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Abstract: Cancer is a complex disease that, despite advances in treatment and the greater understanding
of the tumor biology until today, continues to be a prevalent and lethal disease. Chemotherapy,
radiotherapy, and surgery are the conventional treatments, which have increased the survival for
cancer patients. However, the complexity of this disease together with the persistent problems due
to tumor progression and recurrence, drug resistance, or side effects of therapy make it necessary to
explore new strategies that address the challenges to obtain a positive response. One important point is
that tumor cells can interact with the microenvironment, promoting proliferation, dissemination, and
immune evasion. Therefore, immunotherapy has emerged as a novel therapy based on the modulation
of the immune system for combating cancer, as reflected in the promising results both in preclinical
studies and clinical trials obtained. In order to enhance the immune response, the combination of
immunotherapy with nanoparticles has been conducted, improving the access of immune cells to
the tumor, antigen presentation, as well as the induction of persistent immune responses. Therefore,
nanomedicine holds an enormous potential to enhance the efficacy of cancer immunotherapy. Here,
we review the most recent advances in specific molecular and cellular immunotherapy and in nano-
immunotherapy against cancer in the light of the latest published preclinical studies and clinical trials.

Keywords: cancer; immunotherapy; nanomedicine; clinical trials

1. Introduction

Cancer is a multifaceted disease characterized by intricate cellular alterations and
diverse molecular profiles, posing a significant challenge for effective treatment [1]. Car-
cinogenesis is a multistep process whereby the maintenance of cell proliferation, resistance
of cell death, genomic instability, invasion, and angiogenesis are changes that occur in
tumor cells triggered by genetic and epigenetic mechanisms [2,3]. Additionally, the interac-
tion of tumor cells with the immune system and adjacent stroma allows the creation of a
permissive environment supporting the tumor growth, invasion and metastasis, drug resis-
tance, and immune evasion [1]. Therefore, providing an effective treatment is complicated
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given the complexity of this disease. Conventional treatments for cancer patients include
chemotherapy (CT), surgery, and/or radiotherapy (RT) [4]. CT is being used as a first-line
therapy for therapeutic purposes. Moreover, it is used to avoid tumor cells proliferation
after surgery or radiotherapy or to reduce tumor size before surgery. The strategy and
regimen for treatment depends on the type and the stage of cancer, significantly influencing
patient survival outcomes. However, there are certain limitations such as the systemic
toxicity, side effects, tumor recurrence, and resistance to treatment [5]. In order to address
and overcome these challenges, new therapeutic treatments have emerged based on the
better understanding of cancer pathogenesis.

Since the immunity is altered or blocked by tumor cells in most tumors, immunother-
apy (IT) emerged as a promising alternative to cancer therapy, particularly regarding
immune checkpoint inhibitors in treating solid tumors, which have improved survival
and induced long-term survival and long-term durable remission [6]. Over the past years,
the benefits of IT in cancer treatment have been demonstrated. However, although IT has
advantages over conventional treatment [7,8], it still has some limitations. For example,
efficacy, safety, or response rates are not satisfactory [9,10]; some IT agents have a very
low solubility, poor stability, and short half-lives [11], and the delivery of immune agents
through a tumor-permissive environment is not as effective as expected [12]. One strategy
to overcome these problems is the use of nanoparticles (NPs). Thus, the combination of IT
and nanomedicine, called nano-immunotherapy, can be employed as an efficient delivery
system of immune agents while allowing the reduction in toxicity and the increase in
solubility, stability, and half-lives of the agents.

2. Immunotherapy: A Strategy to Enhance Anticancer Efficacy

The primary function of the immune system is to safeguard the organism against
foreign and/or malignant own cells. In this sense, in 1950, Burnet M. and Thomas L.
proposed “The Immune Surveillance Theory of Cancer”, which established that the immune
system recognizes and destroys clones of transformed cells before they develop into tumors
and kill tumors after they have been formed [13]. However, some transformed cells
are able to evade immune defense mechanisms, allowing them to proliferate and form
a tumor [14]. Although the immune responses are ineffective, these can be stimulated
with treatments to destroy tumors, employing, for example, tumor antigens to induce
a specific adaptive immune response. This immune reaction can prevent or limit the
growth and spread of tumors, because tumors are known to trigger immune responses in
their hosts. This innovative treatment modality is known as immunotherapy. Currently,
immunotherapy is a growing field in which scientific evidence indicates that clinically
important immune responses are related to T cells, which, after being activated by antigen
presenting cells (APCs), such as dendritic cells (DCs), can specifically target the tumor
microenvironment (TME). Among the advantages of IT over traditional antitumor therapy,
there is the possibility of individualized treatment with minimal side effects and the
prolongation of progression-free survival and overall survival [15,16]. Figure 1 illustrates
various strategies employed in cancer treatment, including adoptive cell therapy, chimeric
antigen receptor (CAR)-T cell therapy, and the inhibition of immune checkpoints.
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Figure 1. Therapeutic strategies involving T cells to treat cancer. First box: adoptive T cell and
chimeric-antigen receptor T cell therapies, which do not need the use of drugs. Second box: immune
checkpoint blockade, which requires the use of drugs.

2.1. Cellular Immunotherapy for Tumors

The identification of novel tumor antigens and methods of genetic modification of T
lymphocytes to be selective against these antigens paved the way for a specific IT against
tumors. This allows the differentiation between IT with non-genetically modified T cells or
with genetically modified T cells [15].

2.1.1. Immunotherapy with Non-Genetically Modified T Cells

The main method employed with tumor infiltrating lymphocytes (TILs) is an adoptive
cell therapy, which consists of extracting lymphocytes from the tumor place and culture
them in vitro while adding different stimuli, such as IL-2, and finally infusing them in
the same patient (autologous treatment) [17]. This easy method is an effective therapy
option, because these specific cells are able to recognize various tumor antigens rather
than a single antigen [18] with a 40–50% response in patients with melanoma [19,20]. This
method could be relevant in tumors where the presence of TILs has been established as
a strong predictor of a favorable prognosis [21]. Currently, the practical perspective of
TILs in different cancer types is promising for the use of monoclonal antibodies, such as
antiprogrammed cell death (PD)-1 and anti-CD137 in the selection of T cells in TIL cultures
with CD3+, helper, and cytotoxic T cell (CD4+ and CD8+ cells, respectively) as different
fractions of TILs represented in the TME [22]. Moreover, this method can be improved
with a rapid standardized expansion protocol [23] and the use of different co-stimulatory
signaling pathways (e.g., TNF-R, 4–1BB, and CD-137) to improve CD8+ effector-memory T
cells expansion [24,25].

