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Abstract

Microparticles or microvesicles (MV) are sub-cellular membrane blebs shed from all cells in 

response to various stimuli. MVs carry a battery of signaling molecules, many of them related to 

redox-regulated processes. The role of MVs, either as a cause or result of cellular redox signaling 

has been increasingly recognized over the past decade. This is in part due to advances in flow 

cytometry and its detection of MVs. Notably, recent studies have shown circulating MVs from 

platelets and endothelial cells drive reactive species-dependent angiogenesis; circulating MVs in 

cancer alter the microenvironment and enhance invasion through horizontal transfer of mutated 

proteins and nucleic acids, and harbor redox-regulated matrix metalloproteinases and pro-

coagulative surface molecules; and circulating MVs from RBCs and other cells modulate cell-cell 

interactions through scavenging or production of nitric oxide and other free radicals. While our 

recognition of MVs in redox-related processes is growing, especially in the vascular biology field, 

much remains unknown regarding the various biologic and pathologic functions of MVs. Like 

reactive oxygen and nitrogen species, MVs were originally believed to have a solely a 

pathological role in biology. And like our understanding of reactive species, it is now clear that 

MVs also play an important role in normal growth, development, and homeostasis. We are just 

beginning to understand how MVs are involved in various biological processes—developmental, 

homeostatic and pathological—and the role of MVs in redox signaling is an rich and exciting area 

of investigation.
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Introduction

Microvesicles or microparticles are small plasma membrane fragments that are present in 

biological fluids. They are shed from many, if not all, cell-types and have been shown to be 

important in a range of biological and pathobiological processes. The formation and 

shedding of membrane vesicles provides a means of complex cell-cell communication [1–3] 

but can also be an avenue to dispose of unwanted/unneeded macromolecular components 

[4–6]. Furthermore, these structures can provide surfaces or substrates for biological 

processes [7–10]. Finally microvesicle-shedding is a component of controlled cell death 

pathways [11,12]. Often the term ‘microparticle’ and ‘microvesicle’ are used 

interchangeably. In this review we have used the term microvesicle to avoid confusion with 

non-membrane-derived micro- or nano-particles used for diagnostics or drug delivery.

The literature provides many examples of connections between microvesicles and redox 

processes. Some of these connections are circumstantial and some are more purposeful. It is 

the intention of this review to collate and discuss this information, highlighting the possible 

importance of these sub-cellular structures to oxidative pathology and redox signaling.

What are microvesicles?

Cells can shed a number of vesicular structures, and debate exists over the classification 

schemes of these different subpopulations (Figure 1). Classification based on both size and 

vesicle membrane constituents, namely phosphatidylserine (PS), have been used. 

Microvesicles (MVs) are concertedly shed from cell membranes and are typically between 

0.1 and 2 µm in diameter. One µm is typically the maximum size for platelet-derived MVs to 

assuredly discriminate them from their small parent cells [13–16]. MVs are larger than 

exosomes or nanovesicles that arise from multi-vesicular bodies with diameters between 40 

to 100 nm [17–19], but smaller than apoptotic bodies, which are roughly 3 to 6 µm in 

diameter (Figure 1) [1]. Exosomes are more constitutively generated, stored, and shed, 

whereas MVs seem to be generated in response to specific stimuli [17]; apoptotic bodies are 

the result of cell fragmentation during apoptotic cell death. There is considerable overlap in 

size, since moribund cells shed “apoptotic microparticles” as well [19], obfuscating attempts 

to neatly and orderly classify biological phenomena by size alone. In terms of membrane 

constituents, MVs have been defined by their ability to bind to annexin V, a PS-binding 

protein; however, this definition is incomplete, as certain MV populations fail to bind 

annexin V [20] or even the more sensitive PS probe, lactadherin while binding to the novel 

phosphatidylethanolamine (PE) probe, duramycin [21] or other surface markers [20]. As 

virtually all cells shed MVs in various degrees in response to a myriad of stimuli, there is 

much heterogeneity in their functions. This review focuses on circulating MVs and their 

emerging role in redox processes.

Approaches to defining and studying MVs

A literature search in Thomson Reuters’ Web of Science up to December 2012 for the topics 

“vascular,” “circulating,” or “circulation” and “microparticles” or “microvesicles” resulted 

in over 1000 articles. Articles were then classified by the type of MV, including cancer or 

tumor, platelet, endothelium or endothelial, erythrocyte or RBC, lymphocyte, granulocyte, 

Larson et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and lastly monocyte or macrophage. Figure 2 shows the results, the number of publications 

and citations per year, as well as the parent cell source(s) of the MV.

MVs were originally considered cellular debris, since their small size and transient nature 

did not lend itself to easy isolation, detection or characterization. Isolation of MVs is not 

trivial; centrifugation, freezing, buffers and vigorous pipetting can activate or damage cells 

and “artifactually” generate MVs [22,23]. Thus, when obtaining specimens of MVs from 

their parent cells, care must be taken not to induce the formation of more MVs.

The detection of MVs has been expanding thanks to new technology. Because of their small 

size, electron microscopy remains the most sensitive way to visualize individual MVs. 

Enzyme-linked immunoassays, immunoblot, and functional assays have also been used 

[1,24]; however, these sensitive methods require knowledge of the system under 

investigation a priori and only provide data on populations of MVs being studied.

The most commonly used method for studying MVs is flow cytometry. While typical 

applications of flow cytometry rely on the forward scatter intensity to characterize the size 

of cells, the wavelength of the interrogating laser is on the same order of magnitude of MVs’ 

diameters, making forward scatter intensity largely dependent upon the MV refractive index 

rather than their size [25]. Recent data suggests that fluorescence-based flow cytometry of 

MVs only detects the “tip of the iceberg,” and that, depending on the cytometer and its 

settings, a “swarm” of small vesicles may register as a single MV cytometer event [26]. 

Flow cytometry has other limitations; it is difficult to distinguish background “noise” from 

MVs, so fluorescent labeling is essential. Unfortunately, fluorescently-labeled antibodies 

may form immune complexes resembling MVs [27,28]. Also, calcium-phosphate 

precipitates can mimic MVs’ flow cytometry signature and even bind non-specifically to 

fluorescently-labeled antibodies [29]. Fluorescently-labeled annexin V is the most widely 

used generic MP marker, although annexin V binding of MVs requires millimolar calcium 

and is relatively insensitive compared to other phospholipid-binding probes, such as 

lactadherin [30,31] and duramycin [21]. Additionally, surface marker exposure on MVs is 

dependent on the stimulus used to generate the MVs [32]. Thus, detection of MVs is not 

trivial and requires consideration of the method used to isolate MVs, working buffers, 

molecular labels, and cytometer capabilities. Despite these limitations, flow cytometry 

provides quantitative as well as qualitative examination of MVs and, according to Lacroix et 

al, is a “highly competitive analytical method to measure microparticles [microvesicles].” 

