[image: image1]Circulating Microparticles in the Pathogenesis and Early Anticoagulation of Thrombosis in COVID-19 With Kidney Injury

		REVIEW
published: 18 January 2022
doi: 10.3389/fcell.2021.784505


[image: image2]
Circulating Microparticles in the Pathogenesis and Early Anticoagulation of Thrombosis in COVID-19 With Kidney Injury
Chengyue Wang1,2, Chengyuan Yu1,3, Valerie A. Novakovic4, Rujuan Xie2* and Jialan Shi1,4,5*
1Department of Hematology, The First Hospital of Harbin, Harbin Medical University, Harbin, China
2Department of Nephrology, The First Hospital of Harbin, Harbin Medical University, Harbin, China
3Department of Geriatric, Shenzhen People’s Hospital (The Second Clinical Medical College, Jinan University, The First Affiliated Hospital, Southern University of Science and Technology), Shenzhen, China
4Department of Research, VA Boston Healthcare System, Harvard Medical School, Boston, MA, United States
5Department of Medical Oncology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA, United States
Edited by:
Carla Tripisciano, Danube University Krems, Austria
Reviewed by:
Alexander E. Berezin, Zaporizhia State Medical University, Ukraine
Alessandro Celi, Università degli Studi di Pisa, Italy
* Correspondence: Rujuan Xie, rujuan2021@163.com; Jialan Shi, jialan_shi@dfci.harvard.edu
Specialty section: This article was submitted to Molecular and Cellular Pathology, a section of the journal Frontiers in Cell and Developmental Biology
Received: 28 September 2021
Accepted: 16 December 2021
Published: 18 January 2022
Citation: Wang C, Yu C, Novakovic VA, Xie R and Shi J (2022) Circulating Microparticles in the Pathogenesis and Early Anticoagulation of Thrombosis in COVID-19 With Kidney Injury. Front. Cell Dev. Biol. 9:784505. doi: 10.3389/fcell.2021.784505

