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Abstract: The annexin superfamily proteins, a family of calcium-dependent phospholipid-binding proteins, are involved in a variety
of Ca?"-regulated membrane events. Annexin A, expressed in vertebrates, has been implicated in a variety of regulated cell death
(RCD) pathways, including apoptosis, autophagy, pyroptosis, ferroptosis, and neutrophil extracellular trap-induced cell death
(NETosis). Given that inflammation is a key driver of cell death, the roles of Annexin A in inflammation have been extensively studied.
In this review, we discuss the regulatory roles of Annexin A in RCD and inflammation, the development of related targeted therapies in
translational medicine, and the application of animal models to study these processes. We also analyze current challenges and discuss
future directions for improved diagnostic and therapeutic strategies.
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Introduction

Annexins are calcium-dependent phospholipid-binding proteins involved in a wide range of cell membrane-associated
processes, including vesicular transport, autophagy, cytotoxicity, membrane-cytoskeletal anchoring, modulation of
membrane protein activity, signaling, and inflammatory responses.' Early annexin nomenclature, primarily based on
biochemical properties and functions, was inconsistent. Later, phylogenetic and comparative genomic analyses classified
annexins into five categories: Annexin A (vertebrates), Annexin B (invertebrates), Annexin C (fungi, monocytes, and
other eukaryotes), Annexin D (plants), and Annexin E (prokaryotes).” In higher vertebrates, the Annexin A family
comprises 12 members (Annexin Al-A13), although the existence of Annexin A12 remains unconfirmed.® Annexin
A family proteins are characterized by a conserved C-terminal core domain and a more variable N-terminal region. The
C-terminal core comprises four (or eight in Annexin A6) highly conserved, approximately 70-amino-acid long, repetitive
structural domains (I-1V), forming a slightly curved disc. The relatively short N-terminal region, ranging from dozens to
hundreds of amino acids, exhibits diverse amino acid sequences. Compared to the C-terminal core, the N-terminal region
significantly contributes to structural arrangement, overall stability, specific functions and subcellular localization. Post-
translational modifications of the N-terminal region, such as phosphorylation, acetylation, and proteolysis, can alter key
regions within the core structure of annexins, thereby influencing their function.*> Overall, the N-terminal region serves
as a crucial regulatory element for the structure and function of annexins. While in vitro functions of annexins are well-
studied, research into their in vivo physiological roles remains in its infancy.

Annexins facilitate the organization of cell membranes and the cytoskeleton. Upon binding to phospholipids, they
modulate the formation of bilayer membrane structures through lateral aggregation and stabilize the lipid bilayer.®
Furthermore, annexins are involved in cellular signal transduction. For example, overexpression of Annexin Al
activates extracellular signal-regulated kinase/ mitogen-activated protein kinase (ERK-MAPK) and T-cell receptor
signaling pathways, binds to Formyl Peptide Receptor 1 (FPR1), and upregulates nuclear factor kappa B (NF-kB),
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thereby promoting T-cell proliferation and differentiation, exerting an anti-inflammatory effect.” Annexin A4 promotes
cell cycle progression and inhibits apoptosis through activation of the NF-kB signaling pathway.® Annexin A6 has been
shown to act as a scaffold protein for Protein Kinase C (PKC) and p120 GTPase-activating proteins, negatively
regulating the epidermal growth factor receptor (EGFR)/Ras/MAPK pathway and promoting EGFR lysosomal
degradation.” Annexin A5, the most abundant annexin in most cells and tissues, is also found extracellularly. Its high
affinity for phosphatidylserine (PS) on the outer leaflet of the plasma membrane makes it a widely used marker of for
detecting apoptotic cells in various disease contexts.® Over the past decade, research on the association between annexins
and RCD has largely focused on apoptosis. However, annexins are now known to participate in other forms of RCD
(Table 1). Apoptosis, autophagy, pyroptosis, ferroptosis and NETosis are well-characterized pathways regulating cell
death, contributing to the clearance of pathogens and potentially tumor cells, and playing crucial roles in in vivo home-
ostasis, host defense, cancer development, and a wide range of pathophysiological processes.'” These RCD pathways
often interact and exhibit antagonism, responding to diverse stimuli at different stages of cellular metabolism. This
interplay is essential for normal cellular function. While apoptosis has been extensively studied in relation to annexins,

research on the involvement of annexins in other RCD modalities, including autophagy, pyroptosis, ferroptosis and

Table | Annexin A Expression and Link to Regulated Cell Death

Annexin Expression in Cells Regulatory RCD REF
Annexin Al Expressed in most cells and highly Apoptosis (V) [16-19]
prominent in differentiated cells, such as Autophagy (V)
macrophages and neutrophils Pyroptosis (\)

Ferroptosis (\)
NETosis (V)
Annexin A2 Expressed in most cells, especially in Apoptosis (V) [20-23]
endothelial cells, monocytes and macrophages Autophagy (V)
Pyroptosis (\)
Ferroptosis (V)
NETosis (\)
Annexin A3 Expressed in most cells Apoptosis (V) [24-27]
Autophagy (V)
Pyroptosis (\)
Ferroptosis (V)
NETosis (\)
Annexin A4 Expressed in most cells and prominent Apoptosis (V) [28]
in secretory epithelial cells Autophagy (\)
Pyroptosis (\)
Ferroptosis (\)
NETosis (\)
Annexin A5 The most abundant annexin is expressed Apoptosis (V) [29-32]
in external cells except neurons Autophagy (V)
Pyroptosis (\)
Ferroptosis (V)
NETosis (\)
Annexin A6 The expression of most cells is abundant in endothelial cells, Apoptosis (V) [33,34]
hepatocytes and macrophages, but low in epithelial cells Autophagy (V)
of intestinal tissues and parathyroid glands Pyroptosis (\)
Ferroptosis (\)
NETosis (\)
(Continued)
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Table | (Continued).

