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A B S T R A C T   

Antiphospholipid syndrome and the coagulopathy of COVID-19 share many pathophysiologic 
features, including endotheliopathy, hypercoagulability, and activation of platelets, complement 
pathways, and neutrophil extracellular traps, all acting in concert via a model of immuno-
thrombosis. Antiphospholipid antibody production in COVID-19 is common, with 50% of COVID- 
19 patients being positive for lupus anticoagulant in some studies, and with non-Sapporo criteria 
antiphospholipid antibodies being prevalent as well. The biological significance of anti-
phospholipid antibodies in COVID-19 is uncertain, as such antibodies are usually transient, and 
studies examining clinical outcomes in COVID-19 patients with and without antiphospholipid 
antibodies have yielded conflicting results. In this review, we explore the biology of anti-
phospholipid antibodies in COVID-19 and other infections and discuss mechanisms of thrombo-
genesis in antiphospholipid syndrome and parallels with COVID-19 coagulopathy. In addition, we 
review the existing literature on safety of COVID-19 vaccination in patients with antiphospholipid 
antibodies and antiphospholipid syndrome.   

1. Introduction 

One of the major mediators of morbidity and mortality in coronavirus disease 2019 (COVID-19) is a coagulopathy characterized by 
increased risks of arterial, venous, and microvascular thrombosis [1,2]. A multitude of pathophysiologic processes drive this hyper-
coagulable state, including endotheliopathy, cellular activation and inflammation, complement activation, autoantibody generation, 
cytokine dysregulation, and fibrinolytic derangements, all supporting a model of immunothrombosis as observed in other micro-
vascular inflammatory diseases [3–15]. 

Antiphospholipid syndrome (APS) is an autoimmune, thromboinflammatory disease characterized by thrombosis and/or preg-
nancy loss in the presence of one or more antiphospholipid antibodies (aPL) [16]. APS can occur as a primary disorder or concomi-
tantly with another underlying autoimmune disease such as systemic lupus erythematosus [17]. A diagnosis of APS may be established 
on the basis of the revised Sapporo criteria, which require thrombotic or obstetrical complications and persistent positivity for lupus 
anticoagulant (LA) or high-titre anti-cardiolipin (aCL) or anti-beta-2 glycoprotein I (aβ2GPI) IgG or IgM antibodies [18]. The primary 
pathogenic antibodies in APS are aβ2GPI, which activate endothelial cells, leading to a hypercoagulable state. Other “non-Sapporo” 
criteria aPL such as antiphosphatidylserine and prothrombin antibodies (aPS/PT) have also been described in APS, but their clinical 
significance is uncertain [19]. 

* Corresponding author. 
E-mail addresses: ayesha.butt@yale.edu (A. Butt), erkand@hss.edu (D. Erkan), alfred.lee@yale.edu (A.I. Lee).  

Contents lists available at ScienceDirect 

Best Practice & Research Clinical Haematology 

journal homepage: www.elsevier.com/locate/issn/15216926 

https://doi.org/10.1016/j.beha.2022.101402 
Received 2 September 2022; Received in revised form 7 October 2022; Accepted 11 October 2022   

mailto:ayesha.butt@yale.edu
mailto:erkand@hss.edu
mailto:alfred.lee@yale.edu
www.sciencedirect.com/science/journal/15216926
https://www.elsevier.com/locate/issn/15216926
https://doi.org/10.1016/j.beha.2022.101402
https://doi.org/10.1016/j.beha.2022.101402
https://doi.org/10.1016/j.beha.2022.101402


Best Practice & Research Clinical Haematology xxx (xxxx) xxx

2

LA testing is a complex, multi-step process [20]. The first test, a screening test, measures clotting times in the presence of a reagent 
exquisitely sensitive to the presence of phospholipids (e.g., Russell’s viper venom) [20]. If the clotting time as measured in the 
screening test is prolonged, a mixing study is done utilizing an equal volume of the patient’s plasma with normal pooled plasma; failure 
of the mixing study to correct the prolonged clotting time is suggestive of the presence of an inhibitor. The final confirmatory test 
involves the addition of excess phospholipid to shorten or correct the prolonged coagulation test; correction of a prolonged clotting 
time with added phospholipid and not with control plasma is characteristic of LA. A number of factors may lead to false positive LA 
testing, most commonly anticoagulant medications that prolong clotting time measurements. 