The treatment of TILs can be enhanced with other co-stimulatory molecules, such
as IL-2 (previously mentioned), which has demonstrated superior relapse-free survival
time [22,26–28]. Deninger et al., in a pilot study, showed interesting results with the v-raf
murine sarcoma viral oncogene homolog B1 (best known as BRAF) inhibitor combination,
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where they observed that seven out of thirty-five patients had an objective therapeutic
response, and two of them had a sustaining response that lasted up to three years in
metastatic melanoma [29] or with anticytotoxic T lymphocyte-associated molecule-4 (CTLA-
4) drug ipilimumab in high-risk, locally/regionally advanced melanoma [30]. However, the
inhibition of the downstream mitogen-activated extracellular signal-regulated kinase (MEK)
blocked T cells, reducing the expectations [31,32]. Currently, researchers are exploring the
co-stimulation of TILs with anti-PD-1 to prevent T cell exhaustion [33], but clinical trials
were based only on the use of anti-PD-1, pembrolizumab, which ended up causing intense
infiltration of TILs naturally [34]. In this line, recent clinical trials with TILs are currently
being carried out with promising results in breast cancer (BC) [35], lung cancer [36], and
ovarian cancer [21].

Another method is the use of endogenous T cells, which consists of isolating antigen-
specific T cells from peripheral blood [37]. This approach boasts several advantages over the
aforementioned method. Endogenous T cells are more readily accessible and require lower
doses of interleukin (IL)-2, are not limited to the tumor site, and present less exhaustion
and less cytotoxicity [38–42]. This method presents the complexity of isolating antigen-
specific cells because very few cells are obtained, in addition to the need for producing
more immunogenic targets. For this reason, APCs are necessary, such as DCs. DCs may be
modified to express the desired antigens [43–45]. Heterologous DCs to the patient can be
used, such as the K562 cell line [46], but the most used are autologous DCs [40,47]. Using
peptide-major histocompatibility complex (MHC) tetramers or quantitative assessments
of a specific region of the T cell receptor (TCR, also known as CDR3) that recognizes
the MHC/epitope of interest can increase the frequency of tumor-reactive cells [48]. Co-
stimulation of T cells with IL-21 resulted in a ten-fold increase in the frequency of tumor-
associated antigen (TAA)-specific CD8 T cells [49]. Moreover, the depletion of CD25
promoted a remarkable 100- to 300-fold increase in the number of TAA-specific T cells [50].
Although previously it was virtually impossible to isolate New York esophageal squamous
cell carcinoma 1 (NY-ESO-1)-specific T cells from seronegative donors, it is now feasible
to isolate such cells from both cancer patients and healthy donors [51]. The effects of
NY-ESO-1-specific redirected T cells are currently been studied in clinical trials, but in this
case, they are genetically modified to target these intracellular antigens [52].

2.1.2. Immunotherapy with Genetically Modified T Cells

The objective of this method is to redirect the antigen specificity of T cells by stable
genome integration or transient RNA electroporation using viral (retroviral or lentiviral
transduction) or non-viral (transposon/transposase system) approaches [53–55]. Currently,
there are two different systems:

(a) T cell receptor (TCR): Through genetic engineering, a population of T cells with
high expression of TCR specific for TAA has been created. These T cells promote the
antitumor response and allow the expression of TCR variants with higher affinity for tumor
recognition [56,57]. The first trials were performed by TCRs modified with melanoma-
associated antigen recognized by T cells (MART-1) from TILs of patients with malignant
melanoma. In these trials, a lower response (~13%) has been verified compared with thera-
pies with TILs, but it could be used in patients with poor responses to TILs treatments as
previously suggested [58]. Nevertheless, the most appropriate antigen seems to be NY-ESO-
1 according to the accumulation of more than 36 different clinical therapies with response
data of 61% to 50% in synovial sarcoma and melanoma patients [59,60]. Phase I/II trials
investigating NY-ESO-1/LAGE-1 TCR-engineered T cells in advanced multiple myeloma
following autologous stem cell transplantation resulted in an 80% clinical response rate.
Thus, T cells were safe, trafficked to the marrow, and demonstrated prolonged persistence
associated with clinical activity [61]. More recently, there have been other clinical trials
with this type of genetically modified cells [52].

However, it has been described that these antitumor responses induced by other
TCR variants showed toxicity in patients. These effects were observed when directing
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TCRs towards testicular cancer antigens, such as the melanoma antigen gene (MAGE)
family, which presented serious neurotoxicity problems in three of eight patients treated
with TCR MAGE-A3/A9 [62] and cardiac toxicity due to treatment with TCR MAGE-
A1 [63,64]. These effects were caused by cross-reactivity that could be prevented with
peptide homology prediction models.

(b) Chimeric antigen receptors (CAR-T): CAR-T cells are T cells modified ex vivo to
express a chimeric receptor with an antigen receptor containing a single-chain variable
fragment (scFv) and an intracellular TCR signaling domain. The scFv is the target tumor cell-
directed recognition domain. The intracellular domain of CAR contains several components
with CD3-ζ (first generation) [65] in addition to a co-stimulatory domain such as CD28 or
41bb (second generation) or both (third generation) [66]. Fourth-generation CAR-T cells
are known as armored CAR-T cells that co-express key cytokines to improve the efficacy
and suicide genes for the safety of CAR-T therapy [67–69]. Particularly, recognition of
CAR-T target cells does not require human leukocyte antigen presentation. For this reason,
autologous T cells from cancer patients are isolated and genetically modified to express
CAR, redirecting the T cells specificity to TAA. Thus, adoptively transferred CAR-T cells
are equipped to induce and maintain remissions through a synergy of antibody-based
target cell recognition and effector and memory function of T cells. Thus, there are receptor
synthetics that allow T cells to identify TAA independently of MHCs and to identify
non-peptide antigens, thus preventing tumor escapes through low MHC expression [70].
These results represent a substantial improvement compared to conventional therapies that
produce a complete and durable response rate.

