials in compliance with Good
Manufacturing Practices (GMPs). Additionally, strict inventory control
and seamless workflow integration within the institution are crucial.
Another key point is that, as manufacturing centers expand, additional
challenges in quality control arise, particularly concerning product
standardization across batches and sites for regulatory validation.

In the field of nanovaccines, there remain biological, technological,
and regulatory barriers, many of which are shared with other nano-
medicines. A key biological factor is the need for a deeper understanding
of the interactions between nanocarriers and biological fluids and
components. These interactions are complex and directly linked to the
characteristics of the nanoparticle, such as nanomaterial, size, charge,
and surface chemistry, and are also subject to variability in the patient's
health profile. In addition, there is a growing need for the development
of more representative and predictive preclinical models, such as orga-
noids and organ-on-a-chip systems, that can better simulate human
biology and help bridge the gap between preclinical and clinical study
outcomes, reducing the risk of failures in clinical trials. Another
important aspect is the standardization of characterization protocols and
manufacturing processes, which ensures consistency in the preparation
and quality control of nanovaccines. This can be achieved through the
implementation of autonomous production systems and the use of
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artificial intelligence for synthesis optimization and real-time quality
monitoring. This standardization is closely linked to the challenge of
scale-up, which must be conducted in compliance with GMPs to ensure
minimal variability and maintain the quality standards achieved in
small-scale production. Finally, the international harmonization of
regulatory standards is essential to facilitate the global approval of
nanovaccines. Different regulatory bodies across countries have varying
guidelines and requirements, and achieving alignment in these stan-
dards is critical for accelerating the development and accessibility of
these innovative therapies on a global scale (Zaccariotto et al., 2025). As
a result, alignment and collaboration across academia, clinical practice,
biotech and pharmaceutical industry, and regulatory agencies, coupled
with the knowledge gained during the COVID-19 pandemic in the large-
scale production of nano-based vaccines, can contribute to overcoming
these hurdles.

5. Clinical decision-making insights for CAR-T cells and cancer
nanovaccines

The preceding discussion highlights the distinct yet complementary
mechanisms of CAR-T cell therapy and cancer nanovaccines, as well as
their respective limitations across different tumor contexts. Building on
these considerations, this section proposes clinical decision-making in-
sights to guide the rational selection of each modality in specific patient
and tumor settings. Rather than a strictly binary choice, the framework
emphasizes the growing potential for combinatorial strategies that
integrate both approaches to enhance therapeutic efficacy and dura-
bility of response. The translational and therapeutic implications of
these platforms, including patient stratification, biomarker-guided
strategies, and rational multimodal combinations, are further
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Fig. 3. Clinical decision insights integrating CAR-T cells and cancer nanovaccines.
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synthesized in Fig. 3.

Advances in spatial genomics and high-resolution microscopy are
enabling increasingly individualized characterization of the tumor
microenvironment, providing a foundation for biomarker-driven patient
stratification in both CAR-T cell therapy and cancer nanovaccines (Lan
et al., 2025). In this context, tumor biopsies or surgical specimens
initially obtained for genomic sequencing in the setting of personalized
therapies can be further interrogated for immune landscape features
that predict responsiveness to preconditioning strategies and innate
immune stimulation. This supports the development of companion
diagnostic tools to identify patients most likely to benefit from TME-
modulating approaches that enhance vaccine-induced T cell immu-
nity, as well as CAR-T cell infiltration and sustained cytotoxic activity.
The identification of markers defining immunosuppressive myeloid
states, such as TREM2, as well as soluble or stromal factors like GDF-15,
enables precise targeting of macrophage-dominated niches (Baharom
et al., 2025). In parallel, FAP (Fibroblast Activation Protein) can be
evaluated to identify fibroblast-enriched niches that contribute to des-
moplasia, while FoxP3 expression serves as a key indicator for niches
with a high occurrence of Tregs, both of which represent distinct targets
for TME-reprogramming therapies (Lee and Al-Ogaili, 2025; Meyiah and
Elkord, 2024).