The presence of aPL in COVID-19 was first reported early in the pandemic by investigators in Beijing, who identified three patients 
with COVID-19, multiple cerebral infarctions, and, in one case, limb ischemia, who tested positive for aCL IgA and aβ2GPI IgA and IgG 
antibodies [21]. Several subsequent studies followed exploring potential links between APS and COVID-19 based on similar immu-
nothrombotic features of both diseases [22]. In this review, we explore the prevalence and significance of aPL in COVID-19, the shared 
mechanisms of thrombosis in APS and COVID-19 coagulopathy, and the implications of COVID vaccination in APS patients. 

2. Mechanisms of thrombogenesis in APS 

aPL are not thrombogenic on their own, and a multiple-hit model is believed to explain the progression from aPL to thrombotic or 
obstetrical sequelae. Binding of aPL to endothelial cells and monocytes induces expression of cellular adhesion molecules and tissue 
factor, triggering activation of endothelial cells and of the coagulation cascade [23–25]. aPL also cause production of inflammatory 
cytokines such as interleukin-6, interleukin-8, and vascular endothelial growth factor [26]. aPL binding to β2GPI activates apolipo-
protein E receptor 2, leading to upregulation of protein phosphatase 2A and down regulation of Akt and endothelial nitrous oxide 
synthase, reducing levels of nitric oxide, an anti-inflammatory and vasodilatory substance [27]. Together, these factors all lead to 
increased oxidant injury, activating the endothelium for thrombus generation [28,29]. Binding and endosomal uptake of aPL by 
monocytes and dendritic cells activates NADPH oxidase, producing superoxide and upregulating expression of Toll-like receptors 7 and 
8, amplifying oxidative stress and inflammation and further driving thrombosis in APS [30]. aβ2GPI disrupt annexin A5, an antico-
agulant protein found in placental and vascular endothelium, augmenting the risks of thrombosis and miscarriage in APS [31,32]. 

Platelets are also a major mediator thrombosis in APS [33]. aβ2GPI bind to multiple receptors on platelet surfaces, including 
platelet glycoprotein (GP) Ibα, GP IIb/IIIa (integrin aIIbβ3), and apolipoprotein E receptor 2, with p38MAPK phosphorylation and 
release of multiple procoagulant molecules including thromboxane A2 and platelet factor 4, all leading to platelet activation [34]. In 
murine models, infusion of aβ2GPI leads to activation of endothelial cells, platelets, and monocytes [35]; aβ2GPI-β2GPI complexes 
selectively bind the platelet thrombus rather than the endothelium, amplifying platelet activation, leading to enhanced endothelial 
activation and fibrin generation [36]. P-selectin on platelets and endothelial cells as well as endothelial cell surface markers such as 
intercellular cell adhesion molecule-1 and vascular endothelial cell adhesion molecule-1 recruit leukocytes to platelet thrombi and 
endothelial cells in the presence of aPL [34,37]. 

In addition, aPL may activate the complement system, particularly the alternative complement pathway [38]. In murine models, 
complement deficient-mice are resistant to aPL-induced thrombosis or fetal loss [39–41]. APS patients near the time of a thrombotic 
event demonstrate increased complement activation as measured via a modified Ham assay and cell surface deposition of terminal 
complement C5b-9, while germline mutations can be identified in patients with catastrophic APS [42]. aβ2GPI complexes trigger the 
classical complement pathway by binding to C1q, activating C3b and engaging the alternative pathway [43]. A role for complement 
activation is further underscored by the successful use of eculizumab, a terminal complement inhibitor, in treating some patients with 
obstetrical or catastrophic APS [38]. 

The production of extracellular webs of chromatin by neutrophils, a.k.a. neutrophil extracellular traps (NETs), is an emerging 
hallmark of APS. NETs are complexes of decondensed chromatin with histones and neutrophil granule proteins released by neutrophils 
in response to various infectious and non-infectious stimuli. This process of NET production and release, known as NETosis, leads to 
activation of platelets, endothelial cells, and complement proteins [44]. Under normal conditions, NETs physically immobilize mi-
crobes and release antimicrobial substances such as antimicrobial peptides, histones and proteases [44]. When dysregulated, NETs 
may precipitate endothelial damage and thrombosis, contributing to the microvascular complications seen in numerous autoimmune 
diseases. Mice treated with IgG fractions from APS patients have higher circulating levels of cell-free DNA compared to controls, while 
thrombi from APS mice are enriched for citrullinated histone H3, a NET marker [45]; moreover, selective agonism of the adenosine A2A 
receptor in a mouse APS model suppresses aPL-mediated NETosis and reduces thrombosis [46]. These studies highlight a potential role 
for NETosis in the pathogenesis of thrombosis in APS. 

