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ABSTRACT:  

Immunotherapy and drug delivery systems are revolutionizing medicine by boosting the immune 

system's ability to combat cancer, autoimmune disorders, and infections. These advancements enable 

more personalized patient care. Key developments in immunotherapy include cancer vaccines, CAR 

T-cell therapies, and immune checkpoint inhibitors. However, challenges such as immune-related 

adverse effects, limited efficacy in certain patient populations, and resistance within the tumor 

microenvironment need to be addressed. Researchers are working on innovative immunotherapeutic 

drug delivery methods that specifically target particular cells or areas to overcome these obstacles. 

Techniques such as microneedles, nanoparticles, liposomes, and hydrogels are being employed. 

Nanoparticle platforms can deliver both antigens and adjuvants simultaneously to enhance immune 

responses, while controlled-release systems offer long-lasting benefits. Additionally, stimuli-

responsive delivery devices can release drugs selectively in response to changes in temperature, pH, or 

enzyme activity within the tumor microenvironment. Advancements in biomaterials, nanotechnology, 

and molecular engineering have enabled the creation of multifunctional delivery strategies. These 

systems can diagnose and treat health issues concurrently. Theranostic nanoparticles possess imaging 

and therapeutic capabilities that allow for ongoing assessment of treatment effectiveness. To 

overcome the limitations of traditional immunotherapy, researchers are investigating tailored 

neoantigen vaccines, gene editing, and RNA-based therapeutics. Challenges such as high treatment 

costs, regulatory approvals, and large-scale manufacturing must be tackled. Improving pharmaceutical 

distribution methods and leveraging artificial intelligence (AI) and machine learning (ML) in drug 

development requires interdisciplinary research. Overall, immunotherapy and modern drug delivery 

systems enhance healthcare outcomes and improve patients' quality of life. 

 

INTRODUCTION 

A serious threat to human health, cancer is a huge global 

public health issue that is becoming more common and 

deadly (1).  Immunotherapy increases or restores the 

body's capacity to fight cancers by exogenously interfering 

with the immune system, preventing, controlling, and 

curing cancer.  With impressive clinical findings, 

immunotherapy has emerged as a possible alternative 

therapy for a variety of malignant tumors when compared 

to standard therapy. Examples of this include cancer 

vaccines, cytokine immune checkpoint inhibitors (ICIs), 

and more (1–4).  Even with immunotherapy's obvious 

advantages, there are still a number of problems that must 

be resolved immediately for clinical use.  Systemic 

injection of immunological medications, such as 

monoclonal antibodies, is the foundation of 

immunotherapy. However, this method fails to precisely 

target the lesions and instead distributes the medications to 

other tissues and organs throughout the body, which can 

lead to a number of adverse effects associated to the 

immune system (4–6). Effective anti-tumor immunological 

drug development should focus on issues that can 

maximize the therapeutic effects, such as how to improve 

the drugs' pharmacokinetics and in vivo distribution, 

increase the targeted cells' specificity and intracellular 
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drug accumulation, and lessen the systemic severe side 

effects that result from the drugs' non-specific reactions. 

As a result, there is a growing emphasis on drug delivery 

system (DDS) research and development (7–9).  DDS 

offers the benefits of regulating drug release, enhancing 

drug solubility, enhancing pharmacokinetics, and 

enhancing drug distribution. It is based on different 

chemical or biomaterials as drug delivery vehicles or by 

combining pharmaceuticals with ligands targeted to certain 

cells (9–11).  Furthermore, drug carriers (such 

nanoparticles) can be surface modified with specific 

ligands to precisely transport medications to the intended 

location, increasing treatment effectiveness and lowering 

adverse responses (12).  Therefore, the combination of 

DDS with tumor immunotherapy can effectively and 

accurately deliver immunological medicines to targeted 

locations, resulting in useful anti-tumor effects (13). The 

notion of "magic bullets," which included mounting 

cytotoxic medicines on certain monoclonal antibodies to 

target tumor cells, was created by Professor Paul Ehrlich at 

the beginning of the 20th century and gave rise to DDS 

(14).  Antibody-drug conjugates (ADCs) were introduced 

decades later (14). Nanoparticles including liposomes, 

polymer nanoparticles, extracellular vesicles, and different 

coupling medicines have been employed in clinics in 

recent decades as pharmaceutical technology has matured.  

Numerous coupling medications and nanoparticles have 

been authorized thus far for the treatment of cancer (14, 

15). However, the majority of them are employed to 

provide cytotoxic medications during chemotherapy.  The 

use of poorly stabilized and patterned drugs (e.g., proteins, 

peptides, antibodies, and nucleic acids) for tumor 

immunotherapy is increasingly being studied due to the 

ongoing development of novel delivery platforms, such as 

extracellular vesicles (EVs), biomimetic nanoparticles, 

virus-like particles (VLPs), hydrogels, etc. (13, 16–19).  In 

addition to making it safer and easier to target 

immunomodulators to the targeted tumor or immune cells, 

continuously enhanced delivery technology also offers a 

platform for multi-drug combinations.  In this work, we 

present DDS from the viewpoints of coupling technology 

and drug delivery systems based on nanoparticles, and we 

examine the most recent studies on their use in tumor 

immunotherapy. 

 

NANOPARTICLE BASED DRUG DELIVERY 

SYSTEM (DDS) FOR CANCER IMMUNOTHERAPY 

Lipid-based, polymer-based, and inorganic nanoparticles 

are the most prevalent types of nanocarriers, a novel class 

of minuscule carriers that typically have a diameter of less 

than 200 nm (9). By technological methods including 

physical encapsulation, electrostatic adsorption, and 

encapsulation, nanoparticles load anticancer chemicals. 

They subsequently attach to certain receptors to enter 

target cells by cellular endocytosis (20, 21). As a result, the 

loaded medication is effectively released into the target 

cells. Furthermore, EVs may also be regarded as 

nanocarriers as they are nanoscale media with a bilayer 

membrane structure that are released from cell membranes 

or produced by cells. Because of their varying origins and 

diameters, EVs are categorized as exosomes, apoptotic 

vesicles, and microvesicles (22). Drug loading techniques 

for EVs, however, are different from those for other 

nanoparticles. These techniques include chemically 

treating the cells, physically incorporating exogenous RNA 

or protein medicines using electroporation, or 

manipulating primordial cells to overexpress certain 

chemicals (23, 24). EVs can fuse with the target cell's 

plasma membrane directly and release the loaded 

medication, in addition to entering the target cell through 

ligand-receptor interaction or endocytosis (25). 

Nanoparticles have been extensively created for the 

delivery of chemotherapeutic medications to tumors, but 

there is less for tumor immunotherapy, according to 

preliminary studies. Eleven nanocarrier medications have 

been authorized and put on the market thus far to treat 

solid tumors, such as liver, lung, ovarian, and breast 

cancers (15, 26). With the exception of Mepact, which is 

derived from liposome-encapsulated mifamurtide and is 

used for immunotherapy of osteosarcoma, the most of 

these medications are chemotherapy-based. Over the past 

20 years, there have been new opportunities for the 

development of nanocarriers for tumor immunotherapy 

applications due to ongoing advancements in 

nanoengineering technologies and a better understanding 

of the significance of nanoparticle properties (such as size, 

shape, and surface properties) on biological interactions. 

Notably, by addressing physiological barriers to drug 

delivery, improving drug solubility, targeting drug 

delivery, and offering a multifunctional drug delivery 

platform, ongoing advancements in nanodrug delivery 

systems can increase the effectiveness of antitumor 
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immunotherapy (27). The most recent studies on the 

application of DDS based on nanoparticles for cancer 

immunotherapy under various immune systems will be the 

main topic of the sections that follow.  

The body's most powerful antigen-presenting cells (APCs) 

are dendritic cells (DCs), which recognize, process, and 

present antigens. They also efficiently stimulate T cell 

responses and trigger the production of particular cytotoxic 

T lymphocytes, which starts, sustains, and controls the 

immune response (28). Research indicates that ineffective 

antigen presentation and compromised DC maturation are 

crucial for the initiation and spread of tumors (28). 

Consequently, a number of nanoparticles have been 

created to encourage DC activation in order to start and 

strengthen the immune response against tumors. 

The body's anti-tumor and anti-infection mechanisms 

heavily rely on the cGAMP-STING immunological 

signaling pathway (29).  The second messenger, 2', 3'-

cyclic guanosine monophosphate adenosine 

monophosphate (cGAMP), is produced in the mammalian 

natural immune system when cytoplasmic DNA from 

tumors or microbes activates cyclic GMP-AMP synthase 

(cGAS).  When cGAMP attaches itself to the stimulator of 

interferon genes (STING), it forms a dimer that attracts 

TANK-binding kinase 1 (TBK1), phosphorylates and 

activates IRF3, and causes DCs to release type I interferon 

(IFN) and other cytokines (29).  By stimulating tumor 

antigen-specific CD8+ T lymphocytes in lymph nodes, 

matured and activated DCs subsequently support 

anticancer immunity (30–32).  This suggests that the field 

of anti-tumor immunotherapy holds a lot of promise for 

STING agonists. 

The researchers advise intra-tumor injection as a delivery 

method because cyclic dinucleotides (CDNs), the natural 

ligands of STING, are small hydrophilic molecules that are 

impermeable to membranes and prone to quick nuclease 

degradation, making them unsuitable as reagents for 

systemic administration (32). Local T cell activation is 

induced by intratumoral injection of STING agonists, 

which significantly inhibits proximal tumors but not 

distant ones (32). Therefore, relying exclusively on 

intratumoral injection as a mechanism is insufficient for 

the translation of STING agonists into therapeutic 

application. Researchers have created a number of 

liposomes and polymer-based nanocarriers for the 

systemic administration of STING agonists in an effort to 

increase tumor control rates (33–36). For instance, 

Mohamed Wehbe et al. used endosome-destabilizing 

polymer vesicles to encapsulate CDNs, whereas Ning 

Cheng et al. created liposome-based nanoparticles. The 

elimination of CDN half-life was further prolonged by the 

use of these nanoparticals, which enhanced tumor 

accumulation and, in turn, STING activation in the tumor 

microenvironment (TME) (35, 36). However, only a small 

percentage of cancer cells or tumor-infiltrating immune 

cells take up CDNs as a result of these techniques because 

of their limited capacity to penetrate through the thick 

extracellular matrix of tumors (35, 36). Following years of 

investigation, scientists now think that the shape of the 

nanoparticle has a crucial role in drug cycle duration, 

biodistribution, and cellular absorption to produce more 

efficient drug administration, in addition to the size and 

surface property selection (37, 38).  Liposomes, gold 

nanoparticles, mesoporous silica, and other sphere-shaped 

nanoparticles are among the majority of those authorized 

for commercialization and now under development (15, 

26).  In contrast to spherical nanoparticles with the same 

surface characteristics, rod-shaped nanoparticles 

demonstrated decreased clearance and extended circulation 

durations in mice, according to Discher and Arnida et al. 

(39, 40). This implies that altering the form of 

nanoparticles may be able to increase their delivery 

efficiency. A non-spherical lipid nanoparticle was 

demonstrated by Eric L. Dane et al. (41). The researchers 

used cleavable linkers to bind the CDNs pre-drugs to 

polyethene glycolized lipids, following the design 

principle of antibody-coupled pharmaceuticals. They 

created LND-CDNs (later known as LNDs) by doping 

them into lipid nanodiscs. Lipid nanodiscs are disc-shaped 

nanoparticles that develop by self-assembly, as opposed to 

liposomes, which have a homogeneous spherical vesicle 

shape. They discovered that because LNDs could deform 

and completely enter holes smaller than their equilibrium 

diameter, they were more easily absorbed by cells or 

entered tumor spheres while releasing more parental 

CDNs. After intravenous injection, the MC38 tumor-

bearing mice confirmed this outcome.  In addition, LNDs' 

circulation half-life was 0.6 times longer than liposomes'.  

In conclusion, when it comes to delivering STING 

agonists deep into the tumor, LNDs clearly outperform 

traditional liposomes.  After LNDs and conventional 

liposomes were administered intravenously to MC38 

tumor-bearing mice, LNDs were taken up by more tumor 

cells, produced substantial tumor cell death, and showed 
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greater levels of IFN-β in tumor tissue. They also 

accumulated twice as much in CD11c+ DCs as 

conventional liposomes.  To sum up, our findings highlight 

the significance of nanoparticle form in enhancing delivery 

effectiveness. 

In addition to altering the carrier's physical characteristics, 

researchers have created active targeting techniques to 

increase the effectiveness of STING agonist delivery (42).  

Type I IFN has been shown to stimulate CD103+ DCs to 

release the chemokines CXCL9 and CXCL10 following 

STING pathway activation, which attracts T lymphocytes 

to the tumor (30, 43).  The C-type lectin receptor Clec9a is 

not found in any other hematological cells but is strongly 

expressed in CD8 α + and CD103+ dendritic cells (44, 45).  

Aatman S. Doshi et al. modified liposome agents 

encapsulated with CDN (Adu-S100) using Clec9a peptides 

that target CD103+ DCs (42).  In the meanwhile, they 

manufactured non-targeted liposomes using the same 

technique. Both liposomes containing STING agonists 

may encourage CD103+DCs to take up the agonists, 

activate APCs, and greatly increase CD8+T cell infiltration 

in tumors in MC38 tumor-bearing mice.  On the other 

hand, the targeted group elicited greater levels of IL-6 and 

type I IFNs than the non-targeted group.  This 

demonstrates the benefits of focusing on Clec9a tactics.  

Furthermore, they discovered that even after intravenous 

injection of a modest dosage of 0.1 mg/kg, the tumor-

bearing mice had a strong immune response.  Apart from 

its use as a monotherapy, the chemical demonstrated 

noteworthy anti-tumor effect when paired with PD-L1 

antibody. Surprisingly, systemic delivery of targeted 

liposome medicines might also result in effective immune 

activation in tumors like B16F10 that have relatively little 

cytotoxic immune cell infiltration. VLPs have been created 

as vehicles for the delivery of STING agonists in addition 

to lipid nanoparticles (46).  Viral capsid proteins, core 

proteins, or envelope proteins self-assemble to generate 

VLPs, which are particles that resemble the original virus 

in size, shape, and symmetry but lack the genome and 

replication enzymes, making them incapable of self-

replication (47).  Prophylactic and therapeutic vaccines for 

a variety of illnesses, including solid tumors, are 

frequently developed using VLPs (48–50).  Eric L. Dane et 

al. recently described delivering the STING agonist 2′3′-

cGAMP via virus-like particles (VLPs) (46). By being 

encapsulated in enveloped virus particles, 2'3'-cGAMP, a 

naturally occurring mammalian STING agonist, has been 

shown to activate STING in DCs just after fusion (51, 52).  

The HIV-1 structural protein and the vesicular stomatitis 

virus glycoprotein envelope glycoprotein make up the 

VLPs that Eric L. Dane et al. produced to encapsulate 

cGAMP.  According to this study, cGAMP-VLPs delivered 

cGAMP into cells around fifty times more effectively than 

traditional liposomes.  The researchers concentrated on the 

impact of intratumoral injection on tumors in mice, which 

was different from the previously published investigations.  

The MB49 tumor-bearing mice's subcutaneous tumors 

disappeared following an intratumoral injection of 

cGAMP-VLP.  Additionally, some mice treated with 

cGAMP-VLP showed a substantial rise in CD4+T cells in 

their blood, whereas other animals showed a significant 

increase in CD8+T cells. On the side of the tumor that 

received an intratumoral injection of cGAMP-VLP, CD8+ 

T cells increased while Tregs and NK cells decreased in 

the B16-OVA double tumor mice. In distant tumors, 

CD8+T cells grew concurrently, whereas Tregs and NK 

cells remained mostly unchanged. Crucially, cGAMP-VLP 

works in concert with anti-PD1 to effectively suppress 

both local and distant tumor development. The lack of 

local injection of free STING agonist can be adequately 

compensated for by the combination with VLPs. To sum 

up, this vector-based method of targeted STING agonist 

administration provides a promising treatment option for 

enhancing patients' anti-tumor immune responses. Antigen 

stimulation to trigger the production of antibodies is 

known as active immunity.  Vaccination is a type of active 

immunotherapy used in cancer immunotherapy.  Using 

therapeutic DC vaccines to increase active immunity and 

in conjunction with ICIs, a number of clinical trials have 

been started in recent years (53, 54).  This has led to the 

development and creation of targeted DCs using a variety 

of novel nano-delivery technologies, including as lipid-

based, polymeric, inorganic, EVs, and other nanoparticles 

(55–58). Of these, liposome-based tumor vaccines have 

been investigated in clinical studies (59–61).  In contrast to 

other nano-delivery technologies, EVs are highly 

biocompatible, effectively evade the mononuclear 

phagocyte system, and are comparatively harmless 

following lysosome destruction in recipient cells at the end 

of the delivery task (62). The most recent studies on EV 

usage for DC vaccine production are reviewed in this 

section.  