Annexin Expression in Cells Regulatory RCD REF

Annexin A7 Expressed in most cells Apoptosis (V) [35]
Autophagy (V)
Pyroptosis (\)
Ferroptosis (\)
NETosis (\)

Annexin A8 Endothelial cells; epithelial cells Apoptosis (\) [36,37]
Autophagy (V)
Pyroptosis (\)
Ferroptosis (V)
NETosis (\)

Annexin A9 Low abundance Apoptosis (V) [38]
Autophagy (\)
Pyroptosis (\)
Ferroptosis (\)
NETosis (\)

Annexin AlO Epithelial cells Apoptosis (V) [39-41]
Autophagy (\/)
Pyroptosis (\)
Ferroptosis (V)
NETosis (\)

Annexin All Expressed in most cells Apoptosis (\/) [42]
Autophagy (\)
Pyroptosis (\)
Ferroptosis (\)
NETosis (\)

NETosis, remains in its early stages. Future research should prioritize these less-explored areas of RCD. In addition to
their influence on cell fate decisions, annexins also directly participate in the modulation of inflammatory processes.'""'*
Considering the complex interactions between inflammation and RCD, the involvement of annexins in these two
processes is especially significant. By influencing the mode of cell death and the consequent release of inflammatory
mediators, Annexin A family proteins can influence the pathogenesis, development, and resolution of a wide range of
diseases.'* !> Consequently, an in-depth study of the underlying mechanisms by which Annexin A family proteins

operate in RCD, inflammation, and disease is of great significance for the development of novel therapeutic strategies.

Relationship Between Annexin A and RCD

Annexin A plays a crucial role in regulating RCD processes. Specifically, annexins bind to the plasma membrane and
participate in membrane remodeling and permeability changes, thereby influencing the balance of ion concentrations
within the cell. These changes can activate or inhibit key regulatory proteins, such as caspases, which, in turn, initiate or
suppress RCD signaling pathways. Furthermore, Annexin A can prevent the formation of apoptotic bodies by inhibiting
the externalization of membrane phospholipids and reducing phagocytosis. Annexin A also directly binds to cytochrome
¢ and inhibits its release, thereby inhibiting mitochondrial-mediated regulated cell death.** Based on current studies, the
regulatory mechanisms of Annexin A in RCD are summarized below (Figure 1).
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Figure | Annexin A regulates regulated cell death patterns such as autophagy, ferroptosis, and pyroptosis. Annexin Al activates the PI3K/AKT signaling pathway, leading to
inhibition of autophagy. Annexin A2 regulates autophagy flow by blocking AMP-activated protein kinase (AMPK)/mechanistic target of rapamycin (mTOR) pathways. Annexin
A5 and A6 play a role in the fusion of autophagosomes with lysosomes. Knockdown Annexin Al0Q inhibits autophagy mediated TFRC degradation induced ferroptosis.
p-STAT3 promotes Annexin A2 expression at the transcriptional level, thereby activating caspase-| to mediate pyroptosis. Annexin A2 promotes NLRP3 inflammasome
activation through Atg5-dependent autophagy, ultimately leading to pyroptosis. Annexin A7 decreases autophagy-induced NLRP3 inflammasome-mediated pyroptosis in
epithelial cells. Annexin A3 can inhibit pyroptosis via the NLRC4/AIM2 axis.

Abbreviations: Inhibition of TFRC, transferrin receptor; NF-kB, nuclear factor kappa B; HMGBI, high mobility group box-| protein; NRF2, nuclear factor erythroid
2-related factor 2; HO-I, heme Oxygenase |; Mtor, mammalian target of rapamycin; STAT3, signal transducer and activator of transcription 3; NLRC4, NLR family, CARD
domain-containing protein 4; AIM2, abstract in melanoma 2.

Apoptosis

Apoptosis, a form of regulated cell death, is characterized by distinct morphological hallmarks, including cell shrinkage,
chromatin condensation, and the formation of membrane blebs, ultimately leading to the generation of apoptotic bodies.
These apoptotic bodies are efficiently recognized and phagocytosed, thereby preventing the release of intracellular
constituents and limiting the induction of inflammation.'® A key event in apoptosis is the translocation of PS,
a negatively charged phospholipid, from the inner to the outer leaflet of the plasma membrane. This PS externalization
serves as a critical signaling cue, promoting the recognition and engulfment of apoptotic cells by phagocytes.** The
subsequent recognition and engulfment of apoptotic cells by phagocytes, often mediated by binding to PS, leads to the
formation of apoptotic bodies. Furthermore, rapid membrane repair, crucial for cell survival following membrane rupture,
involves Annexin A binding to PS, inducing membrane cross-linking and fusion—key steps in this process.*> This
mechanism prevents the release of intracellular contents, thereby minimizing the risk of a pro-inflammatory response.
Notably, Annexin A5 exhibits a high calcium-dependent affinity for PS. This property has made Annexin A5 a widely
used tool for detecting apoptotic cells, and numerous commercially available products are available for research
applications.*®*” Combined with propidium iodide (PI) staining, fluorescently labeled Annexin A5 enables the discri-
mination of live and apoptotic cells using fluorescence microscopy or flow cytometry (Figure 2), further highlighting its
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Figure 2 The principle of apoptosis detection using Annexin A5 probes.