[33]

Microvesicles and Redox Biology

Microvesicles in health

In a study of 16 healthy individuals, proteomic analysis revealed that plasma microparticles 

contained numerous proteins central to redox processes, including glutathione peroxidase, 

glutathione S-transferase, peroxiredoxins 1, 2 and 3, protein disulfide isomerase, and 

manganese superoxide dismutase [34]. Many of these had not been identified before in the 

plasma proteome [34]. A different study found endothelial nitric oxide synthase (NOS3) 

located in circulating MVs from 12 healthy individuals. MV-associated NOS3 converted 
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[3H]-l-arginine to [3H]-l-citrulline, was inhibited by the NOS inhibitor, L-NAME, and 

increased nitrite accumulation. Both the MV-NOS3 levels and activity decreased in patients 

with endothelial dysfunction [35]. These examples illustrate that MVs contain many of the 

enzymes associated with redox control mechanisms, even in healthy individuals.

The methods to isolate MVs vary widely, as do the immunolabeling antibodies and 

protocols. However, there are at least 1000’s of MVs per microliter in platelet-free plasma 

from “healthy” individuals [35–42] (Figure 3), most of which are platelet-derived. However, 

the physiologic and demographic state of “healthy” subjects can vary widely—circulating 

levels of MVs correlate to age and blood pressure [42], vary by gender, the menstrual cycle 

[43], and are influenced by meals [44,45] and smoking [46]. Additionally, MVs generated 

from HUVECs in vitro differed by the race of the donor [47].

Of note, even gentle centrifugation used to obtain platelet-rich plasma (500g for 5 minutes) 

can sediment large RBC-derived vesicles (Larson et al, manuscript in preparation), likely 

making the above numbers an underestimate of the true concentration of circulating MVs 

(Figure 4).

Pathologies associated with circulating MVs and their relevance to redox processes

Since their initial description as “platelet dust” decades ago [48], MVs have been 

increasingly recognized as more than just cellular debris. As methods for detecting MVs 

have become more practical and widespread, their presence in numerous diseases has also 

been reported. And while we now know of their presence, we have only just begun to 

elucidate their role in these pathological states. Table 1 describes a few examples of 

common diseases in which the role of MVs has been investigated.

Ischemic heart diseases are the leading cause of death world-wide. During acute myocardial 

infarction (MI), there are elevated levels of circulating platelet- and endothelium-derived 

MVs [49,50]. Vitamin C (1g/day for 5 days), a water soluble antioxidant, significantly 

decreased the levels of circulating MVs in diabetic patients and patients with other 

cardiovascular risk factors, which further highlights the link between oxidative stress during 

MI and MV formation [50].

Stroke and other cerebrovascular diseases are the 2nd leading cause of death worldwide. 

Atherosclerosis is one such disease in which the role of free radicals has been extensively 

investigated, and which the role of MVs is receiving more attention. A study of MVs within 

atherosclerotic plaques found thrombogenic MVs from macrophages, RBCs, lymphocytes, 

vascular smooth muscle cells, endothelial cells, and granulocytes [8]. The MVs were 

enriched in taurine, a putative antioxidant, which scavenges myeloperoxidase-generated 

oxidants [51].

Endothelial dysfunction is a contributor to both of the above-listed pathologies. MVs from a 

variety of cellular sources enhance oxidative stress and endothelial dysfunction in numerous 

ways. Patients with metabolic syndrome had elevated platelet, RBC, and endothelial MVs 

correlating with increased oxidative stress markers, including plasma glutathione peroxidase 

and urinary 8-iso-prostaglandin F2α, but not the inflammatory markers CRP, TNFα, IL-6, 
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sICAM, or sVCAM [52]. Also, MVs from women with preeclampsia upregulated inducible 

NOS (iNOS) and cyclo-oxygenase 2 (COX-2) expression, activated NFkB, and enhanced 

reactive species-mediated cell injury when added to experimental vessels ex vivo. Platelet 

MVs enhanced NO release, while leukocyte MVs drove COX-2-mediated vasoconstriction 

[53].

Cancer is another leading cause of death, especially in developed countries. While cancer is 

often thought of as a situation of uncontrolled growth, it is the uncontrolled spread of 

neoplastic cells that typically mediates morbidity and mortality. Cancer is associated with a 

hypercoaguable state, and MVs bearing Tissue Factor (TF) and/or phosphatidylserine (PS) 

contribute to this prothrombotic state [1,9,54]. Tumor cells and the tumor vasculature both 

shed pro-coagulant MVs and activate platelets, causing further generation of MVs [2]. 

Platelet MVs in cancer enhance matrix metalloproteinase activity [10,55] and stimulate 

redox-regulated signaling pathways involved in angiogenesis, including VEGF and 

PI3/AKT [55–57].

Sickle cell disease (SCD) was the first disease in which a point mutation was linked to a cell 

phenotype and subsequent pathology [58], yet, there remain unanswered questions of how 

the mutant molecule causes the sever and varied vascular pathologies observed in this 

disease. MVs from numerous cell types likely play an important role in the vascular 

dysfunction seen in SCD. Patients with SCD have elevated RBC, platelet, monocyte, and 

endothelial MVs that increase during crisis [59]. RBC-derived MVs were shown to house 

hemoglobin, which scavenged NO with comparable kinetics to soluble hemoglobin [60]. 

Sickle cell monocyte and endothelial MVs carry tissue factor, a key initiator of the 

coagulation cascade that is [59] expressed in response to numerous oxidative stressors [61]. 

Another unique link in sickle cell to redox biology is the use of hydroxyurea as a 

therapeutic. Hydroxyurea is a nitric oxide (NO) donor [62], and one clinical observation 

indicated that children with sickle cell anemia on hydroxyurea therapy had decreased RBC 

and platelet-derived MVs than their untreated counterparts. The authors speculate that NO 

derived from hydroxyurea may be an important mediator of this phenomenon, since NO 

inhibits platelet aggregation and activation, and thus, MV formation [63].