The most advanced CAR therapies are those directed at B cell malignancies. These
treatments are tisagenlecleucel and axicabtagene ciloleucel. Tisagenlecleucel is a CAR made
up of a murine anti-CD19 single-chain antibody fragment fused with intracellular signaling
domains of 4-1BB (CD137) and CD3ζ. The CD3ζ component is critical for initiating T cell
activation and antitumor activity, while 4-1BB enhances the expansion and persistence of
tisagenlecleucel. Axicabtagene ciloleucel is also made up of an anti-CD19 and CD3ζ but
with a co-stimulatory CD28 domain. Both treatments produced a reprogramming of the T
cells of patients with a transgene that encodes a CAR to identify and eliminate cells that
express CD19 [71–73].

There are other CAR treatments for other types of liquid tumors, such as natural killer
group 2D (NKG2D) ligand-targeting therapies for acute myeloid leukemia, since NKG2D
ligands are widely expressed in many malignancies and preclinical experiments with the
respective CAR constructs showed promising results [74,75]. Additionally, treatments
against different ligands are also showing some promising results, such as C-type lectin-
like molecule 1 (CLL-1) [76], FMS-like tyrosine kinase 3 (FLT3) [77–79], CD33 [80,81] or
CD123 [82,83]. However, these treatments may promote a variety of complications, such as
the cytokine release syndrome, the most common adverse effects of CAR T cell therapy are
high fever, low blood pressure, and hypoxia, with or without toxicity in multiple organs,
including cardiovascular, gastrointestinal, respiratory, renal, hematological, and nervous
systems. The trigger for this condition is the activation of T cells in the interaction of their
TCRs or CARs with cognate antigens expressed by the tumor cell [84]. Other complications
detected are neurological events or myelosuppression [85].

In general, the main positive results of these therapies have been found in liquid
tumors, and the great challenge of these treatments is against solid tumors. There are
many reasons why CARs do not function properly in solid tumors, such as defective
transfer of these cells to the tumor site, poor grafting, and expansion of CAR cells [86]. This
may be improved with co-expression of the C-C motif chemokine receptor (CCR)2b [87]
and the hostile microenvironment of the tumor [88]. The latter seems to be the most
decisive for solid tumors due to its ability to generate immunosuppression driven by
necrosis, lack of nutrients, hypoxia [89], depletion of T cells through PD-1 [90], and other
immunosuppressants agents, such as transforming growth factor (TGF)-β and IL-10 [89].
Some research groups have shown clear improvements in the efficiency of these treatments
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with CAR cells co-stimulated with anti-PD-1, as shown in glioblastoma with a CAR-T
anti-EGFRvIII therapy [89].

Currently, treatments with CAR-T cells are in the experimental phase with different ap-
proaches. In this line, image-guided insertion of these T cells is being tested in patients with
pleural malignancies [91] or in combination with the anti-PD-1 agent pembrolizumab [92].
Even though, in this type of tumor, the search of an adequate, specific TAA that directs the
immune reaction towards the tumor cells and causes minimal damage to healthy cells is
very complex, unlike what occurs in hematological neoplasms with CD19, and the solution
of this problem will be in the numerous clinical trials with such different approaches [93].

3. Nanomedicine in Cancer

Nanomedicine, defined as the use of nanotechnology for diagnosis, monitoring, con-
trol, prevention, and treatment of diseases [94], has been exploited in the last decades to
overcome limitations of traditional chemotherapeutic agents. Among the major drawbacks
of CT that limit its clinical significance in cancer treatment is the lack of drug-specific affinity
for cancer cells. As a result, it is necessary to administer the chemotherapeutic agent in
large quantities to achieve a therapeutic concentration in the tumor, leading to non-specific
toxicities and adverse side effects. Additional critical issues include low bioavailability,
poor water solubility, uncontrolled release, and difficulty of drugs to cross biological bar-
riers [95,96]. To overcome these challenges, nanomedicine strives to minimize anticancer
drug degradation and inactivation upon administration, prevent undesirable side effects
due to high doses, and increase delivery of the active drug into cancer cells.

The design of drug delivery systems for cancer treatment must consider a number of
challenges that these nanomedicines must overcome in order for the treatment to be effec-
tive. Once in circulation, nanomedicines can be recognized by the cells of the mononuclear
phagocyte system and cleared from circulation. At the next level, they must successfully
extravasate from the circulation to reach the tumor, navigating the tumor microenviron-
ment (TME) characterized by a dense interstitial matrix, low pH, low oxygenation, and
high interstitial fluid pressure. Lastly, since most anticancer drugs target the cytoplasm
or specific cell organelles, it is essential for these nanomedicines to efficiently cross the
plasma membrane through various mechanisms [97]. Advances in nanotechnology enable
the design of multifunctional nanomedicines with the necessary attributes to overcome
both biological and pathological barriers.

3.1. Nanocarriers for Cancer Treatment

Nanotechnology-based delivery systems utilize nanocarriers for drug transportation,
which are macromolecular assemblies with a submicron particle size, typically less than
500 nm, capable of incorporating the therapeutic agent through encapsulation or covalent
linkage to the carrier surface [96,98]. Due to their small size, nanocarriers possess a high
surface-to-volume ratio that makes them have a high drug loading capacity [95]. Over the
last years, the nanocarriers that have been more extensively used range from 10 to 100 nm
diameter, since that size range reduces renal clearance. Nanocarriers larger than 100 nm
in size greatly change their biodistribution and pharmacokinetic properties, and they are
cleared by the reticuloendothelial system.

Various types of nanocarriers are under investigation for cancer treatment, acknowl-
edging that their composition, size, shape, and surface properties can modify the phys-
iochemical properties of the nanocarrier [96,98]. They can be synthesized from various
organic, inorganic, or biological material and can be classified into several groups based
on the components used for synthesis or the structural aspects of the nanocarrier. Each
of these groups have numerous advantages and disadvantages regarding drug loading
capacity, stability, and delivery [99].
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3.1.1. Inorganic Materials

Inorganic materials have been used to synthesize nanocarriers such as gold NPs and
nanorods, silver nanostructures, iron oxide NPs, mesoporous silica-based NPs, carbon-
based nanomaterials, and quantum dots. The unique physical, magnetic, electrical, and
optical properties of inorganic nanocarriers make them highly valuable for diagnostics and
imaging applications. For example, gold (AU) NPs have been used to label primary human
T cells in order to track them and study the fate of immune cells in cancer immunotherapy,
specifically in melanoma [100]. However, the low solubility and potential toxicity of
inorganic materials limit their use in clinical practice. Another challenge that limits the use
of inorganic nanocarriers in cancer drug delivery systems is that, if they are not modified,
the drug must be bound onto the surface of the nanocarrier. Thus, the therapeutic agent
is not protected from degradation during transport, and their impact on untargeted cells
cannot be avoided [96].