As more is learned about the pathophysiological mechanisms of COVID-19, systemic thrombosis has been recognized as being associated with more severe clinical manifestations, mortality and sequelae. As many as 40% of patients admitted to the hospital due to COVID-19 have acute kidney injury, with coagulation abnormalities the main cause of impaired function. However, the mechanism of renal thrombosis and the process leading to kidney injury are unclear. Microparticles (MPs) are membrane bubbles released in response to activation, injury or apoptosis of cells. The phosphatidylserine (PS) exposed on the surface of MPs provides binding sites for endogenous and exogenous FXase complexes and prothrombin complexes, thus providing a platform for the coagulation cascade reaction and facilitating clot formation. In the context of COVID-19 infection, viral attack leads immune cells to release cytokines that damage circulating blood cells and vascular endothelial cells, resulting in increased MPs levels. Therefore, MPs can be used as a risk factor to predict renal microthrombosis and kidney injury. In this paper, we have summarized the latest data on the pathophysiological mechanism and treatment of renal thrombosis caused by MPs in COVID-19, revealing that the coagulation abnormality caused by MP and PS storms is a universal progression that aggravates the mortality and sequelae of COVID-19 and potentially other pandemic diseases. This paper also describes the risk factors affecting renal thrombosis in COVID-19 from the perspective of the Virchow’s triad: blood hypercoagulability, vascular endothelial injury, and decreased blood flow velocity. In summary, given the serious consequences of thrombosis, current guidelines and clinical studies suggest that early prophylactic anticoagulant therapy reduces mortality and improves clinical outcomes. Early anticoagulation, through inhibition of PS-mediated coagulopathy, allows maintenance of unobstructed blood circulation and oxygen delivery thereby facilitating the removal of inflammatory factors, viruses, MPs, and dead or damaged cells, and expediting patient rehabilitation.
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INTRODUCTION
As many as 40% of patients admitted to the hospital due to COVID-19 have acute kidney injury (AKI) (Blum, et al., 2020), and these patients have more serious clinical manifestations and mortality (Zheng, et al., 2020; Chebotareva, et al., 2021). Virus invasion, complement activation, and local inflammation can directly damage the kidneys. However the kidneys are more commonly damaged by hypercoagulability, systemic microvascular disease and thromboembolism. Many studies have shown that the pathophysiology of SARS-CoV-2 infection involves haemostatic imbalance. Importantly, microthrombi form in the early stages of COVID-19 infection and circulate through the blood to the lungs, kidney, heart, brain, liver, spleen, and intestinal arteries, worsening the disease (Helms, et al., 2020; Nicolai, et al., 2020). Immunity thrombotic regulation is a key indicator of COVID-19 severity. The results of pathology and imaging suggest that systemic microvascular disease including the kidneys is accompanied by microthrombosis (Chen and Pan, 2021; Idilman, et al., 2021). Excessive activation of coagulation can induce acute lung injury, respiratory dysfunction, disseminated intravascular coagulation, multiple organ failure and even death by inducing thrombotic complications, excessive inflammation and tissue damage (Fei, et al., 2020). Therefore, thrombosis is not a bystander of COVID-19, but a central pathogenic factor that connects respiratory failure and systemic hypercoagulability and multiple organ dysfunctions including kidneys (Nicolai, et al., 2020). Extracellular vesicles (EVs) include exosomes and microparticles (MPs), are thought to be important coagulants because their exposed phosphatidylserine (PS) provides binding sites for endogenous and exogenous FXase complexes and prothrombinase complexes, thereby promoting coagulation (Tripisciano, et al., 2017; Fendl, et al., 2018). In addition, our team has reported that MPs and PS exposure is an important coagulant factor in COVID-19 and its related complications, sepsis, inflammatory bowel disease and other kidney diseases (Gao, et al., 2012; He, et al., 2016; Ma, et al., 2017; Yu, et al., 2018; Chen, et al., 2020; Liu et al., 2021a; Zhang, et al., 2021). In COVID-19, two studies have demonstrated the procoagulant effect of EVs and MPs (Balbi, et al., 2021; Zahran, et al., 2021). It can be seen that MPs and PS lead to microthrombi and macrovascular thrombosis in COVID-19 patients.
There have been reports showing long-term effects of COVID-19 on the kidneys, with some patients experiencing AKI recurrence, chronic kidney injury (CKD), post-injury inflammation, and fibrosis (Yende and Parikh, 2021). Although this phenomenon cannot be clearly explained at present, vascular damage and thrombosis caused by persistent viruses and inflammation may lead to secondary damage to the kidneys. Therefore further study of the thrombosis mechanism in COVID-19 could lead to better management of complications such as kidney injury and delay the progression of kidney disease. In this article, we first introduce the basic process of MPs release and PS exposure as a mechanism which promotes thrombosis. Second, we explain the risk factors affecting renal thrombosis in COVID-19 from the perspective of the Virchow’s triad: blood hypercoagulability, vascular endothelial injury, and decreased blood flow velocity. Through this framing we explain in detail that vascular endothelial disease is the core mechanism of COVID-19 lung-to-kidney thrombosis. SARS-CoV-2 destroys circulating blood cells, renal capillary endothelial cells and podocytes, releasing great amounts of PS+ MPs, leading to the production of thrombin, increased blood viscosity, and promoting renal thrombosis. Third, we summarize and analyze the current guidelines and studies, showing that early prophylactic anticoagulation can prevent renal and systemic thrombosis, improve clinical outcomes, reduce mortality and sequelae, and promote early recovery of patients.
THE SOURCE OF MPS AND THE MECHANISM PROMOTING THROMBOSIS
EVs are sub-cellular structures released by most eukaryotic cell types and include exosomes and MPs. They can mediate the exchange of a broad array of molecules between adjacent or distant cells by transferring their cargo (proteins, RNA, lipids, and carbohydrates, etc), along with membrane receptors and antigen presentation complexes. As a result, they have become recognized as an important medium for intercellular communication. Over the past years, the critical role of EVs in hemostasis and thrombosis has been described (Chatterjee, et al., 2020; Tripisciano, et al., 2020). In general, MPs, but not exosomes, have thrombotic activity. During the process of apoptosis and activation of many cell types, such as platelets, epithelial cells, endothelial cells, dendritic cells, B cells, T cells, mast cells, and tumor cells, MPs are secreted under the influence of cytokines, thrombin, endotoxins, physical stimuli or hypoxia. Platelets are the source of up to 70% of MPs, which can play a role in various disease pathologies (Che, et al., 2021). In addition, glomerular podocytes have been shown to release MPs in response to hypoxia, high glucose, and inflammatory stimuli, contributing to disease progression (Sharma, 2020; Takahashi, et al., 2020). Normally, the outer leaves of the plasma membrane are rich in lipids such as phosphatidylcholine and sphingomyelin, while the inner leaves contain PS and phosphatidylethanolamine. This asymmetry is maintained by the synergistic activity of flippase, floppase, and scramblase. Flippase and floppase depend on ATP to flip PS into the inner and outer membrane, respectively. Scramblases mediate bidirectional transport of lipids through Ca2+ signaling. Cell activation or injury leads to increased Ca2+ influx, flippase and floppase occlusion, and scramblase activation (Guo, et al., 2020; Nagata, et al., 2020). This results in the shedding of PS-exposing MPs which can be detected through binding of lactadherin or annexin V (Xie, et al., 2012). PS+ MPs promote clotting by providing binding sites for both endogenous and exogenous FXase complexes and prothrombin complexes. MPs also bind to cells through specific adhesion receptors that stimulate production of tissue factors (TF) and cytokines that promote clotting, inflammation, and endothelial dysfunction.
In summary, thrombosis can be caused by any PS exposure on either MPs or activated, damaged, or dying cells [including white blood cells (monocytes, neutrophils, lymphocytes), platelets, red blood cells (RBCs), ECs or smooth muscle cells (SMCs)]. This activation can be precipitated by conditions such as: cancer, trauma, surgery, or infection. In the various inflammatory diseases listed in Table 1 (diabetic nephropathy, nephrotic syndrome, uremia, coronary heart disease, antiphospholipid antibodies, dengue, COVID-19), live or damaged cells (including RBCs, platelets, lymphocytes, monocytes, granulocytes, and ECs) all release a large amount of PS+ MPs (Suades, et al., 2012; Gao, et al., 2012; Gao, et al., 2015; Jy, et al., 2015; Chaturvedi, et al., 2015; He, et al., 2016; Patil, et al., 2018; Yu, et al., 2018; Zahran, et al., 2021). It should be noted that although the study by Zahran et al. indicated that circulating PMPs and EMPs are the main sources of MPs in COVID-19, MPs generated from other cells may also play a role. In COVID-19, the virus directly damages cells and leads to PS+ MPs release. It can also indirectly activate the immune system (monocytes, neutrophils, lymphocytes), produce a cytokine storm, and result in a large amount of cell damage and death. Importantly, the destruction of vascular ECs by SARS-CoV-2 and immune inflammation is the central link in the formation of thrombosis (Gu, et al., 2021), which inevitably leads to a greater proportion of EMPs. The proportion of various types of cell MPs in the circulating blood of COVID-19 patients warrants further study.