Infectious diseases are a major cause of premature death world-wide. HIV/AIDS is the 

leading individual cause of infectious disease-related mortality, and HIV, too, has been 

shown to change circulating MV levels. Patients with HIV-1 had increased circulating 

endothelial-derived [64] and platelet-derived MVs, which decreased with antiretroviral 

therapy [65]. HIV may utilize vesiculation pathways to enhance immune suppression and 

viral spread [66,67]. HIV-1-induced MVs carried Nef [67], which can biphasically modulate 

superoxide release of human phagocytic cells [68].

Malaria is an infectious disease with significant global health burden. Malaria, especially P. 

falciparum malaria, is characterized by elevated levels of RBC-derived MVs [69], platelet 

MVs [7], endothelial MVs, and leukocyte MVs [70]. Increased erythrocyte oxidative stress 

may be critical for RBC MP formation in malaria [69].
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Lastly, MVs likely play a role in chronic inflammatory diseases. In arthritis, monocytes 

utilize ROS-mediated signaling pathways. MVs isolated from the synovial fluid of arthritic 

patients contained RANKL [71]; RANK/RANKL downstream effectors include ROS [72].

Table 1 and the above discussion provide a few examples of common diseases with elevated 

MVs, and how these MVs are interlinked with redox signaling pathways. Next, we will 

discuss general redox-related MV formation and functions from specific cells types.

General MV formation

The generation of MVs is dependent on both the cell and the stimulus, with lipid bilayer 

rearrangement (or derangement) being a critical component of MV formation [13,73]. 

Bilayer derangement is exquisitely linked to redox biology. This is suggested by the current 

“gold standard” defining a MV, which is surface exposure of phosphatidylserine (PS), a 

phospholipid primarily on the cytosolic face of the (quiescent) membrane bilayer [13]. 

Maintenance of PS on the inner leaflet requires an aminophospholipid translocase that 

transports outer-leaflet aminophospholipids to the inner-cellular face, also known as a 

“flippase”. These phospholipid-flipping proteins requires ATP and reduced sulfhydryl 

groups to “flip” phospholipids [74], and are classically identified by being sensitive to 

vanadate [75]. PS exposure occurs in response to agonist-induced increases in intracellular 

Ca2+ [76]. Increasing intracellular Ca2+ modulates mitochondrial permeability[77], inhibits 

“flippases” [78], activates “floppases” (outward-flopping transporters), and enables caspase- 

and calpain-dependent cytoskeletal cleavage and reorganization [77]. Mitochondria are 

centrally involved in MV release (see ref. [77] for a detailed review on mechanistic aspects 

of mitochondria-driven MV formation). Calcium’s role in MP formation is highlighted in 

Figure 5. Another phospholipid species found largely on the inner membrane is PE; PE is 

enriched on the surface of MVs [21] and its location is important in membrane curvature 

dynamics [79] and vesiculation [73]. PE internalization is maintained by the P4 type ATPase 

(a “flippase” that transports outer-leaflet phospholipids to the inner-cellular face), TAT-5; 

loss of TAT-5 in C. elegans results in “large-scale shedding” of PE-positive MVs. These 

MVs did not show appreciable PS externalization, and their formation required viral 

budding proteins Rab-11 and ESCRT complex [73]. While PE and PS externalization may 

be important in the formation of MVs from different cell types, there may also be redox-

related mechanisms at play. For example, giant artificial lipid bilayer vesicles comprised of 

unsaturated fatty acids with phosphatidylcholine headgroups vesiculated in response to 

redox stimuli. Interestingly, photo-oxidation of the inner leaflet of these giant vesicles 

induced budding and the release of smaller vesicles [80]. Thus, MV formation through lipid 

oxidation and/or mitochondrial, caspase, and calcium signaling is often inherently linked to 

redox processes.

Platelet microvesicles

Platelet MV formation

Platelet MVs are generally formed after an increase in cytoplasmic calcium. This can be 

achieved with various agonists (such as thrombin or collagen), pore formation (via 

complement proteins C5b-9 or calcium ionophore) and subsequent calcium influx, or shear 
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stress [81]. With increased calcium follows activation of calpain [82], a cysteine protease 

susceptible to oxidative stress [83]. Calpain then fragments the cytoskeleton, initiating 

vesicluation [81]. Additionally, the calcium influx activates scramblase, which randomly 

redistributes bilayer phospholipids between cytoplasmic and extracellular leaflets in an 

energy-independent manner [84]. Alteration of the lipid bilayer is a critical component of 

platelet vesiculation [85], since in a rare bleeding disorder known as “Scott Syndrome,” 

platelets are unable to externalize PS and shed MVs [86]. Platelet MVs provide essential 

phospholipid binding surfaces for coagulant proteins involved in hemostasis [84] and 

inflammation [87].

Platelet MVs and redox processes

Megakaryocyte and platelet-derived MVs are the most abundant circulating MVs in healthy 

humans, where they likely participate in vascular homeostasis and angiogenesis. These MVs 

are elevated in chronic diseases characterized by a pro-thrombotic state, including cancer 

[56], sickle cell disease [59], and rheumatoid arthritis [88] (see Table 1 for more examples). 

During conditions of acute platelet activation, such as heparin-induced thrombocytopenia, 

immune thrombotic thrombocytopenia, and arterial thrombosis, levels of circulating platelet 

MVs also increase dramatically [88]. The composition of platelet MVs varies depending on 

the stimulus [89] and differs by microparticle sub-type [90], but the following demonstrates 

their importance as vehicles, drivers and passengers in redox processes (Figure 6).

Platelet-derived vesicles from patients with sepsis contained increased levels of NADPH 

oxidase subunits on Western blot and could generate superoxide; when these MVs were 

incubated with endothelial cells, apoptosis was enhanced [91]. Platelets exposed to an NO 

donor and LPS generated MVs similar to those isolated from septic patients; these contained 

NO synthase II, but not isoforms I or III, as well as protein disulfide-isomerase, and 

NADPH oxidase subunits. When these MVs were incubated on endothelial cells, apoptosis 

was again enhanced. In the presence of NO synthase inhibitors, an SOD mimetic, or 1mM 

urate, endothelial cell apoptosis was inhibited. Interestingly, these redox characteristics and 

pro-apoptotic effects were not seen in platelets exposed to thrombin or TNFα [92], giving 

one example of how diverse MV content may be dependent on the specific parent cell 

stimulus.