 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1581 

 

Exosomes are extracellular vesicles that range in diameter 

from around 30 to 150 nm. They are created when the 

limiting membrane of the inner body sprouts inward (63, 

64). Exosomes are crucial intercellular messengers, and 

their capacity to carry biomolecules to destination cells 

makes them very desirable for drug delivery (65). Tumor-

derived exosomes, or Tex for short in this work, are 

thought to be attractive candidates for tumor vaccines 

because they include a variety of immunomodulatory 

proteins, co-stimulatory molecules, and adhesion 

molecules (66). But there are drawbacks as well, such low 

immunogenicity and the potential to encourage the growth 

of tumors (67). To address these issues, ongoing research 

has altered Tex, for instance by designing surface changes 

or encapsulating immune agonists or adjuvants (67, 68).  

For example, Lanxiang Huang and colleagues created a 

Tex vaccine using a breast cancer cell line that 

overexpresses α-lactalbumin (α-LA).  As an in-situ DC 

vaccination for breast cancer therapy, they encapsulated 

human neutrophil elastase (ELANE, an immunogenic cell 

death inducer) and Hiltonol (toll-like receptor 3 agonist, a 

common immunological adjuvant) within the Tex, which 

they called Hiltonol-ELANE-α-LA-engineered exosomes 

(HELA-Exos) (68).  According to reports, the majority of 

human breast tumors express α-LA specifically.  An 

important method of stimulating the immune system to 

fight cancer is immunogenic cell death (ICD) (69). The 

process via which tumor cells transform from non-

immunogenic to immunogenic and produce a number of 

signal molecules to orchestrate the anti-tumor immune 

response when they die in response to external stimulation 

is known as immune cell death (ICD) (70). After 

intravenous treatment, it demonstrated strong anticancer 

efficacy in human breast cancer-like tissues and in situ 

triple-negative breast cancer (TNBC) mice models. By 

promoting tumor antigen exposure and immunostimulant 

release, HELA-Exos contains an ICD inducer that favors 

DCs' increased absorption of dying tumor cells (71, 72). 

Because DCs have a high level of toll-like receptor (TLR) 

3 expression, HELA-Exos was able to induce DCs to 

mature more successfully and had a greater triggering 

impact on CD8+T cells when TLR3 agonist and ICD 

induction were coupled. Conventional medications have 

trouble overcoming barriers in tumors with thick fibrotic 

stroma, including pancreatic ductal adenocarcinoma 

(PDAC) (73). Wenxi Zhou et al. created spMEXO, an 

exosomal vaccine that targets DCs with CCL22 siRNA 

generated from mitoxantrone (MTX)-treated PDAC cells, 

to efficiently accelerate the maturation of DCs in PDAC 

(74). Exosomal membranes from MTX-treated PDAC 

cells can generate immunostimulatory signals that 

encourage DC maturation, and MTX can cause ICD in 

tumor cells (75). Melanoma antigen recognized by T-cells 

1 (MART-1) peptide was added to the surface of exosomes 

in order to increase the generation of tumor-specific T 

cells. According to reports, the MART-1 peptide is a very 

prevalent immunogenic epitope of tumor-infiltrating 

lymphocytes unique to HLA-A2-restricted melanoma that 

can proliferate CD8+ T cells (76).  By encouraging DC 

maturation, activating CTLs, secreting anti-tumor 

cytokines, and preventing DC recruitment of Tregs via the 

CCR4/CCL22 axis, spMEXO may have therapeutic 

benefits in in situ PDAC mice models and effectively 

suppress tumor development.  They also came to the 

conclusion that administering the medication 

intramuscularly to move it into the lymphatic circulation 

was a preferable alternative because of the 

hypovascularization and hypoperfused vessels in PDAC. 

They demonstrated that spMEXO accumulated at the 

tumor location 2.8 times higher following intramuscular 

treatment than intravenous administration, comparing the 

effectiveness of intravenous and intramuscular 

administration in targeting tumors. This implies that the 

best administration method should be selected based on 

the tumor's vascular distinction. Currently, the majority of 

clinical studies employ either an intramuscular or 

subcutaneous injection of the tumor vaccine (77, 78). Oral 

vaccinations have the ability to stimulate mucosal 

immunity and make immunization easier than injectable 

vaccines (77, 79). Due to the complex environment of the 

gastrointestinal tract and the presence of intestinal 

epithelial barriers, the anti-tumor effects of several oral 

vaccines based on carriers like liposomes, polymeric 

nanoparticles, and oil droplets have not been satisfactory 

over the past 20 years (77, 80, 81). The National Nano 

Centre of China team led by Professor Guangjun Nie 

suggested employing genetically modified outer 

membrane vesicles (OMVs) generated from E. coli as 

delivery systems for oral tumor vaccines that target DCs 

(82). OMVs are a promising vehicle for oral tumor 

vaccines because they can cross the intestinal epithelial 

barrier and interact with immune cells in the intestinal 

lamina propria, which DCs specifically identify to trigger 

immune responses (83). The group fused the tumor antigen 

and the mouse immunoglobulin G Fc fragment to the C-
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terminus of ClyA, the OMV surface protein (ClyA-Ag-

mFC), via fusion protein binding (82). They modified E. 

coli to regulate the production of the fusion protein on its 

secreted OMVs by introducing an arabinose (Ara) 

inducible promoter, taking into account that prolonged 

antigenic stimulation results in immunological tolerance of 

the organism. The regulated in situ creation of a tumor 

vaccine, OMV-Ag-mFC, in the gut was made possible by 

the concurrent oral administration of Ara and the modified 

OMVs. The tumor-suppressing microenvironment in 

MC38 tumor-bearing mice was markedly enhanced by oral 

administration of OMV-Ag-mFC: immunosuppressive 

CD3+CD4+CD25+ Tregs were greatly reduced, and 

tumor-infiltrating CD3+ T cells, CD3+CD8+ T cells, 

CD3+CD4+ T cells, and CD11c+ DCs were increased. 

More significantly, healthy mice that received the oral 

ClyA-OVA-mFc vaccination developed a sufficient 

immunological memory over the long term. The team has 

been working for a long time to create and analyze nano-

tumor vaccines based on bacterial membrane materials 

using the concept of vector and adjuvant integration, and 

they have produced a number of ground-breaking 

discoveries. The team released a review in 2022 that 

includes related studies (84). The primary drivers of the 

tumor microenvironment, tumor-associated macrophages 

(TAMs) make up up to 50% of all cells in some solid 

tumors, making them one of the biggest populations of 

immune cells that infiltrate tumors (85). Different 

stimulatory stimuli often repolarize TAMs with great 

plasticity and heterogeneity into two opposing phenotypes: 

M2-like TAMs that decrease T-cell function and M1-like 

TAMs with anti-tumor activity (86).  Consequently, a 

possible method to enhance the immunosuppressive tumor 

microenvironment is the efficient targeted administration 

of medications that alter polarization to TAMs. By 

blocking cyclooxygenase-2 (COX-2) and its downstream 

product prostaglandin E2 (PGE2), salicylic acid and its 

derivatives, a conventionally authorized anti-inflammatory 

medication, rewire TAMs from M2 to M1 type (87,88).  

For the first time, Kai Sun et al. reported hypoxia-stimuli-

responsive iron-5, 5’-azosalicylic acid nanoscale 

coordination polymer nanodrugs (FeNCPs) to better 

substantiate the unique function of salicylic acid in 

anticancer treatment (89).  They next attached 

polyethylene glycol (PEG) to the FeNCPs' surface.  

Longer half-life, decreased or eliminated immunogenicity, 

and less harmful side effects were all cited as benefits of 

the PEG alteration (90).  One common tactic in the 

pharmaceutical industry is PEGylation of nanoparticle 

surfaces (90). Solid tumors often have hypoxia, which can 

encourage azo reductase overexpression (91).  When PEG-

FeNCPs are injected intravenously into 4T1 tumor-bearing 

mice models, azo reductase may break them down in 

hypoxic environments, releasing 5-aminosalicylic acid.  

By rerouting TAMs to the M1 phenotype, 5-aminosalicylic 

acid was able to improve the immune response and relieve 

the immunosuppressive tumor microenvironment.  

Interestingly, TAMs have also been shown to change into 

the M1 phenotype when exposed to iron-based 

nanomaterials (92). The study's findings demonstrated that 

the proportion of CD80+ M1-like TAMs, the infiltration of 

CD8+ cytotoxic T cells, and the maturity of DCs in tumor-

draining lymph nodes were all markedly elevated, but 

CD206+ M2-like TAMs were the opposite.  Furthermore, 

PEG-FeNCPs dramatically slowed the development of 

tumors in mice. 

One well-known medication used to treat diabetes mellitus 

is metformin (Met).  Recently, Met has been a hot topic in 

"new uses of old drugs" due to its recently revealed anti-

tumor capabilities.  Met has been demonstrated in several 

studies to control tumor metabolism, prevent tumor cell 

invasion, migration, and proliferation, and trigger 

apoptosis (93,94).  More significantly, Met can improve 

the immunosuppressive microenvironment, hypoxia, and 

chronic inflammation to have anti-tumor effects (95). 

According to recent research, met inhibits the pro-tumor 

actions of M2 TAMs by drastically downregulating M2 

TAM markers and changing the polarization of TAMs 

from M2 to M1 (96,97). Met@Man-MPs are mannose-

modified murine macrophage-derived microparticles 

(Man-MPs) loaded with Met, as created by Zhaohan Wei 

et al. (98). Cells respond to a variety of endogenous or 

exogenous stimuli by releasing cell microparticles (MPs), 

which are extracellular vesicles with a diameter of 100–

1000 nm (22, 99). MPs are a promising drug carrier that 

shares traits with exosomes, including the ability to 

transport messenger molecules, enzymes, and nucleic 

acids across cells (100). MPs produced from macrophages 

are naturally able to target tumors (101). Since the 

mannose receptor is strongly expressed on M2 TAMs, 

mannose modification allows Met@Man-MPS to target 

M2 TAMs. Met@MPs dramatically reduced the mRNA 

expression of Arg1, Mrc1, and Mgl1, as well as the protein 

expression of CD206 (M2-related markers), while 

increasing the protein expression of CD80 and CD86 (M1-
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related markers) in H22 tumor-bearing mice. By 

decreasing the quantity of Tregs and MDSCs in tumor 

tissue and boosting the recruitment of CD8+ T cells, the 

targeted macrophages successfully restored the anti-tumor 

immune milieu. Furthermore, Met@Man-MPs 

significantly slowed the formation of tumors and extended 

the mice's life period. Remarkably, Met@Man-MPs 

efficiently caused the breakdown of tumor-associated 

extracellular matrix type I collagen when paired with anti-

PD-1 antibodies. This improved the concentration of anti-

PD-1 antibodies in tumors and their anti-cancer properties.     

Tumors are classified into three primary 

immunophenotypes based on the spatial distribution of 

cytotoxic immune cells in the tumor microenvironment: 

immunological-inflamed, immune-excluded, and immune-

desert phenotype (102).  Because of their strong T cell 

infiltration, elevated IFN-γ signal transduction, PD-L1 

expression, and other factors, immuno-inflammatory 

phenotypic cancers are referred to as "hot tumors" (103).  

Additionally, immunotherapy frequently works better on 

certain types of cancers (104, 105).  Tumors with immune-

excluded and immune-desert phenotypes are referred to as 

"cold tumors" (106).  Poor T cell infiltration, a low 

mutation burden, and low PD-L1 expression are 

characteristics of cold tumors (106). Researchers usually 

induce ICD to boost the recruitment and activation of 

tumor-specific T cells to "ignite" the tumor and improve 

the efficacy of immunotherapy since inadequate T-cell 

infiltration in "cold" tumors is a key cause of poor immune 

response (107). The traditional ICD inducer doxorubicin 

(DOX) must be used in conjunction with other 

immunotherapies since it is insufficient to trigger a robust 

immune response that would ignite cold tumors. 

FD/FM@siTOX NPs are new carrier-free fluorinated 

polymer nanoparticles based on DOX, siTOX, and melittin 

that were created by Pengkai Wu et al. (108). One 

important regulator of T cell failure is the protein known 

as Thymocyte Selection-Associated High Mobility Group 

Box (TOX) (109). In order to decrease T-cell depletion and 

increase T-cell invasion by inducing ICD, they paired 

DOX with siRNAs that block TOX expression. 

Interestingly, melittin has the ability to specifically kill 

tumor cells, and its ability to dissolve membranes makes 

siRNA transfection safe and efficient (110, 111). It was 

established that FD/FM@siTOXNPs considerably 

improved the impact of ICD in the 4T1 tumor-bearing 

animal models, inhibited CD8+T cell depletion, and 

markedly increased the production of the cytokines 

perforin (PRF), IFN-γ, and granzyme-B in CD8+T cells. 

Mice's life duration may be increased and tumor 

development and liver metastasis can be considerably 

inhibited by intravenous injection of FD/FM@siTOXNPs. 

In summary, this combo approach is a potential DDS to 

turn "cold" tumors into "hot" ones and can improve the 

overall anti-tumor immune response of FD/FM@siTOX 

NPs. By releasing PRF to puncture the cell membrane, 

activated CD8+ T lymphocytes can promote tumor cell 

death during immunotherapy (112).  Nonetheless, 

immunotherapy failure may be mostly due to the 

membrane repair process, particularly in cold tumors 

where there are not enough infiltrating CD8+ T cells 

(113,114).  According to Zhanwei Zhou et al., CD8+ T 

cell-mediated tumor cell death may be improved by 

supplementing with exogenous cytotoxic proteins before 

pore closure (114). For in situ gelling, which involves 

administering a drug in solution form with an 

instantaneous phase transition at the site of administration 

from a liquid state to a non-chemically cross-linked semi-

solid formulation of the gel, they injected human serum 

albumin nanoparticles containing the photothermal agent 

IR780 (HIR780), ribonuclease A (RNase A), poloxamer 

407, and α-cyclodextrin (the main ingredient for hydrogel 

formation) into the tumor. A slight photothermal effect at 

45°C can cause ICD in 4T1 tumor-bearing mice and 

trigger an immune response. This triggers CD8+ T cells to 

release PFR, which pierces the tumor cells' plasma 

membrane. It also encourages RNase A to enter tumor 

cells and triggers the caspase-3 and gasdermin-E 

pathways, which cause apoptosis and scorch death to 

further stimulate immunity.  IFN-γ expression was 

significantly up-regulated as a result of CD8+T cells' 

effective infiltration into the tumor tissue.  The mouse 

tumor was greatly inhibited without any suspense.  

Nonetheless, prior research indicates that moderate 

photothermal treatment (PTT) can shield tumor cells from 

CD8+ T cell assault and cause PD-L1 to be upregulated on 

tumor cells (115). As a result, a PD-L1 antibody must be 

added to the medication combination mentioned above.  