TABLE 1 | The main source of microparticles in various diseases.
[image: Table 1]RELEASE OF MPS, RENAL THROMBOSIS AND RENAL INJURY IN COVID-19
SARS-CoV-2 is a β coronavirus with a single stranded RNA genome. It can penetrate into ciliary cells of nasal mucosa, larynx, trachea, bronchus, bronchioles and gradually into the terminal respiratory bronchioles by binding to angiotensin-converting enzyme 2 (ACE2) and transmembrane protease receptor serine protease 2 (TMPRSS2) receptor targeting cells. Existing studies have shown that the expression of ACE2 and TMPRSS2 is widely distributed in human tissues such as lung, liver, kidney, heart, brain and many digestive organs. In addition, ACE2 and TMPRSS2 are highly expressed in renal tubule cells, suggesting that SARS-CoV-2 may directly bind renal ACE2-positive cells and destroy renal tubule function (Li et al., 2021; Dong et al., 2021). During the invasion and replication of SARS-CoV-2, the body first initiates the innate and acquired immune responses, causing the recruitment of monocytes, macrophages, dendritic cells, neutrophils and T cells, releasing cytokines (Renu et al., 2021; Kaur et al., 2021) and triggering MPs release and PS exposure. As COVID-19 progresses, the virus invades and replicates in crescent alveolar epithelial cells, while previously infected pulmonary capillary ECs aggravate vascular endothelial injury (Guglielmetti et al., 2020; Perico et al., 2021), recruit inflammatory factors, and produce MP and PS storms. As the main triggering site of thrombosis, vascular endothelial disfunction can lead to the release of endothelial MPs, up-regulation of TF expression on the cell surface, and platelets activation, which promotes platelet aggregation and thrombosis (Gu, et al., 2021). The damaged endothelium is shed, causing fibrinolysis disorder and disruption of the normal endothelial anticoagulation function (Figure 1A). Meanwhile, alveolar capillary microthrombi result in insufficient blood perfusion, leading to hypoxemia. Hypoxia, in turn, results in the contraction of pulmonary capillary ECs which thickens and narrows the capillaries, ultimately causing pulmonary hypertension. As the pressure differential increases, plasma and a small number of erythrocytes in the pulmonary capillaries are pushed into the alveolar space, disrupting air-blood exchange and aggravating respiratory failure. As plasma is forced into the alveoli, the water is evaporated by respiration, leaving tremelloid proteins (Figure 2A). The patients develop progressive dyspnea as the air space in the alveoli decreases. Importantly, hypoxemia can result in increased metabolic toxicants, energy deficiency, massive cell damage, and multiple organ failure. Moreover, production of EVs increases under hypoxic conditions (Almeria et al., 2019). As the disease progresses, SARS-CoV-2 can travel through the bloodstream from infected alveolar type II epithelial cells and pulmonary capillaries ECs to distant blood vessels, including the glomerular filtration barrier ECs and podocytes, gradually invading various organs.
[image: Figure 1]FIGURE 1 | Role of circulating microparticles in the pathogenesis of thrombosis in COVID-19. (A) This figure shows the mechanism of MPs production in COVID-19. During the invasion and replication of SARS-CoV-2, the body first initiates immune cell recruitment (i.e., monocytes, macrophages, dendritic cells, neutrophils, and T cells) and the release of cytokines. After cell activation and injury, ATP production is reduced and consumption increases. With the resulting increase in intracellular Ca2+, two ATP-dependent transposases (flippase and floppase) are blocked, and ATP-independent scramblases are activated. This leads to the exposure of phosphatidylserine (PS) in the outer cell membrane, accompanied by the shedding of microparticles (MPs). SARS-CoV-2 replicates in alveolar epithelial cells, damages the membrane and releases the virus, infecting more adjacent alveolar epithelial II cells and pulmonary capillary endothelial cells (ECs), resulting in vascular endothelial injury. As the main triggering site of clot formation, vascular endothelial function and integrity destruction can lead to endothelial MPs release, up-regulation of TF expression on cell surfaces, platelets activation, increased vWF and FVIII, and thus promote platelet aggregation and thrombosis. The damaged endothelium is shed, weakening the normal endothelial anticoagulation functions and causing fibrinolysis disorder. Finally, alveolar capillary microthrombosis results in insufficient blood perfusion, leading to hypoxemia. In conclusion, increased viral load, hypoxemia, endothelial injury, and inflammatory response jointly promote PS and MP storms which drive the coagulation cascade. (B) Diagram of renal thrombosis in COVID-19 from the perspective of Virchow’s triad. Virchow’s triad composes abnormal blood composition (hypercoagulable blood state), vascular endothelial damage, and decreased blood flow velocity. The three elements of Virchow are themselves mutually influenced and inseparable. Of the three, systemic vascular endothelial injury is the main triggering factor for COVID-19 clot formation. Endothelial dysfunction caused by viruses, hypoxia, immune response and hypercoagulable state, platelet activation, high viscosity and abnormal blood flow lead to thrombosis in COVID-19.
[image: Figure 2]FIGURE 2 | Thrombosis from the lung to the kidney in COVID-19 and its influence on the physiological process of renal hemofiltration and initial urine production. Illustration of the link between thrombosis in the lungs and the kidneys in COVID-19. (A) In the lungs, viruses, cytokines, PS+ MPs and hypoxia lead to damage and contraction of pulmonary capillary endothelial cells, thickening and narrowing of capillaries, and ultimately causing pulmonary hypertension. As the pressure differential increases, plasma and a small number of erythrocytes in the pulmonary capillaries are pushed into the alveolar space, disrupting air-blood exchange. As plasma is forced into the alveoli, the water is evaporated by respiration, leaving tremelloid proteins. The patients develop progressive dyspnea as the air space in the alveoli decreases. Ultimately, thrombosis can result in increased metabolic toxicants, energy deficiency, massive cell damage and death, and multiple organ failure. As the disease progresses, SARS-CoV-2 can travel through the bloodstream from infected alveolar type II epithelial cells and pulmonary capillaries ECs to distant blood vessels, including the glomerular filtration barrier ECs and podocytes, gradually invading various organs. (B) This part represents the physiological process of kidney hemofiltration and initial urine production. When blood flows into the glomerulus through the afferent arterioles, it is filtered through the glomerular filtration barrier and capillary walls. The filtered water and soluble substances enter the renal capsule, and then the filtrate enters tubules to form initial urine. The capillaries around the renal tubules are connected with the filtrate in the tubules to ensure the reabsorption of water, electrolytes and organic nutrients, and waste products such as creatinine, excess H+ and K+ are actively excreted in the filtrate. Due to the high pressure in the glomerulus, the blood in the glomerular capillaries is highly concentrated, the hematocrit increases, and the fluidity is significantly reduced. Simultaneously, the blood in the glomerular capillaries is highly concentrated, the hematocrit increases, and the fluidity decreases significantly. Importantly, SARS-CoV-2, cytokines, and hypoxia damage glomerular capillary endothelial cells and podocytes, affect their metabolism, lead to insufficient ATP production, activate scramblase, release PS+ MPs, and promote thrombin production, which hinders blood circulation, increasing blood viscosity and kidney thrombosis. In addition, renal tubular epithelial cells are damaged, resulting in renal filtration dysfunction. This further activates the blood coagulation pathway and the accumulation of procoagulant substances, which hinders the flow of concentrated blood, and ultimately causes the glomerular filtration rate, renal tubular reabsorption, secretion and excretion functions to decrease, leading to symptoms such as increased creatinine, hematuria, and proteinuria.
The classic Virchow’s triad explains the risk factors associated with thrombosis: abnormal blood composition (hypercoagulable blood state), vascular endothelial damage, and decreased blood flow velocity (Wolberg et al., 2012; Ding et al., 2020). The three elements of Virchow are themselves mutually influenced and inseparable. ECs regulate vasomotion and secrete anticoagulant substances, and changes in blood flow velocity and blood composition also affect vascular endothelial integrity, function, and vascular reactivity. Similarly, Virchow’s triad can be used to explain thrombosis associated with COVID-19 (Figure 1B). Looking at renal blood flow, the physiological process of renal hemofiltration, when blood flows into glomerulus through the afferent arterioles, initial urine is formed through continuous plasma filtration (Scott and Quaggin 2015). The capillaries around the renal tubules contact the filtrate in the tubules to ensure the reabsorption of water, electrolytes and organic nutrients, while waste products such as creatinine, excess H+ and K+ are actively excreted into the filtrate (Gueutin et al., 2012). Since the diameter of efferent arterioles is smaller than that of the afferent arterioles, the blood flow through the glomerulus is more resistant, and the capillary pressure is higher than the capillary pressure in other parts of the body. As the blood in the glomerular capillaries is highly concentrated, the hematocrit increases, and the fluidity decreases significantly. The concentrated blood finally enters the capillary network of the proximal tubule through the glomerular efferent arterioles. Only after the reabsorption of water by the proximal tubule do the RBC specific volume and blood flow gradually recover. Therefore, reduced blood flow in the glomerular capillary network and the proximal tubule capillary network lead to an increased risk of thrombotic coagulation and vascular blockage. Importantly, circulating SARS-CoV-2 and inflammatory factors lead to damage and contraction of the glomerulus and peritubular capillary endothelium, and infection of renal tubular epithelial cells (Ahmadian et al., 2021; AndradeSilva et al., 2021), causing renal filtration dysfunction. This further activates the coagulation pathway and the accumulation of activated coagulation factors, hinders blood circulation, and results in RBC aggregation. Eventually, the glomerular filtration rate, renal tubular reabsorption, secretion and excretion function decreases, leading to symptoms such as increased creatinine, hematuria, and proteinuria (Figure 2B).