The membrane of platelet MVs has been shown to house bioactive lipids, including 

arachidonic acid [93], which is metabolized by stereospecific lipid peroxidation to generate 

various signaling molecules [94]; oxidized phospholipids, which can stimulate the plasma 

membrane receptor for platelet-activating factor (PAF) to activate cells or interact with 

mitochondria to initiate apoptosis [95]; as well as release PAF [96], which is a potent 

phagocyte, endothelial cell and platelet activator in several diseases [97]. Furthermore, the 

clearance of PAF is oxidatively regulated—PAF acetylhydrolase, responsible for 

inactivating PAF and modified phospholipids, is itself inactivated by peroxynitrite [98].

CD36 (platelet glycoprotein IV) is an abundant transmembrane scavenger receptor that 

binds oxidized phospholipids among other ligands. Oxidized LDL induced generation of 

platelet MVs via a CD36- and PS-dependent manner through MKK4/JNK2, which is a 

pathway known to be involved in the oxidative stress response. Platelets treated with these 
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MVs generated 8-iso-prostaglandin F2α, a marker of lipid peroxidation. Thus, oxidized 

LDL activation of platelets can to amplify coagulation and oxidative stress [99].

Platelet MVs also carry CD154 on their surface [100]; this tumor necrosis factor super-

family member modulates inflammatory and immune cell responses. CD154 bound to its 

ligand, CD40 on human hepatocytes, stimulates ROS as well as apoptosis. This response is 

amplified following ischemia-reperfusion injury, resulting in NADPH oxidase-dependent 

cell death. Inhibiting JNK and p38 signaling pathways attenuates CD154-mediated apoptosis 

[101]. These MV-triggered signaling pathways are mediated, in part, by reactive species 

[101,102].

Platelet MVs are also important in angiogenesis and cancer progression. Platelet MVs 

promote angiogenesis through VEGF [103], which signaling pathway is mediated largely by 

ROS [104]. Platelet MVs can transfer macromolecules to cells [55,93] to induce expression 

of COX-2 and angiogenic factors, such as matrix metalloproteinases (MMPs) and VEGF 

[55,56]. MMPs are redox-regulated [105], demonstrating another link between MVs and 

redox processes.

Endothelial cell microvesicles

Endothelial MV formation

Endothelial MVs are produced in response to a myriad of stimuli, including ROS, oxidized 

LDL, and other molecules with strong ties to redox biology [3] (Figure 7). MVs formed after 

TNFα or thrombin stimulation involves caspases, Rho-kinase, and NFκβ [3], proteins 

known to be modulated by redox factors. Stimulating HUVECs with C-reactive protein 

(CRP) decreased NO production while concurrently increasing MP release. This effect was 

reversed with pretreatment of tetrahydrobiopterin [106]. The mechanism by which the 

endothelial cell sheds MVs in response to thrombin has been partially characterized in vitro 

[107,108]. In an early phase, thrombin activates PAR-1, which increases intracellular Ca2++ 

and subsequent scramblase activation, cell contraction, and cytoskeletal reorganization 

additionally mediated by Rho-kinase and caspase 2 activation of ROCK-II. In the later 

stages following thrombin stimulation, TF-expressing MVs are shed dependent on the 

cytokines TRAIL/Apo2L [107], IL-1 [3,11], and the p38 pathway [109]. Additionally, 

endothelial MVs are produced in response to mechanical forces in a caspase-dependent, yet 

apoptosis-independent fashion [110], further linking MVs with redox processes.

Endothelial MVs and redox processes

Endothelial-derived MVs are elevated in vascular diseases by oxidative stress, including 

hypertension [111], atherosclerosis [8,12], and diabetes [112]. Circulating platelet MVs are 

the most abundant MVs in healthy individuals, and platelet MVs are further elevated in 

thrombotic conditions. Interestingly, levels of endothelial MVs in individuals with primarily 

vascular disorders approach the number of platelet MVs per unit volume [113,114]. These 

endothelial MVs are a rich source of biologically active macromolecules within the 

vasculature. The parental cell type, injury or health status, and the stimulus on the parent 

endothelial cell influences the macromolecules packaged into the endothelial-derived MP 

[12,32,115]. For example, proteomic analysis of HUVEC-derived MVs treated with TNFα, 
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plasminogen activator inhibitor type 1 (PAI-1), or vehicle revealed that, while there was 

considerable overlap of the proteome, nearly half of the identified proteins were unique to 

the agonist-specific population. These MVs contained numerous redox-related proteins, 

including 40–50 unique proteins with oxidoreductase activity and some (<10) with protein 

disulfide isomerase activity. The authors noted how glutathione peroxidase was 

differentially expressed in the different populations of MVs, highlighting the variability seen 

from various MV-producing stimuli [115].

Endothelial MVs generated in vitro from HUVECS that were serum starved for 4 hours 

decreased acetylcholine-dependent vasorelaxation and NO production, and increased 

superoxide production when incubated with healthy HUVEC cultures [15]. Additionally, 

endothelial MVs decreased cell proliferation and increased apoptosis in a dose- and time-

dependent manner. These effects were reversible with co-incubation of a cell permeable 

SOD mimetic, and blunted with an NOS3 inhibitor [112], suggesting that antioxidants can 

modulate MV function. Another group recently showed that endothelial MVs increase 

endothelial cell senescence [116]. Primary mouse aortic endothelial MVs were generated by 

stimulating parent cells with 100uM H2O2. These MVs were then incubated on early-

passage endothelial cells, which increased the production of superoxide and hydrogen 

peroxide. The MVs also caused premature senescence reversed by 1) a superoxide scavenger 

(tiron), 2) apocynin to inhibit NADPH oxidase, or 3) rotenone to block mitochondrial 

respiration, but not allopurinol to inhibit xanthine oxidase activity [116]. When similar 

aortic endothelial cells were treated with angiotensin II, the cells produced more superoxide 

and MVs; these effects were inhibited with an angiotensin II receptor blocker. The 

generation of MVs was mediated by NADPH oxidase, ROS and Rho kinase, and was 

inhibited by molecules to disrupt lipid rafts/caveolae [117].

Endothelial MVs from high glucose-injured human coronary artery endothelial cells 

generated ROS. The MVs also activated p38 and caused ROS formation when incubated on 

endothelial cells. This activation was also attenuated with the addition of antioxidant 

enzymes [118].

Enzymes directly related to redox processes have been identified within endothelial-derived 

MVs, including NADPH oxidase subunits p22(phox) [15] and gp91(phox). Endothelial MVs 

generated in response to ischemia had increased NADPH oxidase p47(phox) and p67(phox). 