utility in apoptosis research.*® Conversely, Annexin A1 functions as an anti-apoptotic protein; its downregulation disrupts
cancer cell homeostasis, leading to cell cycle arrest and promoting apoptosis.*’ Annexin A2 accumulates in apically
extruded transformed cells, contributing to resistance against reactive oxygen species (ROS)-induced apoptosis by
suppressing p38-MAPK, a stress-activated protein kinase.”’ Studies investigating the effects of Annexin A3 down-
regulation on HepG2 cells revealed that it promoted apoptosis and chemoresistance by increasing Bax expression,
decreasing Bcl-2 expression, and inactivating caspase-9 and caspase-3 in the intrinsic apoptotic pathway.”* Similarly,
Annexin A4 influences cell growth, invasion, and apoptosis. Overexpression of Annexin A4 may promote trophoblast
proliferation and invasion, and alleviate the progression of preeclampsia in a rat model, potentially via activation of the
PI3K/AKT/eNOS pathway, a cell survival pathway known to inhibit apoptosis.”® Annexin A6, a highly abundant cardiac
membrane protein found in various cardiac cell types including myocytes, plays a key role in the transition of chronically
hypertrophied cardiomyocytes to apoptosis.*> Dysregulation, heterozygous deletion, and altered subcellular localization
of Annexin A7 have been implicated in the development, invasion, metastasis, and apoptosis of various cancers,
including hepatocellular carcinoma,’® gastric cancer,”’ lung cancer,’> multiple myeloma™ and other malignancies.
Recent research has increasingly focused on Annexin A9 and A 10, primarily in the context of cancer. Sequence analysis
suggests that Annexin A9 is a target of miR-186-5p. Subsequent experiments revealed that miR-186-5p promotes
apoptosis through the downregulation of Annexin A9, while reintroduction of Annexin A9 can rescue apoptosis induced
by miR-186-5p, thereby promoting breast cancer cell survival.”* Annexin A10 has been implicated in the apoptosis of
thyroid® and gastric cancer cells,” etc. Annexin A1l may play a significant role in hepatocellular carcinoma metastasis
and progression. In vitro studies show that knockdown of Annexin A1l inhibited proliferation and promoted apoptosis in
human cholangiocarcinoma-derived fibroblast cell lines through modulation of Akt2/ Forkhead box protein O1 (FoxO1)
and/or Matrix Metalloproteinase-9 (MMP-9) expression.*” Ongoing research continues to refine our understanding of
annexins structure, function, and dynamics, leading to a more nuanced appreciation of the biological roles of Annexin
A in apoptosis and other RCD processes.

Autophagy

Autophagy, an evolutionarily conserved eukaryotic degradation pathway, maintains intracellular homeostasis through
lysosomal degradation of damaged or superfluous organelles and proteins. While autophagy is generally considered
a pro-survival mechanism, impairment of autophagy or excessive autophagic flux can trigger cell death.>® Despite recent
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advances in understanding the regulation and fundamental molecular mechanisms of autophagy, many questions remain
unresolved. Specifically, how does autophagy regulate cell death, and what are the finely tuned regulatory mechanisms
governing autophagy-dependent cell death (ADCD) and autophagy-mediated cell death (AMCD)?>’ Here, we highlight
the diverse roles of Annexin A in modulating autophagy’s impact on other cell death modalities, providing a novel
perspective on autophagy-related cell death. Recent studies indicate that Vibrio vulnificus metalloprotease (VvpM)
recruits Annexin A2 to lipid rafts, thereby regulating NF-kB-dependent IL-1p production. Additionally, VvpM interacts
with Annexin A2 outside of lipid rafts to promote the nucleotide-binding oligomerization domain-like receptor protein 3
(NLRP3) inflammasome activation through autophagy-related gene 5 (Atg5)-dependent autophagy, ultimately resulting
in pyroptosis.”® Annexin A3 has been implicated in sorafenib resistance in hepatocellular carcinoma (HCC) cells, where
its overexpression inhibits PKCd/p38-mediated apoptosis, promotes autophagy, and enhances cell survival. In HCC
patient liver specimens, Annexin A3 expression correlated positively with microtubule-associated protein 1 light chain 3
beta (LC3B), a marker of autophagy, and reduced overall survival in sorafenib-treated patients. Annexin A5 has been
proposed to facilitate autophagosome-lysosome fusion, rather than directly influencing lysosomal degradation capacity.>®
Annexin A6 has been identified in autophagic vesicles of rat hepatocytes, suggesting a role in autophagosome-lysosome
fusion.® Autophagy is regulated by the AKT/mTOR signaling pathway.®’ Sun et al®® reported that Annexin A6
expression inhibits AKT/mTOR-mediated autophagy activation, thus affecting cervical cancer progression. Given that
Annexin A6 is believed to contribute to the organization of membrane microdomains and regulate vesicle fusion, its
influence on autophagy flux could potentially impact cellular stress and survival; however, direct evidence linking it to
autophagy-dependent cell death remains limited. Furthermore, in an (apoE ~/~) mouse model of atherosclerosis, Annexin
A7 was identified as an endogenous regulator of phosphatidylcholine-specific phospholipase C (PC-PLC), an enzyme
implicated in the modulation of autophagy. While decreased Annexin A7 GTPase activity inhibits PC-PLC levels and
activity, promoting autophagy and suppressing apoptosis, this ultimately contributes to the inhibition of atherosclerosis
development and progression.®® These findings suggest a protective rather than a cell death-promoting role for Annexin
A7-mediated autophagy in this context. Additionally, attenuating NLRP3 inflammasome-mediated epithelial cell pyr-
optosis contributes to the maintenance of intestinal barrier function in Crohn’s colitis, and mechanistic studies exploring
this found that it was achieved by modulating Annexin A7 to promote autophagy.®* The observation that Annexin A10
knockdown resulted in increased autophagic flux and accumulation of sequestosome 1, an autophagy receptor, strongly
indicates that Annexin A10 influences autophagy. This disruption of autophagy, specifically the inhibition of autophagy-
mediated transferrin receptor degradation, plays a critical role in the subsequent induction of ferroptosis. Furthermore,
Annexin Al, AS, and A6 participate in autophagosome-lysosome fusion; and Annexin A2 regulates autophagosome
formation by trafficking autophagy-related gene 9A (Atg9A) from endosomes to autophagosomes via actin.®® Further
research is needed to fully elucidate the specific mechanisms by which these annexins regulate autophagy, and whether
such regulation contributes to autophagy-dependent cell death in different cellular contexts.