3.1.2. Organic Materials

Organic materials used to design nanocarriers include natural and synthetic polymers,
most of them biodegradable and biocompatible. Commonly employed natural polymers
include proteins such as human serum albumin, lipids, and polysaccharides like chitosan,
that are being used to form NPs and liposomes. Undoubtedly, lipid-based nanocarriers,
particularly liposomes, are the most widely used cancer drug delivery systems, due to
their simple formulation and properties such as biocompatibility, bioavailability, self-
assembly, and high drug loading capacity. Additionally, liposomes have the capacity to
accommodate hydrophilic agents in their aqueous core and hydrophobic drugs in the
lipid bilayer. For these reasons, a majority of Food and Drug Administration (FDA)-
approved nanomedicines are lipid-based nanocarriers [99,101]. For instance, Doxil (a
pegylated liposomal NP of doxorubicin) was the first NP approved by the FDA for ovarian
cancer, acquired immune deficiency syndrome-related Kaposi’s sarcoma, and multiple
myeloma [102]. This nano-formulation acts against tumor cells and induces an antitumor
immune response by eliminating myeloid-derived suppressor cells (MDSCs) and enhancing
the efficacy of adoptive T cell transfer in BC [103].

In recent decades, polymeric nanoparticles have gained great attention due to several
promising features they show as cancer drug delivery systems. They can be synthesized
from natural or synthetic material, and based on their composition and structural orga-
nization, they form a wide variety of nanostructures, such as polymersomes, micelles, or
dendrimers [99,104]. Polymeric NPs present high loading capacity, stability, and controlled
release profile. In addition, their surface can be easily modified for additional targeting.
Although showing promising characteristics for cancer drug delivery, potential toxicity of
polymer NPs and particle aggregation also raises serious safety concerns [101,104].

3.1.3. Biological Materials

In recent years, interest has increased in nanocarriers made of biological materials,
obtained directly from a biological source, or synthesized to mimic nanostructures of bi-
ological origin. Extracellular vesicles, including microvesicles and exosomes; virosomes,
liposome-like structures with special glycoproteins that allow improved targeting; bacterial
minicells and bacterial vesicles; and virus-like particles, are being tested for the deliv-
ery of anticancer drugs [96,105,106]. An exosomal doxorubicin (Exo-Dox) has been used
against cancer cells. Exo-Dox inhibited the growth of the Michigan Cancer Foundation
(commonly known as MCF)-7 BC cells in vitro and in vivo [107]; and Exo-Dox also in-
creased the efficacy of doxorubicin alone in breast and ovarian cancer mouse tumors [108].
Furthermore, exosomes loaded with α-galactosylceramide and ovalbumin activated the
adaptive immunity (NK, CD8+ T cells or gamma-delta T cells) in order to inhibit tumor
growth [109].
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3.2. Targeting Strategies

Anticancer drug-loaded nanocarriers must overcome several barriers before reaching
tumor cells. In addition to that, the accumulation of anticancer drug-loaded nanocarriers in
the tumor is necessary to obtain the desired therapeutic effect. Several strategies have been
developed to overcome both physiological and pathological barriers, including passive
and active targeting [110,111], as shown in Figure 2.
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Figure 2. Targeting strategies to treat cancer in nanomedicine. Once in circulation, drug-containing
nanoparticles go through the blood vessels to target tumor cells in a passive manner (left), following
the enhanced permeability and retention effect, or in an active manner (right), in which nanoparticles
have previously acquired specific targeting ligands to interact with tumor cells.

3.2.1. Passive Targeting for Cancer Treatment

Drug targeting strives for selective and effective localization of the active drug at the
specific target organ, tissue, or cell where a specific pharmacological impact is required
while restricting its access to untargeted normal cells, thus minimizing toxic effects. The
main mechanism of tumor targeting of anticancer nanomedicines is based on the Enhanced
Permeability and Retention (EPR) effect, first described by Matsumura and Maeda in
1986 [112] as a passive yet powerful targeting strategy. They showed that tumor tissues had
defective blood vessels with aberrant branching and large openings between endothelial
cells of around 400 nm due to their rapid proliferation and decreased number of pericytes.
This unique characteristic helps macromolecules, such as nanocarriers, easily move into
tumor tissues after crossing the endothelium barrier. Furthermore, solid tumors have a
poor lymphatic drainage system, leading to extended retention times of nanocarriers in the
tumor extracellular matrix.
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Although the EPR effect has allowed the successful development of some anticancer
nanomedicines with a passive tumor-targeting mechanism [99], many well-designed drug
delivery systems fail when tested in patients. Over the last years, the role of the EPR
effect has been investigated, focusing on the influence of the TME, heterogeneity of human
tumors, and differences between animal models and actual patients [104,113,114]. These
factors may contribute to the observed limited penetration of nanomedicines in human
tumors, highlighting the need for further refinement of passive targeting strategies.

3.2.2. Active Targeting for Cancer Treatment

To improve the efficacy of tumor targeting, the most extensive approach has been to
functionalize the nanocarrier’s surface with a targeting ligand, a molecule with a great
affinity to highly expressed receptors on cancer cells, providing a more significant accu-
mulation of nanocarriers in the tumor [96,98,104]. Many active targeting ligands are being
tested for cancer therapy, including low molecular-weight ligands such as glucose, folate, or
transferrin, antibodies and their fragments, aptamers, peptides, polysaccharides, or nucleic
acids [95,101]. It is well known that many epithelial cancers overexpress folate receptors,
hyaluronic acid receptors, or transferrin receptors, therefore they are the target of effective
CT. Unfortunately, some of these receptors are also expressed in healthy tissues, limiting
the therapeutic efficacy [95].

As mentioned earlier, most anticancer drugs exert their effect inside the cell, thus it is
essential to design nanocarriers capable of crossing the plasma membrane. Active targeting
of nanocarriers is a promising approach since binding of the targeting ligand to its cell
membrane receptor may induce endocytosis [98].