Next, we focus on blood hypercoagulability and endothelial injury. As mentioned earlier, systemic vascular endothelial injury is the main triggering factor for COVID-19 clot formation. By directly attacking and stimulating cytokines, SARS-CoV-2 damages circulating blood cells, renal capillary ECs and podocytes, which affects their metabolism, decreases ATP production, weakens sodium pump activity, leading to cell edema. A large amount of Ca2+ enters the cells and activates scramblase, causing PS exposure and the release of PS+ MPs. These PS-rich membranes promote thrombin production, thus slowing blood flow, increasing blood viscosity and renal thrombosis. In addition, hypoxia can aggravate renal afferent arteriole contraction, renal capillary perfusion insufficiency, increase acid, and promote contraction deformation of ECs, impairing endothelial barrier function and converting ECs into a pro-coagulation and pro-inflammatory phenotype (Chen et al., 2020). In addition, a recent study described the existence of smoldering inflammation in COVID-19 (Schmidt 2021). Continued attacks from viruses and cytokines will aggravate endothelial damage and hinder endothelial repair. In conclusion, viruses, cytokines, and PS+ MPs jointly participate in COVID-19 thrombosis from lungs to kidneys and other organs. The clotting will damage the vascular endothelium, causing a vicious circle, and ultimately leading to the decline of respiratory function and kidney filtration (Figure 2).
After renal thrombosis, the glomerular capillary endothelium, renal tubular epithelial cells and podocytes are damaged. Reduced renal blood flow and abnormal blood distribution are the main mechanisms of acute renal insufficiency with decreased glomerular filtration rate and oliguria. Furthermore, renal ischemia and hypoxia can also aggravate renal tubular damage, resulting in reabsorption and secretion dysfunction. In the late phase of COVID-19, some patients may develop septic shock, followed by hypotension and vasoconstriction that can worsen acute tubular necrosis. Especially in the process of renal ischemia-reperfusion injury, inflammatory factors and reactive oxygen species produced by renal tubular epithelial cells and renal parenchymal cells can again cause the accumulation of inflammatory cells such as neutrophils. This releases more MPs and inflammatory mediators, resulting in a vicious cycle and exacerbating thrombosis and kidney injury (Hesp et al., 2020; Dadson et al., 2020).
Studies have analyzed the impact of chronic kidney failure (CKD) on COVID-19 progression and mortality (Leon-Abarca et al., 2020). CKD patients often have comorbidities such as hypertension, cardiovascular disease and diabetes. It is clear that these patients have poor quality of life, slow recovery and poor prognosis. This kind of chronic disease itself can lead to the destruction of nephrons, chronic inflammation and hypoxia caused by long-term hyperlipemia and hyperglycemia that will aggravate the damage to kidney capillaries and endothelium, leaving the patient in a state of hypercoagulation (Addi et al., 2018). Acute SARS-CoV-2 infection results in not only renal and systemic thrombosis, but also significant increases in ICU events, mechanical ventilation, disability, and mortality (Nadim et al., 2020; Yende and Parikh 2021).
CLINICAL AND LABORATORY FINDINGS OF KIDNEY THROMBOSIS IN COVID-19
In the early stages of COVID-19, patients often have no renal manifestations, though laboratory tests can show hematuria and mild proteinuria. Later aggravation of kidney injury results in increased creatinine and blood urea nitrogen in blood, decreased glomerular filtration, and significantly lower lymphocytes, albumin and hemoglobin (Chan et al., 2020; Ke et al., 2021). Abnormal coagulation indicators are also common in COVID-19 patients, including increased D-dimer, prolonged PT and aPTT, and thrombocytopenia (Smarz-Widelska et al., 2021). At the vascular level, acute kidney injury images showed renal vasoconstriction, increased vascular permeability, and microthrombosis. In the advanced stages of the disease, CT may be helpful in diagnosing renal thromboembolism. A recent case report found renal infarction in two patients with COVID-19 and evidence of extrarenal thromboembolism in one of them. Renal infarction resulted in loss of kidney function in both patients (Post et al., 2020). Another study, involving 31 patients, found lung and kidney hypoperfusion in a subset of patients with mild to moderate COVID-19 on dual-energy computed tomography (DECT) scans, which may indicate systemic microangiopathy with microthrombi (Idilman et al., 2021). It has an impact on the management of COVID-19 patients, such as early indications of thrombosis prevention or anticoagulant drugs and optimization of oxygenation strategies. In addition, autopsy observations of the kidneys of COVID-19 patients revealed diffuse and focal segmental fibrin thrombus in the glomerular capillary loops and endothelial injury in the glomeruli (Cheng et al., 2020; Smarz-Widelska et al., 2021). Injury to the renal proximal tubules is also a common manifestation found at autopsy (Lax, et al., 2020).
Most early AKI was persistent, and the severity and duration of AKI were clearly related to all aspects of the underlying COVID-19 disease process (Wan et al., 2021). Many patients return to normal levels of serum creatinine after AKI, but the kidneys may not fully recover. A study showed that increased severity of the acute infection (regardless of whether the patient is ambulatory, hospitalized, or intensive care), was correlated to a graded increase in the risk of ongoing kidney disease (Bowe et al., 2021). In order to avoid the occurrence of kidney damage, many experiments were devoted to the study of effective methods for early identification and prediction of kidney damage (Khokhar et al., 2020; Liu et al., 2021b). Among them, the detection of clinically classified potential risk factors, procalcitonin and eGFR helps clinicians to identify patients with kidney injury early (Liu et al., 2021a). Early diagnosis of COVID-19-related AKI and initiation of treatment, including adequate hemodynamic support, treatment management, and avoidance of renal viral drugs may help improve the patient’s prognosis (Gabarre, et al., 2020).
TREATMENT
Based on the above analysis of the pathophysiological mechanisms of renal thrombosis and kidney injury, we assert that anticoagulation treatment of COVID-19 is particularly important. Vascular damage can be sustained by both direct damage to the vascular wall and systemic inflammation. Blood clots further aggravate vascular disease and cause secondary damage to the organs they supply (Schmidt 2021). The kidney is a common target for the virus. In addition to the early proteinuria, blood urine and kidney function checks, it is crucial to identify patients with renal function changes, so preventive anticoagulation can be started as soon as possible. Early therapy to prevent the activation of blood coagulation factors (virus, cytokines, MPs, injury and dead cells) to prevent blood clots can control disease progression and reduce the morbidity and mortality. Furthermore, since hypoxia can occur in patients in the early stages of COVID-19, oxygen should be provided as early as possible, even if blood oxygen saturation is normal. Oxygen can delay the occurrence of hypoxemia, ensure normal cell metabolism, and hinder patient deterioration.
Anticoagulant Therapy
In view of the serious consequences of thrombosis, anticoagulation has become the core of comprehensive management of COVID-19 (Pretorius et al., 2021). Most current guidelines support anticoagulant prophylaxis for hospitalized patients with COVID-19 (Spyropoulos et al., 2020; Moores et al., 2020; Orsi et al., 2020; Vanassche et al., 2020; Gerotziafas et al., 2020), but the optimal timing and dosage of anticoagulant are still controversial. There have been no separate studies to observe the efficacy of anticoagulants in the treatment of renal thrombosis. Regarding the application of anticoagulants, the most common one is low-molecular-weight heparin (LMWH). In addition to its anticoagulant effects, heparin can also bind to cytokines, protect ECs, inhibit chemotaxis, and control leukocyte migration and complement activation (Gozzo et al., 2020; Buijsers et al., 2020). Because renal dysfunction reduces the clearance rate of LMWH, prolonging its half-life, which leads to a higher risk of bleeding, unfractionated heparin (UFH) should be used preferentially in patients with renal insufficiency. Recent guidelines refer to the use of DOACs in COVID-19 outpatient and discharge patients to prevent arterial and venous thrombosis (Spyropoulos et al., 2020; Moores et al., 2020). However, all DOACs are cleared by the kidney, and patients with renal insufficiency may be at risk of delayed clearance and bleeding. In conclusion, anticoagulants should not be used in COVID-19 patients with kidney injury if they are primarily cleared through the renal system.