Ferroptosis

Ferroptosis, a form of regulated cell death driven by iron-dependent lipid peroxidation, is characterized by the accumulation of
ROS and the peroxidation of polyunsaturated fatty acids in cellular membranes. This process disrupts membrane integrity via
phospholipid peroxidation, leading to membrane rupture, intracellular content release, and subsequent inflammatory responses
that contribute to disease pathogenesis.®® Various stimuli, including ferroptosis inducers (eg, Erastin and RSL3), clinically
approved drugs (eg, sorafenib, sulfasalazine, statins, and artemisinin), ionizing radiation, and cytokines (eg, INF-y and TGF-
B1), can induce ferroptosis in tumor cells, thereby influencing tumor growth.” % Annexin A is increasingly implicated in
basic research, including studies of ferroptosis. High-throughput analysis of non-alcoholic fatty liver disease and ferroptosis
revealed that Annexin A2 promotes ferroptosis in HepG2 cells, contributing to the pathogenesis of non-alcoholic fatty liver
disease.”> Annexin A3-rich exosomes derived from tumor-associated macrophages (TAMs) inhibited ferroptosis in laryngeal
cancer cells. Mechanistically, Annexin A3 primarily inhibits activating transcription factor 2 (ATF2) ubiquitination, thereby
stabilizing its function. Stabilized ATF2 then suppresses the expression of ChaC glutathione-specific y-glutamyl cyclotrans-
ferase 1 (CHACI), leading to elevated intracellular glutathione levels, reduced lipid peroxidation, and ultimately inhibiting
ferroptosis.?” In a mouse model of traumatic brain injury, Annexin A5 demonstrates neuroprotective effects by modulating key
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pathways involved in the injury response. Specifically, Annexin A5 attenuates neuroinflammation by suppressing NF-kB/high
mobility group box 1 protein (HMGBI1) signaling, a pathway known to promote inflammatory cytokine production. HMGBI,
a damage-associated molecular pattern (DAMP) molecule, is released during injury and exacerbates inflammation.”
Concurrently, Annexin A5 mitigates oxidative stress and ferroptosis by enhancing the NRF2/HO-1 antioxidant system,
thereby bolstering cellular defense against reactive oxygen species.’' TFAP2A is an upstream transcription factor of Annexin
A8, which plays a role in regulating ferroptosis. In cervical squamous cell carcinoma, Annexin A8, transcriptionally activated
by TFAP2A, maintains glutathione levels, thereby reducing the susceptibility of cervical squamous cell carcinoma cells to
ferroptosis induced by specific inducers.”” Annexin A10 knockdown inhibits colorectal cancer progression by inducing
ferroptosis through inhibiting transferrin receptor (TFRC) degradation; this Annexin A10-TFRC-ferroptosis axis represents
a potential therapeutic target in serrated pathway colorectal cancer.*® These findings suggest that Annexin A may represent
promising therapeutic targets for modulating ferroptosis. Future research should focus on elucidating the precise molecular
targets and comprehensive mechanisms of Annexin A action in ferroptosis.

Pyroptosis

Pyroptosis, a lytic form of RCD, is characterized by cellular swelling, membrane blebbing, and eventual cell rupture,
which releases intracellular contents and triggering a robust inflammatory response.”’ While sharing some features with
apoptosis and necrosis, including nuclear condensation, DNA fragmentation, and phospholipid externalization, pyropto-
sis is distinguished by scanning electron microscopy findings of swollen cells with nonselective pores. These cells form
‘pyroptotic body’-like vesicles that ultimately undergo plasma membrane rupture and release inflammatory mediators.
Pyroptosis is primarily categorized into the Caspase-1-dependent classical pathway and the Caspase-4/5/11-reliant non-
classical pathway.”> Caspase-1-dependent classical pathway: In response to signals from bacteria and viruses, intracel-
lular pattern recognition receptors function as receptors, recognizing these signals and binding to the precursor of
Caspase-1 via the adaptor protein ASC to form a multiprotein complex. This complex activates Caspase-1, which cleaves
Gasdermin D (GSDMD) to produce a peptide containing the active domain at the nitrogen terminus, leading to
perforation of the cell membrane, cell rupture, release of cellular contents, and triggering an inflammatory response.
Additionally, activated Caspase-1 cleaves the precursors of IL-1p and IL-18 to produce active IL-1p and IL-18, which are
released extracellularly to recruit inflammatory cells, thereby amplifying the inflammatory response. Caspase-4/5/11-
dependent non-classical pathway: Caspase-4, 5, and 11 are activated in response to signals such as bacteria. The activated
Caspase-4/5/11 then cleave GSDMD to form peptides containing the active domain at the nitrogen terminus, which
induces perforation of the cell membrane, cell rupture, and release of cellular contents, resulting in an inflammatory
response. The NLRP3 inflammasome is a regulated protein complex that detects injury and enhances the inflammatory
response via caspase-1 activation, cleavage of pro-inflammatory cytokines such as pro-IL-1p and pro-IL-18, and the
induction of pyroptosis.”® Furthermore, NLRP3 inflammasome activation promotes the production of lipid mediators,
such as eicosanoids and ceramides, which participate in metabolic and immune signaling and are dysregulated under
conditions of excessive NLRP3 inflammasome activation.”* Annexin Al deficiency exacerbates lipopolysaccharide
(LPS)-induced inflammation and lipid mediator (eg, ceramide) production, promoting NLRP3 inflammasome activation
in response to nigrosomal stimulation.'® Annexin A2 promotes pyroptosis by assembling a lipid raft-dependent ROS-
generating complex. Within lipid rafts, Annexin A2 recruits NADPH oxidase 2 and neutrophil cytosolic factor 1,
amplifying ROS production. This Annexin A2-mediated ROS surge activates NF-kB, enhancing IL-1p transcription
and subsequent pyroptosis execution. Thus, Annexin A2 acts as a key regulator, driving inflammatory cell death via
a lipid raft/ROS/NF-kB/IL-1B cascade.”” Bioinformatic analyses suggest a role for Annexin A2 in hepatic steatosis,
potentially by regulating plasma cholesterol clearance.”® Moreover, in vivo and in vitro studies indicate that elevated
Annexin A2, transcriptionally upregulated by p-STAT3, potently activates caspase-1 and inflammasomes, ultimately
driving hepatocyte pyroptosis and liver fibrosis.”> Annexin A3 has been identified as a potential genetic marker for
pyroptosis in ischemic stroke, and it inhibits pyroptosis by suppressing the NLRC4/AIM2 axis (pyroptosis-related
factors).?® Although less studied, the role of annexins in pyroptosis warrants further investigation, given their potential
to modulate GSDMD-mediated membrane permeabilization and cell lysis.
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NETosis

