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Abstract
The process of apoptosis plays a crucial role in tissue homeostasis, immune system regulation, and organ 
formation. Apoptotic vesicles (ApoEVs) are involved in efferocytosis, the process by which phagocytes ingest 
dead cells. ApoEVs also have potential therapeutic applications in cancer treatment, ischemic diseases, and 
their anti-inflammatory properties make them incredibly versatile for medical applications. These vesicles can 
induce apoptosis in cancer cells, provide tumor antigens for cancer vaccines, and even serve as effective drug 
delivery systems. Moreover, they can target hypoxic cells, inhibit inflammatory cell death pathways, and promote 
tissue regeneration. Also, their potential in addressing inflammatory disorders such as gastrointestinal ailments, 
osteoarthritis, and diabetes is promising. Additionally, ApoEVs can polarize anti-inflammatory immune cells and 
suppress inflammatory immune responses which make them a viable option for addressing the unmet need for 
novel anti-inflammatory medications. Despite a wealth of reviews examining the applications of ApoEVs, very few 
have thoroughly investigated the mechanisms underlying their anti-inflammatory effects. This distinctive approach 
positions the current review as timely and immensely relevant, illuminating the intriguing ways these entities 
function beyond their established advantages.
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Introduction
Apoptosis is an essential mechanism in the genesis of 
organs, tissue homeostasis regulation, and immune system 
maintenance [1]. Involving the processes of cytoplasmic 
and nuclear condensation, efferocytosis is the most effective 
mechanism for phagocytes to ingest deceased cells or their 

pieces [2]. Both professional and non-professional phago-
cytes play an essential role in the regulation of the immune 
system by generating cytokines that facilitate the coopera-
tion of other phagocytes in the process of efferocytosis [3].

Extracellular vesicles (EVs) are lipid bilayer-bound vesi-
cles that stimulate cell signaling, in addition to regulating 
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immune response and tissue homeostasis [4]. These may 
be classified into exosomes, microvesicles (MVs), and 
apoptotic vesicles (ApoEVs). Exosomes have a lower 
immunogenicity, homing efficiency, and extended reten-
tion durations compared to other EVs. MVs play a vital 
role in intercellular communication, immunological con-
trol, and signal transmission [5]. ApoEVs are affiliated 
with the immune system and are actively recruited and 
ingested by immune cells, particularly macrophages [6]. 
They play a crucial role in maintaining internal balance, 
transmitting signals, and stimulating tissue growth. Apo-
EVs are used for direct therapeutic purposes, as carriers, 
for vaccinations, and to facilitate diagnostic procedures 
[7]. In this review, we discuss the use of their anti- inflam-
matory characteristics in various health conditions.

Defects in apoptosis are closely associated with cancer, 
making the targeting of apoptosis pathways a cornerstone 
of cancer treatment. However, the complexity of apoptosis 
pathways presents significant challenges, as various thera-
peutic mechanisms can obstruct these treatments. We can 
effectively address resistance mechanisms by strategically 
combining targeted agents with innovative approaches. This 
makes the modulation of apoptosis pathways an incredibly 
promising avenue for advancing oncology therapies [8].

The inherent characteristics of ApoEVs make them very 
promising for combating cancer. Initially, they can trig-
ger apoptosis, a programmed cell death process in cancer 
cells, potentially suppressing tumor growth [9]. Further-
more, they serve as a valuable source of tumor antigens 
that may be used to develop mature dendritic cells (DCs) 
for cancer vaccines [10]. This development would, there-
fore, enhance the presentation of antigens to T cells, 
thereby promoting their activation. The third use of Apo-
EVs in anti-cancer treatments is as a drug delivery system, 
capable of being loaded with various anti-cancer medica-
tions and explicitly administered to tumor tissue [11].

ApoEVs offer a promising potential for the treatment of 
ischemia. They may directly target hypoxia by interact-
ing with markers on hypoxic endothelial cells (ECs). The 
accurate identification of these markers by therapeutic 
agents is crucial for developing more precise treatments 
[12]. Moreover, they possess intrinsic characteristics 
that support anti-ischemic treatments. One such charac-
teristic is their capacity to impede pathways involved in 
inflammatory cell death. This inhibition can effectively 
reduce inflammation in ischemic conditions, which is 
highly significant in several ischemic diseases like myo-
cardial infarction (MI) [9].

ApoEVs possess distinct characteristics that make them 
a beneficial resource for regenerative applications. Dem-
onstrating the significance of inflammation management 
in tissue regeneration, it is evident that apoptosis and its 
related secretions may effectively suppress inflammation. 
Furthermore, it is well-established that autophagy plays a 

crucial role in tissue regeneration and rejuvenation. Most 
recent discoveries indicate that ApoEVs can initiate this 
process [13]. Furthermore, the ApoEVs and their related 
products are typically removed by efferocytosis [14]. 
Neutrophils, an essential type of immune cells, play an 
important role in the healing processes. Upon encounter-
ing and engulfing ApoEVs—cells that have undergone a 
programmed form of cell death—they initiate a remark-
able response. Following this efferocytosis, neutrophils 
release regenerative cytokines, signaling proteins that 
promote tissue repair and regeneration. This process 
clears away dying cells and enhances tissue regeneration 
by stimulating various healing pathways, highlighting the 
importance of neutrophils in maintaining homeostasis 
and promoting recovery within the body [15]. Further-
more, these tiny regeneration compartments include 
anti-inflammatory capabilities that enable them to spe-
cifically target several inflammatory disorders like gas-
trointestinal ailments, osteoarthritis, and diabetes. One 
well-documented characteristic is their capacity to polar-
ize anti-inflammatory macrophages and suppress inflam-
matory immune cells [16]. Furthermore, recent research 
indicates that the inhibitory effects of ApoEVs on osteo-
clasts may participate in the inhibition of osteoarthritis 
[17]. Nevertheless, their anti-inflammatory activities are 
not restricted to this case. ApoEVs may also engage with 
T helpers as a key directional component in the immune 
system. It is proposed that they can suppress type 1 and 
17 T helpers, pivotal in inflammatory disorders, and acti-
vate regulatory T cells, which are anti-inflammatory cells 
in the immune system [18]. While numerous reviews 
have explored the applications of ApoEVs, few have taken 
a deep dive into the mechanisms rather than their anti-
inflammatory properties. This unique focus makes the 
current review both timely and highly relevant, shed-
ding light on the fascinating ways these entities operate 
beyond their well-known benefits (Fig. 1).

Apoptosis and apoptotic vesicles
Organism development, tissue homeostasis, and immune 
system maintenance depend on the precisely controlled 
cell death process of apoptosis [1]. The cytoplasmic and 
nuclear condensation processes are two steps in apopto-
sis [19]. Efferocytosis is how phagocytes consume dead 
cells or their pieces, effectively cleaning them up. Pre-
serving the morphological and functional integrity of an 
organism’s tissues depends on efferocytosis throughout 
its life [2]. Efferocytosis is more efficient in specialized 
phagocytes, such as macrophages and DCs. Non-profes-
sional phagocytes (specific epithelial cells and fibroblasts) 
take on a key role when professional phagocytes are inad-
equate or find it challenging to reach dead cells. The reg-
ulation of immune system depends on both professional 
and non-professional phagocytes. Non-professional 
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phagocytes can produce cytokines that help similar pop-
ulation of phagocytes in distributing the composition of 
efferocytosis. Conversely, professional phagocytes may 
generate cytokines to activate other immune cells [3].

The significance of cell death, particularly in the con-
text of apoptosis, has increased substantially due to 
recent findings suggesting that an adult human loses 
approximately 50  billion cells daily. In this context, 
a comprehensive understanding of apoptosis as an 

Fig. 1  A schematic illustration of therapeutic applications of apoptotic vesicles. In cancer treatment, ApoEVs can work through three main mechanisms: 
stimulating apoptosis in cancer cells, serving as a source of tumor antigens for vaccines, and acting as a drug delivery system. For ischemic diseases, they 
can target hypoxic areas, promote M2- macrophage polarization, and facilitate vascular remodeling. ApoEVs also aid in tissue regeneration across various 
areas, including osteocartilage, wound healing, liver, and endometrium. They achieve this through mechanisms such as activating autophagy flux, pro-
moting stem cell proliferation, and enhancing mechanotransductive healing. Moreover, ApoEVs can help manage various inflammatory diseases, includ-
ing rheumatoid arthritis, osteoarthritis, gastrointestinal inflammation, and diabetes, by inducing anti-inflammatory macrophage polarization, increasing 
regulatory T cells, inhibiting inflammatory T cells, and restoring hepatic macrophage homeostasis
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anti-inflammatory cell death mechanism may be essential 
for the effective management of inflammation [6]. Both 
intrinsic and extrinsic pathways can initiate apoptosis 
depending on the initial stimulation type. The extrin-
sic pathway begins with external signals, including the 
binding of death ligands to cell surface receptors. On the 
other hand, endogenous signals, typically in reaction to 
cellular stress or damage activate the intrinsic pathway. 
The control of cell apoptosis depends critically on the 
caspase family of proteases [20]. There are two primary 
categories of caspases: inflammatory caspases and apop-
totic caspases. Inflammatory caspases play a crucial role 
in triggering pyroptosis, a form of programmed cell death 
(PCD) characterized by the release of pro-inflammatory 
cytokines, which leads to various inflammatory reactions 
in the body. On the other hand, apoptotic caspases are 
essential for regulating the process of apoptosis, ensur-
ing that damaged or unnecessary cells are systematically 
eliminated. The interplay between these two types of cas-
pases is vital for managing immunological responses in 
humans and animals, highlighting their importance in 
maintaining health and responding to disease [21]. One 
of the primary entities involved in this context is ApoEVs, 
which are classified as a specific category of EVs.