The mortality from kidney injury in patients with severe COVID-19 is significantly higher than that in patients with mild-to-moderate COVID-19, because of the increased prevalence of clots in patients with advanced COVID-19. Thus, it has been suggested that LMWH should be increased to moderate or therapeutic doses in late stages (Table 2). However, the effect of increasing the dosage of anticoagulant is not ideal. A study showed that in critically ill COVID-19 patients, compared with usual-care pharmacologic thromboprophylaxis, therapeutic-dose anticoagulation with heparin did not lead to greater probability of survival to hospital discharge or a greater number of days free of cardiovascular or respiratory organ support (REMAP-CAP Investigators et al., 2021a). Another study showed that intermediate-dose prophylactic anticoagulation did not improve major comprehensive outcomes, including all-cause mortality and venous thromboembolism, compared with standard-dose prophylactic anticoagulation in ICU patients (Inspiration Investigators et al., 2021). Rates of major bleeding were higher in the intermediate-dose group than in the standard-dose group (2.5 vs. 1.4%). In fact, as the disease progresses, the incidence of thromboembolism in COVID-19 patients is gradually increasing. Coagulation dysfunction, inability to move, systemic inflammation, mechanical ventilation, and central venous catheters are all factors that aggravate thrombosis and poor prognosis (Cui et al., 2020; Blasi et al., 2020). Therefore, the application of anticoagulant therapy in severe COVID-19 pneumonia is necessary, but the above studies have shown that the beneficial results of anticoagulation did not depend on increasing the dose. Late-stage thrombosis is associated with high consumption of coagulation factors and cannot be affected by high doses of heparin (TenCate 2021). In addition, larger anticoagulant dosages increase the risk of bleeding. Severe patients often present with multiple underlying diseases, a history of hormone therapy or serious liver and kidney dysfunction risk factors and therefore cannot avoid the increase incidence of bleeding.
TABLE 2 | Trial design, population, interventions, and outcomes for COVID-19 inpatients undergoing anticoagulation.
[image: Table 2]A higher anticoagulant dose seems to have some beneficial effects in intermediate stage patients. One study showed that therapeutic doses of heparin reduced the use of cardiovascular or respiratory organ support, increased the probability of survival in hospital and after discharge, but also increased rates of major bleeding compared with patients receiving thromboprophylaxis (1.9 vs. 0.9%) (REMAP-CAP Investigators et al., 2021b). Another large clinical study of all hospitalizations, including those in the middle and late stages, showed therapeutic anticoagulation did not improve clinical outcomes and increased bleeding compared with prophylactic anticoagulation (Lopes et al., 2021). So, the question is whether an early anticoagulation is advantageous? The early-stage patients do not have severe thrombocytopenia and consumption of coagulation factors, and pro-coagulant substances such as cytokines and PS+ MPs have not yet been released in large quantities. Can the occurrence of bleeding events be avoided without increasing the anticoagulant dose? There have been articles supporting early prophylactic anticoagulation (Terpos et al., 2020; Rentsch et al., 2021; Arslan et al., 2021; Schulman and Harenberg 2021; Kollias et al., 2021). One study showed that early initiation of prophylactic anticoagulation was associated with a reduced risk of 30-day death without an increased risk of serious bleeding events (Rentsch et al., 2021). Another study showed that early LMWH anticoagulation improved clinical outcome and reduced the length of hospital stay (Arslan et al., 2021). Combined with the pathophysiological mechanisms of COVID-19 thrombosis, thrombogenesis in severe COVID-19 is driven by cytokine storms, MP and PS storms. Microthrombosis can lead to more diffuse perfusion injury and extensive dysfunction of the affected organs (Bray et al., 2020). This also means that in early mild patients, prophylactic anticoagulation may maintain unobstructed blood flow and oxygen delivery, remove inflammatory factors, and promote monocytes and macrophages to clear viruses and blood cells damaged and dead by virus attacks (Merad and Martin 2020). It prevents the virus from contacting and destroying ECs and inhibits the procoagulant platform provided by MPs and PS storms, thereby inhibiting thrombosis. In addition, cells (such as monocytes, macrophages, etc.) present antigens in the process of clearing the virus, stimulate the production of antibodies, promote the early recovery of patients, avoid the progression of the disease to the middle or late stages, and greatly reduce mortality and sequelae. This may helps explain the benefits of anticoagulation prophylaxis in early-stage patients.
Continuous Renal Replacement Therapy (CRRT)
SARS, MERS and septicemia have been successfully treated with sustained CRRT in the past. CRRT can support the kidney to maintain the stability of the internal environment of the body, and remove various pathogenic substances such as inflammatory mediators, cytokines and uremic toxins. Successful uses of CRRT in patients with severe COVID-19 have been reported with significant remission (Benedetti et al., 2020; Ronco et al., 2020). However, clinical trials are needed to determine the effectiveness and safety of the strategy.
CONCLUSION
Knowing pathophysiological role of MPs in COVID-19 renal thrombosis has enhanced our understanding of the relationship between viruses and coagulation and will help formulate effective anticoagulation strategies. Although renal injury and poor prognosis are multifactorial, renal thrombosis plays an extremely important role. The Virchow’s triad highlights the relationship between blood hypercoagulability, endothelial injury and blood flow velocity. It is also reasonable to analyze the extent to which renal thrombosis is caused by inflammation, MP and PS storms, vascular endothelial injury and renal hemodynamic changes in COVID-19. In addition, coagulation abnormalities caused by MP and PS storms are a universal feature that aggravates the mortality and sequelae of pandemic diseases such as COVID-19 and other acute inflammatory diseases. As we all know, there is currently no effective drug for SARS-CoV-2. The effectiveness of antiviral drugs has been controversial and immunosuppressants have destructive effects on autoantibody production. As the virus mutates, the effective life of the vaccine is uncertain, and new vaccines will need to be constantly developed. In future epidemics similar to SARS, MERS and COVID-19, we should not ignore the coagulation abnormalities caused by the release of MPs and PS exposure, and pay attention to the application of anticoagulation therapy.
AUTHOR CONTRIBUTIONS
CW conceived and wrote the first draft of the article. CY researched data for the article. VN provided helpful comments and wrote the article. RX provided substantial contribution to discussion of content and wrote the article. JS designed the review, prepared the tables and figures, and wrote the manuscript. All authors read and approved the final manuscript.
FUNDING
This work was supported by grants from the National Natural Science Foundation of China (81670659 and 81873433).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank all participants for their contribution in our study and the reviewers for the suggestions provided.
ABBREVIATIONS
COVID-19, Coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; EVs, extracellular vesicles; MPs, microparticles; PS, phosphatidylserine; RBC, red blood cells; ECs, endothelial cells; ACE2, angiotensin-converting-enzyme 2; TMPRSS2, transmembrane protease receptor serinase 2; CKD, chronic kidney failure; PT, prothrombin time; APTT, activated partial thromboplastin time; AKI, acute kidney injury; LMWH, low-molecular-weight heparin; DOACs, direct oral anticoagulants; UFH, unfractionated heparin; CRRT, continuous renal replacement therapy.
REFERENCES
 Addi, T., Dou, L., and Burtey, S. (2018). Tryptophan-derived Uremic Toxins and Thrombosis in Chronic Kidney Disease. Toxins 10, 412. doi:10.3390/toxins10100412
 Ahmadian, E., HosseiniyanKhatibi, S. M., RaziSoofiyani, S., Abediazar, S., Shoja, M. M., Ardalan, M., et al. (2021). Covid‐19 and Kidney Injury: Pathophysiology and Molecular Mechanisms. Rev. Med. Virol. 31, e2176. doi:10.1002/rmv.2176
 Almeria, C., Weiss, R., Roy, M., Tripisciano, C., Kasper, C., Weber, V., et al. (2019). Hypoxia Conditioned Mesenchymal Stem Cell-Derived Extracellular Vesicles Induce Increased Vascular Tube Formation In Vitro. Front. Bioeng. Biotechnol. 7, 292. doi:10.3389/fbioe.2019.00292
 AndradeSilva, M., daSilva, A. R. P. A., doAmaral, M. A., Fragas, M. G., and Câmara, N. O. S. (2021). Metabolic Alterations in SARS-CoV-2 Infection and its Implication in Kidney Dysfunction. Front. Physiol. 12, 624698. doi:10.3389/fphys.2021.624698
 Arslan, Y., Yilmaz, G., Dogan, D., Hasirci, M., Cetindogan, H., Ocal, N., et al. (2021). The Effectiveness of Early Anticoagulant Treatment in COVID-19 Patients. Phlebology 36, 384–391. doi:10.1177/0268355520975595
 Balbi, C., Burrello, J., Bolis, S., Lazzarini, E., Biemmi, V., Pianezzi, E., et al. (2021). Circulating Extracellular Vesicles Are Endowed with Enhanced Procoagulant Activity in SARS-CoV-2 Infection. EBioMedicine 67, 103369. doi:10.1016/j.ebiom.2021.103369