This group of researchers investigated the simultaneous 

administration of PD-L1, RNase A, and HIR780 

antibodies.  It demonstrated that the anti-tumor effects of 

this hydrogel formulation with PD-L1 antibodies were 

noticeably greater than those of the formulation without 

PD-L1 antibodies (114). Another type of immunotherapy 

that increases the anti-tumor impact by triggering ICD is 
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photodynamic treatment (PDT) (116).  PDT is the process 

by which an excited light source irradiates the 

photosensitizer with the help of oxygen molecules to 

create cytotoxic reactive oxygen species (ROS), which 

causes ICD and kills a significant proportion of tumor cells 

(117). However, because of their limited solubility in the 

biological milieu, the majority of photosensitizers are 

prone to aggregating, and the quenching effect caused by 

molecular assembly further diminishes the 

photosensitizers' capacity to produce ROS and emit 

fluorescence (118). Hongmei Cao et al. created MBPN-

TCyP, a mitochondria-targeted photosensitizer with 

aggregation-induced emission (AIE) capabilities, to solve 

this problem (119). According to their earlier research, 

encasing AIE photosensitizers in amphiphilic polymers not 

only causes inadequate loading but also restricts the 

photosensitizer's intramolecular mobility, which results in 

ineffective mitochondrial targeting (120). As a result, DCs-

derived EVs (DEVs) were employed as delivery vehicles 

in the current study. The bionic packaging of the AIE 

photosensitizer produced excellent biocompatibility and 

successfully evaded clearance by the mononuclear 

phagocyte system, thereby generating a significant amount 

of ROS and specifically targeting the mitochondria of 

tumor cells (119). DEV-AIE's capacity to target 

mitochondria enabled it to improve the ICD response in 

4T1, CT26 tumor-bearing mice. Furthermore, natural 

ligands (CD80/86, MHC I/II) on the DEV membrane 

might be used by DEV-AIE to directly activate T cells. In 

tumor tissues treated with DEV-AIE, the proportion of 

activated CD4+ and CD8+ T lymphocytes was markedly 

elevated. Likewise, there was a considerable inhibition of 

the tumors in mice. In summary, when compared to 

traditional medications, nanocarrier-based DDS offer 

several benefits, including: specific targeting of drug 

delivery following processing and modification; delayed 

drug release time, extending its duration of action; 

protection of drug molecules and notable improvement of 

drug stability; and, to a lesser extent, enhanced drug 

absorption and utilization. Unfortunately, practically all of 

these successful examples were rarely employed in clinical 

studies and were only accomplished in animals.  Clinical 

translation of nanodrug delivery technologies is still 

fraught with difficulties (121, 122).  We separated the 

nanoparticles into many subcategories to illustrate their 

own benefits and drawbacks because of the variety of 

materials. However, because of their limits in biology, 

technology, and medicine, nanoparticles also confront 

particular difficulties.  The distinction between preclinical 

research in animal models and clinical research in humans 

is one of the primary issues with the clinical 

transformation of nanoparticles (123, 124).  As an 

illustration, consider the enhanced permeability and 

retention (EPR) effect, which describes the fact that certain 

macromolecular materials of a particular size, like 

nanoparticles and some macromolecular medications, are 

more easily absorbed by tumor tissue and stay there for a 

longer period of time than normal tissues (123).  Although 

there is a dearth of trustworthy data in people, this has 

been confirmed in animal models (123). Another 

significant obstacle to the clinical development of 

nanodrugs is the issue of illness heterogeneity in many 

individuals at different times.  Before going into clinical 

use, a consistent and highly reproducible drug synthesis 

formula is required in terms of technical synthesis.  It is 

uncertain if the same outcomes can be achieved following 

large-scale synthesis, nevertheless, as the majority of 

preclinical studies employ modest amounts of 

manufactured nanoparticles (125, 126). Since EVs are 

distinct natural nanoparticles, little is known about the 

intricate transport therapeutic method they use in the 

human body (64, 127). Will EVs' tumor propensity be 

influenced by their membrane structure and other physical 

and chemical configurations, for instance? How well do 

various cargo loading techniques work for packaging 

various antineoplastic compounds? Will exosomes 

generated from tumors accelerate the growth of tumors in 

some way? Therefore, closing our knowledge gap is 

essential to enhancing the production of EVs. Furthermore, 

the large-scale manufacture of EVs is an important issue 

due to the absence of a standardized separation and 

purification scheme (128). The primary obstacle to its use 

in targeted therapy is also the low load of therapeutic 

goods in EVs (129).  This might be as a result of EVs 

containing some of the mother cell's contents during 

creation (129).  In summary, nanoparticle-based drug 

delivery systems exhibit significant promise for enhanced 

drug delivery and therapy in the field of biomedicine, 

despite significant obstacles and problems in their 

implementation. 
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DRUG DELIVERY SYSTEM (DDS) BASED ON 

COUPLING TECHNOLOGY FOR CANCER 

IMMUNOTHERAPY 

Coupling technology has made it possible to administer 

chemotherapeutic medications precisely, which has 

successfully decreased their systemic toxicity, which has 

been a problem (10, 130, 131). The two most popular 

linked drug delivery technologies at the moment are 

peptide-drug conjugates (PDCs) and ADCs. They are 

molecular drug delivery technologies that do not rely on 

carriers. In contrast to the above-discussed nanocarrier-

based drug delivery systems, they combine the antitumor 

characteristics of cytotoxic molecules with the specific 

targeting capabilities of monoclonal antibodies (mAbs) or 

peptides to deliver chemotherapeutic drugs to tumor tissue 

in a way that reduces systemic toxicity. Scientists have 

continued to create novel delivery ideas, such as targeted 

protein degradation (TPD), which includes lysosome 

targeting chimaeras (LYTACs), proteolysis targeting 

chimaeras (PROTACs), and others, in addition to 

technologically upgrading the original delivery methods 

(132–134). The features of ADC, PDC, and TPD 

technologies as well as the most recent studies on their use 

in cancer immunotherapy will be the main topics of 

discussion in the sections that follow. 

The German scientist who invented chemotherapy, Paul 

Ehrlich, initially proposed the idea that it could be feasible 

to selectively destroy cancer cells without endangering 

healthy cells if hazardous medicines were mounted on 

carriers that target tumor cells (135).  Gradually, studies 

have demonstrated that some antibodies can target tumor 

cells by recognizing tumor cell-surface antigens (tumor 

specific antigen, or TSA; tumor-associated antigen, or 

TAA) (136).  Although the idea of ADCs was initially put 

out in 1967, technological constraints kept development at 

a theoretical level.  Since 1975, monoclonal antibodies 

(mAbs) have been produced in large quantities thanks to 

the advancement of hybridoma technology.  Many 

monoclonal antibodies (mAbs), including trastuzumab, 

rituximab, and cetuximab, have been authorized in recent 

decades to treat a variety of solid malignancies (137-140). 

Nevertheless, mAbs do not kill cancer cells as well as 

chemotherapeutic drugs when taken alone (141). ADCs 

have thus been extensively studied as innovative agents 

that can make up for the shortcomings of cytotoxic 

medications and mAbs.  

ADCs are composed of three primary parts: cytotoxic drug 

payloads, mAbs that target tumor cell surface antigens, and 

linkers that connect the two. One essential element that 

keeps ADCs from dissociating in the bloodstream is the 

linker. Drug release may be classified into two categories 

based on whether the linker is cleavable, and the majority 

of ADCs are internalizable (130, 142). To release their 

ADC carrier payload, cleavable linkers rely on the 

physiological conditions inside the tumor cell, such as low 

pH, hydrolysis of proteases, or elevated intracellular 

glutathione levels.  The linker remains connected to the 

cytotoxic medication for release into the cytoplasm if the 

linker cannot be broken down by the lysosome.  This non-

cleavable linker exhibits comparatively minimal off-target 

toxicity and is more stable in the circulation (143). Some 

ADCs have an anticancer impact that includes the function 

of the Fc fragment in the mAb molecule in addition to 

delivering cytotoxic medicines to the tumor site (144,145). 

These ADCs have the ability to use the Fc fragment to 

carry out their immune effect function in addition to 

precisely identifying the target through their Fab domain. 

The three most significant effector modalities in the Fc 

fragments are complement-dependent cytotoxicity (CDC), 

antibody-dependent cell phagocytosis (ADPC), and 

antibody-dependent cell-mediated cytotoxicity (ADCC) 

(145). ADCs can destroy tumor cells directly when Fc 

fragments attach to the FcR on the surface of killer cells, 

such as macrophages and NK cells.  Additionally, we 

direct readers who are curious about this topic to published 

works that particularly address the mechanism of effects in 

Fc fragments (145).  Additionally, the antibody component 

of ADCs has the ability to selectively attach to cancer cell 

epitope antigens and block antigen receptor downstream 

signaling, which in turn stops cancer cell development. 

Eight ADCs have been used therapeutically to treat solid 

tumors since the Food and Drug Administration (FDA) 

authorized Mylotarg, the first ADC medication, in 2000 

(146). These ADCs are loaded with cytotoxic medicines, 

such as DNA-damaging agents and antitubulin, as are the 

majority of those now undergoing clinical trials (14).  

Anthracyclines, platinum, and ruthenium are a few 

examples of these cytotoxic medications that might cause 

ICD, which activates DCs and triggers T-cell-mediated 

anti-tumor immune responses (144).  Additionally, several 

ADCs have been shown to enhance PD-L1 expression in 

tumor cells, and they have been shown to work in concert 

with immune checkpoint inhibitors (115, 147–149).  TLR 

agonists and STING agonists, often referred to as 
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immunostimulating antibody conjugates (ISACs), are two 

small molecule immunomodulators that have been 

employed in the creation of new ADCs in addition to 

conventional cytotoxins (150–152). Known as ISACs, 

BDC-1001 is a new ADC that is presently undergoing 

clinical development (Phase I/II, NCT04278144) (153). It 

is used to treat patients with HER2-positive solid tumors 

and is made up of a TLR 7/8 agonist and a HER2-targeting 

antibody with a non-cleavable linker. SBT6050 (Phase I, 

NCT04460456) and SBT6290 (Phase I/II, NCT05234606) 

are other ISACs that target solid tumors (154, 155). While 

SBT6050 targets HER2, SBT6290 targets Nectin4 (Nectin 

cell adhesion molecule 4, a type I membrane protein that is 

overexpressed in a variety of tumor cells). Both 

medications employ TLR8 agonists as payloads. It's worth 

waiting for their clinical results. Technological 

advancements like the creation of antigen-binding 

fragments that are more stable in circulation, the 

improvement of linkers for better plasma stability, and the 

optimization of the interactions between antibodies and 

FcγRs have all contributed to the recent increase in the 

number of ADCs entering clinical trials (156).  Regretfully, 

a number of ADCs that had great promise in preclinical 

research have underperformed in clinical trials.  One major 

factor contributing to the inadequate clinical use of ADCs 

is incomplete internalization.  As previously mentioned, 

internalization mechanisms are frequently used in the 

construction of ADCs.  This is mostly dependent on 

internalizing antigen overexpression, which is uncommon 

in malignancies. Furthermore, antibodies are big molecular 

proteins that continuously attach to cancer cells near blood 

arteries on the tumor's perimeter, preventing them from 

penetrating further into the tumor. They also disperse 

slowly and have limited tumor penetration (157).  

Consequently, the creation of non-internalizing ADCs with 

extracellular payload release mechanisms has been the 

subject of increased study during the past ten years (142, 

158).  Non-internalizing ADCs are designed and 

developed to target non-internalizing antigens on the 

surface of tumor cells, allowing for targeted drug 

administration and release rather than relying on the 

internalization process of tumor cells. In order to release 

the payload outside of the tumor cells and spread to nearby 

cancer cells to exert their cytotoxic effects, the linkers of 

non-internalizing ADCs are made to be unstable in the 

extracellular tumor microenvironment and take advantage 

of the distinct chemical or enzymatic environment of 

tumors in comparison to healthy tissue (142).  As of right 

now, the tumor microenvironment and tumor cell 

membrane proteins are the primary targets of non-

internalizing ADC.  We won't go into great depth on the 

goals in this post due to space limitations.  In other words, 

because non-internalizing ADC does not rely on the 

production of highly similar antigens, it clearly broadens 

the spectrum of tumor targets when compared to the 

conventional internalizing ADC (142). Aside from that, 

non-internalizing ADC might lessen toxicity and adverse 

effects by utilizing the distinct chemical or enzymatic 

environment of tumors and avoiding cracking in healthy 

tissues (142).  Another significant factor contributing to 

ADCs' poor performance in clinical settings is their 

potential for off-target effects, whether absorbed or not 

(169).  In order to guarantee that the antibody binding 

properties are preferentially activated in the tumor site, 

researchers primarily conceal the antibody's antigen 

binding fragments in order to prevent the miss effect (170).  

However, the antibody's Fc domain's function is 

disregarded. On the basis of this, Adrian Elter et al. 

postulated that the antibody's Fc domain stays passive 

while in circulation and, when reaching the malignant 

tumor, recovers the effector's functional characteristics 

(171).  They employed a matrix metallopeptidase 9 

(MMP-9) cleavable linker to fuse the single-stranded 

variable fragment (scFv) onto the C-terminal of the 

trastuzumab light chain.  The FcγRs interaction location on 

Fc is particularly bound by ScFv.  The antibody triggered 

by the Fc segment demonstrated complete recovery of 

binding to FcγRs and C1q following MMP-9-mediated 

splicing cleavage and scFv separation, as well as restored 

ADCC and CDC effects. Trastuzumab of Fc-masked 

arrived in the tumor tissue later. More significantly, the 

effector-enhanced engineered antibody and the Fc-masked 

antibody form can work in concert.  Combining the two 

can lessen the possibility of systemic toxicity while 

simultaneously increasing the anti-tumor efficacy. 

Linkers, cytotoxic drug payloads, and homing peptides are 

the primary constituents of PDCs. As seen in Figure 2, 

PDCs and ADCs have a similar structure, with the 

exception that PDCs target using peptides (131). Cell-

penetrating peptides (CPPs) and cell-targeting peptides 

(CTPs) are the two categories into which homing peptides 

fall (172). Through a variety of methods, CPPs can enter 

cells directly and transport cargo within them (173). CTPs 

can potentially deliver payloads selectively because of 

their strong ability to target particular targets (172). There 
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are several benefits to using peptides as targeting agents in 

drug conjugates as opposed to ADCs. PDCs are easier to 

produce, less costly, and have a smaller molecular weight, 

higher tissue penetration, and extremely low inherent 

immunogenicity. They also make it easier to increase the 

stability of the medication by structural alterations (174–

176).  For the treatment of solid tumors, only one PDC 

medication, 177Lu-DOTA-[Tyr3]-octreotate (Pepaxto), has 

received approval (133).  In 2018, the FDA authorized its 

use for the treatment of gastrointestinal pancreatic 

neuroendocrine tumors that were positive for growth 

inhibitor receptors.  Many PDCs are undergoing 

preclinical or clinical studies, and we've included a list of 

some of the most popular medications being developed 

worldwide for PDCs. 

PDCs have received less research attention as 

immunomodulators than ADCs.  The PDCs from Bicycle 

Therapeutics are more noticeable in this regard.  Bicycle 

Therapeutics has created a unique peptide coupling as a 

tumor-targeted immune cell agonist™ (BicycleTICA™) 

based on a completely synthetic limited bicyclic peptide 

technology (177).  They use a three-armed branching 

polyethene glycol junction to connect peptides that target 

tumor-specific receptors and CD137, respectively.  There 

are no immunomodulatory or cytotoxic medications in this 

combination.  The first BicycleTICATM of this class to be 

used in clinical studies for advanced solid tumors is 

BT7480 (Phase I/II, NCT05163041). Kristen Hurov et al. 

employed spatial proteomics imaging in preclinical trials 

with BT7480 to detect nectin-4+ tumor cells in bladder 

cancer, head and neck squamous cell carcinoma, and non-

small cell lung cancer that were encircled by CD137+ 

immune cell infiltration and situated inside the tumor core.  