However, a robust stratification must also account for biophysical
barriers, such as interstitial fluid pressure and collagen density, which
can physically impede the infiltration of nanovaccines-induced T cells
and CAR-T cells regardless of the immune signaling profile. Further-
more, the success of vaccine-based priming is critically dependent on the
functional integrity of the patient's lymphatic system; in cases of
extensive lymphadenectomy or radiation-induced nodal damage, the ex
vivo activation inherent to CAR-T platforms may offer a decisive
advantage over the nodal-dependent mechanism of nanovaccines
Beyond initial patient selection, the clinical translation of these tech-
nologies is further challenged by temporal plasticity, whereby tumor
cells undergo dynamic and overlapping phenotypic and functional ad-
aptations in response to therapeutic pressure, leading to continuous
remodeling of tumor behavior and immune interactions during treat-
ment (Shi et al., 2023). Therefore, static snapshots from baseline bi-
opsies may lose predictive value over time, and integrating longitudinal
monitoring, potentially through liquid biopsies, is essential to track
clonal evolution and immune escape in real time. Although such ap-
proaches require higher monitoring costs and increased analytical
complexity, they may reduce overall expenditures by preventing the use
of ineffective or mismatched high-cost interventions, including person-
alized immunotherapies, thereby improving both clinical efficiency and
resource allocation.

Furthermore, the practical implementation of this precision para-
digm requires standardization of complex and high-dimensional data-
sets, as the massive volume of information generated by spatial omics
necessitates harmonized Al-driven analytical pipelines to ensure repro-
ducibility across different clinical centers. This scenario must be
balanced against cost-effectiveness and logistical feasibility, becoming
progressively more viable as technological optimization drives re-
ductions in sequencing and computational costs, thereby ensuring that
these multidimensional assessments do not become prohibitive bottle-
necks in public health systems. Finally, refined clinical response metrics
are required, as conventional RECIST criteria often fail to capture
delayed or immune-mediated response patterns. In this context,
immune-related response criteria (irRC) represent an increasingly
adopted alternative, as they account for immune cell infiltration and
treatment-associated inflammation, key determinants of efficacy in
immunotherapy settings (Xu et al., 2026). Minimal residual disease
(MRD) assessment further complements cross-sectional imaging by
overcoming the intrinsic limitations of imaging-based approaches,
enabling the detection of subclinical tumor burden and supporting
strategies aimed at long-term immune surveillance of residual malignant
cells, such as nanovaccines.
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In addition, antigen-specific T cell expansion profiles provide critical
functional readouts of the elicited immune response. However, beyond
mere numerical expansion, these profiles must be integrated with deep
phenotypic characterization to distinguish between terminal exhaustion
and the induction of stem-like or central memory states, which are more
predictive of durable clinical benefit. These assessments offer mecha-
nistic insight into treatment efficacy and inform clinical decision-
making, particularly in non-responder settings. These approaches are
more mechanistically aligned with contemporary immunotherapeutic
interventions, as they integrate spatial, molecular, and functional di-
mensions of antitumor immunity. The successful implementation of this
multidimensional framework now hinges on the global standardization
of analytical thresholds and the harmonization of “omics-based” diag-
nostic pipelines, ensuring that these interconnected biomarkers can be
reliably translated into routine clinical practice. Collectively, these
biomarkers support a paradigm in which patients are stratified not only
for monotherapies but for rational multimodal combinations tailored to
the evolving immunological and structural state of the TME.