 Benedetti, C., Waldman, M., Zaza, G., Riella, L. V., and Cravedi, P. (2020). COVID-19 and the Kidneys: an Update. Front. Med. 7, 423. doi:10.3389/fmed.2020.00423
 Blasi, A., MeijenfeldtMeijenfeldt, F. A., Adelmeijer, J., Calvo, A., Ibañez, C., Perdomo, J., et al. (2020). In Vitro hypercoagulability and Ongoing In Vivo Activation of Coagulation and Fibrinolysis in COVID‐19 Patients on Anticoagulation. J. Thromb. Haemost. 18, 2646–2653. doi:10.1111/jth.15043
 Blum, D., Meraz-Munoz, A., and Harel, Z. (2020). Kidney Injury Associated with COVID-19. CMAJ 192, E1065. doi:10.1503/cmaj.201553
 Bowe, B., Xie, Y., Xu, E., and Al-Aly, Z. (2021). Kidney Outcomes in Long COVID. Jasn 32, 2851–2862. doi:10.1681/ASN.2021060734
 Bray, M. A., Sartain, S. E., Gollamudi, J., and Rumbaut, R. E. (2020). Microvascular Thrombosis: Experimental and Clinical Implications. Translational Res. 225, 105–130. doi:10.1016/j.trsl.2020.05.006
 Buijsers, B., Yanginlar, C., Maciej-Hulme, M. L., de, Mast, Q., van der Vlag, J., and Vlag, J. (2020). Beneficial Non-anticoagulant Mechanisms Underlying Heparin Treatment of COVID-19 Patients. EBioMedicine 59, 102969. doi:10.1016/j.ebiom.2020.102969
 Chan, L., Chaudhary, K., Saha, A., Chauhan, K., Vaid, A., Zhao, S., et al. (2020). AKI in Hospitalized Patients with COVID-19. Jasn 32, 151–160. doi:10.1681/ASN.2020050615
 Chatterjee, V., Yang, X., Ma, Y., Wu, M. H., and Yuan, S. Y. (2020). Extracellular Vesicles: New Players in Regulating Vascular Barrier Function. Am. J. Physiology-Heart Circulatory Physiol. 319, H1181–H1196. doi:10.1152/ajpheart.00579.2020
 Chaturvedi, S., Cockrell, E., Espinola, R., Hsi, L., Fulton, S., Khan, M., et al. (2015). Circulating Microparticles in Patients with Antiphospholipid Antibodies: Characterization and Associations. Thromb. Res. 135, 102–108. doi:10.1016/j.thromres.2014.11.011
 Che Mohd Nassir, C. M. N., Hashim, S., Wong, K. K., Abdul Halim, S., IdrisHalim, N. S., Jayabalan, N., et al. (2021). COVID-19 Infection and Circulating Microparticles-Reviewing Evidence as Microthrombogenic Risk Factor for Cerebral Small Vessel Disease. Mol. Neurobiol. 58, 4188–4215. doi:10.1007/s12035-021-02457-z
 Chebotareva, N., Berns, S., Berns, A., Androsova, T., Lebedeva, M., and Moiseev, S. (2021). Acute Kidney Injury and Mortality in Coronavirus Disease 2019: Results from a Cohort Study of 1,280 Patients. Kidney Res. Clin. Pract. 40, 241–249. doi:10.23876/j.krcp.20.128
 Chen, W., and Pan, J. Y. (2021). Anatomical and Pathological Observation and Analysis of SARS and COVID-19: Microthrombosis Is the Main Cause of Death. Biol. Proced. Online 23, 4. doi:10.1186/s12575-021-00142-y
 Chen, X., Yu, C., Jing, H., Wang, C., Zhao, X., Zhang, J., et al. (2020). COVID-19 Associated Thromboinflammation of Renal Capillary: Potential Mechanisms and Treatment. Am. J. Transl. Res. 12, 7640–7656. 
 Cheng, Y., Luo, R., Wang, X., Wang, K., Zhang, N., Zhang, M., et al. (2020). The Incidence, Risk Factors, and Prognosis of Acute Kidney Injury in Adult Patients with Coronavirus Disease 2019. Cjasn 15, 1394–1402. doi:10.2215/CJN.04650420
 Cui, S., Chen, S., Li, X., Liu, S., and Wang, F. (2020). Prevalence of Venous Thromboembolism in Patients with Severe Novel Coronavirus Pneumonia. J. Thromb. Haemost. 18, 1421–1424. doi:10.1111/jth.14830
 Dadson, P., Tetteh, C. D., Rebelos, E., Badeau, R. M., and Moczulski, D. (2020). Underlying Kidney Diseases and Complications for Covid-19: a Review. Front. Med. 7, 600144. doi:10.3389/fmed.2020.600144
 Ding, W. Y., Gupta, D., and Lip, G. Y. H. (2020). Atrial Fibrillation and the Prothrombotic State: Revisiting Virchow's Triad in 2020. Heart 106, 1463–1468. doi:10.1136/heartjnl-2020-316977
 Dong, M., Zhang, J., Ma, X., Tan, J., Chen, L., Liu, S., et al. (2020). ACE2, TMPRSS2 Distribution and Extrapulmonary Organ Injury in Patients with COVID-19. Biomed. Pharmacother. 131, 110678. doi:10.1016/j.biopha.2020.110678
 Fei, Y., Tang, N., Liu, H., and Cao, W. (2020). Coagulation Dysfunction. Arch. Pathol. Lab. Med. 144, 1223–1229. doi:10.5858/arpa.2020-0324-SA
 Fendl, B., Eichhorn, T., Weiss, R., Tripisciano, C., Spittler, A., Fischer, M. B., et al. (2018). Differential Interaction of Platelet-Derived Extracellular Vesicles with Circulating Immune Cells: Roles of TAM Receptors, CD11b, and Phosphatidylserine. Front. Immunol. 9, 2797. doi:10.3389/fimmu.2018.02797
 Gabarre, P., Dumas, G., Dupont, T., Darmon, M., Azoulay, E., and Zafrani, L. (2020). Acute Kidney Injury in Critically Ill Patients with COVID-19. Intensive Care Med. 46, 1339–1348. doi:10.1007/s00134-020-06153-9
 Gao, C., Xie, R., Yu, C., Ma, R., Dong, W., Meng, H., et al. (2015). Thrombotic Role of Blood and Endothelial Cells in Uremia through Phosphatidylserine Exposure and Microparticle Release. Plos. One. 10, e0142835. doi:10.1371/journal.pone.0142835
 Gao, C., Xie, R., Yu, C., Wang, Q., Shi, F., Yao, C., et al. (2012). Procoagulant Activity of Erythrocytes and Platelets through Phosphatidylserine Exposure and Microparticles Release in Patients with Nephrotic Syndrome. Thromb. Haemost. 107, 681–689. doi:10.1160/TH11-09-0673
 Gerotziafas, G. T., Catalano, M., Colgan, M.-P., Pecsvarady, Z., Wautrecht, J. C., Fazeli, B., et al. (2020). Guidance for the Management of Patients with Vascular Disease or Cardiovascular Risk Factors and COVID-19: Position Paper from VAS-European Independent Foundation in Angiology/Vascular Medicine. Thromb. Haemost. 120, 1597–1628. doi:10.1055/s-0040-1715798
 REMAP-CAP InvestigatorsACTIV-4a InvestigatorsATTACC Investigators Goligher, E. C., Berger, J. S., Neal, M. D., McVerry, B. J., Nicolau, J. C., Carrier, M., et al. (2021a). Therapeutic Anticoagulation with Heparin in Noncritically Ill Patients with COVID-19. N. Engl. J. Med. 385, 790–802. doi:10.1056/NEJMoa2105911
 REMAP-CAP InvestigatorsACTIV-4a InvestigatorsATTACC Investigators Goligher, E. C., Bradbury, C. A., McVerry, B. J., Lawler, P. R., Berger, J. S., Gong, M. N., et al. (2021b). Therapeutic Anticoagulation with Heparin in Critically Ill Patients with COVID-19. N. Engl. J. Med. 385, 777–789. doi:10.1056/NEJMoa2103417
 Gozzo, L., Viale, P., Longo, L., Vitale, D. C., and Drago, F. (2020). The Potential Role of Heparin in Patients with COVID-19: Beyond the Anticoagulant Effect. A Review. A. Reviewfront. Pharmacol. 11, 1307. doi:10.3389/fphar.2020.01307
 Gu, S. X., Tyagi, T., Jain, K., Gu, V. W., Lee, S. H., Hwa, J. M., et al. (2021). Thrombocytopathy and Endotheliopathy: Crucial Contributors to COVID-19 Thromboinflammation. Nat. Rev. Cardiol. 18, 194–209. doi:10.1038/s41569-020-00469-1
 Gueutin, V., Deray, G., and Isnard-Bagnis, C. (2012). Physiologie Rénale. Bull. du Cancer 99, 237–249. doi:10.1684/bdc.2011.1482
 Guglielmetti, G., Quaglia, M., Sainaghi, P. P., Castello, L. M., Vaschetto, R., Pirisi, M., et al. (2020). "War to the Knife" against Thromboinflammation to Protect Endothelial Function of COVID-19 Patients. Crit. Care 24, 365. doi:10.1186/s13054-020-03060-9
 Guo, J., Li, J., Xia, L., Wang, Y., Zhu, J., Du, J., et al. (2020). Transient Receptor Potential Canonical 5-Scramblase Signaling Complex Mediates Neuronal Phosphatidylserine Externalization and Apoptosis. Cells 9, 547. doi:10.3390/cells9030547
 Helms, J., Tacquard, C., Tacquard, C., Severac, F., Leonard-Lorant, I., Ohana, M., et al. (2020). High Risk of Thrombosis in Patients with Severe SARS-CoV-2 Infection: a Multicenter Prospective Cohort Study. Intensive Care Med. 46, 1089–1098. doi:10.1007/s00134-020-06062-x
 Hesp, A. C., Schaub, J. A., Prasad, P. V., Vallon, V., Laverman, G. D., Bjornstad, P., et al. (2020). The Role of Renal Hypoxia in the Pathogenesis of Diabetic Kidney Disease: a Promising Target for Newer Renoprotective Agents Including SGLT2 Inhibitors?. Kidney Int. 98, 579–589. doi:10.1016/j.kint.2020.02.041
 Idilman, I. S., TelliDizman, G., ArdaliDuzgun, S., Irmak, I., Karcaaltincaba, M., Inkaya, A. C., et al. (2021). Lung and Kidney Perfusion Deficits Diagnosed by Dual-Energy Computed Tomography in Patients with COVID-19-Related Systemic Microangiopathy. Eur. Radiol. 31, 1090–1099. doi:10.1007/s00330-020-07155-3
 Jy, W., Gómez-Marín, O., Salerno, T. A., Panos, A. L., Williams, D., Horstman, L. L., et al. (2015). Presurgical Levels of Circulating Cell-Derived Microparticles Discriminate between Patients with and without Transfusion in Coronary Artery Bypass Graft Surgery. J. Thorac. Cardiovasc. Surg. 149, 305–311. doi:10.1016/j.jtcvs.2014.10.042
 Kaur, S., Bansal, R., Kollimuttathuillam, S., Gowda, A. M., Singh, B., Mehta, D., et al. (2021). The Looming Storm: Blood and Cytokines in COVID-19. Blood Rev. 46, 100743. doi:10.1016/j.blre.2020.100743
 Ke, C., Xiao, J., Wang, Z., Yu, C., Yang, C., and Hu, Z. (2021). Characteristics of Patients with Kidney Injury Associated with COVID-19. Int. Immunopharmacology 96, 107794. doi:10.1016/j.intimp.2021.107794
 Khokhar, M., Purohit, P., Roy, D., Tomo, S., Gadwal, A., Modi, A., et al. (2020). Acute Kidney Injury in COVID 19 - an Update on Pathophysiology and Management Modalities. Arch. Physiol. Biochem. 1, 1–14. doi:10.1080/13813455.2020.1856141
 Kollias, A., Poulakou, G., Dimakakos, E., Kyriakoulis, K. G., and Syrigos, K. (2021). Thromboprophylaxis in COVID-19: Early Initiation Might Be as Important as Optimal Dosing. Thromb. Res. 204, 134–135. doi:10.1016/j.thromres.2021.06.004
 Lax, S. F., Skok, K., Zechner, P., Kessler, H. H., Kaufmann, N., Koelblinger, C., et al. (2020). Pulmonary Arterial Thrombosis in COVID-19 with Fatal Outcome. Ann. Intern. Med. 173, 350–361. doi:10.7326/M20-2566
 Leon-Abarca, J. A., Memon, R. S., Rehan, B., Iftikhar, M., and Chatterjee, A. (2020). The Impact of COVID-19 in Diabetic Kidney Disease and Chronic Kidney Disease: A Population-Based Study. Acta Biomed. 91, e2020161. doi:10.23750/abm.v91i4.10380
 Li, W. X., Xu, W., Huang, C. L., Fei, L., Xie, X. D., Li, Q., et al. (2021). Acute Cardiac Injury and Acute Kidney Injury Associated with Severity and Mortality in Patients with COVID-19. Eur. Rev. Med. Pharmacol. Sci. 25, 2114–2122. doi:10.26355/eurrev_202102_25117