The isolated MVs generated ROS, which production was inhibited by apocynin (an 

antioxidant [119]), DPI (an purported inhibitor of NADPH oxidase [120]), or in gp91-KO 

mice-derived MVs [121]. High glucose-injured human coronary artery endothelial cells 

produced MVs with more NADPH oxidase activity and intra-microparticle H2O2 than 

spontaneously-produced MVs [118]. Lastly, endothelial MVs from ischemic mouse limb 

vessels contained NOS3 [121].

In addition to cytosolic proteins, MVs from endothelial cells also carry nucleic acid 

messages [122]. MVs from endothelial progenitor cells contained mRNA specific for NOS3 

and other PI3K/AKT signaling pathway transcripts. These MVs were incorporated into 

human microvascular endothelial cells (HMECs), and ultimately stimulated AKT activation 
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and NOS3 expression. These progenitor endothelial MVs promoted cell growth and survival 

in vitro, and were proangiogenic in vivo [122].

MVs generated from tert-butyl hydroperoxide or apoptotic, but not Ca2+ ionophore-treated, 

endothelial cells promoted monocyte adhesion to endothelial cells. An oxidized 

phospholipid was responsible for this biological activity [12]. MVs from activated or 

apoptotic endothelial cells directly interact with or fuse with bone marrow stem cells in, 

presumably, a PS-dependent manner. These MVs caused the bone marrow stem cells to 

develop an endothelial phenotype; this process was inhibited by apocynin or by incubation 

with MVs from gp91 KO mice [121]. Lastly, PAF-containing MVs were generated by 

treating endothelial cells with H2O2 [123].

MMPs, which are redox-regulated [105], were localized to the extracellular face of 

endothelial MVs [124]. Endothelial MVs from ischemic mouse limb vessels also exposed 

VEGF-2R [121]. Additionally, endothelial MVs bear other surface molecules indirectly 

involving redox-regulated processes, including adhesion molecules, cadherins, coagulation 

and cell survival molecules [3].

WBC microvesicles

Leukocyte MV formation

While leukocytes represent a diverse population of cells, one commonality is that their 

shedding of MVs has been consistently linked with NO-mediated signaling. Monocyte/

macrophage MV generation was studied in RAW 264.7 murine macrophage-like cells. 

Monocyte MVs were generated in response to various TLR ligands, most robustly through 

TLR3 and TLR4. MV generation paralleled nitrite (and presumably NO) production. 

Addition of NO donors also caused MV formation in a dose-dependent manner, and 

inhibition of caspases increased MVs while decreasing nitrite formation. Inhibition of NOS2 

with the NOS2-specific inhibitor, 1400W, diminished MV production to basal levels [125]. 

The reverse was true in neutrophils. Neutrophils treated with the NOS inhibitor L-NAME 

enhanced MV formation and subsequent neutrophil migration. This enhancement of MV 

production was diminished by calpain and SOD inhibition [126].

Neutrophil MVs and redox processes

The cell type and microenvironment of MV targets may also modify the resultant outcome. 

Neutrophils shed MVs that activate HUVECs and induce production of cytokines, such as 

IL-6 [127]. These cytokines can then orchestrate inflammation and subsequent “oxidative 

stress.” Neutrophil-derived MVs contain myeloperoxidase and MMP-9 [128], which may be 

a means by which neutrophils localize antimicrobial activity or mediate tissue damage [129]. 

In other settings, neutrophil MVs may also induce inactivating or anti-inflammatory 

functions. For example, neutrophil MVs reduced dendritic cell phagocytosis and inhibited 

up-regulation of markers of activation [130] as well as pro-inflammatory cytokine 

production [131].
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Lymphocyte MVs and redox processes

The relation of MVs to redox biology has been investigated using a proteomic approach. 

Thymocytes isolated from healthy BALB/c mice shed MVs over a 24 hour period. These 

MVs were harvested, and their proteome was examined. The proteome contained numerous 

proteins important for various redox processes, including CuZn-SOD, Peroxiredoxins 1, 2 

and 6, and Cytochrome C oxidase subunits 2 and 5A. This proteomic approach has also been 

used on MVs generated from malignant human T cells. Proteomic analysis of malignant 

human lymphoid CEM (acute lymphoblastic leukemia) T cell-derived MVs also contained 

various redox-related proteins, including Peroxiredoxins 1,2 5, and 6; Thioredoxin; and 

numerous mitochondrial proteins [132]. MVs generated after stimulating CEM T cells with 

hemagglutinin or actinomycin D contained the NADPH oxidase subunit p22(phox), but not 

p47(phox) and gp91(phox) subunits [133]. CEM T cell MVs also expressed NADPH 

oxidase isoforms NOX1 and NOX4 on their surface [134].

In addition to platelet- and endothelial-derived MVs, lymphocyte MVs are also involved in 

angiogenesis. Sonic hedgehog-bearing MVs from stimulated CEM T cells induced NO 

release and decreased ROS production from endothelial cells in vitro and ultimately 

improved endothelial function after ischemia/reperfusion in vivo [135]. These MVs also 

inhibited cell migration, but induced the formation of capillary-like structures of endothelial 

cells in vitro [136] and enhanced angiogenesis and blood flow after ischemic injury in vivo 

[137].

While the lymphoid MVs display pro-angiogenic properties, the reverse is also true. 

Stimulated CEM T cells generated MVs that decreased NO- and prostacyclin-mediated 

vasodilation after 12–24 hours of incubation on isolated vessels ex vivo. Additionally, when 

similarly incubated on HUVECs, the lymphocyte MVs decreased NOS3 expression [138]. A 

different group showed actinomycin D-generated lymphocyte MVs decreased NO 

production through PI3K and MAPK pathway modulation, and increased ROS production 

dependent on xanthine oxidase and NF-kB [134]. These MVs suppressed angiogenesis in 

both ex vivo and in vivo assays. When incubated on HUVECs, the MVs decreased survival, 

proliferation, and migration of the endothelial cells. The anti-proliferative effect was 

partially blunted with antioxidants, and the anti-migratory effect was reversed by NOX 

inhibitors. The MVs increased HUVEC expression and activity of NOX and production of 

ROS, as well as expression of the scavenger receptor, CD36, while decreasing the VEGF2R 

[133]. Thus, the redox effects of these MVs are largely dependent on the generating 

stimulus, injury or environment of the effector cells.

Jurkat cells (from a different human T cell leukemia) generated MVs after being treated with 

a variety of stimuli (LPS, TNFα, Con A, staurosporin, actionomycin D, and Fas ligand). 

