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ABSTRACT 

Cancer immunotherapy has revolutionized oncology, yet its success is limited by factors such as 
immunosuppressive tumor microenvironments, inadequate antigen presentation, and inefficient immune cell 
engagement. Exosome-mimetic nanoparticles (EMNs) have emerged as a promising biomimetic platform 
capable of overcoming these challenges. Derived from natural membranes or engineered to mimic exosomal 
features, EMNs retain the beneficial biological properties of exosomes, such as biocompatibility, immune 
modulation, and homing capability, while offering enhanced scalability, stability, and payload versatility. This 
review provides a comprehensive overview of the current state and future potential of EMNs in cancer 
immunotherapy. We discuss the principles of exosomal mimicry, their role in modulating immune responses, 
and their application as delivery vehicles for immune checkpoint inhibitors, cytokines, and tumor antigens. 
Furthermore, we explore engineering strategies for functionalization and tumor targeting, as well as recent 
preclinical advances and translational challenges. By bridging nanotechnology and immuno-oncology, EMNs 
hold immense potential to boost therapeutic efficacy and reshape the landscape of cancer treatment. 
Keywords: Exosome-mimetic nanoparticles, cancer immunotherapy, immune modulation, biomimetic delivery, 

tumor microenvironment 

 
INTRODUCTION 

The advent of cancer immunotherapy has revolutionized oncological treatment paradigms by providing novel 
and effective strategies to combat a wide range of malignancies[1–4]. By leveraging the body’s own immune 
system to recognize and eliminate cancer cells, immunotherapy offers a mechanism that is fundamentally distinct 
from traditional modalities such as chemotherapy and radiation[5–8]. Among the most impactful developments 
in this domain are immune checkpoint inhibitors (ICIs), which block proteins like PD-1/PD-L1 and CTLA-4 to 
restore T cell activity, and adoptive T cell therapies, including CAR-T cells, which are genetically engineered 
to target tumor-associated antigens[9, 10]. While these approaches have yielded durable responses and even 
curative outcomes in subsets of patients with cancers such as melanoma, lung cancer, and certain hematologic 
malignancies, they are not universally effective. Therapeutic resistance and low response rates in many solid 
tumors remain persistent clinical challenges[11]. 
A significant obstacle to broader immunotherapeutic success is the immunosuppressive nature of the tumor 
microenvironment (TME)[1, 12–14]. The TME comprises a complex network of stromal cells, extracellular 
matrix components, and immunoregulatory molecules that collectively contribute to immune evasion by 
tumors[15, 16]. This microenvironment can suppress antigen presentation, inhibit cytotoxic T lymphocyte 
(CTL) infiltration, and recruit immunosuppressive cells such as regulatory T cells (Tregs), myeloid-derived 
suppressor cells (MDSCs), and tumor-associated macrophages (TAMs). These features collectively hinder the 
immune system’s ability to mount an effective anti-tumor response, thereby reducing the efficacy of ICIs and 
other immunotherapeutic agents. As such, new strategies aimed at remodeling or bypassing the TME to 
potentiate immune responses are of critical importance[17, 18]. 
One promising approach to overcome these limitations involves the use of innovative delivery systems capable 
of mimicking natural physiological mechanisms of intercellular communication[19, 20]. Exosomes, small 
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extracellular vesicles ranging from 30 to 150 nanometers in size, are naturally secreted by various cell types and 
are known to play a central role in cell-to-cell communication. In cancer, exosomes are implicated in antigen 
presentation, immune modulation, angiogenesis, and metastasis[21–24]. They carry bioactive molecules such 
as proteins, lipids, and nucleic acids, which can influence the behavior of recipient cells. In the context of 
immunotherapy, exosomes can potentially serve as carriers of tumor antigens or immune-activating molecules, 
making them attractive candidates for drug delivery and vaccine development. 
However, despite their biological relevance, the clinical translation of native exosomes faces several technical 
and logistical challenges[25]. These include difficulties in large-scale production, batch-to-batch heterogeneity, 
rapid clearance from circulation, and limited targeting capability. To address these issues, researchers have 
developed exosome-mimetic nanoparticles (EMNs), engineered nanostructures designed to replicate the key 
functional attributes of natural exosomes while circumventing their limitations[25]. EMNs can be synthesized 
from either natural cell membranes or synthetic materials, and they retain crucial exosome-like properties such 
as biocompatibility, immune evasion, and target specificity. Moreover, EMNs offer enhanced design flexibility, 
making it possible to incorporate specific targeting ligands, immunostimulatory agents, or imaging probes, 
thereby expanding their utility in precision medicine[26]. 
The unique ability of EMNs to integrate biomimicry, immune modulation, and targeted delivery makes them 
highly suited for cancer immunotherapy applications. For example, EMNs derived from dendritic cell 
membranes can present tumor antigens to T cells, effectively functioning as nanovaccines[27]. Others can be 
loaded with checkpoint inhibitors, cytokines, or siRNAs to modulate the TME, reprogram immunosuppressive 
cells, or enhance T cell activation. Additionally, the ability of EMNs to home to tumor tissues via membrane-
derived targeting features improves site-specific delivery and minimizes off-target effects[28–30]. 
Hence, exosome-mimetic nanoparticles represent a promising next-generation platform for enhancing cancer 
immunotherapy. By combining the natural advantages of exosomes with the versatility of nanotechnology, 
EMNs offer a novel strategy to overcome the limitations of current immunotherapeutic approaches. Ongoing 
research and clinical translation of EMNs hold great promise for expanding the reach and efficacy of 
immunotherapy across a broader spectrum of cancer types. 