NETosis refers to a controversial type of RCD in neutrophils, characterized by the release of neutrophil extracellular traps
(NETs).>® NETs are web-like structures composed of chromatin and histones complexed with granule and cytoplasmic
proteins. They are formed in response to microbial and sterile signals, including receptor activation such as Toll-like receptors
(TLRs), and provide a stable platform for capturing and degrading microbes. A significant portion of the nucleic acids in NETs
originates from mitochondria. NETs play a crucial role in host defense by trapping and killing pathogens, but excessive or
dysregulated NETs formation contributes to various inflammatory diseases and tissue damage, including diabetes and
cancer.”””® While the involvement of annexins in other forms of regulated cell death is increasingly understood, their role
in NETosis and NETs-related processes is only beginning to be explored. Several Annexin A family members, particularly
Annexin Al and Annexin A5, are associated with neutrophil function and inflammation, suggesting their potential involve-
ment in NETs-related pathways. Traditionally, Annexin Al has been considered an anti-inflammatory molecule that, in
neutrophils, inhibits activation and recruitment while accelerating apoptosis, thereby promoting resolution of inflammation.”
In myocardial infarction models, upregulated Annexin A1l can inhibit NETosis via its receptor, FPR2, thereby attenuating
myocardial injury.*® However, proteomic analyses have identified Annexin Al as a significant component of NETSs,
particularly in lupus nephritis, challenging this solely anti-inflammatory role. Within NETs, Annexin A1 undergoes citrullina-
tion at arginine 188. This citrullination, which is associated with autoimmunity as it generates neoepitopes that can induce
autoantibody production, may be linked to Annexin A1’s function. Through its incorporation and citrullination within NETs,
Annexin A1 could potentially promote the formation of autoantibodies against NETs components, thereby contributing to the
development of autoimmune diseases.'” Annexin A5, due to its high affinity for PS, plays a crucial role in NETs-related
coagulation and inflammation. In COVID-19 patients, PS-containing microparticles can induce neutrophil adhesion and
NETosis, whereas Annexin A5 can inhibit these pro-inflammatory and pro-NETosis effects by binding to these
microparticles.®' Intriguingly, Annexin A5 plays a critical role in SI00A12-induced NETosis and the exacerbation of acute
myocardial infarction. The interaction of SI00A12 and Annexin A5 enhances calcium influx, leading to calcium overload in
neutrophils, promoting NETosis and subsequent cardiomyocyte apoptosis and cardiac dysfunction.*?

In summary, Annexin A exhibits a diverse range of functions across various forms of regulated cell death. By
modulating the initiation, execution, and resolution phases of apoptosis, autophagy, ferroptosis, pyroptosis and NETosis,
Annexin A family members exert significant control over cell fate decisions. These multifaceted actions highlight the
importance of Annexin A as a key regulator of regulated cell death, influencing not only the mode of cell demise but also the
subsequent cellular and tissue responses, including inflammation. Given the intricate link between regulated cell death and
inflammation, the following section will explore the specific roles of Annexin A in modulating inflammatory pathways.

Annexin A and Inflammation

Emerging evidence indicates that Annexin Al, A2, and A5 play significant roles in the pathogenesis of inflammatory
diseases. While leukocyte recruitment to injured or infected tissues is crucial for tissue repair and pathogen clearance,
excessive or chronic inflammation contributes to tissue damage and diseases such as arthritis, atherosclerosis, inflam-
matory bowel disease, and COVID-19.%* The inflammatory response, a protective mechanism activated in response to
injury or infection, significantly influences on cellular fate decisions. On the one hand, inflammation can initiate
intracellular apoptotic signaling cascades, leading to the elimination of compromised or infected cells. On the other
hand, inflammatory cytokines, including tumor necrosis factor-o. (TNF-a) and IFN-y, may also promote inflammatory
cell death modalities, such as necroptosis, pyroptosis, and ferroptosis.***** Moreover, inflammation can modulate
autophagic processes. While moderate inflammation may stimulate autophagy to facilitate the clearance of damaged
organelles and protein aggregates, excessive inflammation can suppress autophagy, resulting in the accumulation of
intracellular debris.®> Annexin A functions as critical intermediary between inflammation and cell fate, regulating the
magnitude and duration of inflammatory responses and consequently impacting cellular survival or death. For instance,
Annexin Al mitigates inflammation and safeguards cells by suppressing the release of pro-inflammatory cytokines and
augmenting the production of anti-inflammatory mediators.'® Conversely, Annexin A can directly influence apoptosis,
autophagy, and necrosis. As an example, Annexin A5 promotes the efficient removal of apoptotic cells by binding to PS,
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thereby dampening the inflammatory response. Investigating the regulatory mechanisms of Annexin A in inflammation
may provide further insights into their role in regulating RCD.