 Liu, H., Hu, T., Zhang, C., Chen, X., Zhang, S., Li, M., et al. (2021a). Mechanisms of COVID-19 Thrombosis in an Inflammatory Environment and New Anticoagulant Targets. Am. J. Transl. Res. 13, 3925–3941. 
 Liu, J., Wang, T., Cai, Q., Huang, D., Sun, L., He, Q., et al. (2021b). Acute Kidney Injury and Early Predictive Factors in COVID-19 Patients. Front. Med. 8, 604242. doi:10.3389/fmed.2021.604242
 Lopes, R. D., de Barros e Silva, P. G. M., Furtado, R. H. M., Macedo, A. V. S., Bronhara, B., Damiani, L. P., et al. (2021). Therapeutic versus Prophylactic Anticoagulation for Patients Admitted to Hospital with COVID-19 and Elevated D-Dimer Concentration (ACTION): an Open-Label, Multicentre, Randomised, Controlled Trial. The Lancet 397, 2253–2263. doi:10.1016/S0140-6736(21)01203-4
 Ma, R., Xie, R., Yu, C., Si, Y., Wu, X., Zhao, L., et al. (2017). Phosphatidylserine-mediated Platelet Clearance by Endothelium Decreases Platelet Aggregates and Procoagulant Activity in Sepsis. Sci. Rep. 7, 4978. doi:10.1038/s41598-017-04773-8
 Ma, R., Zhang, Y., Cao, M., Li, T., Yao, Z., Zhao, L., et al. (2016). Phosphotidylserine Exposure and Neutrophil Extracellular Traps Enhance Procoagulant Activity in Patients with Inflammatory Bowel Disease. Thromb. Haemost. 115, 738–751. doi:10.1160/TH15-09-0710
 Merad, M., and Martin, J. C. (2020). Pathological Inflammation in Patients with COVID-19: a Key Role for Monocytes and Macrophages. Nat. Rev. Immunol. 20, 355–362. doi:10.1038/s41577-020-0331-4
 Moores, L. K., Tritschler, T., Brosnahan, S., Carrier, M., Collen, J. F., Doerschug, K., et al. (2020). Prevention, Diagnosis, and Treatment of VTE in Patients with Coronavirus Disease 2019. Chest 158, 1143–1163. doi:10.1016/j.chest.2020.05.559
 Nadim, M. K., Forni, L. G., Mehta, R. L., Connor, M. J., Liu, K. D., Ostermann, M., et al. (2020). COVID-19-associated Acute Kidney Injury: Consensus Report of the 25th Acute Disease Quality Initiative (ADQI) Workgroup. Nat. Rev. Nephrol. 16, 747–764. doi:10.1038/s41581-020-00356-5
 Nagata, S., Sakuragi, T., and Segawa, K. (2020). Flippase and Scramblase for Phosphatidylserine Exposure. Curr. Opin. Immunol. 62, 31–38. doi:10.1016/j.coi.2019.11.009
 Nicolai, L., Leunig, A., Brambs, S., Kaiser, R., Weinberger, T., Weigand, M., et al. (2020). Immunothrombotic Dysregulation in COVID-19 Pneumonia Is Associated with Respiratory Failure and Coagulopathy. Circulation 142, 1176–1189. doi:10.1161/CIRCULATIONAHA.120.048488
 Orsi, F. A., DePaula, E. V., Santos, F. d. O., Teruchkin, M. M., Campêlo, D. H. C., Mello, T. T., et al. (2020). Guidance on Diagnosis, Prevention and Treatment of Thromboembolic Complications in COVID-19: a Position Paper of the Brazilian Society of Thrombosis and Hemostasis and the Thrombosis and Hemostasis Committee of the Brazilian Association of Hematology, Hemotherapy and Cellular Therapy. Hematol. Transfus. Cel Ther. 42, 300–308. doi:10.1016/j.htct.2020.06.001
 Patil, R., Bajpai, S., Ghosh, K., and Shetty, S. (2018). Microparticles as Prognostic Biomarkers in Dengue Virus Infection. Acta Tropica 181, 21–24. doi:10.1016/j.actatropica.2018.01.017
 Perico, L., Benigni, A., Casiraghi, F., Ng, L. F. P., Renia, L., and Remuzzi, G. (2021). Immunity, Endothelial Injury and Complement-Induced Coagulopathy in COVID-19. Nat. Rev. Nephrol. 17, 46–64. doi:10.1038/s41581-020-00357-4
 Post, A., Deurwaarder, E. S. G., den Deurwaarder, S. J. L., deHaas, R. J., vanMeurs, M., Gansevoort, R. T., et al. (2020). Kidney Infarction in Patients with COVID-19. Am. J. Kidney Dis. 76, 431–435. doi:10.1053/j.ajkd.2020.05.004
 Pretorius, E., Vlok, M., Venter, C., Bezuidenhout, J. A., Laubscher, G. J., Steenkamp, J., et al. (2021). Persistent Clotting Protein Pathology in Long COVID/post-acute Sequelae of COVID-19 (PASC) Is Accompanied by Increased Levels of Antiplasmin. Cardiovasc. Diabetol. 20, 172. doi:10.1186/s12933-021-01359-7
 Rentsch, C. T., Beckman, J. A., Tomlinson, L., Gellad, W. F., Alcorn, C., Kidwai-Khan, F., et al. (2021). Early Initiation of Prophylactic Anticoagulation for Prevention of Coronavirus Disease 2019 Mortality in Patients Admitted to Hospital in the United States: Cohort Study. BMJ 372, n311. doi:10.1136/bmj.n311
 Renu, K., Prasanna, P. L., Valsala Gopalakrishnan, A., and Gopalakrishnan, A. (2020). Coronaviruses Pathogenesis, Comorbidities and Multi-Organ Damage - A Review. Life Sci. 255, 117839. doi:10.1016/j.lfs.2020.117839
 Ronco, C., Reis, T., and Husain-Syed, F. (2020). Management of Acute Kidney Injury in Patients with COVID-19. Lancet Respir. Med. 8, 738–742. doi:10.1016/S2213-2600(20)30229-0
 InspirationInvestigators Sadeghipour, P., Talasaz, A. H., Rashidi, F., Sharif-Kashani, B., Beigmohammadi, M. T., Farrokhpour, M., et al. (2021). Effect of Intermediate-Dose vs Standard-Dose Prophylactic Anticoagulation on Thrombotic Events, Extracorporeal Membrane Oxygenation Treatment, or Mortality Among Patients with COVID-19 Admitted to the Intensive Care Unit. JAMA 325, 1620–1630. doi:10.1001/jama.2021.4152
 Schmidt, C. (2021). COVID-19 Long Haulers. Nat. Biotechnol. 39, 908–913. doi:10.1038/s41587-021-00984-7
 Schulman, S., and Harenberg, J. (2021). Anticoagulant Treatment of COVID-19 as Early as Possible-Sulodexide and Perspectives. Thromb. Haemost. 121, 849–853. doi:10.1055/a-1477-3569
 Scott, R. P., and Quaggin, S. E. (2015). The Cell Biology of Renal Filtration. J. Cel Biol. 209, 199–210. doi:10.1083/jcb.201410017
 Sharma, K. (2014). Tell-tale Signs of Perturbed Podocytes. Jasn 25, 1367–1369. doi:10.1681/ASN.2014020200
 Smarz-Widelska, I., Grywalska, E., Morawska, I., Forma, A., Michalski, A., Mertowski, S., et al. (2021). Pathophysiology and Clinical Manifestations of COVID-19-Related Acute Kidney Injury-The Current State of Knowledge and Future Perspectives. Ijms 22, 7082. doi:10.3390/ijms22137082
 Spyropoulos, A. C., Levy, J. H., Ageno, W., Connors, J. M., Hunt, B. J., Iba, T., et al. (2020). Scientific and Standardization Committee Communication: Clinical Guidance on the Diagnosis, Prevention, and Treatment of Venous Thromboembolism in Hospitalized Patients with COVID‐19. J. Thromb. Haemost. 18, 1859–1865. doi:10.1111/jth.14929
 Suades, R., Padró, T., Vilahur, G., and Badimon, L. (2012). Circulating and Platelet-Derived Microparticles in Human Blood Enhance Thrombosis on Atherosclerotic Plaques. Thromb. Haemost. 108, 1208–1219. doi:10.1160/TH12-07-0486
 Takahashi, N., Yoshida, H., Kimura, H., Kamiyama, K., Kurose, T., Sugimoto, H., et al. (2020). Chronic Hypoxia Exacerbates Diabetic Glomerulosclerosis through Mesangiolysis and Podocyte Injury in Db/db Mice. Nephrol. Dial. Transpl. 35, 1678–1688. doi:10.1093/ndt/gfaa074
 TenCate, H. (2021). Surviving COVID-19 with Heparin?. N. Engl. J. Med. 385, 845–846. doi:10.1056/NEJMe2111151
 Terpos, E., Ntanasis‐Stathopoulos, I., Elalamy, I., Kastritis, E., Sergentanis, T. N., Politou, M., et al. (2020). Hematological Findings and Complications of COVID ‐19. Am. J. Hematol. 95, 834–847. doi:10.1002/ajh.25829
 Tripisciano, C., Weiss, R., Eichhorn, T., Spittler, A., Heuser, T., Fischer, M. B., et al. (2017). Different Potential of Extracellular Vesicles to Support Thrombin Generation: Contributions of Phosphatidylserine, Tissue Factor, and Cellular Origin. Sci. Rep. 7, 6522. doi:10.1038/s41598-017-03262-2
 Tripisciano, C., Weiss, R., KaruthedomGeorge, S., Fischer, M. B., and Weber, V. (2020). Extracellular Vesicles Derived from Platelets, Red Blood Cells, and Monocyte-like Cells Differ Regarding Their Ability to Induce Factor XII-dependent Thrombin Generation. Front. Cel Dev. Biol. 8, 298. doi:10.3389/fcell.2020.00298
 Vanassche, T., Orlando, C., Vandenbosch, K., Gadisseur, A., Hermans, C., Jochmans, K., et al. (2020). Belgian Clinical Guidance on Anticoagulation Management in Hospitalised and Ambulatory Patients with COVID-19. Acta Clinica Belgicaclin. Belg. , 1–6. doi:10.1080/17843286.2020.1829252
 Wan, Y. I., Bien, Z., Apea, V. J., Orkin, C. M., Dhairyawan, R., Kirwan, C. J., et al. (2021). Acute Kidney Injury in COVID-19: Multicentre Prospective Analysis of Registry Data. Clin. Kidney J. 14, 2356–2364. doi:10.1093/ckj/sfab071
 Wolberg, A. S., Aleman, M. M., Leiderman, K., and Machlus, K. R. (2012). Procoagulant Activity in Hemostasis and Thrombosis. Anesth. Analg. 114, 275–285. doi:10.1213/ANE.0b013e31823a088c
 Xie, R., Gao, C., Li, W., Zhu, J., Novakovic, V., Wang, J., et al. (2012). Phagocytosis by Macrophages and Endothelial Cells Inhibits Procoagulant and Fibrinolytic Activity of Acute Promyelocytic Leukemia Cells. Blood 119, 2325–2334. doi:10.1182/blood-2011-06-362186
 Yende, S., and Parikh, C. R. (2021). Long COVID and Kidney Disease. Nat. Rev. Nephrol. 17, 792–793. doi:10.1038/s41581-021-00487-3
 Yu, M., Xie, R., Zhang, Y., Liang, H., Hou, L., Yu, C., et al. (2018). Phosphatidylserine on Microparticles and Associated Cells Contributes to the Hypercoagulable State in Diabetic Kidney Disease. Nephrol. Dial. Transpl. 33, 2115–2127. doi:10.1093/ndt/gfy027
 Zahran, A. M., El-Badawy, O., Ali, W. A., Mahran, Z. G., Mahran, E. E. M. O., and Rayan, A. (2021). Circulating Microparticles and Activated Platelets as Novel Prognostic Biomarkers in COVID-19; Relation to Cancer. Plos. One. 16, e0246806. doi:10.1371/journal.pone.0246806
 Zhang, S., Zhang, J., Wang, C., Chen, X., Zhao, X., Jing, H., et al. (2021). COVID-19 and Ischemic Stroke: Mechanisms of Hypercoagulability (Review). Int. J. Mol. Med. 47, 1. doi:10.3892/ijmm.2021.4854
 Zheng, X., Yang, H., Li, X., Li, H., Xu, L., Yu, Q., et al. (2020). Prevalence of Kidney Injury and Associations with Critical Illness and Death in Patients with COVID-19. Cjasn 15, 1549–1556. doi:10.2215/CJN.04780420
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Yu, Novakovic, Xie and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-09-784505-t001.jpg
Disease References RMPs PMPs EMPs NMPs LMPs MMPs