EVs are lipid bilayer-bound vesicles that originate from 
cells and play a crucial role in the regulation of immune 
response, facilitation of intercellular communication, 
maintenance of tissue homeostasis, and promotion of 
tumor development [4]. They have three potential clas-
sifications: exosomes, MVs, and ApoEVs. Exosomes 
have low immunogenicity, favorable homing, and pos-
sess prolonged retention periods [5]. MVs are crucial 
in intercellular communication, immunological regula-
tion, and signal transduction [22]. ApoEVs are immune 
system-connected vesicles that are actively drawn and 
absorbed by immune cells, especially macrophages [23]. 
They are essential for internal equilibrium, signal trans-
duction, and tissue development stimulation. ApoEVs 
are used directly for therapeutic targets, as carriers and 
in vaccine formulation, as well as for diagnostic strate-
gies, among other purposes [7]. Still, the diverse char-
acteristics of the topic present a significant challenge for 
pragmatic use in a therapeutic environment. Exosomes, 
MVs, and apoptotic bodies (ApoBDs) are the three main 
divisions into which ApoEVs [24]. ApoBDs, made dur-
ing the apoptosis process, are absorbed by macrophages 
to prevent cellular damage [25]. MVs participate in the 
regulation of the immune system, sending signals inside 
cells, and facilitate the intercellular transduction of mes-
sages [26]. Conversely, exosomes are produced from 
certain endosomal bodies. To investigate the interac-
tion of the immune system and ApoEVs, it is necessary 
to take a look at S1P/S1PR signaling pathways. G-pro-
tein-coupled receptors (GPCRs) that facilitate the S1P 

(sphingosine-1-phosphate) signaling pathway—namely 
S1PR1 to S1PR5—play a critical role in the immune 
response by triggering the activation of proinflamma-
tory cytokines. When S1P binds to these receptors, it 
initiates vital intracellular processes, including the mito-
gen-activated protein kinase (MAPK) and nuclear factor 
kappa (NF-κB)-light-chain-enhancer of activated B cells 
pathways. This activation produces key proinflammatory 
cytokines, such as tumor necrosis factor alpha (TNF-
α) and interleukin (IL)-6, by immune cells like macro-
phages and lymphocytes. Furthermore, S1P significantly 
influences immune cell migration: S1PR1 promotes the 
release of lymphocytes from lymphoid organs, given its 
strong association with various inflammatory and auto-
immune diseases, this signaling pathway presents a 
compelling therapeutic target for combating excessive 
inflammation [27]. Damage-associated molecular pat-
terns (DAMPs) are molecules found within ApoEVs that 
through S1P/S1PR signaling pathways may activate pro-
inflammatory cytokines, such as IL-1β in macrophages 
[28].

Apoptosis is the process by which the cell membrane 
contracts and splits, enclosing broken pieces of the 
nucleus and cytoplasm in EVs bound to the membrane 
[29]. These were first seen as ApoBDs. ApoEVs, on the 
other hand, release specific proteins known as exosomal 
markers, including tumor susceptibility gene 101 and 
translationally regulated tumor protein (TCTP). Apo-
EVs also have irregular shapes that match those of typical 
exosomes in scale. ApoEV production involves numerous 
components: protein kinases, cell membrane blebbing, 
and the synthesis of apoptotic MVs or microparticles. The 
process depends heavily on caspase activity and is some-
what regulated. Certain essential factors for this process 
include higher amounts of Bcl-2, adenosine diphosphate 
(ADP)-ribose polymers, functional microtubules, myo-
sin light chain kinase (MLCK), and the fungal metabo-
lite cytochalasin B. This complex structure emphasizes 
the need for consistent methods for modifying, defining, 
and investigating ApoEVs to maximize their therapeutic 
potential. Further investigation are required to achieve 
a more precise understanding of the specific signaling 
components and pathways involved in ApoEV functional 
efferocytosis, as appropriate usage of ApoEVs in thera-
peutic environments depends on this information [30].

Apoptotic vesicles in cancer therapy
The potential of ApoEVs in cancer treatment is significant 
due to their promising characteristics. Their ability to ini-
tiate apoptosis, in cancer cells, is their most important 
feature, as it hinders tumor growth. Moreover, they pro-
vide an essential source of tumor antigens, which makes 
them suitable for cancer vaccines. This helps promote the 
development of DCs and enhance antigen presentation to 
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T cells, ultimately improving their activation. Addition-
ally, ApoEVs can serve as vehicles for the delivery of spe-
cific drugs, particularly allowing for the precise transport 
of anti-cancer agents to tumor tissues.

Mechanisms, applications, and immune modulation
The challenge of overcoming the resistance of tumor cells 
to PCD is a significant obstacle in cancer therapeutics 
[31]. To address this challenge, Wang et al. demonstrated 
that ApoEVs can trigger apoptotic pathways and halt the 
growth of multiple myeloma (MM) cells. It is worth not-
ing that the administration of mesenchymal stem cell 
(MSC)-derived ApoEVs in murine models has unveiled a 
significant increase in their lifespan. With a remarkable 
approach, ApoEVs facilitate a rapid surge in intracellular 
calcium flux within MM cells, leading to an elevation in 
cytosolic calcium levels. This intricate process entails a 
direct interaction between ApoEVs and MM cells, facili-
tating the transfer of Fas molecules from the cytoplasm 
to the cell membrane. When Fas ligands bind to ApoEVs 
and activate the Fas pathway, it creates a chain of apop-
totic cascades within MM cells. This highlights the note-
worthy pro-apoptotic effects of ApoEVs [9].

There has been a growing focus on immunotherapy 
and cancer vaccines to enhance the efficacy of cancer 
therapies. Specifically concerning cancer vaccines, a 
critical factor is the sourcing of tumor-specific antigens 
(TSAs), which presents challenges related to their avail-
ability and variability. Another advantageous feature 
of ApoEVs is their ability to serve as antigen reservoirs, 
effectively instructing the immune system to recognize 
and engage with particular antigens in cancer cells. The 
tumor microenvironment (TME) plays a critical role in 
the diversity of tumors, as tumor cells use this milieu to 
create immunological tolerance. Immunosuppression 
mechanisms are important for the formation of cold 
and hot tumors. The effectiveness of immunotherapy is 
enhanced by techniques that focus on the TME modi-
fication and transformation of tumor characteristics 
from cold to hot. Immunotherapy is typically ineffective 
against cold tumors. Targeted medicines and immuno-
therapy can potentially revolutionize the field of cancer 
immunotherapy, especially in the context of “hotness 
and coldness” tumor tactics. Multi-target medication 
therapy synergistically enhances the immune response 
against cold tumors [32]. Tumor vaccination potentially 
contributes to the activation of anti-cancer immune 
responses. The production of anti-tumor T cell responses 
depends on the presentation of antigens by DCs [33]. 
Scientists have examined DC-specific C-type lectin 
receptors (CLRs) as potential targets for delivering anti-
gens. Targeting the DC-SIGN receptor as a CLR has 
shown promising outcomes by guiding its cargo into the 
major histocompatibility complex (MHC)-I and MHC-II 

pathways, substantially improving CD8+ and CD4+ T 
cell responses. Choosing the suitable antigens is crucial 
to creating successful vaccinations against cancer. Neo-
antigens have shown a great promise in the stimulation 
of strong immune responses against tumors. A tumor 
vaccine has been developed by altering the glycosylation 
structure of melanoma-derived ApoEVs for the exclusive 
targeting of DCs. This vaccination successfully activated 
CD8+ T cells that recognize antigens, showing that it may 
be used as a potential strategy in cancer immunotherapy 
[10].