Annexin Al’s anti-inflammatory properties stem from its modulation of leukocyte-mediated immune responses. As
a glucocorticoid-regulated protein, Annexin A1 limits neutrophil recruitment, promotes neutrophil apoptosis, and induces
macrophage reprogramming towards an anti-inflammatory phenotype (characterized by the production of anti-
inflammatory cytokines such as IL-10 and TGF-f), thereby facilitating the resolution of inflammation and suggesting
its therapeutic potential in inflammatory diseases. Annexin Al’s anti-inflammatory actions include inhibiting inducible
nitric oxide synthase in LPS-stimulated macrophages, which reduces nitric oxide release and promotes IL-10
production.®® Furthermore, Annexin Al activation of FPR2 homodimers on mononuclear phagocytes triggers anti-
inflammatory responses, including the release of anti-inflammatory cytokines and the inhibition of neutrophil
recruitment.”’ In the early stages of atherosclerosis, adhesion of monocytes to the vascular endothelium is a critical
step. In a hypercholesterolemic mouse model, Annexin Al inhibited leukocyte recruitment to the carotid arteries,”’
inversely correlating with atherosclerotic lesion severity.*® High LDL levels activate the NLRP3 inflammasome,
promoting caspase-1 activation and subsequent inflammation.®” NLRP3 senses inflammatory signals in macrophages,
monocytes, and neutrophils, which then promote the release of IL-1p and IL-18 from these cells.”” While Annexin Al
co-localizes with and binds NLRP3, its anti-inflammasome activity is independent of FPR2 signaling. Annexin Al
deficiency enhances IL-1B production by increasing macrophage NLRP3 expression.”’ The N-terminal portion of
Annexin Al is known as the Ac2-26 peptide, mimics the full-length protein’s effects on maintaining intestinal home-
ostasis, particularly during mucosal inflammation, by preserving epithelial integrity and modulating inflammatory factor
expression.”” Polymeric Annexin Al nanoparticles demonstrate therapeutic efficacy in models of peritonitis,” colonic
wound healing,’* and atherosclerosis.” The significant therapeutic potential of Annexin Al in inflammatory diseases is
driving the development of pharmaceutical formulations, which will be discussed in subsequent sections.

Similarly, Annexin A2 also modulates monocyte and macrophage activation and inflammatory responses. Swisher
et al®> demonstrated that the Annexin A2-S100A10 heterotetramer activates human macrophages, promoting infiltration
via NF-kB signaling and the release of inflammatory cytokines and chemokines. SI00A10 knockdown significantly
reduced LPS-induced production of TNF-o, IL-1B, and IL-10, suggesting the Annexin A2-S100A10 heterotetramer is
a potential anti-inflammatory therapeutic target.”® Annexin A2’s multifaceted roles in respiratory viral infections and
inflammation suggest potential antiviral therapeutic strategies for viral pneumonia. Specifically, Annexin A2 enhances
cytomegalovirus infection and gene expression,”’ while cytomegalovirus infection upregulates cell surface Annexin A2,
which subsequently activates y& T cells via yd0 T cell receptor recognition, inducing oxidative stress and
inflammation.”®® Expanding on the role of Annexin A2 in viral infection, Fang et al'® identified autoantigens
associated with SARS-CoV infection. Antibodies in the sera of SARS patients were co-localized with anti-S2 antibodies
on human lung adenocarcinoma epithelial cell line A549 cells, and both shared the same cell membrane binding site as
the anti-Annexin A2 antibodies. Annexin A2, as part of the Annexin A2-S100A10 heterotetramer, functions as a key
extracellular binding partner for both pathogen and host proteins and is subject to shedding or secretion.'! Its interaction
with nuclear endosomes negatively regulates TLR4-mediated inflammation,'®* suggesting a crucial role for Annexin A2
in modulating infection-induced inflammation and preventing excessive inflammatory responses.

Annexin A5’s anti-inflammatory properties are well-established, particularly given the crucial role of macrophages in
inflammatory diseases. Atherosclerosis, characterized by T cell and monocyte/macrophage infiltration into the arterial intima,
provides a relevant model. Numerous studies demonstrate an inverse correlation between Annexin A5 expression and both
monocyte recruitment and plaque macrophage content, highlighting its anti-inflammatory effects. Annexin A5 exerts anti-
inflammatory effects in multiple disease models. For example, in a murine model of atherosclerosis, Annexin A5 reduced both
local and systemic inflammation and improved vascular function.'® In a nonalcoholic steatohepatitis model, Annexin A5 dose-
dependently decreased TNF-a while increasing IL-10 secretion, promoting an anti-inflammatory macrophage phenotype. In
osteoarthritis, Annexin A5 promoted Toll-like receptor 4 internalization and lysosomal degradation via calcium-dependent
endocytosis, inhibiting M1 macrophage polarization, reducing pro-inflammatory mediator release and ROS production, and
ultimately mitigating synovial inflammation and cartilage damage.'® Furthermore, Annexin A5 inhibition exacerbated LPS-

induced lung inflammation in an acute lung injury model, reinforcing its potential as an anti-inflammatory therapeutic target.'*
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Annexin A as a Novel Target for Disease Treatment
Altered expression of Annexin A in various disease tissues and cells (Figure 3) suggests its potential utility as a biomarker
for disease onset, progression, and treatment response. However, the studies presented here are illustrative examples of
Annexin A’s potential role in common diseases and cancers and do not encompass the full scope of its involvement.
Annexin Al, an endogenous anti-inflammatory mediator, plays a crucial role in resolving multi-organ inflammation. In
a high-fat diet/streptozotocin-induced diabetic nephropathy mouse model, Annexin A1l deficiency exacerbated renal injury,
characterized by increased proteinuria, glomerular dilation, tubulointerstitial lesions, and inflammation/fibrosis. And Annexin
Al overexpression attenuated renal injury by binding to NF-xB p65, inhibiting its activation, thereby reducing the release of
pro-inflammatory factors and alleviating the inflammatory response.'® Given the significant impact of viral infections in
recent years, Cui et al'®” investigated Annexin A1’s role in influenza A virus infection. Using RNA sequencing to analyze
changes in the autophagy pathway in infected cells, they demonstrated Annexin A1’s crucial role in enhancing autophagy.
Annexin A2 serves as a marker for various cancers. The Annexin A2-S100A10 heterotetramer promotes fibronectin
production, contributing to tumor invasion, metastasis, and angiogenesis, as well as hemorrhagic disorders and inflammation.
Dallacasagrande et al'® comprehensively reviewed Annexin A2’s anti-inflammatory functions in acute and chronic inflam-
mation. In acute inflammation, Annexin A2’s membrane repair activity modulates inflammation by repairing lysosomes,
regulating inflammasome activation, and influencing autophagosome biogenesis. In chronic inflammation, Annexin A2
promotes angiogenesis and tissue repair. In the context of cancer, it has been found that ginsenoside compound K binds to
Annexin A2, disrupting its interaction with the NF-kB p50 subunit and nuclear co-localization, thereby suppressing NF-kB
activation, downstream gene expression, and caspase-9/3 activation, ultimately leading to the induction of apoptosis and the
suppression of tumor growth and metastasis.'*® Furthermore, in Her2-negative breast cancer, Praveenkumar et al''® proposed
Annexin A2 as a potential tissue and serum biomarker and therapeutic target. Annexin A5 has been implicated in a wide range
of diseases, both neoplastic and non-neoplastic, demonstrating significant potential in in vitro and clinical diagnostics, as well