Thus, they created PDCs that can target both CD137 and 

Nectin-4, specifically BT7480. Because of its high affinity 

for both CD137 and Nectin-4, it can activate immune cells 

to have anti-tumor effects by bringing CD137-positive 

immune cells into contact with Nectin-4-positive tumor 

cells at the same time.  Intravenous BT7480 injection 

enhanced CD8+ T cell tumor infiltration and caused total 

tumor regression in MC38 tumor-bearing mice that 

expressed nectin-4. In rodents and non-human primates, 

the chemical exhibited excellent anti-tumor effectiveness 

and tolerability.  Additionally, BCY12491, the company's 

BicycleTICATM, which targets both CD137 and EphA2, 

has demonstrated strong anti-tumor and 

immunomodulatory properties (178). Some of the 

drawbacks of ADCs are offset by PDCs.  However, the 

efficacy of payload delivery to tumor cells is limited due to 

the limited dispersion and targeting time of PDCs in vivo 

caused by the short biological half-life of peptides (131, 

179).  Due to this limitation, PDC development has been 

more sluggish, and fewer potential medications have been 

created than ADCs. Despite some first attempts to increase 

the half-life by chemical modification, the outcomes were 

unsatisfactory (180–183). Because the neonatal Fc 

receptor circulatory route prevents the Fc domain of IgG 

or albumin in the organism from being broken down by 

lysosomes (184–186). In recent years, several researchers 

have suggested covalently binding the peptide with 

albumin or connecting the Fc domain at the peptide's C-

terminal, followed by recombinant production (184, 185). 

As a result, it can prolong the polypeptide's circulatory 

circulation and protect it. In summary, safer and more 

efficient PDCs for tumor immunotherapy are anticipated 

as more creative and enhanced approaches are researched.  

TPD is a significant technique that has advanced quickly 

in the past ten years to disrupt target protein function in 

cancer treatment. PROTAC technology is now the most 

advanced advancement in this sector (187). By delivering 

E3 ubiquitin ligase ligands to target proteins of interest 

(POIs), PROTACs—novel protein "degraders"—promote 

ubiquitination and breakdown.  The POI and E3 ubiquitin 

ligases are recruited and bound by ligands, respectively, 

and a linker joins the two ligands to form PROTACs.  By 

destroying the entire POI and removing its entire function, 

PROTACs can overcome some possible drug resistance of 

standard medications, in contrast to conventional treatment 

techniques (187). More significantly, PROTACs have the 

ability to target a wider range of targets, including proteins 

that conventional drugs are unable to address (188). The 

first small molecule PROTACs that successfully targeted 

the androgen receptor were reported by Professor Craig 

Crew's team at Yale University in 2001 (189). The first 

PROTACs drugs to enter human trials were ARV-110 

(Phase I/II, NCT03888612), which targeted the androgen 

receptor (AR), for metastatic prostate cancer (128) and 

ARV-471 (Phase I/II, NCT04072952), which targeted the 

estrogen receptor (ER), for ER+/HER2-metastasized 

breast cancer (191). ARV-110 allegedly showed 

encouraging first-line effect in patients with metastatic 

desmoplasia-resistant prostate cancer (mCRPC) in phase I 

clinical studies, reducing prostate specific antigen (PSA) 

by more than 50% at dosages exceeding 280 mg (192). 
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Additionally, 80% tumor size decrease and partial 

remission were demonstrated in 1 out of 5 patients (192).  

ARV-471 had a clinical benefit rate in 42% of patients and 

dramatically decreased ER expression levels in tumor 

tissues by a mean of 62% and a maximum of 90% (192).  

Additionally, both had a good safety record at all tested 

dosage levels (192).  This suggests that the use of 

PROTAC technology in anti-tumor therapy has a 

promising future. PROTACs are particularly interested in 

immune checkpoint proteins in cancer immunotherapy.  

The first PROTAC compound to efficiently degrade IDO1 

was reported by Mingxing Hu et al. in 2020 (193). After 

creating seven IDO1 PROTACs degraders, they 

discovered that 2C, a PROTACs molecule, could 

significantly degrade IDO1, with a maximum degradation 

rate of 93% in Hela cells.  A PROTACs molecule 21a was 

created by Yubo Wang and colleagues in 2021, and it has 

the ability to cause intracellular PD-L1 protein degradation 

in a variety of tumor cells in vitro (194).  When 21a was 

administered to MC38 tumor-bearing animal models, the 

tumor development was suppressed, the toxic effects of 

CD8+ T cells were increased, and the PD-L1 protein levels 

were dramatically decreased.  Because PD-L1 is 

constantly self-renewing from the cytoplasm to the cell 

membrane, 21a dramatically decreased both the total and 

cell membrane levels of PD-L1 protein. Because of the 

constraints of the ubiquitin-proteasome system (UPS), 

traditional PROTACs are limited to membrane proteins, 

function primarily on intracellular proteins, and cannot 

break down extracellular proteins (187, 195–197). 

Furthermore, only around 10 of the 600 E3 ligases found 

in the human body, like CRBN, VHL, IAP, MDM2, 

DCAF15, DCAF16, RNF114, etc have been evolved for 

PROTACs (198, 199). In order to address these issues, 

LYTACs and other PROTAC-derived technologies have 

been developed at a rapid pace (133, 200–202). The 

endocytosis-lysosome route is used by the LYTAC idea, 

which was initially proposed by Dr. Carolyn Bertozzi in 

Nature in 2020, to specifically degrade extracellular and 

membrane proteins (203). A linker connects the two 

primary parts of LYTACs, one of which targets the target 

protein (antibody, peptide, or other small molecule) and 

the other the lysosome-targeting receptor (LTR) on the cell 

surface.  LTRs are necessary for the transport of proteins to 

the lysosome. The target protein is broken down by the 

lysosome after the LYTACs molecule combines with it and 

the LTR to create a complex. The complex enters the cell 

by endocytosis. The dissociated LTR, on the other hand, is 

uncontaminated and capable of carrying the target protein 

through the endosomal cycle (204). The mannose 6-

phosphate/IGF-II receptor (M6P/IGF-IIR) and the related 

sialic acid glycoprotein receptor (ASGPR) are the most 

prevalent and extensively researched LTRs. It has been 

demonstrated that these receptors mediate the entrance of 

substrates into the lysosome for breakdown as lysosomal 

transport proteins (205–208). There are still several 

obstacles to practical use, despite the fact that drug 

research employing PROTACs and their related 

technologies is extremely promising and offers new 

therapeutic options for tumor immunotherapy (209).  In 

addition to the difficulties in creating small molecule E3 

ligase ligands, the molecules of produced PROTACs have 

a large molecular weight, low cell permeability, poor cell 

and tissue selectivity, off-targeting, and poor stability 

(210–213). Furthermore, it is yet unknown where 

oligosaccharide structures in LYTAC molecules bind best 

to antibodies, and this artificial sugar structure may be 

quite immunogenic to people (210). More significantly, 

since LTRs are extensively expressed on the surface of the 

majority of cells, it is imperative to figure out how to make 

LYTACs safer and prevent them from targeting cells that 

do not display the target proteins (210). 

 

OTHER DEVELOPABLE AREAS ON DRUG 

DELIVERY SYSTEM (DDS) FOR CANCER 

IMMUNOTHERAPY 

Cell-based DDS has been evolving quickly in recent years 

and has proven to be more effective than conventional 

delivery methods. Red blood cells, platelets, stem cells, 

immune cells, and other cell types are among the 

numerous that can be utilized for cellular delivery (214, 

215). When it comes to tumor immunotherapy, traditional 

cell therapies like T-cell receptor engineered T (TCR-T) 

cells, chimeric antigen receptor T (CAR-T) cells, and 

chimeric antigen receptor natural killer (CAR-NK) cells all 

function by obtaining the body's own immune cells, 

modifying them in vitro, and then reintroducing them into 

the body to target and eliminate tumor cells (216, 217). In 

order to cure disorders, CAR-T cell therapy involves 

transferring autologous T cells into patients after they have 

been genetically altered in vitro (216). As of right present, 

hematological cancers may be treated with nine different 

types of CAR-T cells (216). Bispecific T cell engagers 

(BiTEs), another well-known medication, are used to 
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reroute cytotoxic T cells to their targeted tumors, similar to 

CAR-T cells (218).  Two distinct single-stranded variable 

segments of the antigen binding domain of anti-CD3 and 

anti-TAA antibodies are covalently joined by short 

junction peptides to form BiTEs, a novel kind of bispecific 

T cell-redirecting antibody (218). BiTE-based T cell 

immunotherapy has shown promise in a number of 

preclinical and clinical trials targeting hematological 

cancers, including one that the FDA has authorized for the 

treatment of leukemia (218). However, the therapeutic 

impact of CAR-T or BiTEs alone in solid tumors is not 

optimal because to the immunosuppressive 

microenvironment restriction and significant miss effect 

(219, 220).  Studies on the creation of nano-drug carrier 

platforms for these two treatments have been published 

recently; the majority of these studies combine modified 

nanoparticles on the surface of CAR-T cells or nano-

antibodies with BiTEs to play a probe-like targeting effect, 

and preclinical experiments have shown promising results 

(221, 222). The specificity and safety of medications will 

be significantly increased by this possible immunotherapy 

and DDS combination, which will also provide solid tumor 

immunotherapy more hope. 

Oncolytic viral treatment (OVT) has recently generated a 

lot of interest as a novel tumor immunotherapy.  One type 

of live attenuated virus that may selectively infect and lyse 

tumor cells without harming healthy cells is called an 

oncolytic virus (OV) (223).  To improve anti-tumor 

activity or immune response, OVs can be further altered as 

a vector to deliver therapeutic transgenes to TME in a 

targeted manner (223). Costimulatory molecular genes, 

chemokine genes, cytokine genes, and ICI gene sequences 

are examples of these therapeutic transgenes (224, 225). 

Four oncolytic viruses have received commercial approval 

thus far. In 2015, the FDA authorized T-VEC as the first 

oncolytic virus to treat metastatic melanoma that was 

incurable (226). It has coding sequences for granulocyte-

macrophage colony-stimulating factor (GM-CSF), which 

boosts immunity. The fact that 45.9% of patients in a phase 

II clinical study of preoperative T-VEC with neoadjuvant 

chemotherapy experienced complete remission following 

treatment is promising. Additionally, 89% of patients saw 

no recurrence two years following therapy. Furthermore, 

OVs are a possible immune adjuvant that can improve the 

effectiveness of other tumor immunotherapies including 

cell therapy and ICIs due to the selectivity of tumor cells 

and their capacity to trigger a systemic anti-tumor immune 

response (225). More than 40 early clinical trials 

investigating the combined treatment of Ovs, PD-L1 

monoclonal antibody, and CAR-T are now underway, and 

they are demonstrating good curative effects (225, 226).  

FUTURE PERSPECTIVE 

DDS are frequently employed in tumor immunotherapy to 

administer nucleic acid medications, tumor vaccines, and 

immune modulators. They also offer a great platform for 

integrating immunotherapy with chemotherapy, PTT, PDT, 

and other treatments.  The numerous drug delivery systems 

examined in this research have distinct properties since 

they are based on different materials and synthetic 

techniques.  Furthermore, given the variety of DDS, it is 

crucial to select the best delivery method based on the 

target's properties, distribution, and biological function 

(e.g., internalization potential). To increase the 

effectiveness of drug delivery and improve its penetration 

into the tumor, we should take into account various 

delivery strategies and modes of administration, depending 

on the intracellular localization of target proteins and the 

features of various cancer types, such as dense tumor 

stroma and hypervascularized PDAC, as previously 

mentioned. The existence of a physiological barrier is 

another significant problem that has to be addressed in 

DDS research (227). In the realm of pharmacology, laser-

assisted drug penetration has drawn a lot of interest among 

penetration-enhancing techniques (228). In addition to 

destroying tumor cells by triggering photosensitizers in 

PDT, lasers can damage the blood-brain barrier and kill 

tumor cells by applying heat.  According to reports, laser 

interstitial thermal therapy (LITT) has been a common 

treatment for gliomas in recent years. It can increase drug 

permeability, directly trigger the anti-tumor immune 

response, and work in concert with systemic 

immunotherapy (228, 229). 

Furthermore, scientists are always looking for better ways 

to combine DDS, and they have looked into the possibility 

of creating even more remarkable "chemical reactions" by 

merging nanotechnology with TPD.  For instance, 

GlueTACs, a covalent nanobody-based PROTAC 

technique, was described by Heng Zhang et al. to target 

membrane protein degradation (204). With the aid of cell-

penetrating peptides and lysosomal sorting sequences, they 

employed extremely stable and permeable nanoantibodies 

that covalently bind to antigens to create complexes that 

are then internalized into cells and broken down by 
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lysosomes.  Additionally, it was shown that in the 

melanoma mice models, PD-L1-targeted GlueTACs 

exhibited a more robust and prolonged PD-L1 degradation 

impact than PD-L1 blocking.  In addition to targeting 

nanobodies, Ji Qi et al.'s new photosensitive nanoparticle 

was able to create multivalent cross-links by binding to 

PD-L1 on tumor cell surfaces, delivering endocytosed 

cross-linking complexes to the lysosome, and serving as a 

platform for LYTACs to facilitate PD-L1 internalization 

and degradation in the lysosome (230). Researchers are 

always looking for reliable new vectors to transport 

medications to the right cells in addition to the DDS that is 

now in use. The "syringe" for delivering therapeutic 

proteins into human cells may be bacterial contractile 

injection systems (CISs), according to a recent study by 

Feng Zhang and his colleagues (231). CISs are strikingly 

similar to the contractile tail of the T4 phage in that the 

rigid inner tube containing the therapeutic protein is 

punctured into the recipient cell by a contractile rotational 

action to complete protein release, while the contractile 

outer tube forms an adhesion point using a substrate 

complex. Furthermore, CISs can target particular tumor 

cells by altering the tail fibronectin. To put it briefly, more 

effective delivery methods or innovative drug delivery 

systems, such as CISs, will be progressively investigated.  

Effective and improved immune responses and improved 

therapeutic results can be achieved by accurately 

delivering immunomodulators to target tissues or 

particular immune cells via DDS. However, there are still a 

number of unresolved problems that must be resolved in 

order to increase tumor immunotherapy's effectiveness. 

i. In order to reduce the toxicity or off-target effects 

of the carriers, the synthesis of complex carriers 

necessitates the use of multiple raw materials, 

making carrier design more complex. 

Additionally, interactions between complex 

carrier structures and organisms can result in even 

more unpredictable biological effects and safety 

in real-world applications. 

ii. The co-delivery method of DDS typically makes 

it difficult to accomplish precision distribution to 

several cells in the tumor tissue at the same time, 

which may enhance the off-target effect of 

medications. Cytotoxic agents and 

immunomodulators typically target distinct cells. 

Thus, a new avenue for combination treatment 

research is the logical design of DDS with 

scheduled and quantified drug release to 

accomplish precise targeting of several 

medications to different cells. 

iii. Polyethylene glycol (PEG) modification of 

nanoparticles is generally regarded as an efficient 

way to avoid reticuloendothelial system clearance 

and extend circulation duration (232). However, 

PEGylation is also controversial since it might 

cause allergic responses, interfere with cellular 

connections, and increase the production of IgM 

after repeated administration (233). 

iv. Researchers must create individualized treatment 

plans at the molecular level since the tumor 

microenvironment might vary greatly across 

patients or throughout different times in a 

patient's life. Therefore, a difficult task that 

remains unfinished in the current tumor 

immunotherapy research is the design of DDS 

with a straightforward structure, easy industrial 

manufacturing, good biocompatibility, selective 

targeting, and high delivery efficiency under the 

presumption of guaranteeing biosafety. 

DISCUSSION AND CONCLUSION  

In conclusion, the present approach of combining DDS 

with immunotherapy has great promise for use and can 

greatly increase the effectiveness of tumor treatment while 

lowering systemic harmful side effects. Researchers have 

investigated many kinds of delivery carriers by utilizing 

the benefits of different kinds of materials. Our goal is to 

inspire doctors who are interested in a certain drug carrier 

by giving them as complete a picture of the available DDS 

as feasible.  It is anticipated that safe and effective 

immunological drug delivery techniques will soon be used 

in clinical settings, despite the fact that several problems 

remain unresolved. This is due to the advancement of DDS 

research, growing knowledge of materials, and material 

development.  Immunotherapy will assist more people 

with cancer. 