One potential therapeutic strategy in immuno-
therapy involves using stimulators of interferon genes 
(STING) agonists, which can elicit robust innate immune 
responses [34]. Conventional STING agonists, like 
2′,3′-cyclic guanosine monophosphate-adenosine mono-
phosphate (cGAMP), have limited efficacy in addressing 
the recognition of TSAs due to their inadequate cyto-
solic transport [35]. A novel nano-vaccine platform was 
employed to address this concern. The platform com-
prised nanoparticles (NPs), specifically ApoBDs, with 
STING-activating and Fenton-reactive properties. This 
innovative methodology was shown to promote the 
cooperative generation of ApoBDs from tumor cells. 
Upon the introduction of exogenous cGAMP encapsu-
lated within ApoBDs, antigen-presenting cells (APCs) 
efficiently internalized the ApoBDs, like Trojan horses. 
This mechanism significantly enhanced the immune 
responsiveness of tumor cells, prompting an inflamma-
tory profile. Consequently, the activation of the STING 
pathway was markedly augmented, resulting in improved 
presentation of TSAs. This process, in turn, strength-
ened adaptive immunity by synergistically engaging with 
innate immune responses [36].

The heterogeneity in the TME is a significant obstacle 
to effective targeting of tumor cells with pharmaceutical 
agents. This poses a substantial barrier to many thera-
peutic strategies, particularly in the context of cancer 
treatment [37]. ApoEVs facilitate cell communication 
and improve their ability to engage with particular cells 
[30]. Additionally, they can alter the immune response 
to tumors by transmitting biochemical signals to tumor-
associated macrophages (TAMs). Secreted by hepatocel-
lular carcinoma (HCC) cells, EVs promote macrophage 
M2 polarization. As a result, this process supports the 
development of HCC by causing monocytes to trans-
form into macrophages and modifying the TME [38]. 
TAMs exhibit a wide range of characteristics. Specific 
subgroups, known for their pro-inflammatory (M1-like) 
characteristics, are crucial in the elimination of malig-
nancies. On the other hand, certain types of immune 
cells with anti-inflammatory properties (M2-like) play 
a role in supporting tumor growth and helping cancers 
avoid detection by the immune system. Caspases 1 and 



Page 7 of 21Khalilzad et al. Journal of Nanobiotechnology          (2025) 23:260 

2 are essential in developing the M1 phenotype in mac-
rophages. This trait is often linked to stimulating the 
inflammasome complex, including caspase-1, NLR fam-
ily pyrin domain containing 3 (NLRP3), and apoptosis-
associated speck-like protein containing a CARD (ASC). 
M1-like macrophages have elevated generation of reac-
tive oxygen species (ROS) and significantly depend on 
glycolytic metabolism, while simultaneously exhibiting 
reduced levels of oxidative phosphorylation (OXPHOS). 
TAMs have a significant impact on tumor growth and the 
effectiveness of immunotherapy. They adapt their polar-
ization in reaction to signals from cancer cells and the 
TME. In a study within a controlled laboratory environ-
ment, Oroxylin A (OA) was encapsulated into ApoEVs 
to enhance its specific delivery to tumor cells for thera-
peutic applications. The findings unveiled that OA acti-
vates many biochemical pathways in HCC cells, resulting 
in PCD, commonly known as apoptosis. This research 
emphasizes the influence of OA on the anti-HCC thera-
pies by the means of M1 polarization, indicating its pro-
spective use in therapeutic immunotherapy [11].

Another concern related to the TME, aside from its 
heterogeneous structure, pertains to solid tumors and 
the difficulties associated with the deep penetration of 
therapeutic agents into these formations. This constraint 
arises due to the absence of a dependable transportation 
infrastructure capable of extensive penetration of the 
intended region [39]. A novel vehicle has been developed 
to treat tumors with remarkable accuracy, using image-
guided navigation to improve precision. This vehicle 
incorporates contemporary photo-thermal-immuno-
therapy techniques to enhance treatment effectiveness. 
The ApoEV is a transporter and vehicle for therapeutic 
chemicals, whereas IR820 offers a mechanism for guid-
ing fluorescence imaging and regulating photo-thermal 
effects. This vehicle can convey therapeutic chemicals to 
malignancies, guaranteeing their profound penetration 
and facilitating photo-thermal treatment. Moreover, it 
facilitates the development of in situ vaccinations. Fur-
thermore, the hydrogel that includes CD47 antibodies 
enhances both the innate and adaptive immune responses 
by aiding in the control of the immunosuppressive sur-
roundings via macrophage polarization. This carrier has 
shown encouraging outcomes in mice models of breast 
cancer (4T1), suggesting its potential as a helpful tool in 
cancer therapy. This strategy offers a promising answer 
to the problem of reaching deep tissues, thereby allow-
ing for more precise and effective treatment methods in 
cancer therapy [40]. In this context, drug encapsulation 
within these carriers is also essential. Research indicates 
that the role of Ras-related protein 7 (Rab7) in regulat-
ing the efficacy of NP encapsulation in apoptotic MSCs 
is significant. By stimulating Rab7, there is a promising 
potential to improve the formation of NP-ApoEVs. This 

information could be valuable for researchers looking to 
advance the development of drug loading in vesicles with 
improved efficiency [41].

Matrix metalloproteinase 2 (MMP2) is a member of 
the zinc-dependent proteases that degrade some specific 
components of extracellular matrix (ECM). MMP2 plays 
a critical role in cancer development by facilitating inva-
sion and angiogenesis, the creation of new blood vessels 
due to its interactions with cancer and ECs. Many types 
of cancer frequently express MMP2. In the TME, tumor 
stromal cells and cancer cells generate MMP2 [42]. This 
discovery holds significant importance for the medi-
cal community, as it could serve as a valuable therapeu-
tic tool and a reliable marker for cancer diagnosis and 
prognosis. Researchers are working on the development 
of novel drug delivery systems. By inserting phosphati-
dylserine (PSL) into NPs that mimic apoptotic entities, 
a study has found a valuable way to replicate ApoEVs. 
Unbroken cell membranes often include PSL, a negatively 
charged phospholipid, on their inner surface. During 
apoptosis, it migrates to the outer membrane [43]. Upon 
reaching the tumor site, these NPs facilitate the process 
of phagocytosis by interacting with TAMs. This is incred-
ibly efficient in regions characterized by excessive MMP2 
production. Extensive experimentation to indicate the 
efficiency of the targeting of TAMs through using various 
biological models, such as cocultured cell spheroids, cell 
lines, tumor-bearing animals, co-cultured cells and zebra 
fish, has consistently shown the exceptional ability of NPs 
to target TAMs [44]. Zebrafish serve as a valuable model 
for the evaluation of the safety and effectiveness of NPs in 
medicine. Their transparent embryos allow for real-time 
observation of the development processes and the effects 
of NPs on physiological systems, facilitating the evalu-
ation of toxicity. With genetic similarities to humans, 
zebrafish help researchers study the interactions of NPs 
at both cellular and molecular levels, including distribu-
tion and therapeutic potential. This model is particu-
larly ideal for high-throughput screening, enabling rapid 
evaluation of nanomaterials in vivo, which is essential for 
advancing nanotechnology in drug delivery and cancer 
treatment [45–47].

Immunotherapy research has determined that Apo-
BDs, MVs, and exosomes have unique therapeutic pos-
sibilities and procedures. One of the most well-known 
uses for exosomes—which potentially convey therapeutic 
cargo extremely effectively is the transmission of tumor 
antigens to APCs, which trigger robust immunostimula-
tory responses. Exosomes can potentially boost treat-
ment effectiveness, yet their surface protein CD47 may 
inhibit phagocytosis. On the other hand, MVs, which 
may range in size from 0.1 to 1.0 μm, are expelled from 
the plasma membrane, and like exosomes, can pos-
sess either immunostimulatory or immunosuppressive 
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properties, depending on their biological source. 
Although MVs derived from MSCs often have immuno-
modulatory effects, those originating from cancers may 
boost immune responses by presenting antigens. Due 
to their interactions with DCs and macrophages, Apo-
BDs—50–5000  nm diameter, larger than exosomes and 
MVs—have a distinct anti-inflammatory potential. One 
advantage of these interactions for anti-inflammatory 
treatment is that they induce M2-macrophage polariza-
tion. Regarding immunotherapy, all three classes of EVs 
have promising therapeutic applications; however, Apo-
BDs stand out from the others due to their distinct anti-
inflammatory properties, whereas exosomes and MVs 
have more varied effects [23] Table 1.