as therapeutics (see for a detailed review''"). Research on Annexin A6 has largely focused on cancer. Korolkova et al''
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Figure 3 Overview of diseases associated with changes in annexin expression levels.
Abbreviations: COPD, chronic obstructive pulmonary disease; T2DM, type 2 diabetes mellitus; HBV, hepatitis C virus; HCV, hepatitis C virus; HIV, human immunode-
ficiency virus; COVID-19, coronavirus disease 2019; HPV, human papillomavirus.
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extensively reviewed its contributions to cancer progression. Emerging research, however, suggests a potential link between
Annexin A6, hypolipidemia, and major depressive disorder.''® In Annexin A6-deficient hepatocytes, insulin fails to suppress
glucose production, suggesting a role for Annexin A6 in regulating glycolipid metabolism and maintaining homeostasis.''*
Annexin Al, A2, AS, and A7 are implicated in various aspects of atherosclerosis and acute myocardial infarction pathogen-
esis. Emerging evidence suggests that Annexin A, rather than merely participating in atherogenesis, actively drive its
progression, making them potential therapeutic targets.® Annexin A9 has also been studied in diseases, primarily cancer. In
breast cancer, Annexin A9 downregulation inhibits xenograft tumor growth and lung metastasis.''> Mechanistically, Annexin
A9 regulates the AKT/mTOR/STAT3 pathway via calbindin A4, modulating p53/Bcl-2-mediated apoptosis. Furthermore,
Annexin A9 facilitates calbindin A4 secretion into the tumor microenvironment, where phosphorylation at serine 2 and
threonine 69 promotes the release of pro-angiogenic cytokines (IL-6, IL-8, C-C motif chemokine ligand 2 and 5). In HPV-
negative head and neck squamous cell carcinomas, Annexin A9 and A10 expression correlate with histologic grade.''®
Dysregulation and mutation of Annexin A1l are implicated in autoimmune diseases''” and in the development of cancer,
chemoresistance, and recurrence.''® Across a spectrum of diseases, including inflammatory disorders, cancers, and neurode-
generative conditions, Annexin A exhibits altered expression and exert significant influence on disease progression through
their modulation of regulated cell death and inflammation. These findings support the exploration of Annexin A as therapeutic
targets for a wide range of conditions. Continued research into the specific roles of Annexin A in different disease contexts will

be crucial for the development of effective and targeted therapies.

Translational Medicine Exploration Based on Annexin A

Annexin A Animal Models

Translational medicine bridges basic and clinical research through a reciprocal cycle of investigation, moving from bench
to bedside and back again. Although the importance of translational research is widely acknowledged, achieving
seamless integration between basic and clinical studies remains a significant challenge. Preclinical studies using diverse
animal models have been invaluable in advancing our understanding of disease pathophysiology and human anatomy,
contributing significantly to medical progress. Translational research in inflammation is a rapidly growing field. Applying
a translational medicine approach to inflammatory disease treatment, which integrates basic science and clinical practice,
and utilizing large animal models (eg, pigs, dogs, and non-human primates) could accelerate clinical translation.

While knockout mouse models for several Annexin A family members (A1, A2, A4, AS, A6, and A7), including some
double-knockout models, have been generated and characterized, these animals typically exhibit normal viability, fertility, and
behavior, limiting their utility in certain translational studies."'® Initial findings suggested that Annexin A primarily modulated
biological functions rather than acting as essential mediators or effectors. However, studies using various Annexin A knockout
(KO) mouse models have revealed crucial in vivo functions for these proteins. This section summarizes the phenotypes of
Annexin A KO mice to elucidate in vivo roles and regulatory mechanisms in disease pathogenesis (Table 2).

Table 2 Annexin A Knockout Mouse Disease Model Study

Model Disease and Mechanism

Annexin Al @ Annexin Al KO-mice @ Myocardial infarction (MI): Stimulated cardiac macrophages, inducing

o . . 120,121
neovascularization and cardiac repair;

@ Pancreatic cancer: Maintains cytoskeletal integrity and promotes migration and
invasion;|22
@ Infections and parasitic diseases (eg: Leishmaniasis):Inhibits neutrophil

hyperinfiltration and promotes macrophage transformation to an anti-inflammatory
phenotype;'?
@ Type | diabetes (TIDM): Protects against cardiac and renal dysfunction by

returning MAPK signalling to baseline and activating pro-survival pathways (Akt);I24

@ Muscle injury: Cell—ell fusion;|25

(Continued)
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Table 2 (Continued).

Model Disease and Mechanism
Annexin A2 @ Annexin A2/ApoE Double-KO mice @ Atherosclerosis: Suppressed integrin 05 signaling caused by oscillary shear
@ Annexin A2 KO-mice stress;' 2

@ Sepsis: Increased IL-17 and reactive oxygen species production;'?’

@ Preeclampsia: Impaired decidualization of endometrial stromal cells and uterine

environment; Annexin A2 acts as adhesion molecule during implanta’cion;IZB

Annexin A5 @ Annexin A5 KO-mice # Skin wound repair: Membrane repair;'?’
@ Lack of phenotype in Annexin A5 and @ Immune: Regulates the immune response to foreign cells;"3°
Annexin A5/A6 double-KO mice 4 Bone and cartilage development: Regulation of Ca®" influx;'>'
Annexin A6 @ Annexin A6 KO-mice # Osteoarthritis: Loss of Annexin A6/p65 (NF-kB) interaction;'?