A different approach to active targeting is to use nanocarriers targeted to the vascu-
lature or microenvironment instead of tumor cells. For instance, targeting moieties on
the vascular wall, including vascular endothelial growth factors (VEGFs), vascular cell
adhesion molecules (VCAMs), matrix metalloproteases (MMPs), and αvβ3 integrins, leads
to destruction of endothelial cells of tumor vessels. Consequently, blockage of oxygen and
nutrients supply leads to the death of tumor cells [115]. Active targeting is still evolving, but
its potential to revolutionize cancer treatment is undeniable. By precisely delivering drugs
to the right place at the right time, we can maximize therapeutic impact while minimizing
collateral damage. The future of cancer therapy is looking brighter, one targeted ligand at
a time.

3.2.3. Smart Nanomedicines

An ideal cancer drug delivery system should have the ability to not only target cancer
cells specifically but also control drug release so that it only occurs once it reaches the tumor.
Controlled drug release leads to a higher therapeutic index and minimizes undesired side
effects [97]. In that regard, researchers have developed in recent years stimuli-responsive
nanomedicines, capable of site-specific release of the anticancer drug into the tumor.

The TME has a lower pH than normal tissue, due to the high rate of glycolysis in
tumor cells. Some nanomaterials behave differently at different pH, a beneficial feature that
can be used to develop pH-sensitive nanomedicines. For instance, Liao et al. developed a
doxorubicin-loaded carrier of hyaluronic acid using hydrazone linkages that can be cleaved
in an acidic environment, showing enhanced release of doxorubicin into the tumor [116,117].
The reducing environment of cancer cells can also be used for the development of redox-
responsive nanomedicines. For example, Bansal and co-workers conjugated doxorubicin
on hydroxyl-terminated polymer (mPEG-b-PJL-OH), which exhibited high efficacy and
low cytotoxicity owing to its redox-responsive disulfide bond [118].

Additional common stimuli responses such as photo, heat, magnetic field, or en-
dogenous stimuli such as some enzymes in cancer cells can be used to design smart
nanomedicines capable of triggering drug release as required [96,119].

Despite well-designed cancer nanomedicines, several studies have shown that the
amount of NPs capable of penetrating a solid tumor is not sufficient for the treatment to



Int. J. Mol. Sci. 2024, 25, 1195 10 of 23

be effective [120,121]. To deal with this crucial issue, several researchers have developed
strategies to degrade collagen using different agents [122–125].

It is worth noting that significant progress has been made in recent years in the
development of anticancer nanomedicines, as evidenced by the large number of them that
are in different phases of clinical trials [126]. However, it is necessary to continue working
to overcome the challenges posed by the biological and pathological barriers of the tumor,
as well as the defense mechanisms of the immune system.

4. Nano-Immunotherapy: A Reality in Cancer Treatment

Nano-immunotherapy is the combination of nanomedicine and IT. In recent years,
ever more nano-formulations have been used to improve the efficacy and minimize side
effects [127,128] of cancer IT. Therefore, the integration of both has become a topic of
widespread interest in the field of cancer.

The application of NPs in cancer IT can be simplified in two different targeting strategies:

(a). Nano-immunotherapy against tumor cells: CT drugs (e.g., doxorubicin, oxaliplatin,
and paclitaxel), RT, photodynamic and photothermal therapies, as well as other
physical stimuli are able to induce immunogenic cell death [127–130]. Examples of
this kind of treatment are:

- Oxaliplatin: This CT drug encapsulated in monomethoxy-poly(ethylene glycol)-poly
(D,L-lactide-co-glycolide (PLGA-mPEG) NPs (OXA-NPs) triggered more damage-
associated molecular pattern (DAMP) release and induced a stronger DC and T
lymphocyte infiltration and activation in pancreatic tumor cells in vitro than oxali-
platin. Moreover, OXA-NPs inhibited tumor growth in immunocompetent mice,
exhibiting stronger therapeutic effects than the OXA group [131]. Similarly, magnetic
NPs, as a delivery system of oxaliplatin, reinforced immunogenic cell death induc-
tion of that CT drug [132]. Additionally, the combination of oxaliplatin and PD-L1
trap fusion protein using liposomal NPs inhibited tumor growth in an orthotopic
colorectal mice model and showed T cell activation [133].

- Paclitaxel: 1-NP, a paclitaxel NP, exhibited much lower cytotoxicity to macrophages
than did PTX at the same high PTX concentration and maintained the capacity
to stimulate macrophages to polarize into M1 and inhibit their M2 differentiation
both on phenotypical and functional levels in a dose-dependent in vitro and in
melanoma tumor-bearing mouse model [134]. Moreover, paclitaxel and SP-LPS, a
Toll-like receptor (TLR) 4 agonist, were encapsulated into a bio-polymer, and their
combination increased chemotherapeutic and immunotherapeutic activity both
in vitro and in vivo as compared to the paclitaxel-treated group in melanoma [135].

- Doxorubicin: Doxorubicin was integrated into mesoporous silica NPs (DOX@HIMSNs)
for a systemic treatment of triple negative BC (TNBC). DOX@HIMSNs enhanced
antitumor efficacy and induced DC maturation and antitumor cytokine release as
compared with doxorubicin [136]. Gao et al. developed an NP in which doxorubicin
was conjugated with anionic polymer hyaluronic acid via a tumor overexpressed
matrix metalloproteinase sensitive peptide [137]. This NP combined with anti-PD-
1 led to better results in vivo, improving the antitumor efficiency [137]. Moreover,
doxorubicin and recombinant human IL-2 were co-delivered in hydrophilic cationic
polymer NPs [138]. This combination delayed tumor growth and increased tumor-
infiltrated cytotoxic T lymphocytes in a hepatocellular carcinoma model [138].

- Radiotherapy: The combination of localized radiation with NBTXR3 (a radio-enhancing
NP) and systemic anti-PD1 treatment in a lung cancer mouse model was explored.
This combination significantly delayed tumor growth in anti-PD1-resistant and -
sensitive metastatic lung cancer cells, which could open the possibility of its use to
treat patients with metastatic lung cancer regardless of their sensitivity (or resistance)
to immunotherapies [139]. Additionally, PLGA-R837@Cat NP is an NP based on poly
(lactic-co-glycolic) acid (PLGA) loading with hydrophobic imiquimod (R837), a TLR-7
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agonist, and water-soluble catalase (Cat) [140]. These NPs have enhanced RT efficacy,
inhibited tumor metastases, and induced antitumor immune responses [140].