Therapeutic potential of apoptotic vesicles in ischemic 
diseases: targeting inflammation, tissue remodeling, and 
macrophage polarization
ApoEVs can significantly affect the treatment of ischemic 
diseases. They have the potential to specifically target 
hypoxic regions by interacting with particular markers 
on hypoxic ECs, which is crucial for the accurate iden-
tification of therapeutic targets in ischemic diseases. 
Additionally, their inherent characteristics, such as their 
ability to hinder inflammatory cell death pathways, show 
promise for anti-ischemic treatments. This anti-inflam-
matory potential is significant in ischemic diseases like 
MI, where controlling inflammation is substantial.

Cardiovascular ischemic disorders, especially MI, have 
a significant impact on mortality rates worldwide. Despite 
the considerable advancements in reperfusion therapy, 
heart failure remains a substantial concern following MI. 
Therapeutic interventions like coronary artery bypass 
surgery and thrombolysis can unintentionally worsen 
the damage to the already weakened heart muscle. Thus, 
the timely shift from the inflammatory to the reparative 
phase after the MI is vital in preventing negative heart 
changes and facilitating cardiac function recovery [49]. 
In this regard, the process of efferocytosis is crucial for 
resolving post-MI inflammation [14]. Nevertheless, cer-
tain dying cardiomyocytes and myofibroblasts exhibit 
resistance to apoptosis, resulting in the release of fibrotic 

and inflammatory mediators. These mediators contrib-
ute to the prolongation of immune responses and the 
occurrence of harmful structural alterations in the heart 
[50]. To ensure a smooth transition from the inflamma-
tory to the reparative phase, it is crucial to administer 
drugs that encourage macrophage polarization directly 
to the affected myocardial tissue. In this context, Lee 
et al. have created apoptotic nanovesicles (ApoNVs)—
nanovesicles that imitate ApoEVs—to tackle myocardial 
ischemia-reperfusion (IR) injury. These ApoNVs were 
specifically engineered to interact with macrophages in 
the ischemic myocardium through integration of dex-
tran and ischemic cardiac homing peptide (CHP), result-
ing in powerful immunomodulatory effects. When given 
intravenously, ApoNV had a remarkable ability to target 
the ischemic myocardium. Macrophages engulfed them 
once they reach the ischemic myocardium, resulting in a 
notable decrease in acute inflammation. Using targeted 
immunomodulatory ApoNVs in this way can potentially 
treat inflammatory conditions like myocardial ischemia/
reperfusion (IR) injury [51]. When considering the find-
ings of this study, it is essential to raise two questions that 
can spark a widespread discussion about the therapeu-
tic properties of ApoEVs. The first question is how they 
can accurately target the ischemic area, while the second 
question is about the mechanism by which ApoEVs con-
tribute to tissue remodeling. To address these questions, 
we incorporate a study investigating the application of 
ApoEVs in retinal vascular remodeling. This study sug-
gested that programmed cell death protein 1 (PD1) car-
ried by ApoEVs interacts with programmed death-ligand 
1 (PDL1) on hypoxic ECs, thereby regulating angiogenic 
activation. This mechanism reveals the potential for 
them to reach hypoxic microenvironment, a hallmark 
of various pathological conditions such as MI, cancer, 
and wound healing. This discovery highlights the poten-
tial of ApoEVs as a precise vector for targeted therapy. 
Another significant discovery from this study was ana-
lyzing how these ApoEVs can impact tissue remodel-
ing. The study reveals how these vesicles can effectively 
target cell metabolism by inhibiting glycolysis, leading 
to vascular remodeling [12]. To have a deeper insight 

Table 1  The application of apoevs in cancer therapy
Source Condition Cargo Results Reference
Mesenchymal stem cell Multiple myeloma -- Induction of tumor cell apoptosis  [9]
Glycan modified Melanoma cell Melanoma -- CD8+ T promotion  [10]
4 T1 tumor cell 4T1-Luc tumors cGAMP STING activation Tumor Ag  [36]
Oroxylin A treated HCC cells Hepatocellular carcinoma -- -Tumor cell apoptosis

-M1 polarization
 [11]

Raw267.4 cells 4T1 tumor-bearing mice -CD 47
-IR820

Deep tumor penetration  [40]

Cancer cell -- Genipin-crosslinked nano-adjuvants -An antigen source and a cargo vehicle
-Promoting T-cell infiltration

 [48]
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into the various mechanisms participating in the tissue 
remodeling process, we can explore the study conducted 
by Yu et al., in which they evaluated the significance of 
ferroptosis in ischemia-damaged tissues. Ferroptosis is 
a distinct form of PCD that predominantly impacts iron 
metabolism. It is characterized by the buildup of lipid 
peroxides on cell membranes. This process employs the 
cystine/glutamate antiporter system xc−, which is essen-
tial for the ferroptosis process [52]. It activates following 
an injury, causing a simultaneous elevation in glutamate 
levels and a reduction in cysteine levels. Lack of cyste-
ine makes recombinant glutathione peroxidase 4 (GPX4) 
less effective and stops the production of glutathione that 
is an important antioxidant controlled by recombinant 
thioredoxin reductase 1 (Txnrd1). The primary factors 
contributing to ferroptosis are the buildup of ROS and 
the oxidation of cellular membranes. Fe2+ and acyl-CoA 
synthetase long-chain family member 4 (ACSL4) are cru-
cial in facilitating these activities [53]. A strong link has 
been found between ferroptosis and macrophage polar-
ization. This is because ferroptosis activates DAMPs, a 
vital part of this link. These signals indicating internal 
damage are known as DAMPs, with high mobility group 
box protein 1 (HMGB-1) and 8-hydroxy-2’-deoxyguano-
sine (8-OHdG) being famous examples. The signals cause 
M1- macrophages to become more polarized, releasing 
pro-inflammatory cytokines and raising the ROS level, 
which improves ferroptosis. The Kelch-like ECH-asso-
ciated protein 1-Nuclear factor erythroid 2-related fac-
tor 2 (KEAP1-Nrf2) axis is critical for reducing oxidative 
stress, which comes from various internal and external 
sources [54, 55]. EVs have shown a lot of promise in tar-
geting ferroptosis by precisely changing the Nrf2 protein. 
This activity raises the expression of the SLC7A11 gene, 
which is essential for the synthesis of antioxidants [56]. 
The first transcriptome analysis suggests that the KEAP1-
Nrf2 pathway could aid in regulating ferroptosis and 
macrophage polarization in ischemia-damaged tissues.

Furthermore, microRNAs play a critical role in the 
pathways involved in disease development. The study of 
miR-328-3p shows that ApoBDs significantly affect the 
process of bone marrow MSCs (BMSCs) proliferation 
[57]. Yu et al. reported that using ApoBDs generated from 
fibroblast-like cells in subcutaneous connective tissue 
(FSCT) significantly improved distal ischemic flap sur-
vival. This research demonstrated the substantial impact 
of these antioxidants on the reduction of oxidative stress 
and cellular death. Studies have also shown that they may 
help change macrophages from the M1 phenotype to the 
M2 phenotype, which suggests that they may be able to 
improve a coordinated immune response. An evident 
change occurred in this process, marked by a decrease 
in the expression of KEAP1 and the translocation of 
Nrf2 into the nucleus. This impeded the development 

of ferroptosis in both ECs and macrophages. By pre-
cisely targeting of KEAP1 using miR-339-5p, microRNA 
sequencing has led to considerable therapeutic effects 
[58].

Apoptotic vesicles in regenerative medicine: mechanisms 
and therapeutic applications across different tissues
The unique characteristics of ApoEVs make them valu-
able for regenerative purposes. For instance, regulation 
of inflammation is crucial for tissue regeneration, while 
the apoptotic process and its associated secretions have 
the potential of effective reduction of inflammation. Sub-
stantial evidence supports the idea that autophagy plays 
a central role in tissue regeneration and rejuvenation. 
Recent discoveries suggest that ApoEVs can initiate this 
process. Furthermore, ApoEVs and their related products 
are typically removed through efferocytosis. Neutrophils, 
an essential cell type involved in this process, can pro-
duce regenerative cytokines following the efferocytosis 
of ApoEVs, representing another essential regenerative 
mechanism associated with ApoEVs.

Osteocartilage regeneration
Reduced bone density, increased adiposity in the mar-
row, and impaired BMSCs define aging skeletons [59]. 
During the process of apoptosis, several ApoEVs linked 
with senescence-related abnormalities are generated. It 
has been revealed that young MSC-derived ApoEVs may 
effectively rejuvenate the nuclear abnormalities of elderly 
BMSCs and activate autophagy to restore their lowered 
capacities for osteo-/adipogenic lineage differentiation 
and self-renewal. Apoptotic young MSCs generated and 
concentrated a high concentration of Rab7 into Apo-
EVs, which were later repurposed by recipient old MSCs, 
hence reestablishing autolysosome formation and sup-
porting autophagy flux activation and MSC rejuvenation. 
In elderly mice, the systematic infusion of ApoEVs gener-
ated from young MSCs restored recipient MSC function, 
lowered adiposity in the marrow and enhanced bone 
mass. This shows the role of ApoEVs in rejuvenating old 
MSCs by reestablishing autolysosome production and 
presents a feasible therapy approach for age-related bone 
loss [13].