3. aPL and infections 

aPL are known to develop transiently in the setting of numerous types of infections. Syphilis was the first infection to be linked with 
aPL [47,48]; historically, a falsely positive Rapid Plasma Reagin test was a hallmark of the presence of LA and aCL antibodies due to the 
presence of cardiolipin in the reagent. In one systematic review and meta-analysis, human immunodeficiency virus (HIV) and hepatitis 
C virus (HCV) were the two most frequent viruses reported to be involved in aPL generation, with HIV, hepatitis B virus (HBV), HCV, 
and Epstein-Barr virus (EBV) associated with the development of aCL antibodies and HCV and EBV additionally associated with 
aβ2-GPI antibody formation [47]. The prevalence of aCL in HIV, EBV, and HCV appears to be much higher than LA [49–51]. 

Among bacterial infections, Hansen’s disease, Staphylococci, Streptococci, tuberculosis, Coxiella, Mycoplasma, Salmonella, Lyme 
disease, leptospirosis, and various forms of bacterial endocarditis have also been implicated in aPL production [47]. Parasitic 
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infections like malaria, kala azar, and toxoplasmosis also lead to aPL production [47]. 
One mechanism for production of aPL in infections may be molecular mimicry due to antigenic similarity and cross-reacting an-

tibodies between the infectious agent and β2GPI in host tissue [48]. Haemophilus influenzae, Neisseria gonorrhoea, and Clostridium tetani 
share epitope homology with the β2GPI molecule, which may explain production of aβ2GPI antibodies in these and other bacterial 
infections [47]. However, the breadth of microbial agents associated with aPL generation is striking, and additional processes may 
account for aPL production across a range of different infections. 

In most instances, aPL that arise in the setting of infection are transient phenomena restricted to active infection, while chronic 
infections such as HIV and HCV may demonstrate persistence of aPL whose clinical significance is unknown [48]. Some studies of aPL 
report increased rates of thromboembolic events with HBV or HCV and increased pregnancy-related events with parvovirus [48], while 
most other studies suggest that aPL in the setting of infection are clinically quiescent [47]. 

4. aPL in COVID-19 

Numerous studies in the literature have described high rates of aPL in hospitalized patients with COVID-19 [52–60]. The rates of 
aPL in these studies are higher than those reported in other viral infections, but the analyses are all potentially confounded by reporting 
bias and the use of anticoagulation at the time that LA testing was performed, leading to the potential for falsely positive LA results 
[61]. In addition, acute phase reactants such as C-reactive protein may increase the risk of a false-positive LA result [60]. 

In the largest meta-analysis of aPL in COVID-19, which analyzed 1159 hospitalized patients with COVID-19 and at least one aPL 
across 21 different studies, the pooled prevalence rate of one or more aPL (aCL IgM or IgG, aβ2GPI, LA, or aPS/PT) was 46.8% [49]. The 
pooled prevalences for each of LA, aCL IgM or IgG, and aβ2GPI IgM or IgG were 50.7%, 13.9%, and 6.7% respectively. Of the total 
study population, 14.3% of patients were double positive for two Sapporo criteria aPL tests while 6.1% were triple positive for all three. 
The prevalence of aCL (28.8 versus 7.1%) and aβ2GPI (12.0 versus 5.8%) was significantly higher in critically ill versus non-critically 
ill patients, mirroring other analyses of aPL in critical illness outside of COVID-19 [62]. Another systematic review observed a wide 
range of prevalence of aPL in COVID-19 patients across different studies in the literature, with LA positivity reported in 35–90% of 
COVID-19 patients in the intensive care unit (ICU) and 20–66% for ICU and medical ward patients combined, and with 1–12% of 
patients being triple positive [22]. In this study, a high prevalence of non-Sapporo criteria antibodies was also observed (aCL IgA, 20% 
to more than 90% of patients; aβ2GPI IgA, 0–86%; aPS/PT, 0–24%; anti-annexin V antibodies, 3–19%) [21]. 

While most studies of aPL in COVID-19 have focused on hospitalized patients, one retrospective multicenter study examining both 
hospitalized and ambulatory COVID-19 patients found no significant difference in prevalence of aPL between these two populations 
(50% versus 43.3%, respectively) [49–51,63–65]. 