2. Exosomal Mimicry and Engineering Strategies 
2. Design and Functionalization of Exosome-Mimetic Nanoparticles (EMNs) 

Exosome-mimetic nanoparticles (EMNs) are emerging as promising alternatives to naturally secreted exosomes 
due to their scalable production and customizable features[31]. These nanoparticles are engineered to replicate 
the biological functions, structural properties, and targeting capabilities of natural exosomes, making them 
suitable platforms for therapeutic delivery and immune modulation. EMNs are primarily developed using two 
strategic approaches: top-down and bottom-up fabrication[32–34]. 
The top-down approach involves mechanical or chemical disruption of parental cells, followed by extrusion 
through filters or membranes of defined pore sizes. This process leads to the formation of membrane-derived 
vesicles that retain the membrane proteins, lipids, and surface markers of the source cells[35]. As a result, these 
EMNs exhibit biomimetic features that closely resemble natural exosomes, including membrane composition, 
antigen presentation machinery, and organotropism. This method has been successfully applied to generate 
EMNs from various immune cells such as dendritic cells, macrophages, and even tumor cells, leveraging their 
intrinsic signaling properties for targeted immunotherapy[36]. 
In contrast, the bottom-up approach allows the rational design of EMNs from synthetic components such as 
lipids, polymers, or hybrid materials[37]. These synthetic vesicles are often functionalized with exosomal 
proteins, peptides, or ligands that mimic the surface characteristics of exosomes. The advantage of this approach 
lies in the precise control it provides over the physicochemical parameters of the nanoparticles—such as size, 
surface charge, and payload composition—which can be tailored for specific applications. Moreover, bottom-up 
methods facilitate large-scale production and reproducibility, two critical considerations for clinical 
translation[37]. 
A hallmark of EMNs is their ability to preserve or incorporate key membrane proteins such as CD9, CD63, 
CD81 (tetraspanins), and major histocompatibility complex (MHC) molecules. These proteins are not only vital 
for maintaining structural stability and vesicle integrity but also play essential roles in immune recognition, cell 
adhesion, and antigen presentation[38]. By incorporating these molecules, EMNs can effectively engage 
immune cells, promote antigen-specific responses, and navigate through complex biological environments such 
as the tumor microenvironment (TME)[38]. 
To enhance targeting capabilities, EMNs can be engineered with functional ligands including antibodies, 
aptamers, or peptides that recognize tumor-associated antigens or immune receptors[39]. Furthermore, EMNs 
may be co-loaded or surface-decorated with immune stimulants such as CpG oligonucleotides, R848 (TLR7/8 
agonist), or other adjuvants to promote dendritic cell maturation and T cell activation. These modifications 
enable EMNs to act as precision tools for personalized immunotherapy, especially when they are loaded with 
patient-specific tumor antigens or neoantigens[40]. 
Advanced bioengineering techniques such as click chemistry, electroporation, and lipid insertion have expanded 
the potential of EMNs as modular delivery systems. By incorporating nucleic acids (e.g., mRNA, siRNA), 
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immunogenic peptides, or cytokines (e.g., IL-2, GM-CSF), EMNs can be programmed to induce tailored immune 
responses[41]. Notably, hybrid EMNs that integrate synthetic cores with cell-derived membranes, particularly 
from dendritic cells or tumor cells, have demonstrated superior performance in antigen presentation and T cell 
priming, often outperforming their natural counterparts in preclinical models[41]. 
In sum, the design and functionalization of EMNs leverage the best of both biological mimicry and 
nanotechnological precision. Whether derived from top-down extrusion of immune cells or assembled de novo 
using bottom-up approaches, EMNs offer unmatched flexibility in their customization. Their ability to 
incorporate immunologically relevant proteins, respond to microenvironmental cues, and deliver a wide variety 
of therapeutic agents makes them potent candidates for next-generation cancer immunotherapies. As research 
advances, further optimization of EMN formulation and targeting strategies will be pivotal for their successful 
translation from bench to bedside. 