REFERENCES 

1. Baxevanis CN, Perez SA, Papamichail M. Cancer 

immunotherapy. Crit Rev Clin Lab Sci (2009) 

46(4):167–89. doi: 10.1080/10408360902937809 

2. Pan C, Liu H, Robins E, Song W, Liu D, Li Z, et al. 

Next-generation immuno-oncology agents: current 

momentum shifts in cancer immunotherapy. J 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1591 

Hematol Oncol (2020) 13(1):29. 

doi: 10.1186/s13045-020-00862-w 

3. Lin MJ, Svensson-Arvelund J, Lubitz GS, Marabelle 

A, Melero I, Brown BD, et al. Cancer vaccines: the 

next immunotherapy frontier. Nat Cancer (2022) 

3(8):911–26. doi: 10.1038/s43018-022-00418-6 

4. Bagchi S, Yuan R, Engleman EG. Immune 

checkpoint inhibitors for the treatment of cancer: 

clinical impact and mechanisms of response and 

resistance. Annu Rev Pathol (2021) 16:223–49. 

doi: 10.1146/annurev-pathol-042020-042741 

5. Johnson DB, Nebhan CA, Moslehi JJ, Balko JM. 

Immune-checkpoint inhibitors: long-term 

implications of toxicity. Nat Rev Clin Oncol (2022) 

19(4):254–67. doi: 10.1038/s41571-022-00600-w 

6. Chen AY, Wolchok JD, Bass AR. TNF in the era of 

immune checkpoint inhibitors: friend or foe? Nat 

Rev Rheumatol (2021) 17(4):213–23. 

doi: 10.1038/s41584-021-00584-4 

7. He B, Sui X, Yu B, Wang S, Shen Y, Cong H. Recent 

advances in drug delivery systems for enhancing 

drug penetration into tumors. Drug Delivery (2020) 

27(1):1474–90. 

doi: 10.1080/10717544.2020.1831106 

8. Öztürk-Atar K, Eroğlu H, Çalış S. Novel advances 

in targeted drug delivery. J Drug Target (2018) 

26(8):633–42. 

doi: 10.1080/1061186X.2017.1401076 

9. Chan HK. Nanodrug particles and nanoformulations 

for drug delivery. Adv Drug Delivery Rev (2011) 

63(6):405. doi: 10.1016/j.addr.2011.05.006 

10. Tarantino P, Carmagnani Pestana R, Corti C, Modi 

S, Bardia A, Tolaney SM, et al. Antibody-drug 

conjugates: Smart chemotherapy delivery across 

tumor histologies. CA Cancer J Clin (2022) 

72(2):165–82. doi: 10.3322/caac.21705 

11. Cheng L, Hill AF. Therapeutically harnessing 

extracellular vesicles. Nat Rev Drug 

Discovery (2022) 21(5):379–99. 

doi: 10.1038/s41573-022-00410-w 

12. Bockamp E, Rosigkeit S, Siegl D, Schuppan D. 

Nano-enhanced cancer immunotherapy: 

immunology encounters 

nanotechnology. Cells (2020) 9(9):2102. 

doi: 10.3390/cells9092102 

13. Riley RS, June CH, Langer R, Mitchell MJ. 

Delivery technologies for cancer 

immunotherapy. Nat Rev Drug Discovery (2019) 

18(3):175–96. doi: 10.1038/s41573-018-0006-z 

14. Fu Z, Li S, Han S, Shi C, Zhang Y. Antibody drug 

conjugate: the "biological missile" for targeted 

cancer therapy. Signal Transduct Target Ther (2022) 

7(1):93. doi: 10.1038/s41392-022-00947-7 

15. Mu W, Chu Q, Liu Y, Zhang N. A review on nano-

based drug delivery system for cancer 

chemoimmunotherapy. Nanomicro Lett (2020) 

12(1):142. doi: 10.1007/s40820-020-00482-6 

16. Mitchell MJ, Billingsley MM, Haley RM, Wechsler 

ME, Peppas NA, Langer R. Engineering precision 

nanoparticles for drug delivery. Nat Rev Drug 

Discovery (2021) 20(2):101–24. 

doi: 10.1038/s41573-020-0090-8 

17. Greening DW, Xu R, Ale A, Hagemeyer CE, Chen 

W. Extracellular vesicles as next generation 

immunotherapeutics. Semin Cancer Biol (2023) 

90:73–100. doi: 10.1016/j.semcancer.2023.02.002 

18. Wang Y, Zhang P, Wei Y, Shen K, Xiao L, Miron 

RJ, et al. Cell-membrane-display 

nanotechnology. Adv Healthc Mater (2021) 

10(1):e2001014. doi: 10.1002/adhm.202001014 

19. Norouzi M, Nazari B, Miller DW. Injectable 

hydrogel-based drug delivery systems for local 

cancer therapy. Drug Discovery Today (2016) 

21(11):1835–49. doi: 10.1016/j.drudis.2016.07.006 

20. Zhang S, Gao H, Bao G. Physical principles of 

nanoparticle cellular endocytosis. ACS 

Nano (2015) 9(9):8655–71. 

doi: 10.1021/acsnano.5b03184 

21. Peer D, Karp JM, Hong S, Farokhzad OC, Margalit 

R, Langer R. Nanocarriers as an emerging platform 

for cancer therapy. Nat Nanotechnol (2007) 

2(12):751–60. doi: 10.1038/nnano.2007.387 

22. Colombo M, Raposo G, Théry C. Biogenesis, 

secretion, and intercellular interactions of exosomes 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1592 

and other extracellular vesicles. Annu Rev Cell Dev 

Biol (2014) 30:255–89. doi: 10.1146/annurev-

cellbio-101512-122326 

23. Cecchin R, Troyer Z, Witwer K, Morris KV. 

Extracellular vesicles: The next generation in gene 

therapy delivery. Mol Ther (2023) 31(5):1225–30. 

doi: 10.1016/j.ymthe.2023.01.021 

24. Ozkocak DC, Phan TK, Poon IKH. Translating 

extracellular vesicle packaging into therapeutic 

applications. Front Immunol (2022) 13:946422. 

doi: 10.3389/fimmu.2022.946422 

25. Bahmani L, Ullah M. Different sourced 

extracellular vesicles and their potential 

applications in clinical treatments. Cells (2022) 

11(13):1989. doi: 10.3390/cells11131989 

26. Anselmo AC, Mitragotri S. Nanoparticles in the 

clinic: An update. Bioeng Transl Med (2019) 

4(3):e10143. doi: 10.1002/btm2.10143 

27. Xu X, Ho W, Zhang X, Bertrand N, Farokhzad O. 

Cancer nanomedicine: from targeted delivery to 

combination therapy. Trends Mol Med (2015) 

21(4):223–32. doi: 10.1016/j.molmed.2015.01.001 

28. Wculek SK, Cueto FJ, Mujal AM, Melero I, 

Krummel MF, Sancho D. Dendritic cells in cancer 

immunology and immunotherapy. Nat Rev 

Immunol (2020) 20(1):7–24. doi: 10.1038/s41577-

019-0210-z 

29. Li A, Yi M, Qin S, Song Y, Chu Q, Wu K. 

Activating cGAS-STING pathway for the optimal 

effect of cancer immunotherapy. J Hematol 

Oncol (2019) 12(1):35. doi: 10.1186/s13045-019-

0721-x 

30. Woo SR, Fuertes MB, Corrales L, Spranger S, 

Furdyna MJ, Leung MY, et al. STING-dependent 

cytosolic DNA sensing mediates innate immune 

recognition of immunogenic 

tumors. Immunity (2014) 41(5):830–42. 

doi: 10.1016/j.immuni.2014.10.017 

31. Corrales L, Glickman LH, McWhirter SM, Kanne 

DB, Sivick KE, Katibah GE, et al. Direct activation 

of STING in the tumor microenvironment leads to 

potent and systemic tumor regression and 

immunity. Cell Rep (2015) 11(7):1018–30. 

doi: 10.1016/j.celrep.2015.04.031 

32. Flood BA, Higgs EF, Li S, Luke JJ, Gajewski TF. 

STING pathway agonism as a cancer 

therapeutic. Immunol Rev (2019) 290(1):24–38. 

doi: 10.1111/imr.12765 

33. Koshy ST, Cheung AS, Gu L, Graveline AR, 

Mooney DJ. Liposomal delivery enhances immune 

activation by STING agonists for cancer 

immunotherapy. Adv Biosyst (2017) 1(1-

2):1600013. doi: 10.1002/adbi.201600013 

34. Shae D, Becker KW, Christov P, Yun DS, Lytton-

Jean AKR, Sevimli S, et al. Endosomolytic 

polymersomes increase the activity of cyclic 

dinucleotide STING agonists to enhance cancer 

immunotherapy. Nat Nanotechnol (2019) 

14(3):269–78. doi: 10.1038/s41565-018-0342-5 

35. Wehbe M, Wang-Bishop L, Becker KW, Shae D, 

Baljon JJ, He X, et al. Nanoparticle delivery 

improves the pharmacokinetic properties of cyclic 

dinucleotide STING agonists to open a therapeutic 

window for intravenous administration. J Control 

Release (2021) 330:1118–29. 

doi: 10.1016/j.jconrel.2020.11.017 

36. Cheng N, Watkins-Schulz R, Junkins RD, David 

CN, Johnson BM, Montgomery SA, et al. A 

nanoparticle-incorporated STING activator 

enhances antitumor immunity in PD-L1-insensitive 

models of triple-negative breast cancer. JCI 

Insight (2018) 3(22):e120638. 

doi: 10.1172/jci.insight.120638 

37. Truong NP, Whittaker MR, Mak CW, Davis TP. 

The importance of nanoparticle shape in cancer 

drug delivery. Expert Opin Drug Delivery (2015) 

12(1):129–42. doi: 10.1517/17425247.2014.950564 

38. Albanese A, Tang PS, Chan WC. The effect of 

nanoparticle size, shape, and surface chemistry on 

biological systems. Annu Rev BioMed Eng (2012) 

14:1–16. doi: 10.1146/annurev-bioeng-071811-

150124 

39. Arnida, Janát-Amsbury MM, Ray A, Peterson CM, 

Ghandehari H. Geometry and surface 

characteristics of gold nanoparticles influence their 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1593 

biodistribution and uptake by macrophages. Eur J 

Pharm Biopharm (2011) 77(3):417–23. 

doi: 10.1016/j.ejpb.2010.11.010 

40. Geng Y, Dalhaimer P, Cai S, Tsai R, Tewari M, 

Minko T, et al. Shape effects of filaments versus 

spherical particles in flow and drug delivery. Nat 

Nanotechnol (2007) 2(4):249–55. 

doi: 10.1038/nnano.2007.70 

41. Dane EL, Belessiotis-Richards A, Backlund C, 

Wang J, Hidaka K, Milling LE, et al. STING 

agonist delivery by tumour-penetrating PEG-lipid 

nanodiscs primes robust anticancer immunity. Nat 

Mater (2022) 21(6):710–20. doi: 10.1038/s41563-

022-01251-z 

42. Doshi AS, Cantin S, Prickett LB, Mele DA, Amiji 

M. Systemic nano-delivery of low-dose STING 

agonist targeted to CD103+ dendritic cells for 

cancer immunotherapy. J Control Release (2022) 

345:721–33. doi: 10.1016/j.jconrel.2022.03.054 

43. Spranger S, Dai D, Horton B, Gajewski TF. Tumor-

residing batf3 dendritic cells are required for 

effector T cell trafficking and adoptive T cell 

therapy. Cancer Cell (2017) 31(5):711–723.e4. 

doi: 10.1016/j.ccell.2017.04.003 

44. Sancho D, Mourão-Sá D, Joffre OP, Schulz O, 

Rogers NC, Pennington DJ, et al. Tumor therapy in 

mice via antigen targeting to a novel, DC-restricted 

C-type lectin. J Clin Invest (2008) 118(6):2098–

110. doi: 10.1172/JCI34584 

45. Idoyaga J, Lubkin A, Fiorese C, Lahoud MH, 

Caminschi I, Huang Y, et al. Comparable T helper 1 

(Th1) and CD8 T-cell immunity by targeting HIV 

gag p24 to CD8 dendritic cells within antibodies to 

Langerin, DEC205, and Clec9A. Proc Natl Acad 

Sci U.S.A. (2011) 108(6):2384–9. 

doi: 10.1073/pnas.1019547108 

46. Jneid B, Bochnakian A, Hoffmann C, Delisle F, 

Djacoto E, Sirven P, et al. Selective STING 

stimulation in dendritic cells primes antitumor T 

cell responses. Sci Immunol (2023) 

8(79):eabn6612. doi: 10.1126/sciimmunol.abn6612 

47. Yuan B, Liu Y, Lv M, Sui Y, Hou S, Yang T, et al. 

Virus-like particle-based nanocarriers as an 

emerging platform for drug delivery. J Drug 

Target (2023) 31(5):433–55. 

doi: 10.1080/1061186X.2023.2193358 

48. Ong HK, Tan WS, Ho KL. Virus like particles as a 

platform for cancer vaccine 

development. PeerJ (2017) 5:e4053. 

doi: 10.7717/peerj.4053 

49. Mohsen MO, Bachmann MF. Virus-like particle 

vaccinology, from bench to bedside. Cell Mol 

Immunol (2022) 19(9):993–1011. 

doi: 10.1038/s41423-022-00897-8 

50. Hills RA, Howarth M. Virus-like particles against 

infectious disease and cancer: guidance for the 

nano-architect. Curr Opin Biotechnol (2022) 

73:346–54. doi: 10.1016/j.copbio.2021.09.012 

51. Bridgeman A, Maelfait J, Davenne T, Partridge T, 

Peng Y, Mayer A, et al. Viruses transfer the antiviral 

second messenger cGAMP between 

cells. Science (2015) 349(6253):1228–32. 

doi: 10.1126/science.aab3632 

52. Gentili M, Kowal J, Tkach M, Satoh T, Lahaye X, 

Conrad C, et al. Transmission of innate immune 

signaling by packaging of cGAMP in viral 

particles. Science (2015) 349(6253):1232–6. 

doi: 10.1126/science.aab3628 

53. Andtbacka RH, Kaufman HL, Collichio F, 

Amatruda T, Senzer N, Chesney J, et al. 

Talimogene laherparepvec improves durable 

response rate in patients with advanced 

melanoma. J Clin Oncol (2015) 33(25):2780–8. 

doi: 10.1200/JCO.2014.58.3377 

54. Kantoff PW, Higano CS, Shore ND, Berger ER, 

Small EJ, Penson DF, et al. Sipuleucel-T 

immunotherapy for castration-resistant prostate 

cancer. N Engl J Med (2010) 363(5):411–22. 

doi: 10.1056/NEJMoa1001294 

55. Kranz LM, Diken M, Haas H, Kreiter S, Loquai C, 

Reuter KC, et al. Systemic RNA delivery to 

dendritic cells exploits antiviral defence for cancer 

immunotherapy. Nature (2016) 534(7607):396–401. 

doi: 10.1038/nature18300 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1594 

56. Liu L, Wang Y, Miao L, Liu Q, Musetti S, Li J, et 

al. Combination immunotherapy of MUC1 mRNA 

nano-vaccine and CTLA-4 blockade effectively 

inhibits growth of triple negative breast cancer. Mol 

Ther (2018) 26(1):45–55. 

doi: 10.1016/j.ymthe.2017.10.020 

57. Yang M, Li J, Gu P, Fan X. The application of 

nanoparticles in cancer immunotherapy: Targeting 

tumor microenvironment. Bioact Mater (2020) 

6(7):1973–87. 

doi: 10.1016/j.bioactmat.2020.12.010 

58. Zuo B, Zhang Y, Zhao K, Wu L, Qi H, Yang R, et 

al. Universal immunotherapeutic strategy for 

hepatocellular carcinoma with exosome vaccines 

that engage adaptive and innate immune 

responses. J Hematol Oncol (2022) 15(1):46. 

doi: 10.1186/s13045-022-01266-8 

59. Tran TH, Tran TTP, Nguyen HT, Phung CD, Jeong 

JH, Stenzel MH, et al. Nanoparticles for dendritic 

cell-based immunotherapy. Int J Pharm (2018) 

542(1-2):253–65. 

doi: 10.1016/j.ijpharm.2018.03.029 

60. Chen F, Wang Y, Gao J, Saeed M, Li T, Wang W, et 

al. Nanobiomaterial-based vaccination 

immunotherapy of cancer. Biomaterials (2021) 

270:120709. 

doi: 10.1016/j.biomaterials.2021.120709 

61. Cappellano G, Abreu H, Casale C, Dianzani U, 

Chiocchetti A. Nano-microparticle platforms in 

developing next-generation vaccines. Vaccines 

(Basel) (2021) 9(6):606. 

doi: 10.3390/vaccines9060606 

62. Xu Z, Zeng S, Gong Z, Yan Y. Exosome-based 

immunotherapy: a promising approach for cancer 

treatment. Mol Cancer (2020) 19(1):160. 

doi: 10.1186/s12943-020-01278-3 

63. Zaborowski MP, Balaj L, Breakefield XO, Lai CP. 

Extracellular vesicles: composition, biological 

relevance, and methods of study. Bioscience (2015) 

65(8):783–97. doi: 10.1093/biosci/biv084 

64. van Niel G, D'Angelo G, Raposo G. Shedding light 

on the cell biology of extracellular vesicles. Nat 

Rev Mol Cell Biol (2018) 19(4):213–28. 

doi: 10.1038/nrm.2017.125 

65. Tenchov R, Sasso JM, Wang X, Liaw WS, Chen 

CA, Zhou QA. Exosomes─Nature's lipid 

nanoparticles, a rising star in drug delivery and 

diagnostics. ACS Nano (2022) 16(11):17802–46. 

doi: 10.1021/acsnano.2c08774 

66. Wolfers J, Lozier A, Raposo G, Regnault A, Théry 

C, Masurier C, et al. Tumor-derived exosomes are a 

source of shared tumor rejection antigens for CTL 

cross-priming. Nat Med (2001) 7(3):297–303. 

doi: 10.1038/85438 

67. Yildirim M, Yildirim TC, Turay N, Bildik T, Ibibik 

B, Evcili I, et al. TLR ligand loaded exosome 

mediated immunotherapy of established mammary 

Tumor in mice. Immunol Lett (2021) 239:32–41. 

doi: 10.1016/j.imlet.2021.08.004 

68. Huang L, Rong Y, Tang X, Yi K, Qi P, Hou J, et al. 

Engineered exosomes as an in situ DC-primed 

vaccine to boost antitumor immunity in breast 

cancer. Mol Cancer (2022) 21(1):45. 

doi: 10.1186/s12943-022-01515-x 

69. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. 