A few mechanisms have been proposed to explain the development of aPL in COVID-19: molecular mimicry, neoepitope formation, 
and phosphatidylserine exposure [31,66]. Coronaviruses are structurally comprised of four proteins: spike (S), membrane, envelope, 
and nucleocapsid [67]. The S glycoprotein, containing two subunits (S1 and S2), determines antigenic diversity of the virus and host 
tropism [68]. The S1 subunit allows the virus to attach to the host cell receptor while S2 mediates fusion of the viral capsid with the 
host cell membrane [31]. In molecular mimicry, the S1 and S2 glycoprotein subunits of the SARS-CoV-2 viral S protein form a 
phospholipid-like epitope that induces formation of aPL, which can trigger an autoimmune response if the antigenic determinants are 
similar to host human tissue [69]. The neoepitope model postulates that oxidative stress in COVID-19 causes a change in confirmation 
of β2GPI, a plasma protein involved in hemostasis and immunity, creating a neoepitope for the generation of aβ2GPI [70]. During 
pathogenesis of APS, oxidative stress leads to a thiol exchange reaction and formation of disulfide bonds in domains I and V of the 
β2GPI protein, leading to a conformational change that renders β2GPI immunogenic [71,72]. It is possible that oxidative stress from 
COVID-19 may induce similar conformational changes in β2GPI and consequent generation of aPL. Phosphatidylserine, located on the 
inner surface of the lipid bilayer, may become exposed during infection with COVID-19 or other viruses through the action of 
phospholipid scramblase, which may trigger aPL production as well as inflammatory and thrombogenic responses [66]. 

In the above studies, the ~50% reported prevalence of LA in COVID-19 is much higher than in other viral infections [49–51]. At 
first glance, this difference appears intriguing based on the increased association of LA with thrombosis compared to aCL or aβ2-GPI in 
APS, but reporting bias confounds any direct comparisons [63]. 

aPL generated during COVID-19 infection tend to demonstrate only transient elevation. One study of 31 ICU patients with COVID- 
19 found 23 (74.2%) with at least one aPL, but on repeat testing 1 month later, only one of the 10 patients retested had persistent aPL 
[73]. Another study of 79 hospitalized COVID-19 patients (mostly in the ICU) with an initially positive LA found that none of 42 who 
were retested between 3 and 6 months later had a positive LA, while 10 patients (23.8%) remained positive for other aPL [74]. Another 
study of critically ill COVID-19 patients examined aPL at multiple time points in six patients and observed distinct patterns of aPL 
positivity over time [75]; in some patients, aPL peaked around 30–50 days after disease onset, then declined over subsequent days, 
while other patients demonstrated more transient aPL positivity [75]. 

Compared to APS, aPL titres generated in COVID-19 are generally lower, with a preponderance of weakly reactive antibodies 
against domains 1 and domains 4–5 of β2-GPI, in contrast to strong reactivity against β2GPI domain 1 as seen in APS [76]. In studies of 
APS, aβ2GPI with strong reactivity against domain 1 are believed to be thrombogenic, while aβ2GPI with reactivity to domains 4–5 are 
generally not thrombogenic [76–78]. In light of this and the transient nature of aPL in COVID-19, the thrombogenicity of these an-
tibodies is uncertain. 

A. Butt et al.                                                                                                                                                                                                            



Best Practice & Research Clinical Haematology xxx (xxxx) xxx

4

Table 1 
Summary of studies of antiphospholipid antibodies in patients with COVID-19. Abbreviations: aPL, antiphospholipid antibodies; CVC, central 
venous catheter; DVT, deep venous thrombosis; ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit; MI, myocardial infarction; 
PE, pulmonary embolism.  

Study [reference] Study 
location 

Setting Number of patients aPL tests 
performed 

Number of 
patients with 
positive aPL, n 

aPL 
persistent, 
type (ratio) 

Thrombotic Events, n 

Zhang et al. [21] China ICU 3  • LA 0 N/a Strokes, MI, LI  
• aCL IgA 3  
• aβ2-GPI 

IgG, IgA 
3; 3 

Helms et al. [52] France ICU 57  • LA 50 N/a N/a 
Pineton de Chambrum 

et al. [115] 
France ICU 25  • LA 23 n/a 6 PE  

• aCL IgA, 
IgG, IgM 

7; 13; 5  

• aβ2-GPI 
IgA, IgG, 
IgM 

3; 1;0  

• aPS/PT 
IgG, IgM 

15; 14 

Fan et al. [93] China ICU 86  • aPL: LA or 
aCL or aβ2- 
GPI 

12 n/a 6 strokes 

Amezcua-Guerra et al 
[116]. 