@ Liver regeneration: Loss of alanine uptake and SNAT4 transporter cell surface

localization; '

@ Osteoarthritis: Increased cation channel Piezo2 activity in sensory neurons;' >4

@ Insulin resistance: Loss of Annexin Aé scaffold and membrane transport

functions;' '

Annexin A7 @ Annexin A7 KO-mice @ Insulin sensitivity: Annexin A7 influences insulin sensitivity of cellular glucose

uptake and thus glucose tolerance;'>®

@ Tumors: Loss of Annexin A7 GTPase activity;'36

Prospects for the Development of Novel Protein-Engineered Drugs and Technologies

Based on Annexin A

Annexin A exhibits diverse biological functions, including PS binding, apoptosis detection, cell membrane repair,
modulation of inflammation and coagulation, and participation in disease pathogenesis. These diverse roles have led to
applications in in vitro and clinical diagnostics, as well as therapeutics. Existing research has spurred the development of
various Annexin A -based drug delivery strategies—including small molecule, nucleic acid, peptide, hydrogel, antibody,
and cell-based approaches—for preclinical and clinical applications. Here, we discuss key advances and emerging
concepts in tissue-specific drug delivery strategies and their clinical translation.

Glucocorticoids are highly effective in treating inflammatory diseases, but their significant side effects necessitate the
development of safer alternatives. The discovery of glucocorticoid-regulated anti-inflammatory proteins, such as Annexin
Al, has opened new avenues for anti-inflammatory therapies. Extensive research has characterized Annexin Al and its
bioactive peptides, particularly the N-terminal Ac2-26 region, demonstrating their ability to modulate inflammatory
cytokine production, reduce neutrophil infiltration, promote neutrophil apoptosis and cellular proliferation, and stimulate
IL-10 production.'*”'*® Targeted nanoparticles (NPs) offer a promising therapeutic strategy for inflammatory bowel
disease, potentially achieving improved spatial localization, enhanced efficacy, and reduced off-target effects. Leveraging
the exposure of type IV collagen at sites of inflammation, Leoni et al developed type IV collagen-targeted polymeric NPs
encapsulating Ac2-26 for treating dextran sulfate sodium (DSS)-induced colitis in a mouse model. Their results
demonstrated that these NPs were superior to Ac2-26 alone in reducing colitis severity, and also improved anastomotic
healing in a murine colitis model.'**'*° Based on the Annexin A1 EphA2-binding domain, cell-penetrating peptides of 3
amino acids (SKG) and 11 amino acids (EYVQTVKSSKG) were developed. These peptides—Al (28-30) and Al
(20-30), respectively—inhibited Annexin A1-EphA2 binding, promoted EphA2 degradation, and suppressed gastric and
cervical cancer cell growth in vitro and in vivo, suggesting potential therapeutic applications in these cancers.'*!

Annexin A5’s high affinity for PS has enabled its use in developing molecular probes and drug delivery systems.
Coupled with flow cytometry, Annexin A5 serves as an effective in vitro probe for apoptosis detection, finding wide-
spread application. Furthermore, ribozyme-labeled recombinant Annexin A5 has shown promise in in vivo assays using
animal models.'**'** Building upon previous findings, researchers developed PS-containing liposomes encapsulating
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Avastin for topical ocular administration in rats and rabbits, with and without Annexin AS. Results demonstrated that
Annexin A5 enhanced drug delivery across biological barriers via liposome association, a finding corroborated by in vi-
tro studies showing enhanced drug delivery via Annexin AS5-mediated endocytosis.'** Utilizing Annexin A5’s PS-
targeting properties, an Annexin AS-conditionally cytotoxic drug fusion protein was designed for targeted delivery of
a conditionally cytotoxic drug precursor (prodrug) to tumor cells. In vitro studies demonstrated significant cytotoxic
activity against tumor vascular endothelial cells and tumor cells when this fusion protein was combined with 5--
fluorocytosine.'*> Thrombin-human Annexin A5 complexes, formed via Lys-Lys ligation, have shown efficacy in treating
arteriovenous malformations by forming emboli in target vessels at low radiation doses.'*® Huang et al'*’ engineered
a chimeric protein comprising the extracellular domain of tissue factor and human Annexin A5. This chimera retains the
ligand-binding activity of both tissue factor and human Annexin A5, accelerating factor X activation by factor VlIla.
Interestingly, it displays a biphasic effect on coagulation: promoting coagulation at low concentrations and exhibiting
anticoagulant activity at high concentrations. A recent clinical trial in healthy volunteers (NCT04217629) demonstrated
that intravenous doses of Annexin A5 ranging from 0.75 to 20 mg were well-tolerated and showed no significant adverse
effects. While further safety and tolerability data from animal models are needed, these findings support the pursuit of
additional clinical translational studies.

Conclusions and Prospects

Recent advances in bioinformatics have increasingly highlighted the significant role of annexins in regulated cell death,
although the precise mechanisms remain incompletely understood. Elucidating these mechanisms is crucial for advancing
our fundamental knowledge of RCD in embryonic development and adult tissue homeostasis and for understanding its
contributions to the pathogenesis and treatment of diverse diseases. RCD patterns significantly influence tissue repair,
ultimately impacting long-term outcomes, such as organ senescence and tumorigenesis. Indeed, a vicious cycle of
impaired anti-inflammatory barriers, dysregulated cell death, and subsequent inflammation underlies many chronic
inflammatory and infectious diseases. Given the key role of annexins in modulating inflammation and the established
link between inflammation and RCD, a deeper understanding of their anti-inflammatory mechanisms, holds significant
potential for developing novel therapeutic targets and strategies. However, several key questions remain: In vivo studies
using Annexin A knockout mouse models have revealed that individual Annexin A deficiencies do not always impair
normal development—does this reflect functional redundancy with other proteins? What types of studies can be
developed in future basic research? Will future drug discovery efforts focus on recombinant Annexin A-derived mimetic
peptides or on traditional small-molecule inhibitors? Future research should focus on elucidating the precise molecular
targets and comprehensive mechanisms of Annexin A action in cell death and inflammation, and on developing novel
therapeutic strategies targeting Annexin A.
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