Immunogenic cell death in cancer therapy. Annu 

Rev Immunol (2013) 31:51–72. 

doi: 10.1146/annurev-immunol-032712-100008 

70. Krysko DV, Garg AD, Kaczmarek A, Krysko O, 

Agostinis P, Vandenabeele P. Immunogenic cell 

death and DAMPs in cancer therapy. Nat Rev 

Cancer (2012) 12(12):860–75. 

doi: 10.1038/nrc3380 

71. Jaini R, Kesaraju P, Johnson JM, Altuntas CZ, 

Jane-Wit D, Tuohy VK. An autoimmune-mediated 

strategy for prophylactic breast cancer 

vaccination. Nat Med (2010) 16(7):799–803. 

doi: 10.1038/nm.2161 

72. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer 

G. Immunogenic cell death in cancer and infectious 

disease. Nat Rev Immunol (2017) 17(2):97–111. 

doi: 10.1038/nri.2016.107 

73. Rucki AA, Zheng L. Pancreatic cancer stroma: 

understanding biology leads to new therapeutic 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1595 

strategies. World J Gastroenterol (2014) 

20(9):2237–46. doi: 10.3748/wjg.v20.i9.2237 

74. Zhou W, Chen X, Zhou Y, Shi S, Liang C, Yu X, et 

al. Exosomes derived from immunogenically dying 

tumor cells as a versatile tool for vaccination 

against pancreatic cancer. Biomaterials (2022) 

280:121306. 

doi: 10.1016/j.biomaterials.2021.121306 

75. Li C, Sun H, Wei W, Liu Q, Wang Y, Zhang Y, et al. 

Mitoxantrone triggers immunogenic prostate cancer 

cell death via p53-dependent PERK 

expression. Cell Oncol (Dordr) (2020) 43(6):1099–

116. doi: 10.1007/s13402-020-00544-2 

76. Christensen O, Lupu A, Schmidt S, Condomines 

M, Belle S, Maier A, et al. Melan-A/MART1 

analog peptide triggers anti-myeloma T-cells 

through crossreactivity with HM1.24. J 

Immunother (2009) 32(6):613–21. 

doi: 10.1097/CJI.0b013e3181a95198 

77. Vela Ramirez JE, Sharpe LA, Peppas NA. Current 

state and challenges in developing oral 

vaccines. Adv Drug Delivery Rev (2017) 114:116–

31. doi: 10.1016/j.addr.2017.04.008 

78. Qin H, Zhao R, Qin Y, Zhu J, Chen L, Di C, et al. 

Development of a cancer vaccine using in 

vivo click-chemistry-mediated active lymph node 

accumulation for improved immunotherapy. Adv 

Mater (2021) 33(20):e2006007. 

doi: 10.1002/adma.202006007 

79. Kim SH, Jang YS. The development of mucosal 

vaccines for both mucosal and systemic immune 

induction and the roles played by adjuvants. Clin 

Exp Vaccine Res (2017) 6(1):15–21. 

doi: 10.7774/cevr.2017.6.1.15 

80. Wang J, Li Y, Nie G. Multifunctional biomolecule 

nanostructures for cancer therapy. Nat Rev 

Mater (2021) 6(9):766–83. doi: 10.1038/s41578-

021-00315-x 

81. New RRC. Formulation technologies for oral 

vaccines. Clin Exp Immunol (2019) 198(2):153–69. 

doi: 10.1111/cei.13352 

82. Yue Y, Xu J, Li Y, Cheng K, Feng Q, Ma X, et al. 

Antigen-bearing outer membrane vesicles as tumor 

vaccines produced in situ by ingested genetically 

engineered bacteria. Nat BioMed Eng (2022) 

6(7):898–909. doi: 10.1038/s41551-022-00886-2 

83. Li Y, Ma X, Yue Y, Zhang K, Cheng K, Feng Q, et 

al. Rapid surface display of mRNA antigens by 

bacteria-derived outer membrane vesicles for a 

personalized tumor vaccine. Adv Mater (2022) 

34(20):e2109984. doi: 10.1002/adma.202109984 

84. Zhao X, Zhao R, Nie G. Nanocarriers based on 

bacterial membrane materials for cancer vaccine 

delivery. Nat Protoc (2022) 17(10):2240–74. 

doi: 10.1038/s41596-022-00713-7 

85. Zhang SY, Song XY, Li Y, Ye LL, Zhou Q, Yang 

WB. Tumor-associated macrophages: A promising 

target for a cancer immunotherapeutic 

strategy. Pharmacol Res (2020) 161:105111. 

doi: 10.1016/j.phrs.2020.105111 

86. Salmaninejad A, Valilou SF, Soltani A, Ahmadi S, 

Abarghan YJ, Rosengren RJ, et al. Tumor-

associated macrophages: role in cancer 

development and therapeutic implications. Cell 

Oncol (Dordr) (2019) 42(5):591–608. 

doi: 10.1007/s13402-019-00453-z 

87. Rubin DT, Cruz-Correa MR, Gasche C, Jass JR, 

Lichtenstein GR, Montgomery EA, et al. Colorectal 

cancer prevention in inflammatory bowel disease 

and the role of 5-aminosalicylic acid: a clinical 

review and update. Inflammation Bowel Dis (2008) 

14(2):265–74. doi: 10.1002/ibd.20297 

88. Ma S, Song W, Xu Y, Si X, Zhang D, Lv S, et al. 

Neutralizing tumor-promoting inflammation with 

polypeptide-dexamethasone conjugate for 

microenvironment modulation and colorectal 

cancer therapy. Biomaterials (2020) 232:119676. 

doi: 10.1016/j.biomaterials.2019.119676 

89. Sun K, Yu J, Hu J, Chen J, Song J, Chen Z, et al. 

Salicylic acid-based hypoxia-responsive 

chemodynamic nanomedicines boost antitumor 

immunotherapy by modulating immunosuppressive 

tumor microenvironment. Acta Biomater (2022) 

148:230–43. doi: 10.1016/j.actbio.2022.06.026 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1596 

90. Huckaby JT, Lai SK. PEGylation for enhancing 

nanoparticle diffusion in mucus. Adv Drug 

Delivery Rev (2018) 124:125–39. 

doi: 10.1016/j.addr.2017.08.010 

91. Chen S, Chen M, Yang J, Zeng X, Zhou Y, Yang S, 

et al. Design and engineering of hypoxia and acidic 

pH dual-stimuli-responsive intelligent fluorescent 

nanoprobe for precise tumor imaging. Small (2021) 

17(28):e2100243. doi: 10.1002/smll.202100243 

92. Gu Z, Liu T, Tang J, Yang Y, Song H, Tuong ZK, et 

al. Mechanism of iron oxide-induced macrophage 

activation: the impact of composition and the 

underlying signaling pathway. J Am Chem 

Soc (2019) 141(15):6122–6. 

doi: 10.1021/jacs.8b10904 

93. Lord SR, Cheng WC, Liu D, Gaude E, Haider S, 

Metcalf T, et al. Integrated pharmacodynamic 

analysis identifies two metabolic adaption pathways 

to metformin in breast cancer. Cell Metab (2018) 

28(5):679–688.e4. doi: 10.1016/j.cmet.2018.08.021 

94. Ben Sahra I, Regazzetti C, Robert G, Laurent K, Le 

Marchand-Brustel Y, Auberger P, et al. Metformin, 

independent of AMPK, induces mTOR inhibition 

and cell-cycle arrest through REDD1. Cancer 

Res (2011) 71(13):4366–72. doi: 10.1158/0008-

5472.CAN-10-1769 

95. Qiu J, Yang T, Long Y, He P, Shen W, Zhang B, et 

al. Mitochondrial respiration inhibitor enhances the 

anti-tumor effect of high-dose ascorbic acid in 

castration-resistant prostate cancer. J Mol Med 

(Berl) (2023) 101(1-2):125–38. 

doi: 10.1007/s00109-022-02273-5 

96. Chiang CF, Chao TT, Su YF, Hsu CC, Chien CY, 

Chiu KC, et al. Metformin-treated cancer cells 

modulate macrophage polarization through AMPK-

NF-κB signaling. Oncotarget (2017) 8(13):20706–

18. doi: 10.18632/oncotarget.14982 

97. Ding L, Liang G, Yao Z, Zhang J, Liu R, Chen H, 

et al. Metformin prevents cancer metastasis by 

inhibiting M2-like polarization of tumor associated 

macrophages. Oncotarget (2015) 6(34):36441–55. 

doi: 10.18632/oncotarget.5541 

98. Wei Z, Zhang X, Yong T, Bie N, Zhan G, Li X, et 

al. Boosting anti-PD-1 therapy with metformin-

loaded macrophage-derived microparticles. Nat 

Commun (2021) 12(1):440. doi: 10.1038/s41467-

020-20723-x 

99. Tominaga N, Yoshioka Y, Ochiya T. A novel 

platform for cancer therapy using extracellular 

vesicles. Adv Drug Delivery Rev (2015) 95:50–5. 

doi: 10.1016/j.addr.2015.10.002 

100. Tkach M, Théry C. Communication by 

extracellular vesicles: where we are and where we 

need to go. Cell (2016) 164(6):1226–32. 

doi: 10.1016/j.cell.2016.01.043 

101. Guo L, Zhang Y, Wei R, Zhang X, Wang C, Feng 

M. Proinflammatory macrophage-derived 

microvesicles exhibit tumor tropism dependent on 

CCL2/CCR2 signaling axis and promote drug 

delivery via SNARE-mediated membrane 

fusion. Theranostics (2020) 10(15):6581–98. 

doi: 10.7150/thno.45528 

102. Chen DS, Mellman I. Elements of cancer 

immunity and the cancer-immune set 

point. Nature (2017) 541(7637):321–30. 

doi: 10.1038/nature21349 

103. Hegde PS, Karanikas V, Evers S. The where, the 

when, and the how of immune monitoring for 

cancer immunotherapies in the era of checkpoint 

inhibition. Clin Cancer Res (2016) 22(8):1865–74. 

doi: 10.1158/1078-0432.CCR-15-1507 

104. Galon J, Bruni D. Approaches to treat immune 

hot, altered and cold tumours with combination 

immunotherapies. Nat Rev Drug Discovery (2019) 

18(3):197–218. doi: 10.1038/s41573-018-0007-y 

105. Herbst RS, Soria JC, Kowanetz M, Fine GD, 

Hamid O, Gordon MS, et al. Predictive correlates 

of response to the anti-PD-L1 antibody 

MPDL3280A in cancer patients. Nature (2014) 

515(7528):563–7. doi: 10.1038/nature14011 

106. Hegde PS, Chen DS. Top 10 challenges in cancer 

immunotherapy. Immunity (2020) 52(1):17–35. 

doi: 10.1016/j.immuni.2019.12.011 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1597 

107. Ji S, Li J, Duan X, Zhang J, Zhang Y, Song M, et 

al. Targeted enrichment of enzyme-instructed 

assemblies in cancer cell lysosomes turns 

immunologically cold tumors hot. Angew Chem Int 

Ed Engl (2021) 60(52):26994–7004. 

doi: 10.1002/anie.202110512 

108. Wu P, Zhang H, Sun M, Mao S, He Q, Shi Y, et al. 

Manipulating offense and defense signaling to fight 

cold tumors with carrier-free nanoassembly of 

fluorinated prodrug and siRNA. Adv Mater (2022) 

34(38):e2203019. doi: 10.1002/adma.202203019 

109. Sekine T, Perez-Potti A, Nguyen S, Gorin JB, Wu 

VH, Gostick E, et al. TOX is expressed by 

exhausted and polyfunctional human effector 

memory CD8+ T cells. Sci Immunol (2020) 

5(49):eaba7918. doi: 10.1126/sciimmunol.aba7918 

110. Liu H, Hu Y, Sun Y, Wan C, Zhang Z, Dai X, et al. 

Co-delivery of bee venom melittin and a 

photosensitizer with an organic-inorganic hybrid 

nanocarrier for photodynamic therapy and 

immunotherapy. ACS Nano (2019) 13(11):12638–

52. doi: 10.1021/acsnano.9b04181 

111. Wang A, Zheng Y, Zhu W, Yang L, Yang Y, Peng 

J. Melittin-based nano-delivery systems for cancer 

therapy. Biomolecules (2022) 12(1):118. 

doi: 10.3390/biom12010118 

112. Raskov H, Orhan A, Christensen JP, Gögenur I. 

Cytotoxic CD8+ T cells in cancer and cancer 

immunotherapy. Br J Cancer (2021) 124(2):359–67. 

doi: 10.1038/s41416-020-01048-4 

113. Ritter AT, Shtengel G, Xu CS, Weigel A, Hoffman 

DP, Freeman M, et al. ESCRT-mediated membrane 

repair protects tumor-derived cells against T cell 

attack. Science (2022) 376(6591):377–82. 

doi: 10.1126/science.abl3855 

114. Zhou Z, Yang R, Dong J, Di Y, Yang Y, Huang Y, 

et al. Pore forming-mediated intracellular protein 

delivery for enhanced cancer immunotherapy. Sci 

Adv (2022) 8(46):eabq4659. 

doi: 10.1126/sciadv.abq4659 

115. Huang L, Li Y, Du Y, Zhang Y, Wang X, Ding Y, 

et al. Mild photothermal therapy potentiates anti-

PD-L1 treatment for immunologically cold tumors 

via an all-in-one and all-in-control strategy. Nat 

Commun (2019) 10(1):4871. doi: 10.1038/s41467-

019-12771-9 

116. Agostinis P, Berg K, Cengel KA, Foster TH, 

Girotti AW, Gollnick SO, et al. Photodynamic 

therapy of cancer: an update. CA Cancer J 

Clin (2011) 61(4):250–81. doi: 10.3322/caac.20114 

117. Ji B, Wei M, Yang B. Recent advances in 

nanomedicines for photodynamic therapy (PDT)-

driven cancer immunotherapy. Theranostics (2022) 

12(1):434–58. doi: 10.7150/thno.67300 

118. Xie J, Wang Y, Choi W, Jangili P, Ge Y, Xu Y, et 

al. Overcoming barriers in photodynamic therapy 

harnessing nano-formulation strategies. Chem Soc 

Rev (2021) 50(16):9152–201. 

doi: 10.1039/d0cs01370f 

119. Cao H, Gao H, Wang L, Cheng Y, Wu X, Shen X, 

et al. Biosynthetic dendritic cell-exocytosed 

aggregation-induced emission nanoparticles for 

synergistic photodynamic immunotherapy. ACS 

Nano (2022) 16(9):13992–4006. 

doi: 10.1021/acsnano.2c03597 

120. Chen C, Ni X, Jia S, Liang Y, Wu X, Kong D, et 

al. Massively evoking immunogenic cell death by 

focused mitochondrial oxidative stress using an 

AIE luminogen with a twisted molecular 

structure. Adv Mater (2019) 31(52):e1904914. 

doi: 10.1002/adma.201904914 

121. Vader P, Mol EA, Pasterkamp G, Schiffelers RM. 

Extracellular vesicles for drug delivery. Adv Drug 

Delivery Rev (2016) 106(Pt A):148–56. 

doi: 10.1016/j.addr.2016.02.006 

122. Cabral H, Kinoh H, Kataoka K. Tumor-targeted 

nanomedicine for immunotherapy. Acc Chem 

Res (2020) 53(12):2765–76. 

doi: 10.1021/acs.accounts.0c00518 

123. Nichols JW, Bae YH. EPR: evidence and fallacy. J 

Control Release (2014) 190:451–64. 

doi: 10.1016/j.jconrel.2014.03.057 

124. Marusyk A, Polyak K. Tumor heterogeneity: 

causes and consequences. Biochim Biophys 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1598 

Acta (2010) 1805(1):105–17. 

doi: 10.1016/j.bbcan.2009.11.002 

125. Smith JA, Costales AB, Jaffari M, Urbauer DL, 

Frumovitz M, Kutac CK, et al. Is it equivalent? 