The proliferation, differentiation, and self-renewal 
capacities of MSCs are greatly affected by the levels of 
oxygen present. Usually, MSCs are exposed to normoxia, 
which is oxygen levels of 21%, much higher than the 
usual oxygen levels [60]. Lower oxygen levels provide a 
conducive environment for cartilage, improve the regen-
eration capabilities of MSCs derived from adipose tissue, 
and accelerate their growth. Furthermore, diminished 
oxygen levels also play a role in the regulation of stem cell 
release [61]. Hypoxia-preconditioned MSCs release EVs, 
which have shown a promising efficacy for the treatment 
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of osteoarthritis, fracture repair, as well as for skin reju-
venation [62]. In this regard, a recent study focused on 
investigating the potential of ApoEVs produced by adi-
pose-derived MSCs to enhance the repair of cartilage tis-
sue and their therapeutic advantages [63]. One significant 
drawback of intra-articular injection is the fast biodegra-
dation of ApoEV suspensions inside the synovial cavity 
of the knee joint. Decellularized ECMs, such as gelatin, 
and hydrogels, are optimal choices for the delivery of EVs 
[64]. Initial investigations have shown that scaffolds cre-
ated by 3D printing using decellularized chondrocyte 
ECM have an exceptional biocompatibility and porosity. 
Consequently, these scaffolds provide a conducive setting 
for BMSCs [65]. Adipose tissue-derived MSCs generate 
ApoEVs, known as H-ApoEVs, when exposed to hypoxia. 
These H-ApoEVs have a more significant impact on the 
cartilage regeneration when compared to EVs produced 
under normal oxygen circumstances in terms of stem 
cell proliferation and migration augmentation, as well as 
immunomodulatory effects on tissue microenvironment 
by macrophage polarization towards M2 regenerative 
phenotype. A gelatin matrix that has been altered and 
merged with a 3D-printed ECM scaffold was used as a 
carrier to transport H-ApoEVs into the joint cavity. As 
a consequence, a technique was developed to regenerate 
cartilage. This new approach confirmed the effectiveness 
of H-ApoEVs in therapy and greatly enhanced the pro-
cess of cartilage regeneration [63]. Other investigations 
have underlined the importance of hypoxia even more 
since oxygen-starved ApoEVs demonstrate improved 
pro-angiogenic efficacy via a cascade of events. One such 
mechanism is miR-210-3p, which increases the repressed 
Akt expression and thus, promotes the migration of ECs 
and improves collagen deposition. This impact is of great 
relevance in tissue remodeling, one of the essential com-
ponents of wound healing [66].

Recent findings validate the pro-M2 polarization 
and regenerative effects of ApoEVs. ApoEVs are vital in 
attracting and activating phagocytic cells, especially mac-
rophages. They are crucial for the maintenance of tissue 
homeostasis, modulation of the immune response, and 
inflammation mitigation [67]. In the context of osteone-
crosis, bisphosphonate-related osteonecrosis of the jaw 
(BRONJ), the diminished migratory capacity of mac-
rophages primarily hampers the effectiveness of cur-
rent treatment approaches. Scientists created hydrogels 
by blending ApoEVs with catechol-conjugated chito-
san and cerium (Ce)-doped mesoporous bioactive glass 
NPs (Ce-MBGNs) to tackle this issue. The hydrogels, 
which comprise 1% of the total weight of Ce-MBGNs, 
are non-biodegradable and non-cytotoxic. The hydro-
gels attracted inflammatory macrophages and facilitated 
their M2 polarization by manipulating macrophage 
polarization via Ce-MBGNs and enhancing macrophage 

chemotaxis utilizing ApoEVs. Experiments conducted on 
mice using a Zometa-induced BRONJ model showed that 
the combination of Ce-MBGNs and ApoEVs not only 
enhanced M2 polarization but also reduced M1 polariza-
tion. Consequently, there was an increase in the forma-
tion of new bone, improved healing of the mucosal tissue, 
and decreased osteonecrosis. The results emphasize the 
potential therapeutic benefits of Ce-MBGNs and ApoEVs 
in supporting tissue regeneration and repair in an inflam-
matory environment that can provide a new therapeutic 
approach for BRONJ [68].

Another crucial aspect of these vesicles, in addi-
tion to the precondition and drug-loading process, is 
their source of extraction. This might have a significant 
impact on their ability to regenerate. For example, we 
have discussed several research studies in this section 
showing the pro-osteogenic qualities of ApoEVs. How-
ever, a recent research contradicts this finding. Macro-
phage-derived ApoEVs suppressed the bone formation 
process and boosted adipocyte formation in MSCs in 
laboratory settings and living organisms. During the 
mechanism process, ApoEVs were increased explicitly 
in microRNA-155 (miR-155), and these ApoEVs played 
a role in the regulation of the development of bone and 
adipocytes in MSCs by transporting miR-155. In addi-
tion, miR-155 regulated the process of bone formation 
and adipose tissue formation in MSCs grown with Apo-
EVs produced from macrophages via the SMAD2 signal-
ing pathway [69]. This highlights the importance of the 
source of vesicles that play a crucial role in therapeutic 
approaches. However, we hypothesize that using ApoEVs 
derived from stem cells may have more extensive regen-
erative effects compared to mature cells. We will discuss 
this in detail in the subsequent sections of the paper (Fig. 
2).

Wound healing
ECs are critical in wound healing because they signifi-
cantly contribute to wound closure. Apoptotic ECs create 
EVs that play crucial roles in the modulation of endo-
thelial gene expression, inflammatory signaling, and cell 
function. They elicit a physiological state in ECs that 
promotes their viability and motility, while impeding 
angiogenesis, suggesting a deterioration in the unique 
characteristics of ECs [70]. The ApoEVs treatment had 
contrasting impacts on the cell migration and angio-
genesis, indicating the presence of a separate entity that 
exerted a distinctive and prominent influence on endo-
thelial function. The research demonstrates that Apo-
EVs induce the dedifferentiation of ECs, resembling the 
first stage of endothelium-to-mesenchymal transition 
(endoMT), but does not progress to a mesenchymal state 
[71]. Migneault and associates have shown that the Apo-
EVs, produced by apoptotic ECs, may induce functional 
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and phenotypic alterations in the neighboring ECs. The 
study identified NF-κB binding sites in the promoter 
region of genes that showed varying expression levels. 
The activation of NF-κB played a vital role in the func-
tional alterations caused by ApoEVs. The research also 
found that ApoEVs can stimulate many receptors, includ-
ing toll-like (TLR) and RIG-I-like receptors, which subse-
quently initiate the NF-kB pathway. This finding presents 
new opportunities for the mitigation of endothelial dys-
function and regulation of gene expression in a manner 

that promotes endothelial dysfunction and mesenchymal 
transition [72]. Inflammation is the second component of 
the wound-healing process and plays a significant role in 
the closure of wounds.

Chronic wounds lead to the accumulation of mono-
cytes and macrophages, which impairs wound healing. 
The issue is worsened by the ongoing inflammasome 
activity of wound macrophages, particularly NLRP3. 
Studies suggest that the activation of the NLRP3 cas-
cade, leading to the death of macrophages by pyroptosis, 