3. Immune Modulation by Exosome-Mimetic Nanoparticles 
One of the most compelling aspects of exosome-mimetic nanoparticles (EMNs) is their robust capacity to 
modulate the immune system[42]. Unlike conventional delivery systems, EMNs possess both intrinsic and 
engineered immunomodulatory properties, which they inherit from their parental cells or are endowed with 
through rational design. This enables them to engage various immune cell subsets within the tumor 
microenvironment (TME), shaping the overall immune landscape toward an anti-tumor state[42]. 
EMNs derived from antigen-presenting cells (APCs) such as dendritic cells and macrophages are especially 
potent in enhancing immunogenic responses[43]. These EMNs retain or mimic surface molecules like MHC 
class I and II, CD86, and ICAM-1, all of which are essential for antigen presentation and co-stimulatory 
signaling. By delivering antigens in the context of these surface markers, EMNs can promote cross-priming of 
cytotoxic T lymphocytes (CTLs) and facilitate their clonal expansion[44]. This process is critical for 
recognizing and eliminating tumor cells that express the corresponding antigens. 
In addition to promoting T cell activation, EMNs can directly influence the behavior of innate immune cells. 
For instance, EMNs carrying toll-like receptor (TLR) agonists or pro-inflammatory cytokines can reprogram 
tumor-associated macrophages (TAMs) from an M2 (anti-inflammatory, pro-tumor) phenotype to an M1 (pro-
inflammatory, anti-tumor) phenotype[45]. This reprogramming is associated with enhanced phagocytosis, 
cytokine production, and improved antigen presentation, thereby contributing to the breakdown of immune 
tolerance in the TME[45]. 
Engineered EMNs have also been used to deliver immunomodulatory molecules such as interleukin-12 (IL-12), 
granulocyte-macrophage colony-stimulating factor (GM-CSF), or small interfering RNAs (siRNAs) targeting 
immune checkpoint molecules like PD-L1[46]. By knocking down PD-L1 expression on tumor or immune cells, 
EMNs can relieve T cell exhaustion and restore cytotoxic activity. Similarly, EMNs delivering mRNA encoding 
costimulatory ligands can help amplify T cell responses and prevent immune escape mechanisms that tumors 
commonly exploit[46]. 
Importantly, the nano-size and lipid bilayer structure of EMNs facilitate their uptake by lymphoid organs and 
immune cells such as dendritic cells, B cells, and macrophages. Their size allows for efficient trafficking through 
lymphatic drainage pathways to lymph nodes, where antigen presentation and T cell priming are initiated[47]. 
Compared to free-floating proteins or drugs, EMNs exhibit improved stability, reduced degradation, and lower 
systemic toxicity, making them ideal vehicles for localized immune activation[47]. 
The tolerogenic or immunogenic profile of EMNs can also be fine-tuned depending on the therapeutic goal. For 
example, EMNs designed for autoimmune disease treatment can deliver tolerogenic signals or regulatory T cell 
(Treg)-inducing factors, while those for cancer therapy can deliver strong immunostimulatory cues[48]. This 
versatility offers a platform not just for oncology, but also for vaccines, allergy therapies, and transplantation 
immunology. Moreover, studies have shown that repeated administration of EMNs does not elicit strong 
adverse immune responses or toxicity, suggesting good biocompatibility and safety profiles. This positions 
EMNs favorably for long-term use in chronic conditions such as cancer or infectious diseases requiring booster 
immunizations[49]. 
Hence, EMNs hold significant promise as next-generation immunomodulators capable of reshaping the tumor 
immune microenvironment. By leveraging both passive biological mimicry and active engineering, EMNs can 
enhance antigen presentation, reverse immune suppression, and activate effector immune cells. Their capacity 
for targeted delivery and immune engagement places them at the forefront of modern immunotherapeutic 
strategies, especially when combined with existing modalities like immune checkpoint blockade or cancer 
vaccines. 