These MVs activated fibroblasts as demonstrated by increased expression and activity of 

MMPs of fibroblasts, as well as up-regulation of IL-6, IL-8, MCP-1, and MCP-2. The 

cytokine production results were duplicated in primary T cells from peripheral blood. The 

increase in MMPs was mediated by NFκB but not TNFα or IL-1 [139].
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Monocyte/Macrophage MVs and redox processes

The properties of monocytic MVs also differed based on the generating stimulus [140]. For 

example, THP-1 cells stimulated with LPS or P-selectin (via a P-selectin Ig chimera) 

contained SOD and cytochrome C, but not those generated spontaneously or with control Ig 

only [140].

U937 monocytes and peripheral monocyte-derived MVs activated fibroblasts, increasing the 

fibroblasts’ production of cytokines IL-6, IL-8, MCP-1, and MCP-2, which downstream 

effectors are modulated, in part, by reactive species, as well as production and activity of 

numerous redox-sensitive MMPs [139].

Peripheral blood monocytes treated with Fas-L for 6 hours shed numerous MVs [141]. 

These MVs were then incubated on HUVECs, which resulted in ROS formation inhibited by 

antioxidant enzymes (catalase and SOD), small molecule antioxidants (N-acetylcystein and 

vitamin C) or a host of inhibitors of free radical-producing enzymes. Such enzymes included 

cyclooxygenase COX-2 (inhibited by diclofenac), NADPH oxidase (inhibited by DPI), 

mitochondrial complexes I and III (inhibited by rotenone and antimycine), xanthine oxidase 

(inhibited by allopurinol), and NOS3 (inhibited by L-NAME and BH4). No single free 

radical-producing enzyme inhibitor was able to prevent ROS formation to basal levels. The 

monocyte MVs also induces p38 MAPK in a superoxide-dependent manner, highlighting the 

link between MVs and inflammation [141].

Neoplastic microvesicles

Cancer MV formation

Cancerous cell vesiculation results in a wide variety of MVs with diverse makeup and 

function that are regulated in a cell-specific manner according to the microenvironment and 

specific stimuli. Furthermore, cancer MV secretion is regulated by oncogenic pathways [54]. 

Additionally, the differences in genetic alterations and the microenvironment of the cancer 

cell alters both the quantity and characteristics of MVs arising from similar tissue types 

[54,142–144]. p53, which involves redox regulation [145], is one such example. In human 

non-small cell lung cancer cells, non-lethal irradiation with gamma-rays resulted in p53-

dependent production of MVs that was not accompanied by increased apoptosis. Secretion 

of MVs from similarly-irradiated mouse embryo fibroblasts was also dependent on p53 

[144]. However, in colorectal cancer cells, p53 deletion or mutant K-ras expression 

increased MV production [143].

Another example of redox signaling and cancer MVs is illustrated by EGFR, which works 

via a well-characterized ROS-dependent signaling cascade [146]. Glioma cells naturally 

shed MVs, shed MVs more abundantly upon transfection with EGFRvIII [142]; EGFRvIII 

downstream signaling proteins, such as AKT, are sensitive to reactive species [147]. Also, 

prostate cancer cells shed MVs upon activation of EGFR and AKT. These MVs enhanced 

proliferation and migration of MV-recipient tumor cells [148].
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Cancer MVs and redox processes

Cancer cells have been shown to horizontally transfer oncogenic cargo via MVs [1], 

including nucleic acids for various redox-related proteins, such as EGFRvIII [142], GAPDH 

[149], mitochondrial DNA [150]. Cancer MVs also carried mutated oncoproteins, whose 

pathways are redox mediated, including EGFR, HER2, Akt, K-ras [1].

Cancer cells shed MVs displaying active Fas antigen and Fas/L [151]. They also carry TF, 

the expression of which can be modulated by ROS [61]. Cancer-derived MVs also bear 

redox-sensitive MMPs, angiogenic growth factors, and cytokine receptors [1].

Cancer cells also tend to activate cells in the local microenvironment, inducing further MP 

shedding from surrounding healthy tissues. As already described above, cancer is associated 

with increased platelet and endothelial MVs. Additionally, cancer-surrounding stromal 

fibroblasts shed MVs in response to tumor MP-activation. These fibroblast MVs facilitated 

migration and invasion of the cancer cells by bearing the chemokine CX3CL1 [152].

Vascular Smooth Muscle MVs and redox processes

Cultured human vascular smooth muscle cells incubated with LDL produced MVs bearing 

TF [153]. As previously discussed, TF expression is linked to NADPH Oxidase and ROS-

dependent processes [61] in addition to its critical role in coagulation cascade activation.

RBC microvesicles

Normal erythrocyte MVs

RBC MPs have unique ties to redox biology, as circulating RBCs lack mitochondria and 

nuclei typically needed to orchestrate MV release. RBC MVs are generated constitutively 

throughout the life of the RBC [5,6,154–156] and are normally cleared by Kupffer cells via 

scavenger receptors recognizing PS [157]. Hemoglobin continually binds and releases 

molecular oxygen; occasional “imperfect” hemoglobin-O2 electron transfers result in the 

formation of superoxide [158]. This auto-oxidation of hemoglobin happens in 0.5–3% of 

total hemoglobin every day [155]. Superoxide, methemoglobin and subsequent 

hemichromes, or other related reactive species may then oxidize and/or cross-link 

hemoglobin, cytoskeletal proteins [159], membrane proteins [155] and membrane lipids 

[160,161] (Figure 8). Studies have demonstrated that oxidation of the cytosolic face of 

band-3, a transmembrane chloride/bicarbonate ion exchanger which also binds to the 

underlying cytoskeleton, leads to tyrosine phosphorylation on band-3. This phosphorylation 

dissociates band-3 from the underlying cytoskeleton, leading to vesiculation [162].

Much of what we know about RBC vesiculation is from studies of donor RBC units. 

Oxidation of the cytoskeletal protein, spectrin, directly correlates with vesiculation of RBCs 

in donor blood units [159]. Oxidative damage to the membrane bilayer resulted in 

accumulation of fatty acid peroxidation byproducts and derangement of the membrane 

bilayer [160,161,163] which preceded vesiculation and correlated with increased 

coagulation activity [163]. Oxidative damage, primarily due to thiol depletion by mercury, 

inhibited flippase and caused the release of pro-coagulant MVs [164]. Oxidation and 
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aggregation of band-3 resulted in enhanced binding of auto-antibodies [165] and 

complement to the RBC [156]. This aggregation may then enhance either 1) phagocytosis of 

senescent RBCs [165] or 2) membrane budding and vesicluation in order to preserve the 

otherwise healthy RBC [5,6]. Indeed, up to 30% of RBC volume is lost as it ages, both in 

vivo [166,167] and in vitro [168,169]. During storage prior to transfusion, these RBC MVs 

accumulate in the blood bag [170,171].