Fig. 2  Schematic illustration of the implementation of apoptotic vesicles in osteocartilage regeneration. A) Apoptotic vesicles (ApoEVs) from young mes-
enchymal stem cells (MSCs) enhance chondrocyte function, promote cartilage repair, and increase bone mass by stimulating autophagy. To rejuvenate 
aged MSCs, the cooperation of LAMP2, LC3, and Rab7 is essential. Rab7 improves autophagic flow and helps form autolysosomes by enriching ApoEVs, 
while LAMP2 and LC3 promote the fusion of autophagosomes to break down cellular debris. B) A cartilage regeneration system is established when 
HADSCs produce hypoxia apoptotic EVs (H-ApoEVs), which dramatically improve cartilage repair through stem cell proliferation, migration, and M2 polar-
ization. C) Ce-MBGN and ApoEV-containing hydrogels promote macrophage polarization, accelerate mucosal healing, promote bone regeneration, and 
lessen osteonecrosis. LAMP2, Lysosomal-associated membrane protein 2; LC3, Microtubule-associated protein 1 A/1B-light chain 3; H-ApoEVs, hypoxia 
exposed ApoEVs; HADSCs, human adipose derived stromal cells; Ce-MBGNs, Ce-doped mesoporous bioactive glass NPs; BRONJ, bisphosphonate-related 
osteonecrosis of the jaw
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might significantly contribute to the delayed wound heal-
ing seen in type 2 diabetes (T2D) [73]. Various types of 
cell death are intricately regulated and maintained in a 
state of equilibrium. Pyroptosis is a specific form of PCD 
occurs secondary to inflammation and amplifies the 
inflammatory response. On the other hand, apoptosis is 
a PCD process associated with anti-inflammatory effects 
[74]. Evidence indicates that the pyroptosis marker pro-
tein gasdermin D (GSDMD) is inactive when apoptotic 
caspase (caspase-3/7) is activated. Umbilical cord MSCs 
(UCMSCs) may assist in tissue regeneration and wound 
healing without invasive surgery. ApoEVs derived from 
UCMSCs have been indicated to enhance the healing of 
skin wounds in mice by inhibiting macrophage pyropto-
sis [75]. As we mentioned, the cell source of ApoEVs plays 
a crucial role in their therapeutic effects. Recent find-
ings indicate that human embryonic stem cells (ESCs) 
and induced pluripotent stem cells (iPSCs) generate a 
greater quantity of ApoBDs compared to human umbili-
cal cord mesenchymal stem cells (hUMSCs). ESC-Apo-
EVs acquired pluripotent-specific molecules SRY-box 2 
(SOX2) from ESCs via a process that relies on caspase 3. 
In addition, the promotion of mouse skin wound healing 
may be achieved by introducing SOX2 into skin MSCs, 
activating the Hippo signaling pathway. These results 
indicate that ApoEVs can acquire pluripotent molecules 
from ESCs to activate adult stem cells, therefore high-
lighting the possibility of using pluripotent stem cells for 
therapeutic purposes [76].

Ma and colleagues conducted a pioneering exami-
nation to study the migratory mechanisms of ApoEVs 
in the circulation and their subsequent mechanism of 
action. The researchers made an intriguing observation: 
they found that participating in treadmill exercises sig-
nificantly enhanced the movement of ApoEVs within the 
body. Conversely, when the subjects were suspended by 
their tails, this natural movement was notably impeded, 
suggesting that the position of the body can influence 
the circulation and activity of these important biologi-
cal entities.The production of Dickkopf-related protein 
1 (DKK1) in the bloodstream is regulated by mechanical 
force and is strongly associated with this phenomenon. 
Exogenous ApoEVs stimulate the activation of the Wnt/
β-catenin signaling pathway in MSCs isolated from skin 
and hair follicles, thereby promoting wound healing and 
hair development (Fig.  3). This study has revealed that 
mechanical signaling plays a crucial role in enhancing 
the wound-healing properties of ApoEVs based on the 
Wnt/b-catenin pathway. This discovery can revolutionize 
the wound healing strategies through the integration of 
mechanotransduction with biochemical cues like Apo-
EVs [77].

Other regenerative applications
Researchers have investigated partial hepatectomy (PHx) 
as a therapeutic approach to induce hepatocellular regen-
eration; however, we want to interpret this regenera-
tion process through ApoEVs. Efferocytosis triggers an 
immunological response in phagocytes exhibiting anti-
inflammatory and regenerative properties [14]. Recent 
research has discovered that PHx-induced apoptosis sig-
nificantly discharges apoptotic cell debris into the blood-
stream. Neutrophils were the primary cells that removed 
ApoEVs under controlled laboratory conditions. These 
white blood cells developed a pro-regenerative nature as 
a result of absorbing EVs. According to Brandel et al., the 
release of ApoEVs has distinct effects on liver regenera-
tion after PHx. The inflammatory and pro-regenerative 
characteristics of neutrophils stimulate this process. The 
circulating ApoEVs increased on the first day follow-
ing the surgical procedure. This rise was associated with 
elevated levels of apoptosis marker caspase-cleaved cyto-
keratin-18 (M30), a phenomenon that was only observed 
in patients who had fully recovered their liver function. 
Neutrophils participating in efferocytosis produce sev-
eral growth factors, such as fibroblast growth factor-2 
(FGF2) and hepatocyte growth factor (HGF). Therefore, 
these cells can contribute to a significant increase in liver 
regeneration [15].

Approximately 5% of women in their reproductive 
years have recurrent miscarriages, with a majority of 
them undergoing curettage as a treatment. Infertility 
is associated with intrauterine adhesions (IUAs) due to 
severe damage to the basal layer of the endometrium. 
Traditional remedies for this condition include estrogen 
therapy, intrauterine devices, and endometrial synechio-
tomy. Reconstructing a fully functioning endometrium 
remains a significant challenge, particularly in cases 
of moderate and severe severity when the likelihood 
of IUA recurrence is high [78]. A hyaluronic acid (HA) 
hydrogel has been used as a matrix for ApoBDs, show-
casing an excellent functionality and injectability. This 
study produced a hydrogel containing ApoBDs and HA, 
which was then tested on mice and rats with acute endo-
metrial damage and IUA. The evaluation focused on 
regeneration, collagen remodeling, endometrial receptiv-
ity, and fertility restoration (Fig.  4). The ApoBD-loaded 
HA hydrogel was suggested as a promising and effective 
alternative for endometrial regeneration and a therapeu-
tic option for IUA [79].

Apoptotic extracellular vesicles: novel therapeutic 
approaches for autoimmune diseases
The ApoEVs have the capacity to address specific inflam-
matory conditions, such as gastrointestinal diseases, 
osteoarthritis, and diabetes, due to their anti-inflam-
matory properties. Importantly, their proven ability to 
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switch off pro-inflammatory macrophages and acti-
vate anti-inflammatory cell phenotypes is a critical fea-
ture. Recent research also suggests that they can hinder 
the activity of osteoclasts, which are vital players in 

osteoarthritis. Aside from their anti-inflammatory prop-
erties, these compartments can also engage with T helper 
cells, essential in the immune system. It is suggested that 
ApoEVs can suppress type 1 and 17 T helper cells, which 

Fig. 3  Schematic illustration of the mechanistic implementation of apoptotic vesicles in various aspects of wound healing. A) ApoEVs activates NF-κB 
through TLR, which alters endothelial gene expression. This leads to reduced endothelial markers, enhanced wound closure, and inhibited apoptosis. 
B) ApoEVs from UCMSCs can improve skin wound healing in mice by reducing macrophage pyroptosis, thereby lowering inflammation. C) Exogenous 
apoEVs activate the Wnt/β-catenin pathway during mechanical force by lowering Dickkopf-1 (DKK1), a Wnt signaling inhibitor crucial for wound healing. 
This mechanical signal increases apoEV migration, enhancing wound healing and promoting hair regeneration
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are significant in inflammatory diseases, while also boost-
ing regulatory T cells, known for their anti-inflammatory 
functions in the immune system.

Rheumatoid arthritis and osteoarthritis
Rheumatoid arthritis (RA) is a prevalent autoimmune 
disorder affecting around 5–10% of the global popula-
tion, and results in lasting joint deformities and disabili-
ties [80]. Currently, the primary method of treatment is 
the administration of disease-modifying anti-rheumatic 
drugs (DMARDs) to relieve pain and slow down the 
advancement of joint degeneration. Glucocorticoids, 
renowned for their anti-inflammatory properties, are 
often used in the management of RA. However, the use 
of these substances has been associated with adverse out-
comes, such as an increased susceptibility to infection 
and the onset of osteoporosis. Recent researches have 
reported the use of anti-inflammatory NPs; neverthe-
less, their application is limited [81]. There is a suggestion 
that ApoEVs might improve the immunological environ-
ment and facilitate the repair of bone and cartilage, thus 
restoring the overall balance of the joint. The design of 
a study by Li and colleagues was to examine the thera-
peutic efficacy of ApoEVs derived from macrophages and 
osteoclasts in treating RA. The in vitro results showed 
that both ApoEVs sourced from macrophages and osteo-
clasts induced macrophage polarization towards the 
anti-inflammatory M2 phenotype, improved chondro-
cyte function and chondrogenesis, and inhibited osteo-
clast formation and maturation. Experiments on a mouse 

model have shown that apoEVs can carry out many func-
tions and collectively impact the joints afflicted by RA. 
This suggests that ApoEVs have the potential to serve as a 
promising alternative for RA treatment [17].