- Photothermal therapy (PTT): In neuroblastoma, Cano-Mejia et al. developed a combi-
nation of nano-immunotherapy and PTT, which resulted in CpG oligodeoxynucleotide-
coated Prussian blue (CpG-PB) NPs. PPT triggered tumor cell death and released
TAA. Immunogenicity increased in vitro, and a high survival and a complete tumor
regression of 70% at 60 days in treated mice was observed with this combination
in a syngeneic neuroblastoma mouse model [141]. Subsequently, the same authors
used this combination with anti-CTLA-4 in neuroblastoma, obtaining similar results.
Additionally, an alteration of the surface levels of co-stimulatory, antigen-presenting,
and co-inhibitory molecules on neuroblastoma cell lines resulted with the use of an
anti-CTLA-4 therapy [141]. In BC, ovalbumin-coated PEGylated MnFe2O4 NPs loaded
with R837 immunoadjuvant (R837-OVA-PEG-MnFe2O4) NPs were used together with
PTT. These NPs downregulated M2-associated cytokines, tumor growth was inhibited,
and lung metastasis was prevented [142].

(b). Nano-immunotherapy against the TME: NPs can be used to modulate TME by inhibit-
ing immunosuppression or by increasing the immune system activation.

- Inhibition of immunosuppression: The inhibition of immunosuppression in
cancer has been evaluated with different nano-formulations, particularly affecting
immune cells. For example:

• Regulatory T cells (Treg): PEG-modified single-walled carbon nanotubes
(PEG-SWCNTs) against specific receptors of Tregs, which are highly found
within the TME, were designed by Sacchetti et al. [143]. In vivo assays
showed that Tregs, residing in the melanoma TME, uptake PEG-SWCNTs
more efficiently than intratumor non-Tregs or splenic Tregs [143].

• Macrophages: In vitro co-cultures with adenocarcinoma cell lines, macrophages,
and ferumoxytol (an iron oxide NP) increased pro-inflammatory Th1-type re-
sponses. In vivo, ferumoxytol reduced tumor growth of subcutaneous adeno-
carcinomas in mice and increased pro-inflammatory M1 macrophages in tumor
tissues [144]. Lastly, Glycocalyx-mimicking NPs (GNPs) self-assembled into am-
phiphilic copolymers to target tumor-associated macrophages (TAMs) in Lewis
lung cancer were evaluated [145]. GNPs were internalized by TAMs via lectin
receptors, which resulted in a phenotypic change towards M1 macrophages. Ad-
ditionally, GNPs reduced tumor growth by depleting Tregs, and its combination
with anti-PD-L1 increased IL-12 levels, decreased IL-10, arginase, and C-C motif
chemokine ligand (CCL) 22 in tumor-induced mice [145].

• MDSCs: MDSCs are predominantly polarized into M2 in BC. However, two
cationic polymers (cationic dextran and polyethyleneimine) were able to
repolarize M2-MDSCs into the M1-type. In a BC mouse model, intratumoral
administration of these NPs reduced both tumor growth and the percentage
of tumor-induced MDSCs in blood, spleen, tumors, and bone marrow [146].
Moreover, both cationic polymers promoted the proliferation and activity of
CD4+ and CD8+ T cells in vivo, which showed that restoring T lymphocyte
function in the tumor environment is critical because it effectively induces
massive necrosis of tumor cells [146]. The reduction of the MDSC activity
using synthetic high-density lipoprotein-like NPs (HDL NP) specifically
binding the scavenger receptor type B-1 (SCARB1) has also been studied.
These NPs reduced tumor growth and metastatic tumor burden, as well
as increased CD8+ T cells and reduced Tregs in the metastatic TME in a
melanoma mouse model [147].

- Activation of immune responses: Anti-immunosuppressive factors can be de-
livered by NPs to the TME in order to enhance the immune system activation.
Thus, TGF-β inhibitor and IL-2 were co-delivered to the TME by nanoscale
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liposomal polymeric gels (nLGs) [148]. An increase in the number and activ-
ity of NK cells and CD8+ T cells was observed together with a reduction in
tumor growth in a melanoma mouse model [148]. Similarly, Xu et al. used
liposome-protamine-hyaluronic acid (LPH) NPs loaded with TGF-β small inter-
fering (si)RNA promoting TGF-β downregulation in melanoma. This inhibition
increased tumor-infiltrating CD8+ T cells, decreased Tregs, and inhibited tu-
mor growth [149]. Inhibitors of metabolic enzymes have also been evaluated
due to their participation in the immune modulation. NPs loaded with the In-
doleamine 2,3-dioxygenase 1 (IDO) inhibitor 1-MT modified with hyaluronic acid
and with an anti-PD-1 antibody showed an increment of T cell immunity and an
immunosuppression reduction, which resulted in a beneficial antitumor effect in
melanoma-bearing mice [150]. Furthermore, IDO inhibitor and oxaliplatin were
conjugated in mesoporous silica NPs. This combination caused tumor reduction
or eradication, as well as an increase in the recruitment of CD8+ T cells along
with a reduction in Foxp3+ T cells in a pancreatic ductal adenocarcinoma mouse
model [151].

Another described strategy was the activation of T cells. To this end, phytohemaglu-
tinin was encapsulated in a liposome-improved T cell activation in a variety of tumors,
including (but not limited to) multiple myeloma, leukemia, glioma, breast, and lung
cancers [152]. This NP activated T cells in vitro following 24 h of treatment, and these T
cells killed all tumor cells regardless of the tumor type [152]. Other NPs to deliver CTLA-4-
siRNA (NPsiCTLA-4) were designed and improved both T cell activation and proliferation
in vitro. Additionally, the internalization of these NPs by tumor-infiltrating T cells in vivo
and CD8+ T cell activation were observed in melanoma-bearing mice [153].

4.1. Nano-Immunotherapy Clinical Trials in Cancer

As previously mentioned, preclinical trials have demonstrated that NPs show ad-
vantages in improving the efficacy of cancer IT. As a result, different nano-formulations
have also been evaluated for cancer treatment in clinical trials. Thus, the following section
describes the clinical nano-immunotherapies over the past 5 years (Table 1).

Table 1. Clinical trials using nanoparticles as immunotherapeutic approaches in cancer.