Tumors with low MHC class I expression could, in principle, be
considered more directly amenable to CAR-T cell therapies than to
vaccine-based approaches, given that CAR-mediated recognition is in-
dependent of MHC-restricted antigen presentation. However, this tumor
phenotype frequently coexists with additional immune evasion mecha-
nisms, including antigenic heterogeneity, dysregulation of inflammatory
signaling pathways, and an immunosuppressive tumor microenviron-
ment, all of which may compromise CAR-T cell efficacy, particularly in
solid tumors. Within the context of cancer nanovaccines, clinical
applicability in MHC-I-low tumors may become increasingly feasible as
preconditioning strategies evolve toward partial restoration of the MHC-
I-CD8" T cell axis, alongside the development of broader immune-
activating formulations that engage dendritic cells, CD4" T cells, NK
cells, and other immune populations whose functions may contribute to
antitumor activity beyond this canonical pathway. This functional
expansion of the immune response may enhance overall tumor immu-
nogenicity and alleviate barriers associated with impaired antigen pre-
sentation. Importantly, emerging evidence supports a more integrated
and combinatorial therapeutic selection framework, rather than a
strictly dichotomous classification between platforms. In this context,
vaccine formulations may serve as immunological preconditioning tools
by reprogramming the tumor microenvironment into a more inflamed
and functionally competent antigen-presentation landscape, thereby
enhancing intratumoral immune infiltration and effector activity
(Andersen, 2026; Gupta et al., 2026). Consequently, this may establish a
more permissive context for CAR-T cell function, potentially enhancing
therapeutic efficacy in tumors characterized by pronounced immuno-
suppressive complexity and low MHC class I expression. The success of
this sequential therapeutic approach depends on a precisely optimized
kinetic window in which inflammatory priming appropriately precedes
CAR-T cell infusion. Although vaccine-induced modulation of the tumor
microenvironment may enhance antigen presentation, immune infil-
tration, and effector activity, excessive or poorly timed immune acti-
vation can paradoxically promote T-cell dysfunction and premature
exhaustion of infiltrating CAR-T cells. In particular, sustained or dys-
regulated inflammatory signaling, including chronic interferon pathway
activation, may impair long-term cellular fitness and persistence.

In the search for combinatorial strategies integrating tumor micro-
environment conditioning with CAR-T therapy, distinct vaccine-based
approaches have emerged as particularly relevant. Among them, in
situ vaccination, based on the localized delivery of immunomodulatory
agents, enhances antigen presentation and activates resident antigen-
presenting cells, thereby establishing a pro-inflammatory niche that
facilitates CAR-T cell trafficking, infiltration, and effector function. In
parallel, vaccine formulations targeting immunosuppressive compo-
nents of the TME, including IDO, PD-L1, ARG1, and TGF-f, further
extend this paradigm by reprogramming stromal and myeloid com-
partments and preconditioning the tumor milieu for improved CAR-T
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cell activity (Andersen, 2026). The clinical implementation of such
modular strategies must account for tumor plasticity, as compensatory
immunosuppressive pathways may emerge following selective targeting
of individual inhibitory axes. From a translational perspective, localized
administration may offer the advantage of enhanced modulation of the
tumor microenvironment with reduced systemic toxicity and improved
local immune activation; however, the feasibility of treating multifocal
metastatic disease remains a significant logistical challenge for intra-
tumoral delivery strategies. Therefore, this framework of TME condi-
tioning should evolve toward a precision medicine approach supported
by predictive biomarkers capable of stratifying patients according to
baseline immune contexture.

For recurrent malignancies, particularly those characterized by high
mutational burden and pronounced intratumoral heterogeneity, the
choice between CAR-T cell therapy and cancer nanovaccines may be
more appropriately framed as a trade-off between engineering depth,
antigenic breadth, and translational scalability. While CAR-T platforms
are progressively evolving toward enhanced persistence and memory-
like phenotypes, their therapeutic durability in recurrent disease re-
mains constrained by a fundamental limitation in antigen targeting
scope, which is typically restricted to one or a few predefined surface
antigens. Expanding this specificity to multi-target configurations is
feasible but introduces additional layers of engineering complexity,
manufacturing burden, and cost escalation. In contrast, nanovaccine
approaches inherently accommodate multi-antigen targeting, including
patient-specific neoantigen repertoires, enabling broader immune sur-
veillance across heterogeneous tumor subclones and thereby potentially
reducing the likelihood of immune escape and disease recurrence. In
addition, peptide optimization strategies leveraging broad HLA-binding
profiles may further enhance vaccine performance by mitigating
immunodominance and increasing population-level antigen presenta-
tion breadth (Peer et al., 2026). Moreover, vaccine-induced immune
activation is well recognized to promote endogenous T cell priming and
the establishment of long-lived immunological memory, enabling
broader and more diversified long-term immune surveillance with
reduced engineering complexity compared to ex vivo-engineered
cellular therapies. Although both strategies can support immunological
memory, nanovaccines may therefore provide a more adaptable and
potentially more scalable framework for early- to intermediate-term
intervention in heterogeneous recurrent disease settings. Nevertheless,
the optimal clinical strategy is context-dependent, integrating tumor
biology, antigen architecture, and expected time-to-response. In this
framework, CAR-T therapies may remain particularly suited for rapid
cytoreduction in antigen-defined contexts, whereas nanovaccines may
provide broader immunological coverage and longer-term immune
surveillance, especially in tumors where antigenic evolution and
recurrence are dominant clinical challenges.