4. EMNs as Delivery Vehicles in Cancer Immunotherapy 

In the rapidly evolving landscape of cancer immunotherapy, efficient delivery of therapeutic agents to immune 
cells and tumor sites remains a formidable challenge. Factors such as rapid systemic clearance, poor tumor 
accumulation, off-target toxicity, and degradation of therapeutic payloads significantly limit treatment 
efficacy[32, 50]. Exosome-mimetic nanoparticles (EMNs), due to their structural and functional resemblance 
to natural exosomes, offer a highly effective platform for targeted and sustained delivery of immunotherapeutic 
agents. 
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EMNs possess a lipid bilayer that enables them to encapsulate a wide variety of therapeutic cargo, including 
proteins, peptides, small molecule drugs, and nucleic acids such as mRNA or siRNA[51]. This structural 
versatility allows EMNs to function as multimodal delivery vehicles, protecting sensitive payloads from 
degradation and facilitating their controlled release at the site of interest. Furthermore, their surface can be 
engineered with ligands, antibodies, or targeting moieties that recognize specific cell types or tumor markers, 
enhancing the precision of delivery[51]. 
One of the most promising uses of EMNs is the delivery of immune checkpoint inhibitors (ICIs), such as 
monoclonal antibodies targeting PD-1, PD-L1, or CTLA-4. Instead of systemic administration, which is often 
associated with immune-related adverse events, EMNs can deliver ICIs directly to the tumor or draining lymph 
nodes[52]. This targeted delivery strategy improves therapeutic efficacy while minimizing systemic toxicity. 
In some formulations, EMNs are co-loaded with ICIs and tumor antigens, thereby combining checkpoint 
blockade with antigen-specific T cell activation in a single platform[52]. 
EMNs also show great potential in cancer vaccine development. They can be loaded with tumor-associated 
antigens or patient-specific neoantigens and delivered to dendritic cells to promote antigen processing and 
presentation[53]. These EMNs stimulate the activation and proliferation of cytotoxic T lymphocytes that 
specifically recognize tumor cells, leading to a more robust and durable anti-tumor immune response. By 
mimicking the natural pathways of exosome trafficking, EMNs are more readily internalized by antigen-
presenting cells compared to synthetic nanoparticles[53]. 
Moreover, EMNs can be engineered to respond to tumor-specific stimuli such as pH, redox gradients, or enzyme 
activity. This stimulus-responsive behavior ensures that cargo is preferentially released within the tumor 
microenvironment, further enhancing therapeutic specificity[54]. For example, EMNs can be designed to 
disassemble in acidic pH or release siRNA only in the presence of tumor-associated enzymes like matrix 
metalloproteinases. 
For personalized immunotherapy, EMNs offer unparalleled flexibility. Tumor biopsies or patient-derived cells 
can be used to produce EMNs loaded with neoantigens unique to an individual’s tumor. This approach enables 
the generation of customized cancer vaccines that elicit patient-specific immune responses. Furthermore, EMNs 