NCT Number Clinical Trial
Phase Type of Cancer Current Status Nanoparticles Additional Treatments

and Procedures

NCT03589339 1

• Bladder
• Breast
• Cervix
• Head and neck
• Liver
• Lung
• Melanoma
• Renal

Recruiting NBTXR3

Nivolumab,
pembrolizumab, and

stereotactic ablative body
radiotherapy (SABRT)

NCT05039632 1 and 2 • Liver
• Lung

Not yet
recruiting NBTXR3 Ipilimumab, nivolumab,

and abscopal RT

NCT04484909 1 • Pancreatic Recruiting NBTXR3 RT
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Table 1. Cont.

NCT Number Clinical Trial
Phase Type of Cancer Current Status Nanoparticles Additional Treatments

and Procedures

NCT04615013 1 • Esophageal Recruiting NBTXR3

Capecitabine, carboplatin,
docetaxel, fluorouracil,
leucovorin, oxaliplatin,

paclitaxel, and
intensity-modulated RT

NCT02379845 2 and 3 • Sarcoma Completed NBTXR3 RT

NCT04862455 2 • Head and neck Recruiting NBTXR3
Pembrolizumab,

hypofractionated RT,
and SBRT

NCT03464734 2 • Urothelial Completed
Nanoparticle

albumin-bound
(Nab) paclitaxel

Pembrolizumab

NCT04247165 1 and 2 • Pancreatic Recruiting Nab-paclitaxel Gemcitabine, nivolumab,
ipilimumab, and SBRT

NCT04132817 1 • Breast Active, not
recruiting Nab-paclitaxel Nivolumab and

ipilimumab

NCT04929041 2 and 3 • Lung Recruiting Nab-paclitaxel

Carboplatin, ipilimumab,
nivolumab,

pembrolizumab,
pemetrexed, and SBRT

NCT04148911 3 • Breast Active, not
recruiting Nab-paclitaxel Atezolizumab

NCT05266937 2 • Breast Recruiting Nab-paclitaxel Atezolizumab and
carboplatin

NCT04865250 2 • Lung Recruiting Nab-paclitaxel Atezolizumab and
carboplatin

NCT03456063 3 • Lung Active, not
recruiting Nab-paclitaxel

Atezolizumab,
pemetrexed, carboplatin,

cisplatin, and gemcitabine

NCT05272696 2 • Head and neck Not yet
recruiting Nab-paclitaxel

Cisplatin, pembrolizumab,
adjuvant

chemoradiotherapy,
and surgery

NCT04297605 1 • Lung Recruiting Nab-paclitaxel Pembrolizumab and
pemetrexed

NCT04754815 2 • Lung Withdrawn Nab-paclitaxel Pembrolizumab and
pemetrexed

NCT02425891 3 • Breast Completed Nab-paclitaxel Atezolizumab

NCT02367781 3 • Lung Completed Nab-paclitaxel
Atezolizumab,

carboplatin, and
pemetrexed
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Table 1. Cont.

NCT Number Clinical Trial
Phase Type of Cancer Current Status Nanoparticles Additional Treatments

and Procedures

NCT02250326 2 • Lung Active, not
recruiting Nab-paclitaxel CC-486 and duravalumab

NCT04895358 3 • Breast Recruiting
Nab-paclitaxel
and liposomal
doxorubicin

Pembrolizumab,
capecitabine, and dextrose

NCT03539328 2 • Ovarian Unknown Liposomal
doxorubicin

Pembrolizumab,
gemcitabine, and

paclitaxel

NCT03591276 1 and 2 • Breast Recruiting
Pegylated
liposomal

doxorubicin
Pembrolizumab

NCT05255666 2 • Breast Recruiting Liposomal
Irinotecan Pembrolizumab

NCT03596281 1 • Ovarian Active, not
recruiting

Pegylated
liposomal

doxorubicin

Pembrolizumab and
bevacizumab

NCT03409198 2 • Breast Completed
Pegylated
liposomal

doxorubicin

Ipilimumab, nivolumab,
and cyclophosphamide

NCT04682847 Unknown • Liver Recruiting Ferumoxytol Adaptive Stereotactic RT

NCT04900792 1 • Glioblastoma Not yet
recruiting Ferumoxytol Ascorbate, temozolomide,

and external beam RT

4.1.1. Immune Checkpoint Inhibitors

The most frequently combinations used in cancer are immune checkpoint blockade
antibodies with CT drug NPs. Atezolizumab and durvalumab (anti-PD-L1 antibodies)
and pembrolizumab and nivolumab (anti-PD-1 antibodies) are extensively combined with
pegylated liposomal doxorubicin and NP-albumin-bound (Nab)-paclitaxel, which is com-
mercially known as Abraxane®.

Due to the therapeutic benefits of atezolizumab as a single agent by providing clinical
benefits and a good tolerance in patients with TNBC [154] (NCT01375842), this immune
drug has been combined with NPs, which may further improve oncological results. In
line with this notion, atezolizumab combined with nab-paclitaxel enhanced the median
progression-free survival (mPFS) (7.2 vs. 5.5 months, p = 0.002) and the median overall
survival (mOS) (21.3 vs. 17.6 months, p = 0.08) compared to nab-paclitaxel with placebo
in untreated metastatic TNBC (NCT02425891) [155]. Currently, atezolizumab is being
tested in combination with nab-paclitaxel in breast and lung cancers. Atezolizumab plus
nab-paclitaxel in unresectable locally advanced or metastatic PD-L1-positive TNBC is an
active, not recruiting phase III study (NCT04148911), and OS and PFS will be evaluated. In
addition, atezolizumab will be combined with carboplatin plus nab-paclitaxel in a recruit-
ing trial (NCT05266937), whose goal is to provide evidence on the efficacy of atezolizumab
plus carboplatin plus paclitaxel as a first-line therapy in metastatic PD-L1-positive TNBC.
In lung cancer, an exploratory trial intends to evaluate the immune signature to predict
the response of atezolizumab plus carboplatin/nab-paclitaxel treatment in patients with
resectable stage II, IIIA, and select IIIB (T3N2 only) non-squamous non-small cell lung
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cancer (NSCLC) (NCT04865250). Moreover, in patients with resectable stage II, IIIa, or
select IIIb NSCLC, a phase III multicenter study has been designed to evaluate the efficacy,
safety, pharmacokinetics, and immunogenicity of neoadjuvant treatment with atezolizumab
(NCT03456063). The combination of atezolizumab plus nab-paclitaxel and carboplatin sig-
nificantly improved mOS (18.6 vs. 13.9 months, p = 0.033) compared with CT in metastatic
non-squamous NSCL cancer patients (NCT02367781) [156].