In summary, these clinical insights suggest that the optimization of
protocols involving CAR-T cells and nanovaccines must move beyond
traditional fixed regimens toward a biology-driven and adaptive
approach. Rather than viewing these technologies as competing plat-
forms, clinical protocols should prioritize their sequential or integrated
application based on the evolving structural and immunological state of
the TME. The use of spatial omics and longitudinal biomarkers offers a
critical guide for this orchestration, allowing clinicians to identify spe-
cific windows of opportunity, such as utilizing nanovaccines for TME
reprogramming and antigenic broadening before the infusion of CAR-T
cells to ensure maximal infiltration and persistence. Ultimately, the
successful implementation of such protocols in routine practice relies on
the clinical community's ability to standardize high-dimensional data-
sets and adopt response metrics that accurately reflect the mechanistic
complexity of contemporary immunotherapy, thereby transforming
these technological insights into actionable and survival-extending
strategies.
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6. Conclusion and perspectives

CAR-T cell therapy and cancer nanovaccines present distinct yet
complementary advantages that position them as strategic pillars in
next-generation cancer immunotherapy. CAR-T cells demonstrate clear
strengths in tumors with low MHC expression, where impaired antigen
presentation limits T cell priming and function, a feature associated with
poor responses to vaccination. Additionally, the engineering of T cells
allows precise functional modulation to overcome the immunosup-
pressive tumor microenvironment, whereas in nanovaccines this effect
generally relies on multimodal therapeutic interventions. Furthermore,
the execution of critical steps such as T cell activation and expansion
under controlled laboratory conditions reduces variability associated
with patient immune status compared to vaccination approaches. CAR-T
therapies also enable highly specific targeting of defined tumor antigens,
supporting potent and immediate cytotoxic responses, whereas nano-
vaccines may be constrained by the low immunogenicity of selected
antigens and by immunodominance. Although both autologous CAR-T
therapies and personalized vaccines face logistical and manufacturing
challenges, CAR-T platforms currently exhibit greater technological
maturity, higher standardization, and significantly reduced production
timelines. In contrast, cancer nanovaccines offer a superior safety pro-
file, with adverse effects that are generally manageable through less
intensive clinical interventions, unlike CAR-T-associated toxicities that
often require specialized medical management, even in emerging in vivo
CAR-T generation approaches. From an economic perspective, nano-
vaccines benefit from the industrial infrastructure established during the
COVID-19 pandemic, particularly for mRNA-lipid nanoparticle plat-
forms, enabling lower production costs and greater scalability. In
contrast, reducing the cost of CAR-T therapies still depends on advances
in in vivo generation technologies or the broader decentralization of
manufacturing. Furthermore, nanovaccines facilitate multi-target anti-
gen delivery more readily, which is particularly advantageous in the
context of tumor heterogeneity and may reduce the likelihood of im-
mune escape. This broader antigenic coverage, combined with the
engagement of multiple immune pathways, contributes to a higher po-
tential for inducing long-term immunological memory, which is critical
for preventing tumor recurrence and sustaining durable antitumor im-
munity. Their off-the-shelf production is inherently simpler than CAR-T
approaches, which require complex genetic engineering to prevent
adverse effects such as graft-versus-host disease, as well as the estab-
lishment of donor networks and healthy donor banks. The future di-
rections for both immunotherapeutic strategies are outlined above,
emphasizing the need for continued innovation to enhance efficacy,
safety, and accessibility. Fig. 4 illustrates key future directions in CAR-T
cell therapy and cancer nanovaccines.