As previously mentioned, macrophages play a crucial 
role in the progression of OA by regulating inflammation 
and tissue regeneration, preventing pro-inflammatory 
M1-macrophages, and stimulating anti-inflammatory 
M2-Macrophages, which can potentially reduce the 
inflammation associated with OA and stimulate car-
tilage regeneration. However, it is essential to under-
stand how ApoEVs polarize macrophages to improve 
the effectiveness of future therapy endeavors. To this 
end, a study using a mouse model of OA explored how 
ApoBDs of M2-macrophages (M2-ABs) regulate the bal-
ance between M1- and M2-macrophages. The results 
indicated that M2-ABs may be selectively absorbed by 
M1-macrophages, leading to a phenotypic reprogram-
ming of M1 to M2 that lasts 24  h. It has surfaced that 
M2-ABs had a protective effect against chondrocyte 
mortality in mice, resulting in a decrease in the severity 
of OA and a reduction in the pro-inflammatory environ-
ment caused by M1 activation. The inhibition of miR-
21-5p in M1 macrophages successfully decreased the 
M2-ABs-guided M1-to-M2 reprogramming. According 
to this research, ApoBDs formed by M2- macrophages 
may counteract the inflammatory response caused by 
M1- macrophages by implementing specific microR-
NAs. These ApoBDs, in turn, can prevent articular car-
tilage degeneration and improve walking difficulties in 

Fig. 4  Schematic illustration of the implementation of ApoEVs in liver and endometrial regeneration. A) ApoEVs stimulate neutrophil-mediated growth 
factor release and hepatocyte proliferation, which aid in liver regeneration after Partial hepatectomy. B) When endometrial adhesions occur, they also 
restore endometrial function using ApoBD-loaded hydrogels, which promote collagen remodeling and tissue healing. HA, Hyaluronic Acid
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animals with OA [16]. The accumulation of apoptotic 
chondrocytes in OA might disrupt the equilibrium of 
macrophage homeostasis, leading to an imbalance in 
the immunosuppressive effects of joints [82]. Research-
ers have created optically structured NPs decorated with 
PSL to reprogram macrophages and reduce inflamma-
tion. The modulation of M1/M2 polarization has shown 
that ApoBDs-inspired nanoliposomes containing PSLs 
might enhance their anti-inflammatory and healing char-
acteristics, thereby promoting the healing of chronic 
wounds [83]. However, the impact of externally derived 
nanotherapeutics, inspired by ApoBDs, on chronic 
inflammatory illnesses with inadequate removal of dying 
cells, such as OA, remains primarily uncertain. BRD4, a 
bromodomain-containing protein, acts as an epigenetic 
regulator of many genes involved in inflammation via 
super-enhancers and NF-κB signaling [84]. Research has 
shown that it is highly expressed in OA cartilage, exerting 
a regulatory impact on the HMGB1 and NF-κB signaling 
pathways throughout the disease progression. Blocking 
BRD4 has decreased the degenerative changes similar 
to OA caused by mechanical stress, lowering the inflam-
matory response mediated by the triggering receptor 
expressed on myeloid cells 1 (TREM1) [85]. However, the 
suppression of BRD4 can potentially trigger senescence 
in other cell types, including chondrocytes. In a par-
ticular study, Xu and colleagues developed JQ1-loaded 
polymer-stabilized liposomes (JQ1@PSLs) as nano-ther-
apeutics for the targeting of macrophage polarization 
regulated by BRD4. The study investigated whether JQ1@
PSLs, inspired by ApoBDs, can impede the progression 
of OA in a surgically induced mouse model. Additionally, 
it examined the role of BRD4 in regulating macrophage 
polarization during synovitis associated with OA [86].

Apart from macrophage polarization, recent stud-
ies have underlined the immunomodulatory effects of 
ApoEVs, opening innovative therapeutic opportuni-
ties. Several studies have demonstrated that essential 
immune system components, especially T cells and 
ApoEVs, interact in multiple ways that regulate immu-
nological responses. ApoEVs treatment in Fas-mutant 
mice restored ApoEVs levels, addressing aberrant lym-
phocyte development and insufficiency. This strategy 
thereby helped lower lupus activity and inflammation. 
The direct interaction between ApoEVs and CD4+ T cells 
reduced CD25 expression and produced IL-2 in manner 
dependent on the degree of ApoEVs. This suppression 
also impacted other subsets of T-helper cells (Th1/2/17) 
and cytokines like IFNγ, IL17A, and IL-10, maintaining 
forkhead box P3 (FOXP3) +-regulating T-cells. The func-
tional T cell interaction by exposed phosphatidylserine 
(PtdSer/PS) on ApoEVs hampered T cell receptor (TCR) 
signaling. In arthritis models based on animals, the way 
that ApoEVs repressed Th17 differentiation and memory 

formation significantly reduced inflammation and joint 
damage. These findings indicate a previously unknown 
link between CD4+ T cells and ApoEVs generated from 
MSCs, implying great opportunities for ApoEVs in the 
treatment of autoimmune disorders [18]. This study 
emphasizes their complex and flexible character in modi-
fying immune responses and provides a new understand-
ing of the processes by which ApoEVs works. Through a 
direct interaction with CD4+ T cells, ApoEVs can reduce 
the generation of pro-inflammatory cytokines and stimu-
late the activation of regulatory pathways crucial for the 
preservation of immunological balance. Given the critical 
role Th17 cells play in autoimmune disease, the ability of 
ApoEVs to target the development and memory forma-
tion of Th17 cells has tremendous relevance (Fig. 5).

Gastrointestinal inflammatory disease
The polarization of macrophages plays a critical role in 
inflammatory conditions affecting the gastrointestinal 
tract. This polarization influences the balance between 
pro-inflammatory and anti-inflammatory responses. 
In the context of inflammatory bowel disease (IBD), an 
increase in M1- macrophages may exacerbate inflamma-
tion and damage the intestinal lining, whereas enhanced 
M2 polarization has been associated with an improved 
healing and restoration of gut homeostasis. Research 
indicates that the therapeutic strategies aimed at shifting 
macrophage polarization from M1 to M2 may be effec-
tive in treating IBD by enhancing anti-inflammatory 
responses and facilitating the repair of the intestinal bar-
rier [87, 88].

ApoEVs have shown a significant potential for the 
modification of immunological responses, especially in 
treating autoimmune diseases. These EVs can be used 
as a treatment by aiding macrophages in producing 
transforming growth factor beta (TGFβ). They reduce 
inflammation and particularly alleviate gastrointesti-
nal inflammation in mice with experimental colitis by 
lowering IFN-γ+ inflammatory T cells and increasing 
regulatory T cells (Tregs) in a TGFβ-dependent manner. 
Despite various challenges, such as allergic reactions, 
varied apoptotic conditions, and unpredictable cell death 
rates, the infusion of apoptotic cells is advantageous for 
treating autoimmune diseases, including graft-versus-
host disease (GvHD) [89]. ApoEVs provide a promis-
ing option by substituting the therapeutic advantages of 
intact dead cells. When administered in a living organ-
ism, ApoEVs reduce inflammation, enhance the develop-
ment of Tregs, and promote the production of TGFβ by 
macrophages. ApoEVs derived from mouse and human 
T cell lines have the same functional features, demon-
strating a conserved ability to produce TGFβ [90]. Con-
sistent with prior research indicating the role of FOXO3 
as a crucial transcription factor for TGFβ in human 
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monocytes, suppressing the FOXO3 gene significantly 
reduces TGFβ production [91]. Utilizing ApoEV-based 
therapeutics for human autoimmune diseases presents a 
promising and potentially groundbreaking alternative.

The creation of substitute anti-inflammatory therapies 
is essential to the resolution of inflammatory diseases. A 
possible dual-target strategy combines the specific Apo-
BDs produced by macrophages with the intrinsic che-
motactic abilities of T cells to target inflamed regions. 
The selectivity of EVs further supports their feasibility 
for targeted drug administration. The development of 
chimeric apoptotic bodies (cABs) addressed the issue 
of inadequate therapeutic drug accumulation in inflam-
matory regions. cABs ensure enhanced accumulation at 
the site of inflammation via interactions with adhesion 
molecules on the surfaces of target cells and EVs. Partic-
ularly, cABs have shown little in vivo toxicity, underscor-
ing their excellent safety and biocompatibility. Verifying 

the effectiveness of customized EVs in the management 
of inflammation, this innovative idea integrates vesicle 
membranes with diverse biological properties into mod-
ular delivery vehicles. While the focus on inflammatory 
macrophages provides valuable new insights, further 
investigation into the potential immune regulating effects 
of cABs on other immune cells is warranted. The poten-
tial for this approach to be translated into clinical prac-
tice may be enhanced by comparative studies between 
cABs and traditional treatment drugs, such as corticoste-
roids. Naturally occurring membrane-based engineered 
EVs represent a significant advancement in bioinspired 
EVs for targeted therapy. Standardization of manipula-
tion, characterization, assessment procedures, consistent 
cell growth settings, and vesicle separation methods are 
also necessary for the successful clinical translation of 
these bioengineered EVs [92]. By highlighting the poten-
tial of cABs as a secure and effective method of treating 

Fig. 5  Targeting Rheumatoid Arthritis and osteoarthritis through anti-inflammatory properties of ApoEVs. A) APoEVs derived from macrophages and os-
teoclasts can polarize anti-inflammatory macrophages and inhibit osteoclast formation. B) Through direct interaction with CD4 + T cells, ApoEVs suppress 
the expression of CD25 and the generation of IL-2. Phosphatidylserine exposure on ApoEVs interferes with the transduction of proximal T cell receptor 
signaling, inhibiting Th17 subsets and associated cytokines, such as IFNγ, IL17A, and IL-10, which controls inflammation in the joints. C)M2-ApoBDs tar-
geted by M1- macrophages reprogram M1 to M2 phenotypes, reduce osteoarthritis severity. PtdSer/PS, Phosphatidylserine
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inflammation, this tale paves the way for future develop-
ments in targeted drug delivery systems for inflammatory 
disorders. A new chapter in developing biocompatible 
medications that ensure safety and specificity in treating 
challenging inflammatory illnesses has been reached with 
natural membrane vesicles and modular delivery systems 
(Fig. 6).