While the RBC normally balances regulators of oxidation and reduction important in normal 

circulation in vivo, stored blood MVs contain more proteins involved in “oxidative cellular 

processes,” which increases as the duration of storage lengthens [172]. Additional changes 

in RBC MVs over the time of storage have been described, including size, morphology, and 

“oxidative index” [5]. This latter study also showed that RBC MVs carried Fas-related 

signaling molecules, including Fas/CD95, FADD, and caspases 3 and 8; these 

macromolecules are influenced by the redox environment.

In addition to carrying apoptotic signaling molecules, RBC MPs accrued in stored blood 

house hemoglobin capable of scavenging NO at a rate comparable to soluble cell-free 

hemoglobin [60]. As NO normally vasodilates, inhibits platelet aggregation and leukocyte 

adhesion [173], consumption of NO lends to vasoconstriction, platelet aggregation and 

increased cell-cell adhesion. Coupled with pro-coagulant aminophospholipid exposure and 

other bioeffector molecules such as Ig, complement, adhesion molecules on the surface of 

RBC MPs, the stage is set to initiate or propagate thromboses. These processes are likely 

underpinning non-immune mediated transfusion complications [174] and vasculature 

problems, such as hemostatic activation and endothelial dysfunction in other scenarios of 

hemolysis, including various hemoglobinopathies and membranopathies as discussed next.

MVs from diseased RBCs

As stored RBCs lack replenishment of antioxidants, similarly, G6PD deficient RBCs are 

susceptible to oxidative stress. G6PD RBCs lack sufficient NADPH as a glutathione 

reductase substrate during oxidative insults (as from fava bean ingestion or exposure to moth 

ball fumes), and this results in accelerated “senescence” and hemolysis of RBCs [156] and 

(not surprisingly) MV formation [175]. Specifically in G6PD RBCs, oxidant exposure leads 

to hemichrome (denatured hemoglobin) formation, which induces phosphorylation of 

band-3 by Syk kinase. Phosphorylation of band-3 destabilizes the membrane [176] and 

causes hemolysis and vesiculation, which can be reduced with a specific kinase inhibitor 

[177].

RBCs in those with sickle cell disease (SCD) are also prone to oxidative stress and 

vesiculation. In vitro, oxidants (e.g. phenylhydrazine, H2O2) can induce RBCs to sickle 

[178]. In vivo and in vitro, SCD RBCs sickle in response to hypoxia, and subsequent 

reoxygenation causes the loss of 2–3% of sickled cells’ lipids in the form of MVs [179]. 

These MVs can promote activation of the coagulation cascade, providing one explanation 

for the hypercoaguable state seen in SCD [180].

Likewise, thalassemia, caused by an imbalanced ratio of hemoglobin alpha and beta chains, 

results in RBCs more sensitive to oxidative damage. This is likely due to increased release 
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of iron from unstable hemoglobin multimers, rendering the iron active to redox cycling 

[181]. Those with thalassemia have elevated circulating RBC MVs, which have also been 

suggested as contributors to the hypercoaguable state of thalassemic individuals [182]. 

Individuals with thalassemia intermedia have a direct correlation between the hemichrome 

content and the vesiculation tendency of their erythrocytes [183]. Hemichromes bind to the 

cytoplasmic face of band-3, which results in disulfide-linked band-3 dimers that are 

subsequently phosphorylated by p72Syk kinase. Inhibiting this kinase decreases MV 

formation. Proteomic analysis demonstrate these MVs carried various redox-related 

proteins, including hemichromes, oxidiezed band-3, catalase, heat shock protein70, and 

peroxiredoxin 2 [183].

While the underlying pathologies originate from totally different causes, there are 

similarities between genetic RBC disorders and malarial-infected RBCs in the oxidative 

stress-vesiculation process. Falciparum (malaria)-infected RBCs experience increased 

oxidative stress [184], and shed >10 times the MVs compared to uninfected RBCs [69]. 

RBC-MV production is also increased by non-parasitized RBCs in malaria-infected 

individuals, suggesting systemic signaling induces shedding from “healthy” RBCs. This is 

inhibited by N-acetylcysteine, which led the authors to propose heme-mediated oxidative 

stress as a pathway for MV generation in malaria [69]. Early in the malaria infection, RBCs 

experience increased phosphorylation of band-3 [185], with subsequent increased 

vesiculation [186]. In fact, enhancing the redox-mediated signaling underlying vesiculation 

and hemolysis early in the course of malaria-RBC infection is a suggested mechanism of 

action of a new antimalarial drug [186]. Thus, RBC MV formation in a variety of processes 

and pathologies is linked to redox biology.

Lastly, RBC MVs from a mouse model of sickle cell disease induced ROS formation by 

endothelial cells likely via NADPH oxidase or PKC as the effect was inhibited by DPI and 

apocynin or PKC inhibitors [187]. Interestingly, the ROS formation was also inhibited by 

pre-treating the MVs with annexin V to “cover” MP anionic phospholipids [187]. The same 

RBC MVs were injected into a mouse model of sickle cell disease and caused “vaso-

occlusion” of the kidneys [187]. Additionally, ROS were implicated in the pathology seen in 

ischemia/reperfusion injury after transient vascular occlusion. RBC MVs are also found in 

mouse models of hereditary spherocytosis, along with a high oxidative potential in the 

plasma, and endothelial oxidative damage from NO scavenging [188].

Conclusion

Oxidative stress and MV formation go hand-in-hand across multiple cell types. There is a 

distinct link in RBCs between oxidative stress, whether from malarial parasites or unstable 

and pro-oxidant hemoglobin, to MV formation. There is a similar correlation between 

oxidative stress and MV formation in other cells, with redox and mitochondrial signaling 

orchestrating the generation of MVs.

An increased understanding of the roles circulating MVs play in cardiovascular diseases, 

thromboses, cancer, inflammation and other pathological processes will undoubtedly lead to 

enhanced diagnostics and treatments.
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For example, D-dimer testing as a measure of thrombosis in cancer patients lacks specificity 

to be used to screen cancer patients at risk for venous thromboembolism (VTE) and 

prophylaxis thereof, but MV measurements were a more promising biomarker in 

retrospective [189] and prospective studies [190]. Other serum antigen testing provides 

highly sensitive data on some cancers [191]; the lack of perfect specificity, however, can 

lead to false positives and clinical harm [192]. The concentration of circulating MVs, 

whether from cancer cells, stromal cells, or activated platelets, could provide additional 

useful clinical data bridging the gap between tissue- and molecule- level diagnostic or 

prognostic indicators.