Evaluation of the clinical activity of single agent 

Lipodox® compared to single agent Doxil® in 

ovarian cancer treatment. J Oncol Pharm 

Pract (2016) 22(4):599–604. 

doi: 10.1177/1078155215594415 

126. Anselmo AC, Mitragotri S. Nanoparticles in the 

clinic. Bioeng Transl Med (2016) 1(1):10–29. 

doi: 10.1002/btm2.10003 

127. Kalluri R, LeBleu VS. The biology, function, and 

biomedical applications of 

exosomes. Science (2020) 367(6478):eaau6977. 

doi: 10.1126/science.aau6977 

128. Meng W, He C, Hao Y, Wang L, Li L, Zhu G. 

Prospects and challenges of extracellular vesicle-

based drug delivery system: considering cell 

source. Drug Delivery (2020) 27(1):585–98. 

doi: 10.1080/10717544.2020.1748758 

129. Syn NL, Wang L, Chow EK, Lim CT, Goh BC. 

Exosomes in cancer nanomedicine and 

immunotherapy: prospects and challenges. Trends 

Biotechnol (2017) 35(7):665–76. 

doi: 10.1016/j.tibtech.2017.03.004 

130. Chau CH, Steeg PS, Figg WD. Antibody-drug 

conjugates for cancer. Lancet (2019) 

394(10200):793–804. doi: 10.1016/S0140-

6736(19)31774-X 

131. Cooper BM, Iegre J, O' Donovan DH, Ölwegård 

Halvarsson M, Spring DR. Peptides as a platform 

for targeted therapeutics for cancer: peptide-drug 

conjugates (PDCs). Chem Soc Rev (2021) 

50(3):1480–94. doi: 10.1039/d0cs00556h 

132. Sun X, Gao H, Yang Y, He M, Wu Y, Song Y, et 

al. PROTACs: great opportunities for academia and 

industry. Signal Transduct Target Ther (2019) 4:64. 

doi: 10.1038/s41392-019-0101-6 

133. Ding Y, Xing D, Fei Y, Lu B. Emerging degrader 

technologies engaging lysosomal pathways. Chem 

Soc Rev (2022) 51(21):8832–76. 

doi: 10.1039/d2cs00624c 

134. Lin J, Jin J, Shen Y, Zhang L, Gong G, Bian H, et 

al. Emerging protein degradation strategies: 

expanding the scope to extracellular and membrane 

proteins. Theranostics (2021) 11(17):8337–49. 

doi: 10.7150/thno.62686 

135. Strebhardt K, Ullrich A. Paul Ehrlich's magic 

bullet concept: 100 years of progress. Nat Rev 

Cancer (2008) 8(6):473–80. doi: 10.1038/nrc2394 

136. Köhler G, Milstein C. Continuous cultures of 

fused cells secreting antibody of predefined 

specificity. Nature (1975) 256(5517):495–7. 

doi: 10.1038/256495a0 

137. Ferrara N, Hillan KJ, Novotny W. Bevacizumab 

(Avastin), a humanized anti-VEGF monoclonal 

antibody for cancer therapy. Biochem Biophys Res 

Commun (2005) 333(2):328–35. 

doi: 10.1016/j.bbrc.2005.05.132 

138. McKeage K, Perry CM. Trastuzumab: a review of 

its use in the treatment of metastatic breast cancer 

overexpressing HER2. Drugs (2002) 62(1):209–43. 

doi: 10.2165/00003495-200262010-00008 

139. Cvetković RS, Perry CM. Rituximab: a review of 

its use in non-Hodgkin's lymphoma and chronic 

lymphocytic leukaemia. Drugs (2006) 66(6):791–

820. doi: 10.2165/00003495-200666060-00005 

140. Blick SK, Scott LJ. Cetuximab: a review of its use 

in squamous cell carcinoma of the head and neck 

and metastatic colorectal cancer. Drugs (2007) 

67(17):2585–607. doi: 10.2165/00003495-

200767170-00008 

141. Shefet-Carasso L, Benhar I. Antibody-targeted 

drugs and drug resistance–challenges and 

solutions. Drug Resist Update (2015) 18:36–46. 

doi: 10.1016/j.drup.2014.11.001 

142. Ashman N, Bargh JD, Spring DR. Non-

internalising antibody-drug conjugates. Chem Soc 

Rev (2022) 51(22):9182–202. 

doi: 10.1039/d2cs00446a 

143. Frigerio M, Kyle AF. The chemical design and 

synthesis of linkers used in antibody drug 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1599 

conjugates. Curr Top Med Chem (2017) 

17(32):3393–424. 

doi: 10.2174/1568026618666180118155847 

144. Nicolò E, Giugliano F, Ascione L, Tarantino P, 

Corti C, Tolaney SM, et al. Combining antibody-

drug conjugates with immunotherapy in solid 

tumors: current landscape and future 

perspectives. Cancer Treat Rev (2022) 106:102395. 

doi: 10.1016/j.ctrv.2022.102395 

145. Chen W, Yuan Y, Jiang X. Antibody and antibody 

fragments for cancer immunotherapy. J Control 

Release (2020) 328:395–406. 

doi: 10.1016/j.jconrel.2020.08.021 

146. Maiti R, Patel B, Patel N, Patel M, Patel A, 

Dhanesha N. Antibody drug conjugates as targeted 

cancer therapy: past development, present 

challenges and future opportunities. Arch Pharm 

Res (2023) 46(5):361–88. doi: 10.1007/s12272-

023-01447-0 

147. Xu Z, Ma J, Chen T, Yang Y. Case report: The 

remarkable response of pembrolizumab combined 

with RC48 in the third-line treatment of metastatic 

urothelial carcinoma. Front Immunol (2022) 

13:978266. doi: 10.3389/fimmu.2022.978266 

148. Hooper AT, Marquette K, Chang CB, Golas J, Jain 

S, Lam MH, et al. Anti-extra domain B splice 

variant of fibronectin antibody-drug conjugate 

eliminates tumors with enhanced efficacy when 

combined with checkpoint blockade. Mol Cancer 

Ther (2022) 21(9):1462–72. doi: 10.1158/1535-

7163.MCT-22-0099 

149. Hamilton EP, Kaklamani V, Falkson C, Vidal GA, 

Ward PJ, Patre M, et al. Impact of anti-HER2 

treatments combined with atezolizumab on the 

tumor immune microenvironment in early or 

metastatic breast cancer: results from a phase ib 

study. Clin Breast Cancer (2021) 21(6):539–51. 

doi: 10.1016/j.clbc.2021.04.011 

150. Corogeanu D, Zaki K, Beavil AJ, Arnold JN, 

Diebold SS. Antibody conjugates for targeted 

delivery of Toll-like receptor 9 agonist to the tumor 

tissue. PloS One (2023) 18(3):e0282831. 

doi: 10.1371/journal.pone.0282831 

151. Fang S, Brems BM, Olawode EO, Miller JT, 

Brooks TA, Tumey LN. Design and 

characterization of immune-stimulating 

imidazo[4,5-c]quinoline antibody-drug 

conjugates. Mol Pharm (2022) 19(9):3228–41. 

doi: 10.1021/acs.molpharmaceut.2c00392 

152. Ackerman SE, Pearson CI, Gregorio JD, Gonzalez 

JC, Kenkel JA, Hartmann FJ, et al. Immune-

stimulating antibody conjugates elicit robust 

myeloid activation and durable antitumor 

immunity. Nat Cancer (2021) 2(1):18–33. 

doi: 10.1038/s43018-020-00136-x 

153. Dumbrava EI, Sharma MR, Carvajal RD, 

Catenacci D, Emens LA, Gadgeel SM, et al. Phase 

1/2 study of a novel HER2 targeting TLR7/8 

immune-stimulating antibody conjugate (ISAC), 

BDC-1001, as a single agent and in combination 

with an immune checkpoint inhibitor in patients 

with advanced HER2-expressing solid 

tumors. Cancer Res (2021) 81(4). 

doi: 10.1158/1538-7445.SABCS20-OT-03-02 

154. Metz H, Childs M, Brevik J, Winship D, Brender 

T, Comeau M, et al. SBT6050, a HER2-directed 

TLR8 therapeutic, as a systemically administered, 

tumor-targeted human myeloid cell agonist. J Clin 

Oncol (2020) 38(15). doi: 

10.1200/JCO.2020.38.15_suppl.3110 

155. Comeau MR, Metz H, Stevens B, Winship D, 

Brevik J, Rhodehamel M, et al. SBT6290, a 

systemically administered Nectin4-directed TLR8 

ImmunoTAC (TM) product candidate, is designed 

for tumor-localized activation of myeloid 

cells. Cancer Res (2021) 81(13). doi: 

10.1158/1538-7445.AM2021-1858 

156. Jin Y, Edalatian Zakeri S, Bahal R, Wiemer AJ. 

New technologies bloom together for bettering 

cancer drug conjugates. Pharmacol Rev (2022) 

74(3):680–711. doi: 10.1124/pharmrev.121.000499 

157. Jin Y, Schladetsch MA, Huang X, Balunas MJ, 

Wiemer AJ. Stepping forward in antibody-drug 

conjugate development. Pharmacol Ther (2022) 

229:107917. 

doi: 10.1016/j.pharmthera.2021.107917 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1600 

158. Rossin R, Versteegen RM, Wu J, Khasanov A, 

Wessels HJ, Steenbergen EJ, et al. Chemically 

triggered drug release from an antibody-drug 

conjugate leads to potent antitumour activity in 

mice. Nat Commun (2018) 9(1):1484. 

doi: 10.1038/s41467-018-03880-y 

159. Govindan SV, Cardillo TM, Moon SJ, Hansen HJ, 

Goldenberg DM. CEACAM5-targeted therapy of 

human colonic and pancreatic cancer xenografts 

with potent labetuzumab-SN-38 

immunoconjugates. Clin Cancer Res (2009) 

15(19):6052–61. doi: 10.1158/1078-0432.CCR-09-

0586 

160. Marshall DJ, Harried SS, Murphy JL, Hall CA, 

Shekhani MS, Pain C, et al. Extracellular antibody 

drug conjugates exploiting the proximity of two 

proteins. Mol Ther (2016) 24(10):1760–70. 

doi: 10.1038/mt.2016.119 

161. Giansanti F, Capone E, Ponziani S, Piccolo E, 

Gentile R, Lamolinara A, et al. Secreted Gal-3BP is 

a novel promising target for non-internalizing 

Antibody-Drug Conjugates. J Control 

Release (2019) 294:176–84. 

doi: 10.1016/j.jconrel.2018.12.018 

162. Javaid F, Pilotti C, Camilli C, Kallenberg D, 

Bahou C, Blackburn J, et al. Leucine-rich alpha-2-

glycoprotein 1 (LRG1) as a novel ADC target. RSC 

Chem Biol (2021) 2(4):1206–20. 

doi: 10.1039/d1cb00104c 

163. Love EA, Sattikar A, Cook H, Gillen K, Large 

JM, Patel S, et al. Developing an antibody-drug 

conjugate approach to selective inhibition of an 

extracellular protein. Chembiochem (2019) 

20(6):754–8. doi: 10.1002/cbic.201800623 

164. Yasunaga M, Manabe S, Tarin D, Matsumura Y. 

Cancer-stroma targeting therapy by cytotoxic 

immunoconjugate bound to the collagen 4 network 

in the tumor tissue. Bioconjug Chem (2011) 

22(9):1776–83. doi: 10.1021/bc200158j 

165. Yasunaga M, Manabe S, Matsumura Y. New 

concept of cytotoxic immunoconjugate therapy 

targeting cancer-induced fibrin clots. Cancer 

Sci (2011) 102(7):1396–402. doi: 10.1111/j.1349-

7006.2011.01954.x 

166. Fuchigami H, Manabe S, Yasunaga M, Matsumura 

Y. Chemotherapy payload of anti-insoluble fibrin 

antibody-drug conjugate is released specifically 

upon binding to fibrin. Sci Rep (2018) 8(1):14211. 

doi: 10.1038/s41598-018-32601-0 

167. Bernardes GJ, Casi G, Trüssel S, Hartmann I, 

Schwager K, Scheuermann J, et al. A traceless 

vascular-targeting antibody-drug conjugate for 

cancer therapy. Angew Chem Int Ed Engl (2012) 

51(4):941–4. doi: 10.1002/anie.201106527 

168. Gébleux R, Stringhini M, Casanova R, 

Soltermann A, Neri D. Non-internalizing antibody-

drug conjugates display potent anti-cancer activity 

upon proteolytic release of monomethyl auristatin E 

in the subendothelial extracellular matrix. Int J 

Cancer (2017) 140(7):1670–9. 

doi: 10.1002/ijc.30569 

169. Dean AQ, Luo S, Twomey JD, Zhang B. Targeting 

cancer with antibody-drug conjugates: Promises 

and challenges. Mabs (2021) 13(1):1951427. 

doi: 10.1080/19420862.2021.1951427 

170. Geiger M, Stubenrauch KG, Sam J, Richter WF, 

Jordan G, Eckmann J, et al. Protease-activation 

using anti-idiotypic masks enables tumor specificity 

of a folate receptor 1-T cell bispecific antibody. Nat 

Commun (2020) 11(1):3196. doi: 10.1038/s41467-

020-16838-w 

171. Elter A, Yanakieva D, Fiebig D, Hallstein K, 

Becker S, Betz U, et al. Protease-activation of fc-

masked therapeutic antibodies to alleviate off-

tumor cytotoxicity. Front Immunol (2021) 

12:715719. doi: 10.3389/fimmu.2021.715719 

172. Zhou J, Li Y, Huang W, Shi W, Qian H. Source 

and exploration of the peptides used to construct 

peptide-drug conjugates. Eur J Med Chem (2021) 

224:113712. doi: 10.1016/j.ejmech.2021.113712 

173. Zorko M, Jones S, Langel Ü. Cell-penetrating 

peptides in protein mimicry and cancer 

therapeutics. Adv Drug Delivery Rev (2022) 

180:114044. doi: 10.1016/j.addr.2021.114044 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1601 

174. Pettinato MC. Introduction to antibody-drug 

conjugates. Antibodies (Basel) (2021) 10(4):42. 

doi: 10.3390/antib10040042 

175. Hoppenz P, Els-Heindl S, Beck-Sickinger AG. 

Peptide-drug conjugates and their targets in 

advanced cancer therapies. Front Chem (2020) 