Diabetes
Diabetes is another immune system related disorder that 
poses severe challenges. The therapeutic potential of 
ApoEVs for patients with T2D has attracted attention for 
their power to restore hepatic macrophage homeostasis 
obtained from MSCs. Transcriptional reprogramming 
follows the efferocytosis of ApoEVs by macrophages, 
transforming them into anti-inflammatory agents and 
thereby reducing their liver accumulation. An essential 
component of this process is calreticulin (CRT), which 
presents on the surface of ApoEVs. As a crucial “eat-me” 
signal, CRT regulates macrophage activity and enables 
them to efferocytosis of ApoEVs. Studies have shown 
that restoring the homeostasis of hepatic macrophages 
through CRT-mediated efferocytosis of ApoEVs can help 
reduce significant T2D symptoms like glucose intoler-
ance and insulin resistance (Fig.  6). These findings have 
advanced our understanding of the mechanisms and 
biological consequences of efferocytosis of ApoEVs. The 
exceptionally negative charge of ApoEVs most likely 

results in various phagocytic responses. Further studies 
are required to define the exact signaling molecules and 
pathways engaged in this process [93] Table 2.

Remaining limitations
Several significant restrictions and challenges exist 
regarding the use of ApoEVs as anti-inflammatory treat-
ments, which may lead to unforeseen immune system 
reactions. A substantial hurdle is the inherent variabil-
ity of ApoEVs, which include various subtypes, includ-
ing ApoBDs and apoptotic MVs. Standardizing the 
therapeutic application of these subtypes is difficult due 
to their notable differences in size, molecular makeup, 
and immunological properties. For example, while 
smaller ApoEVs may not trigger the same inflammatory 
responses, larger ones can enhance neutrophil move-
ment, exacerbating inflammation. The absence of explicit 
criteria to distinguish between these subtypes compli-
cates matters further and makes achieving consistent 
therapeutic outcomes across different applications more 
difficult [30].

Additionally, there is a risk of adverse effects stemming 
from the immunogenicity of ApoEVs. Although apopto-
sis is typically viewed as a process that promotes immune 
tolerance, specific apoptotic cells might inadvertently 
awaken immune responses, especially if they harbor pro-
inflammatory cytokines or DAMPs. For instance, Apo-
EVs could contain bioactive elements like IL-1α or DNA 

Fig. 6  ApoEVs can be used to target gastrointestinal inflammatory disease and diabetes due to their anti-inflammatory properties. A) For gastrointestinal 
inflammatory disease, Apo EVs boost regulatory T cells and suppress inflammatory T cells via the FOXO3/TGF-β axis. B) In diabetes, ApoEVs promote CRT-
mediated efferocytosis, reducing insulin resistance and glucose intolerance. CRT, Calreticulin
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fragments that can unintentionally activate immune cells, 
potentially leading to complications such as autoimmune 
reactions or inflammation. The dual nature of apoptosis, 
which can either provoke inflammation or encourage 
immune tolerance, underscores the complexities of using 
ApoEVs for therapeutic purposes.

Moreover, the existing challenges in accurately charac-
terizing and isolating ApoEVs represent significant obsta-
cles to their therapeutic application. The heterogeneous 
populations generated by current isolation techniques 
may not accurately correspond to the desired treatment 
subtype. As a result of this impure composition, find-
ings from preclinical studies can vary, making it difficult 
to assess the safety and effectiveness of these vesicles. To 
fully leverage their potential as anti-inflammatory treat-
ments while minimizing the risk of adverse immune 
responses, it is crucial to ensure that only well-defined 
and functionally characterized ApoEVs are utilized in 
therapeutic contexts [96].

Future perspectives
The future of ApoEVs in advanced medicine is incred-
ibly bright, filled with a wealth of opportunities ready to 
be explored. These innovative EVs have the potential to 
revolutionize vascular remodeling, effectively address-
ing the critical challenge of dysfunctional vascular struc-
tures that often lead to hypoxia, a significant contributor 
to tumor progression. In addition, ApoEVs have shown 
exceptional promise in stimulating hair growth, offer-
ing powerful alternatives to traditional therapies like 

minoxidil. This breakthrough opens the door to exciting 
new treatment strategies for managing alopecia.

Moreover, the unique characteristics of ApoEVs allow 
for targeted interventions in hypoxic areas of the body, 
unlocking transformative possibilities for in vivo gene 
therapy applications that remain mostly uncharted. We 
hypothesize by packaging therapeutic agents within Apo-
EVs, we could drive significant advancements for patients 
facing complex ocular conditions, such as retinal artery 
occlusion. Additionally, research suggests that ApoEVs 
could play a vital role in addressing diabetes, and their 
remarkable anti-inflammatory properties may also ben-
efit a wide range of autoimmune diseases.

Conclusion
ApoEVs are emerging as exciting tools in modern medi-
cine, highlighting their potential across a variety of 
applications. From revolutionizing drug delivery to mod-
ulating immune responses and aiding in tissue repair, 
these tiny vesicles have much to offer. They tackle sig-
nificant hurdles, including the complicated process of 
exosome extraction and the limitations of traditional 
inflammation, ischemia, and autoimmunity treatments.

What truly sets ApoEVs apart is their remarkable 
anti-inflammatory properties and regenerative capa-
bilities. Delivering therapeutic cargo precisely where 
needed opens new possibilities for cancer treatment, 
helps manage ischemic conditions, and relieves autoim-
mune diseases. Additionally, their innate ability to target 
hypoxic areas enhances their adaptability, making them 
invaluable for targeted therapies and promoting vascular 

Table 2  The implementation of apoptotic vesicles in inflammatory disease
Source of apoptotic 
vesicles

Conditions Modifications Mechanism Refer-
ence

-MQ
-Osteoclast

RA -- -M2 MQ polarization
-Chondrogenesis promotion
-Osteoclast formation inhibition

 [17]

M2MQ OA -- M2 polarization through miR-21-5p  [16]
ApoBD-inspired nano-
liposomes containing 
phosphatidylserine

OA Phosphatidylserine decoration of NPs
JQ1-loaded polymer-stabilized
liposomes (JQ1@PSLs)

BRD4 blocking-based M2 polarization  [86]

MSCs OA -- -Stopped Th17 differentiation
-Inflammation and joint damage inhibition
-Pro-inflammatory cytokines Reduction

 [18]

T cells OA miR-124 -Induces M2 repolarization
-Alleviates synovial inflammation

 [94]

T cells Radiation 
enteritis

-- -Inhibition of the cGAS-STING
-Alleviation of radiation enteritis

 [95]

-Thymocytes
-Jurkat cells

Colitis -- -Lowering IFN-γ+ inflammatory T cells and 
increasing Tregs in a TGFβ-dependent manner

 [90]

MQ IBD MSNs were preloaded with anti-inflam-
matory agents (miR-21 or curcumin) 
and modified with stimuli-responsive 
molecules to achieve accurate cargo 
release at designated locations.

Induction of M2 polarization  [92]

MQ, Macrophage; RA, Rheumatoid Arthritis; OA, osteoarthritis; IBD, inflammatory bowel disease



Page 19 of 21Khalilzad et al. Journal of Nanobiotechnology          (2025) 23:260 

remodeling. With such promising features, ApoEVs could 
lead in a new era of more effective, tailored treatments 
in medicine. Nevertheless, the challenges associated with 
the accurate characterization and isolation of various 
subtypes of ApoEVs, along with their potential adverse 
effects resulting from immunogenicity, need careful 
consideration.
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