A central requirement for large-scale implementation is the reduc-
tion of costs alongside the expansion of patient access and availability.
In CAR-T cell therapy, this will be addressed through the optimization of
manufacturing workflows, including automation and the integration of
closed and digitally controlled systems to reduce labor intensity,
improve scalability, and minimize process variability. The adoption of
non-viral gene delivery approaches and the decentralization of
manufacturing will further reduce costs and logistical complexity. In
parallel, in vivo CAR-T generation strategies represent a significant shift
by eliminating several steps inherent to ex vivo production, with direct
implications for per-dose cost and availability. At the same time, the
availability of ex vivo products will continue to improve through the
optimization of production steps, such as reduced expansion time and
the simultaneous activation and transduction of cells, while the devel-
opment of allogeneic products will support faster and more accessible
treatment delivery. For nanovaccines and nanomedicines, although
initial production costs remain higher than those of conventional ther-
apies, their potential to improve therapeutic efficiency and reduce long-
term healthcare burden will support a favorable cost-effectiveness pro-
file. Their clinical translation requires advances in scalable
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manufacturing and strict adherence to GMP standards to ensure repro-
ducibility and product consistency. In this context, automation and Al-
assisted biomanufacturing will play an important role in optimizing
synthesis parameters, enabling real-time quality control, and reducing
variability. Improvements in platform standardization and workflow
optimization will be essential to reduce response times and enhance the
reproducibility of personalized nanovaccines, while the development of
off-the-shelf formulations with broad applicability across multiple can-
cer types open new possibilities for universal cancer vaccines (Qdaisat
et al., 2025).

In addition to manufacturing constraints, inefficiencies in the
translational pipeline remain a major limitation. The limited predictive
value of conventional preclinical models continue to contribute to high
attrition rates during clinical development. The integration of more
physiologically relevant platforms, including organoids, organ-on-a-
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chip systems, in silico approaches, and multi-omics datasets, will offer
opportunities to reduce development costs and unnecessary patient
involvement while increasing the likelihood of clinical success. Patient
stratification also represents another key determinant of therapeutic
efficacy and precision. In CAR-T therapy, the identification of genetic
features associated with T cell functionality at the time of apheresis may
enable early discrimination between responders and non-responders,
improving clinical decision-making and resource allocation. Similarly,
in nanovaccine development, stratification based on tumor genetic and
epigenetic profiles will support the selection of more appropriate ther-
apeutic strategies and facilitate the identification of biomarkers of
response and resistance. Advancing precision in immunotherapy will
also require the integration of individual biological variables, including
sex, age, immune status, and tumor characteristics. Sex-specific differ-
ences in immune regulation will continue to influence both cellular



G. de Camargo Zaccariotto and V. Zucolotto

therapies and vaccination outcomes, affecting T cell responses, cytokine
profiles, and susceptibility to exhaustion (Sharma et al., 2025). These
differences have implications for CAR-T design, toxicity management,
and vaccine formulation. In addition, approaches targeting age-related
immune decline, such as strategies aimed at restoring thymic function
(Friedrich et al.,, 2026), will represent emerging opportunities to
improve therapeutic responses in aging populations. Beyond patient-
specific factors, precision will also depend on aligning therapeutic
design with the intended clinical application, and future vaccine stra-
tegies are therefore expected to diverge toward functionally specialized
formulations, with preventive vaccines promoting durable memory T
cell responses and therapeutic vaccines inducing potent cytotoxic ac-
tivity against established tumors.