DKD Yu, M. etal T T T T T T
NS Gao, C. etal T T T T T T
Uremia Geo, C. etal 1 1 1 T 1 T
IBD He, Z etal 7 T T T il T
CABG Jy, W.etal T 1 i T 1 1
Atherothrombosis Suades, R. et al 1 T 1 T T 1
APS Chaturvedi, S. et al 1 T 1 1 T 1
Dengue Patil R. et al 7 T 1 1 T 1
COVID-19 Zahran, A M. et al 1 1 1 T 1 T
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Biue shading indicates the main sources of MPs found in the study.
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N = 413 LMWH-treated patients
(N = 187), LMWH-untreated
patients (N = 226)
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311), Prophylactic group (1 = 304)

N = 1,008 (critical patients)
Therapeutic-dose (1 = 534),
Usual-care thromboprophylaxis
(n = 564)

N = 2,219 (noncritical patients)

Intervention

Prophytactic anticoagulation

Intermediate-cose: enoxaparin,
1 mg/kg daily Standard
prophylactic: enoxaparin, 40 mg
daly

Early anticoaguiant (LMWH)

Therapeutic: rivaroxaban for
stable patients, or enoxaparin or
unfractionated heparin for
unstable patients, followed by
ivaroxaban to day 30,
Prophylactic: standard in-
hospital enoxaparin or
unfractionated heparin
Therapeutic-dose anticoagulant
(heparin)

Therapeutic-dose anticoagulant
(heparin)

Results

30-day mortality in anticoagulant and
non-anticoagulant patients (14.3
vs. 18.7%)

Meassive bleeding rate in medium dose
group and standard dose group (2.5
vs. 1.4%)

The number of ICU transfer and longer
length of hospital stay were more
commonly observed in LMWH-
untreated patients (pvalues <0.05)

The primary efficacy outcome was not
different between patients assigned
therapeutic or prophylactic
anticoagulation, Therapeutic vs.
prophylactic: bleeding (8 vs. 2%)
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median value for organ support (1 vs.
4); survival discharge rate (62.7 vs.

64.5%); major bleeding (3.8 vs. 2.3%)

Therapeutic-dose anticoagulation
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was 98.6%, Therapeutic-dose vs.
usual-care thromboprophylaxis: major
bleeding (1.9 vs. 0.9%)

Conclusions

Early initiation of prophytactic
anticoagulation compared with no
anticoagulation among patients
admitted to hospital with COVID-19
was associated with a decreased risk
of 30-day mortality and no increased
tisk of serious bleeding events
These results do not support the
routine empirical use of intermediate-
dose prophylactic anticoagulation in
unselected patients admitted to the
1CU with COVID-19

Early anticoagulant treatment with
relatively higher doses of LMWH may
improve the ciinical outcome of
COVID-19 patients and shorten the
length of hospital stay

In-hospital therapeutic
anticoagulation with rivaroxaban or
enoxaparin followed by rivaroxaban
to day 30 did not improve clinical
outcomes and increased bleeding
compared with prophylactic
anticoagulation

In critically il patients with COVID-19,
therapeutic-dose anticoagulation
with heparin did not resultin a greater
probability of sunvival to hospital
discharge or a greater number of
days free of cardiovascular or
respiratory organ support than did
usual-care pharmacologic
thromboprophylaxis

Innoncritically il patients with COVID-
19, an initial strategy of therapeutic-
dose anticoagulation with heparin
increased the probabilty of survival to
hospital discharge compared with
usual-care thromboprophylaxis
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