Additionally, washing donor RBCs to remove hemolysate, including RBC MVs, improved 

biomarkers of inflammation and resulted in less transfusions needed compared to unwashed 

RBC (and RBC MV) recipients undergoing cardiac surgery [193].

We are just beginning to understand how MVs are involved in various biological processes, 

both homeostatic and pathologic. The role of MVs in redox signaling is an exciting new area 

of research. Like reactive species, MVs were originally thought to have a primarily 

detrimental role in biology. And like reactive species, there appears to be an important role 

for MVs play in normal growth, development, and homeostasis.
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1. Cells shed microparticles/microvesicles (MVs) largely by redox-regulated 

pathways

2. MVs, in turn, affect cells through bearing, inducing, or altering reactive species

3. The specific role of MVs in various disease processes are under intense study

4. MVs are increasingly being recognized important mediators of growth and 

homeostasis

5. Cell-specific MVs may serve as diagnostic/prognostic biomarkers in various 

diseases
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Figure 1. Membrane Vesicles
Schematic depicting the difference between exosomes (smallest), microparticles/

microvesicles, and apoptotic bodies (largest).
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Figure 2. Web of Science literature search
Results of a search for circulating, vascular, or circulation and MVs. Left, top) publications 

per year and left, bottom) citations per year. Right) Modified pie chart showing studies with 

MV types mentioned. Connecting lines are weighted to the number of publications listing 

multiple MV types.
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Figure 3. MVs in healthy individuals
Results from searching for “circulating microparticles” and “healthy controls”. The percent 

of circulating MVs by type in controls is shown. Points are sized relative to the number of 

control plasmas examined. Insert) MVs per microliter. The patient demographics, methods 

for drawing, clarification to remove cells, centrifugation to remove platelets, labeling, and 

detection all differed among the studies, highlighting the variability of the results across the 

studies. Taken from refs. [36–41]
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Figure 4. Centrifugation and resulting MV sizing
Variability seen in characterization of vesicles may in part be explained by the method used 

to isolate them. The reported maximum centrifugation speed used to remove parent cells 

was compared against the maximum size or diameter of the resulting RBC-derived MVs. 

The trend fit an exponential decay curve (R2=0.83). Taken from > [5,6,154,195–197] (and 

Larson et al., manuscript in preparation for “1g” sedimentation).
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Figure 5. Mechanisms of MV formation
Shown are general mechanisms underlying cellular MV formation, including electrolyte/

hydration shift, membrane (bilayer and structural support) oxidative damage, physical stress, 

pharmacological signaling, and mitochondrial and apoptotic signaling pathways.
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Figure 6. Platelet MVs participate in redox processes
Platelet activation results in MV formation. Platelet MVs act upon endothelial cells, WBCs, 

cancer cells, and other platelets via the various known redox effectors listed in the inset. 

These MV-cell interactions cause enhanced adhesion and cellular activation, which result in 

ROS production, intracellular signaling, apoptosis, and angiogenesis to name a few redox-

regulated processes.
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Figure 7. Endothelial MVs mediate oxidative stress and vascular injury
Various redox-regulated effectors, proteins and pathways result in endothelial cell 

vesicluation, with the MV cargo varying depending on the stimulus. Endothelial MVs then 

influence vasculature cells by enhancing adhesion, triggering hemostasis, orchestrating cell 

activation or differentiation, and enhancing or inducing apoptosis by various beneficial or 

damaging mediators as shown in the inset. TF, Tissue Factor; CRP, C-Reactive Protein.
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Figure 8. RBC MV formation and function relating to oxidative stress
RBCs experiencing overwhelming oxidative stress/damage shed MVs with hemoglobin 

(Hb). These RBC MVs bear Hb capable of scavenging nitric oxide (NO) and pro-

coagulative phospholipids, leading to a pro-thrombotic state.
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Table 1

Select diseases with elevated MVs, their cellular origin, and redox relevance.

Select diseases
with elevated MVs

Cell type that shed MVs (in order
of relative abundance)

Notable redox relevance

Cardio/vascular diseases

Acute myocardial infarction Platelet, Endothelium Vitamin C significantly decreased circulating MVs in 
diabetic patients following an acute MI[50]

Vascular diseases

Atherosclerotic plaques Macrophage > RBC > Lymphocyte > Vasc. 
Smooth Muscle > Endothelium, Granulocyte

MVs were enriched in taurine, a putative 
antioxidant[51]

Diabetes mellitus Platelet > Endothelium > Leukocyte MVs exacerbate inflammatory cell activation[38]

Metabolic syndrome Platelet > RBC > Endothelium MVs correlated with increased oxidative stress 
markers[36]

Preeclampsia Platelet > Endothelium, Leukocyte Platelet MVs enhanced NO release; Leukocyte MVs 
drove COX-2-mediated vasoconstriction[53]

Erythrocyte/vascular diseases

Sickle cell disease (stable 
baseline)

RBC > Platelet > Monocyte > Endothelium RBC MVs contained hemoglobin, which scavenged 
NO nearly as rapidly as soluble hemoglobin[59,60]

Sickle cell crisis Elevated levels of all the above[59]

Neoplastic/vascular diseases

Cancer Platelets > Tumor, Tumor Vasculature Platelet and Tumor MVs carry angiogenic growth 
factors that stimulate redox-regulated processes 
(VEGF, PI3K, Akt, ERK signaling; increased MMP 
activity)[1,54]

Infectious diseases

HIV Endothelial[64], Platelets[65,194], Immune 
cells[66,67]

T cell MPs mediate immune suppression by bearing 
HIV-1 Nef, inducing lymphocyte apoptosis[67]

Platelet MVs activate ROS-mediated pathways[65]

Severe Malaria Platelet > RBC > Endothelium, Leukocyte MVs from infected RBCs activate macrophages, 
initiate inflammation[70]

Neoplastic/vascular diseases

Cancer Platelets > Tumor, Tumor Vasculature Platelet and Tumor MVs carry angiogenic growth 
factors that stimulate redox-regulated processes 
(VEGF, PI3K, Akt, ERK signaling; increased MMP 
activity)[1,54]

Inflammatory diseases

Arthritis Lymphocyte>Monocyte>Platelet MVs were positive for RANK/RANKL, which are 
important in causing ROS production driving 
monocytes into osteoclasts[27]
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