8:571. doi: 10.3389/fchem.2020.00571 

176. Fu C, Yu L, Miao Y, Liu X, Yu Z, Wei M. Peptide-

drug conjugates (PDCs): a novel trend of research 

and development on targeted therapy, hype or 

hope? Acta Pharm Sin B (2023) 13(2):498–516. 

doi: 10.1016/j.apsb.2022.07.020 

177. Hurov K, Lahdenranta J, Upadhyaya P, Haines E, 

Cohen H, Repash E, et al. BT7480, a novel fully 

synthetic Bicycle tumor-targeted immune cell 

agonist™ (Bicycle TICA™) induces tumor 

localized CD137 agonism. J Immunother 

Cancer (2021) 9(11):e002883. doi: 10.1136/jitc-

2021-002883 

178. Upadhyaya P, Lahdenranta J, Hurov K, Battula S, 

Dods R, Haines E, et al. Anticancer immunity 

induced by a synthetic tumor-targeted CD137 

agonist. J Immunother Cancer (2021) 9(1):e001762. 

doi: 10.1136/jitc-2020-001762 

179. Craik DJ, Fairlie DP, Liras S, Price D. The future 

of peptide-based drugs. Chem Biol Drug 

Des (2013) 81(1):136–47. doi: 10.1111/cbdd.12055 

180. Lamson NG, Berger A, Fein KC, Whitehead KA. 

Anionic nanoparticles enable the oral delivery of 

proteins by enhancing intestinal permeability. Nat 

BioMed Eng (2020) 4(1):84–96. 

doi: 10.1038/s41551-019-0465-5 

181. Drucker DJ. Advances in oral peptide 

therapeutics. Nat Rev Drug Discovery (2020) 

19(4):277–89. doi: 10.1038/s41573-019-0053-0 

182. Ding S, Song M, Sim BC, Gu C, Podust VN, 

Wang CW, et al. Multivalent antiviral XTEN-

peptide conjugates with long in vivo half-life and 

enhanced solubility. Bioconjug Chem (2014) 

25(7):1351–9. doi: 10.1021/bc500215m 

183. Son K, Ueda M, Taguchi K, Maruyama T, 

Takeoka S, Ito Y. Evasion of the accelerated blood 

clearance phenomenon by polysarcosine coating of 

liposomes. J Control Release (2020) 322:209–16. 

doi: 10.1016/j.jconrel.2020.03.022 

184. Wu B, Sun YN. Pharmacokinetics of Peptide-Fc 

fusion proteins. J Pharm Sci (2014) 103(1):53–64. 

doi: 10.1002/jps.23783 

185. Sleep D. Albumin and its application in drug 

delivery. Expert Opin Drug Delivery (2015) 

12(5):793–812. 

doi: 10.1517/17425247.2015.993313 

186. Stoddart CA, Nault G, Galkina SA, Thibaudeau 

K, Bakis P, Bousquet-Gagnon N, et al. Albumin-

conjugated C34 peptide HIV-1 fusion inhibitor: 

equipotent to C34 and T-20 in vitro with sustained 

activity in SCID-hu Thy/Liv mice. J Biol 

Chem (2008) 283(49):34045–52. 

doi: 10.1074/jbc.M805536200 

187. Békés M, Langley DR, Crews CM. PROTAC 

targeted protein degraders: the past is prologue. Nat 

Rev Drug Discovery (2022) 21(3):181–200. 

doi: 10.1038/s41573-021-00371-6 

188. Sakamoto KM, Kim KB, Kumagai A, Mercurio F, 

Crews CM, Deshaies RJ. Protacs: chimeric 

molecules that target proteins to the Skp1-Cullin-F 

box complex for ubiquitination and 

degradation. Proc Natl Acad Sci U.S.A. (2001) 

98(15):8554–9. doi: 10.1073/pnas.141230798 

189. Schneekloth AR, Pucheault M, Tae HS, Crews 

CM. Targeted intracellular protein degradation 

induced by a small molecule: En route to chemical 

proteomics. Bioorg Med Chem Lett (2008) 

18(22):5904–8. doi: 10.1016/j.bmcl.2008.07.114 

190. Proof-of-concept with PROTACs in prostate 

cancer. Cancer Discovery (2020) 10(8):1084. 

doi: 10.1158/2159-8290.CD-NB2020-054 

191. Lin X, Xiang H, Luo G. Targeting estrogen 

receptor α for degradation with PROTACs: A 

promising approach to overcome endocrine 

resistance. Eur J Med Chem (2020) 206:112689. 

doi: 10.1016/j.ejmech.2020.112689 

192. Qi SM, Dong J, Xu ZY, Cheng XD, Zhang WD, 

Qin JJ. PROTAC: an effective targeted protein 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1602 

degradation strategy for cancer therapy. Front 

Pharmacol (2021) 12:692574. 

doi: 10.3389/fphar.2021.692574 

193. Hu M, Zhou W, Wang Y, Yao D, Ye T, Yao Y, et al. 

Discovery of the first potent proteolysis targeting 

chimera (PROTAC) degrader of indoleamine 2,3-

dioxygenase 1. Acta Pharm Sin B (2020) 

10(10):1943–53. doi: 10.1016/j.apsb.2020.02.010 

194. Wang Y, Zhou Y, Cao S, Sun Y, Dong Z, Li C, et 

al. In vitro and in vivo degradation of programmed 

cell death ligand 1 (PD-L1) by a proteolysis 

targeting chimera (PROTAC). Bioorg Chem (2021) 

111:104833. doi: 10.1016/j.bioorg.2021.104833 

195. Paiva SL, Crews CM. Targeted protein 

degradation: elements of PROTAC design. Curr 

Opin Chem Biol (2019) 50:111–9. 

doi: 10.1016/j.cbpa.2019.02.022 

196. Dale B, Cheng M, Park KS, Kaniskan HÜ, Xiong 

Y, Jin J. Advancing targeted protein degradation for 

cancer therapy. Nat Rev Cancer (2021) 21(10):638–

54. doi: 10.1038/s41568-021-00365-x 

197. Hanzl A, Winter GE. Targeted protein 

degradation: current and future challenges. Curr 

Opin Chem Biol (2020) 56:35–41. 

doi: 10.1016/j.cbpa.2019.11.012 

198. Mullard A. Targeted protein degraders crowd into 

the clinic. Nat Rev Drug Discovery (2021) 

20(4):247–50. doi: 10.1038/d41573-021-00052-4 

199. Schapira M, Calabrese MF, Bullock AN, Crews 

CM. Targeted protein degradation: expanding the 

toolbox. Nat Rev Drug Discovery (2019) 

18(12):949–63. doi: 10.1038/s41573-019-0047-y 

200. Miao Y, Gao Q, Mao M, Zhang C, Yang L, Yang 

Y, et al. Bispecific aptamer chimeras enable 

targeted protein degradation on cell 

membranes. Angew Chem Int Ed Engl (2021) 

60(20):11267–71. doi: 10.1002/anie.202102170 

201. Cotton AD, Nguyen DP, Gramespacher JA, Seiple 

IB, Wells JA. Development of antibody-based 

PROTACs for the degradation of the cell-surface 

immune checkpoint protein PD-L1. J Am Chem 

Soc (2021) 143(2):593–8. 

doi: 10.1021/jacs.0c10008 

202. Zhang H, Han Y, Yang Y, Lin F, Li K, Kong L, et 

al. Covalently engineered nanobody chimeras for 

targeted membrane protein degradation. J Am 

Chem Soc (2021) 143(40):16377–82. 

doi: 10.1021/jacs.1c08521 

203. Banik SM, Pedram K, Wisnovsky S, Ahn G, Riley 

NM, Bertozzi CR. Lysosome-targeting chimaeras 

for degradation of extracellular 

proteins. Nature (2020) 584(7820):291–7. 

doi: 10.1038/s41586-020-2545-9 

204. Coutinho MF, Prata MJ, Alves S. A shortcut to the 

lysosome: the mannose-6-phosphate-independent 

pathway. Mol Genet Metab (2012) 107(3):257–66. 

doi: 10.1016/j.ymgme.2012.07.012 

205. Ghosh P, Dahms NM, Kornfeld S. Mannose 6-

phosphate receptors: new twists in the tale. Nat Rev 

Mol Cell Biol (2003) 4(3):202–12. 

doi: 10.1038/nrm1050 

206. Spiess M. The asialoglycoprotein receptor: a 

model for endocytic transport 

receptors. Biochemistry (1990) 29(43):10009–18. 

doi: 10.1021/bi00495a001 

207. Park EI, Mi Y, Unverzagt C, Gabius HJ, 

Baenziger JU. The asialoglycoprotein receptor 

clears glycoconjugates terminating with sialic acid 

alpha 2,6GalNAc. Proc Natl Acad Sci 

U.S.A. (2005) 102(47):17125–9. 

doi: 10.1073/pnas.0508537102 

208. Ahn G, Banik SM, Miller CL, Riley NM, Cochran 

JR, Bertozzi CR. LYTACs that engage the 

asialoglycoprotein receptor for targeted protein 

degradation. Nat Chem Biol (2021) 17(9):937–46. 

doi: 10.1038/s41589-021-00770-1 

209. Fang Y, Wang S, Han S, Zhao Y, Yu C, Liu H, et 

al. Targeted protein degrader development for 

cancer: advances, challenges, and 

opportunities. Trends Pharmacol Sci (2023) 

44(5):303–17. doi: 10.1016/j.tips.2023.03.003 

210. Foley CA, Potjewyd F, Lamb KN, James LI, Frye 

SV. Assessing the cell permeability of bivalent 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1603 

chemical degraders using the chloroalkane 

penetration assay. ACS Chem Biol (2020) 

15(1):290–5. doi: 10.1021/acschembio.9b00972 

211. García Jiménez D, Rossi Sebastiano M, Vallaro 

M, Mileo V, Pizzirani D, Moretti E, et al. Designing 

soluble PROTACs: strategies and preliminary 

guidelines. J Med Chem (2022) 65(19):12639–49. 

doi: 10.1021/acs.jmedchem.2c00201 

212. Moreau K, Coen M, Zhang AX, Pachl F, Castaldi 

MP, Dahl G, et al. Proteolysis-targeting chimeras in 

drug development: A safety perspective. Br J 

Pharmacol (2020) 177(8):1709–18. 

doi: 10.1111/bph.15014 

213. Zhang L, Riley-Gillis B, Vijay P, Shen Y. 

Acquired resistance to BET-PROTACs 

(Proteolysis-targeting chimeras) caused by genomic 

alterations in core components of E3 ligase 

complexes. Mol Cancer Ther (2019) 18(7):1302–

11. doi: 10.1158/1535-7163.MCT-18-1129 

214. Yang L, Yang Y, Chen Y, Xu Y, Peng J. Cell-based 

drug delivery systems and their in vivo fate. Adv 

Drug Delivery Rev (2022) 187:114394. 

doi: 10.1016/j.addr.2022.114394 

215. Vargason AM, Anselmo AC, Mitragotri S. The 

evolution of commercial drug delivery 

technologies. Nat BioMed Eng (2021) 5(9):951–67. 

doi: 10.1038/s41551-021-00698-w 

216. Sterner RC, Sterner RM. CAR-T cell therapy: 

current limitations and potential strategies. Blood 

Cancer J (2021) 11(4):69. doi: 10.1038/s41408-

021-00459-7 

217. Gong Y, Klein Wolterink RGJ, Wang J, Bos GMJ, 

Germeraad WTV. Chimeric antigen receptor natural 

killer (CAR-NK) cell design and engineering for 

cancer therapy. J Hematol Oncol (2021) 14(1):73. 

doi: 10.1186/s13045-021-01083-5 

218. Ravi G, Costa LJ. Bispecific T-cell engagers for 

treatment of multiple myeloma. Am J 

Hematol (2023) 98 Suppl 2:S13–21. 

doi: 10.1002/ajh.26628 

219. Michels A, Ho N, Buchholz CJ. Precision 

medicine: In vivo CAR therapy as a showcase for 

receptor-targeted vector platforms. Mol Ther (2022) 

30(7):2401–15. doi: 10.1016/j.ymthe.2022.05.018 

220. Maalej KM, Merhi M, Inchakalody VP, Mestiri S, 

Alam M, Maccalli C, et al. CAR-cell therapy in the 

era of solid tumor treatment: current challenges and 

emerging therapeutic advances. Mol Cancer (2023) 

22(1):20. doi: 10.1186/s12943-023-01723-z 

221. Duwa R, Pokhrel RH, Banstola A, Pandit M, 

Shrestha P, Jeong JH, et al. T-cell engaging 

poly(lactic-co-glycolic acid) nanoparticles as a 

modular platform to induce a potent cytotoxic 

immunogenic response against PD-L1 

overexpressing cancer. Biomaterials (2022) 

291:121911. doi: 10.1016/j.biomaterials 

222. Zhang ZZ, Wang T, Wang XF, Zhang YQ, Song 

SX, Ma CQ. Improving the ability of CAR-T cells 

to hit solid tumors: Challenges and 

strategies. Pharmacol Res (2022) 175:106036. 

doi: 10.1016/j.phrs.2021.106036 

223. Huang Z, Guo H, Lin L, Li S, Yang Y, Han Y, et 

al. Application of oncolytic virus in tumor 

therapy. J Med Virol (2023) 95(4):e28729. 

doi: 10.1002/jmv.28729 

224. Xie D, Tian Y, Hu D, Wang Y, Yang Y, Zhou B, et 

al. Oncolytic adenoviruses expressing checkpoint 

inhibitors for cancer therapy. Signal Transduct 

Target Ther (2023) 8(1):436. doi: 10.1038/s41392-

023-01683-2 

225. Ma R, Li Z, Chiocca EA, Caligiuri MA, Yu J. The 

emerging field of oncolytic virus-based cancer 

immunotherapy. Trends Cancer (2023) 9(2):122–

39. doi: 10.1016/j.trecan.2022.10.003 

226. Shalhout SZ, Miller DM, Emerick KS, Kaufman 

HL. Therapy with oncolytic viruses: progress and 

challenges. Nat Rev Clin Oncol (2023) 20(3):160–

77. doi: 10.1038/s41571-022-00719-w 

227. Wu D, Chen Q, Chen X, Han F, Chen Z, Wang Y. 

The blood-brain barrier: structure, regulation, and 

drug delivery. Signal Transduct Target Ther (2023) 

8(1):217. doi: 10.1016/j.canlet.2020.01.024 

228. Bozinov O, Yang Y, Oertel MF, Neidert MC, 

Nakaji P. Laser interstitial thermal therapy in 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(2), 1577-1604 | ISSN:2251-6727 

  

 

1604 

gliomas. Cancer Lett (2020) 474:151–7. 

doi: 10.1016/j.canlet.2020.01.024 

229. Lerner EC, Edwards RM, Wilkinson DS, Fecci 

PE. Laser ablation: Heating up the anti-tumor 

response in the intracranial compartment. Adv Drug 

Delivery Rev (2022) 185:114311. 

doi: 10.1016/j.addr.2022.114311 

230. Qi J, Jia S, Kang X, Wu X, Hong Y, Shan K, et al. 

Semiconducting polymer nanoparticles with 

surface-mimicking protein secondary structure as 

lysosome-targeting chimaeras for self-synergistic 

cancer immunotherapy. Adv Mater (2022) 

34(31):e2203309. doi: 10.1002/adma.202203309 

231. Kreitz J, Friedrich MJ, Guru A, Lash B, Saito M, 

Macrae RK, et al. Programmable protein delivery 

with a bacterial contractile injection 

system. Nature (2023) 616(7956):357–64. 

doi: 10.1038/s41586-023-05870-7 

232. Suk JS, Xu Q, Kim N, Hanes J, Ensign LM. 

PEGylation as a strategy for improving 

nanoparticle-based drug and gene delivery. Adv 

Drug Delivery Rev (2016) 99(Pt A):28–51. 

doi: 10.1016/j.addr.2015.09.012 

233. Knop K, Hoogenboom R, Fischer D, Schubert 

US. Poly(ethylene glycol) in drug delivery: pros 

and cons as well as potential alternatives. Angew 

Chem Int Ed Engl (2010) 49(36):6288–308. 

doi: 10.1002/anie 

 

http://www.jchr.org/