Overcoming the challenges associated with solid tumors and
achieving durable responses remain central objectives for both plat-
forms. In CAR-T therapy, strategies aimed at expanding antigen recog-
nition, such as multi-target constructs, will be critical to address tumor
heterogeneity and antigen escape. Enhancing persistence and resistance
to immunosuppression in CAR-T cells will be achieved through further
engineering strategies, as well as exploring alternative effector cell
populations, which will further broaden therapeutic potential. In par-
allel, nanovaccines will benefit from combinatorial approaches that
integrate complementary therapies and modulate the tumor microen-
vironment, enhancing antigen presentation and immune cell infiltra-
tion. Preconditioning strategies aim to restore the MHC class I-CD8" T
cell axis and the incorporation of innate immune stimulators will further
improve responsiveness in resistant tumor settings. In parallel, peptide
optimization strategies leveraging broad HLA-binding profiles may help
overcome immunodominance-related constraints, thereby enhancing
the breadth of vaccine-induced T cell responses. The expansion or se-
lective engagement of T cell subsets with superior persistence represents
a central determinant of durable efficacy in both ex vivo and in vivo
CAR-T strategies, while in nanovaccines, the induction of memory T
cells with stem-like properties offers a promising avenue to sustain long-
term immunity and reduce tumor recurrence, given that the durability of
antitumor responses is closely associated with the generation and
maintenance of long-lived T cell populations.

Nanotechnology underpin many of these advances, functioning as
both a delivery platform and an enabling technology. Progress in
nanoparticle design, supported by machine learning and large experi-
mental datasets, will enable more precise control over targeting, bio-
distribution, and therapeutic performance. The development of novel
nanomaterials and the optimization of physicochemical properties and
administration routes will remain critical to overcoming key delivery
challenges. RNA-based technologies will continue to represent a central
component of both nanovaccine and CAR-T-related strategies.
Continued optimization of RNA design, including alternative RNA for-
mats, will be essential to improve stability, translational efficiency, and
therapeutic durability. Sustained investment and support for these
technologies will remain important for their continued advancement
and clinical translation. Finally, regulatory considerations play a deci-
sive role in shaping the future of these therapies. While CAR-T cell
therapies have reached a higher level of regulatory maturity, the rapid
development of nanotechnology- and RNA-based platforms will intro-
duce new challenges. The convergence between nanomedicine and
gene-modified cell therapies, particularly in the context of in vivo ap-
proaches, will require clear and harmonized regulatory frameworks
capable of accommodating these emerging technologies.

Overall, while both CAR-T cell therapy and nanovaccine platforms
continue to evolve independently, one of the most promising directions
lies in convergent strategies that integrate their complementary
strengths rather than the isolated optimization of each modality.
Multimodal therapy has long demonstrated clinical benefit through the
combination of conventional approaches such as surgery, radiotherapy,
and chemotherapy in cancer treatment. Similarly, multimodal immu-
notherapy, including combinations of immune checkpoint inhibitors
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with cancer vaccines, has shown increasing clinical activity across
several malignancies, and this paradigm is now expanding toward more
sophisticated combinations involving CAR-T cells and nanovaccines.
Among these emerging approaches, nanovaccine formulations designed
for tumor microenvironment reprogramming in immunologically
excluded tumors and for long-term immune surveillance in residual
disease settings appear particularly synergistic with the enhanced
cytotoxic and antigen-specific activity of CAR-T cells. Furthermore, in
vivo CAR-T engineering may further amplify this therapeutic synergy by
simplifying CAR-T manufacturing workflows and reducing production-
associated costs, thereby improving the economic feasibility and trans-
lational accessibility of multimodal strategies involving mRNA nano-
vaccine platforms, while simultaneously broadening their potential
clinical applications. Moreover, broader combinatorial frameworks
integrating immunotherapies with conventional and targeted modalities
may further expand the spectrum of tumor resistance mechanisms that
can be therapeutically addressed. Ultimately, progress toward this
integrative frontier will require a transition from static treatment pro-
tocols to adaptive precision immuno-oncology frameworks capable of
responding to the spatial and temporal heterogeneity of malignant dis-
ease. The success of these multidimensional strategies will depend not
only on the synergistic potential of the therapeutic platforms them-
selves, but also on the rigorous integration of spatial, molecular, and
functional biomarkers to guide patient stratification and therapeutic
timing in real time. Collectively, the evidence discussed in this review
supports the view that the rational integration of CAR-T technologies
and nanovaccine platforms is no longer a speculative concept, but rather
an emerging translational axis with the potential to redefine the next
generation of multimodal cancer immunotherapy.
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