Pembrolizumab has also been combined with different CT drug NPs. In this sense,
pembrolizumab and liposomal doxorubicin have been combined in endocrine-resistant
BC (NCT03591276), in hormone receptor positive/human epidermal growth factor recep-
tor 2 negative locally recurrent inoperable or metastatic BC(NCT04895358), and also in
patients with ovarian cancer (NCT03596281) and their platinum-resistant counterparts
(NCT03539328). Additionally, pembrolizumab and nab-paclitaxel is being studied in locally
advanced head and neck squamous cell carcinoma (NCT05272696), in patients with locally
advanced or metastatic NSCLC (NCT04297605), and in elderly patients with advanced
NSCLC (NCT04754815). A completed trial in patients with metastatic urothelial carcinoma
(NCT03464734) combining pembrolizumab and nab-paclitaxel showed a favorable safety
profile and a mPFS of 5.9 months together with partial and complete responses of 38.6%
and 14.3%, respectively ([157], NCT03464734). Finally, a phase II recruiting trial com-
bined pembrolizumab and liposomal irinotecan in TNBC patients with brain metastases
(NCT05255666).

Currently, there are many ongoing studies combining nab-paclitaxel with nivolumab
and durvalumab in different types of cancer. For instance, patients with advanced stage
NSCLC were treated with a nab-paclitaxel and durvalumab combinatorial treatment
(NCT02250326), and the results demonstrated antitumor activity without new safety
signals [158].

Apart from the clinical trials previously mentioned, another immune checkpoint in-
hibitor called ipilimumab (a CTLA-4 blocking antibody) is being combined with nivolumab,
and with CT drugs encapsulated in NPs, such as nab-paclitaxel or pegylated liposomal dox-
orubicin, in patients with breast, lung, and pancreatic cancers (NCT03409198, NCT04247165,
NCT04132817, NCT04929041).

4.1.2. Other Combinatorial Therapies

Regarding NBTXR3, a phase II/III trial checked the safety and efficacy of NBTXR3 acti-
vated by RT in patients with soft tissue sarcoma (NCT02379845). Complete responses were
observed in 16% of patients in the NBTXR3 group and 8% in the group of patients treated
with RT alone (p = 0.044) [159]. However, 39% and 30% of patients had serious adverse
events in both groups, respectively [159]. There are currently five clinical trials, and four of
them are in the recruiting phase. Thus, NBTXR3 will be evaluated in combination with
nivolumab, pembrolizumab, and ipilimumab (NCT03589339, NCT05039632, NCT04484909,
NCT04615013, and NCT04862455). These I and II phase trials have the main objective of
determining the safety, possible side effects, possible benefits, and the recommended phase
II dose of NBTXR3 in combination with other drugs.

Finally, it should be pointed out that the FDA has already approved the iron oxide
NP ferumoxytol due to its effects against tumor cells and TME [144,160]. Only two clinical
trials have been conducted over the past 5 years: a recruiting trial in patients with primary
and metastatic hepatic cancers combining ferumoxytol with RT (NCT04682847) and a phase
I trial where a safety of pharmacologic ascorbate and ferumoxytol with standard of care
chemoradiation in glioblastoma patients will be evaluated (NCT04900792).

5. Conclusions

Nanotechnology is the latest approach for diagnosis and treatment for cancer, which
has represented an alternative in the field of drug administration to treat this disease. This
is due to the intrinsic characteristics of nanoparticles used, which provide more specific
and efficient drug delivery, decreasing the risk of side effects. Indeed, one of the emerging
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tracks of nanotechnology is their application in the field of IT. Several preclinical and
clinical studies have described how cancer IT has achieved excellent therapeutic effects
and has advantages over traditional treatments in many types of tumors. However, IT has
obvious limitations, including poor therapeutic targeting, side effects, or TME-promoted
immunosuppression, among many others. To this end, researchers are working on different
strategies to develop and improve the design and functionality of nanocarriers such as
improving the stability of NPs in the bloodstream or by increasing the drug loading capacity.
In addition, advances in manufacturing techniques are enabling the creation of NPs with
more effective sizes, shapes, and surface chemistry that can influence their behavior within
the body.

NP-based cancer IT is still in an early stage of development, but it is clearly a promis-
ing strategy that has shown huge preclinical and clinical potential in the last years. In
addition, nanotechnology allows us to effectively target both immune and tumor cells,
improving cancer IT. In fact, a promising avenue for overcoming the limitations is the
design of NPs to transport immune-stimulating molecules, such as checkpoint inhibitors
or cytokines, directly to the tumor site, which is being confirmed to minimize unwanted
effects and maximize the immune response against tumor cells, leading to improved
therapeutic outcomes.

Altogether, this suggests that the combinatorial treatment may induce stronger an-
titumor immune responses, inhibit the immunosuppression driven by the TME and its
components, and directly attack tumor cells, which would greatly improve clinical out-
comes. Moreover, from a molecular point of view, our knowledge about the interaction
between tumor cells and immune cells, as well as their interaction with nanoparticles, will
be enhanced. For this, the development of multifunctional NPs is gaining momentum,
allowing not only drug delivery but also the incorporation of additional elements, such
as imaging agents or immunostimulatory molecules. This approach has the potential for
real-time monitoring of tumor and immune response.

In addition, key biomarkers to develop more specific and multifunctional NPs should
be identified, although it is currently a limitation and further research is still needed
in this field. These new NPs, therefore, would enhance the efficacy of IT, mostly by
targeted delivery. Although the use of NP-based cancer IT has showed attractive potential
mainly in preclinical studies, there are still different obstacles. Some of the limitations
are the translation to clinical settings, the need for analyzing current and new immune
biomarkers, or the rational design of new NPs and combinatorial schedules to personalize
cancer treatments according to the types of patients and cancers, which will bring more
effective immunotherapeutic strategies and approaches to cancer patients. By combining
the precision of targeted drug delivery with the power of immune system activation, NPs
offers a promising avenue for overcoming the limitations of conventional therapies and
achieving more durable responses.

The development of multi-functional nanoparticles, capable of simultaneously deliv-
ering chemotherapeutic agents, immunomodulatory molecules, and imaging probes, holds
the key to unlocking the full therapeutic potential of this approach.
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