can be combined with adjuvants or cytokines such as IL-2, GM-CSF, or IFN-γ to amplify immune responses 
and counteract tumor-mediated immunosuppression[55]. Lastly, EMNs exhibit excellent pharmacokinetics and 
biodistribution. Their stability in circulation, reduced clearance by the mononuclear phagocyte system, and 
ability to penetrate tumor tissues contribute to improved therapeutic indices. Unlike synthetic nanocarriers, 
EMNs are inherently biocompatible and have shown minimal immunogenicity in preclinical studies, supporting 
their potential for clinical application[56, 57]. 
EMNs represent a new frontier in cancer immunotherapy by acting as intelligent, biocompatible delivery 
systems. Their ability to encapsulate and target a wide range of immunotherapeutic agents, coupled with their 
potential for personalization and immune modulation, makes them indispensable tools in the ongoing effort to 
develop more effective and safer cancer treatments. With continued innovation in their design and 
functionalization, EMNs are poised to redefine how immunotherapies are delivered and experienced by patients. 

5. Challenges and Future Perspectives 
Despite their promising preclinical performance, the clinical translation of EMNs faces several challenges. 
Manufacturing reproducibility, batch-to-batch consistency, and large-scale production remain critical hurdles. 
Standardized protocols for EMN isolation, characterization, and quality control are essential for regulatory 
approval and clinical success. 
Another challenge is the potential for unwanted immune activation or off-target effects due to the presence of 
immunogenic epitopes or improper targeting. Long-term safety, biodistribution, and pharmacokinetics of EMNs 
must be thoroughly evaluated in vivo. Furthermore, strategies to optimize cargo loading, endosomal escape, and 
tissue-specific delivery are actively being explored to improve therapeutic outcomes. 
Future research will likely focus on integrating EMNs with other therapeutic modalities such as CAR-T cells, 
radiotherapy, or chemotherapy to enhance synergistic responses. Additionally, the convergence of EMNs with 
artificial intelligence, systems biology, and microfluidic manufacturing could revolutionize their design and 
optimization for precision immunotherapy. With continued advances, EMNs are poised to play a transformative 
role in the next generation of cancer treatment. 

CONCLUSION 
Exosome-mimetic nanoparticles (EMNs) represent a cutting-edge advancement in cancer immunotherapy, 
combining the unique benefits of natural extracellular vesicles with the tunability and scalability of synthetic 
nanomaterials. These bioinspired platforms are engineered to mimic the size, structure, and surface functionality 
of native exosomes, allowing them to exploit endogenous cellular pathways for targeted delivery and immune 
system interaction. By bridging the gap between synthetic nanoparticles and biological vesicles, EMNs achieve 
improved biocompatibility, prolonged circulation time, and enhanced tumor targeting, while reducing off-target 
effects and systemic toxicity. Moreover, EMNs can be tailored to carry a wide array of therapeutic payloads, 
including tumor antigens, immunostimulatory agents, small molecule drugs, and RNA therapeutics, thereby 
enabling a multifaceted approach to cancer treatment. Their inherent immunomodulatory capacity makes them 
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particularly attractive for enhancing antigen presentation, activating cytotoxic T cells, and reversing tumor-
induced immunosuppression. As research continues to optimize their composition—ranging from top-down 
approaches using cell membranes to bottom-up assembly using functionalized lipids or polymers—EMNs are 
increasingly being recognized as versatile and potent platforms for next-generation immunotherapies. 
Continued innovations in their design, large-scale manufacturing, and integration with other treatment 
modalities, such as immune checkpoint inhibitors and CAR-T cells, will be pivotal in realizing their clinical 
potential in oncology. 
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