Mexico ICU 21  • aCL IgG, 
IgM 

2; 3 n/a 2 PE  

• aβ2-GPI 
IgG, IgM 

1; 0  

• aPS/PT 
IgG, IgM 

2; 4  

• aPI IgG, 
IgM 

0; 0  

• aAV IgG, 
IgM 

1; 4 

Devreese et al. [117] Belgium ICU 31  • LA 21 At 1 month: 
1/10 LA 
0/4 aCL 
1/2 aβ2-GPI 
tested again 

4 CVC thrombosis, 
2 Clotting of dialysis 
circuit, 3 Clotting 
ofECMO circuit, 
2 DVT 
1 Stroke  

• aCL IgA 3  
• aCL IgG, 

IgM 
6; 1  

• aβ2-GPI 
IgA 

3  

• aβ2-GPI 
IgG, IgM 

3; 1  

• aPS/PT 
IgG, IgM 

3; 4 

Borghi et al. [118] France ICU 122  • aCL IgG, 
IgM 

7; 8 n/a N/a  

• aβ2-GPI 
IgG, IgM 

19; 11  

• aβ2-GPI 
IgA 

8 

Zhang et al. [119] China ICU 19  • LA 16 n/a 4 ATE 
1 VTE 
7 micro-thrombi  

• aCL IgA 2; 1  
• aCL IgG, 

IgM 
7  

• aβ2-GPI 
IgA aβ2- 
GPI IgG, 
IgM 

6; 0 

Fan et al. [120] Singapore ICU 12 for LA, 4 for others 
aPL 
among 12 
patients  

• LA 6 n/a n/a  
• aCL IgG, 

IgM 
1; 2  

• aβ2-GPI 2 
Alharthy et al. [121] Saudi 

Arabia 
ICU 3  • aCL 3 n/a 1 DVT  

• aβ2-GPI 
IgG, IgM 

3; 3 

Siguret et al. [122] France ICU 74  • LA 63 n/a 26 DVT, 4 PE, 1 stroke, 
1 CV 
thrombosis  

• aCL or aβ2- 
GPI 

9 

Frapard et al. [123] France ICU 37  • aβ2-GPI or 
aCL IgA 

7 n/a 21 VTE 
11 circuit thrombosis 

6 

(continued on next page) 
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Table 1 (continued ) 

Study [reference] Study 
location 

Setting Number of patients aPL tests 
performed 

Number of 
patients with 
positive aPL, n 

aPL 
persistent, 
type (ratio) 

Thrombotic Events, n  

• aβ2-GPI or 
aCL, IgG or 
IgM 

Van der Linden et al. 
[124] 

Sweden ICU 23  • aCL IgA 19 n/a 9 PE 
3 DVT  • aCL IgG, 

IgM 
7; 9  

• aβ2-GPI 
IgA 

20  

• aβ2-GPI 
IgG, IgM 

7; 8 

Vlachoyiannopoulos 
et al. [125] 

Greece ICU 29  • aCL IgG, 
IgM 

7; 3 n/a n/a  

• aβ2-GPI 
IgG, IgM 

5; 7 

Karahan et al. [126] Turkey ICU 26 for LA, 
31 for other aPL,among 
31 
patients  

• LA 6 n/a 1 stroke 
1 MI 
2 others thrombotic 
events  

• aCL IgG, 
IgM 

0; 2  

• aβ2-GPI 
IgA 

2  

• aβ2-GPI 
IgG, IgM 

0; 0 

Mullaguri et al. [127] USA ICU 2  • aCL IgM, 
IgA 

2,1 n/a 2 strokes, 2 PE 

Trahtemberg et al. 
[128] 

Canada ICU 22  • aCL IgG, 
IgM 

13; 7 n/a n/a  

• aβ2-GPI 
IgG, IgM 

0; 0  

• aβ2-GPI-DI 
IgG 

0  

• aPS/PT 
IgG, IgM 

0; 1 

Najim et al. [129] Qatar ICU 60  • LA 21 NA 1 VTE 
2 ATE  • aCL IgG, 

IgM 
0; 0  

• aβ2-GPI 
IgG, IgM 

1; 1 

Harzallah et al. [130] France NA 56  • LA 25 n/a n/a  
• aCL or aβ2- 

GPI 
5 

Bowles et al. [131] UK NA 34  • LA 31 n/a 1 VTE 
Gazzaruso et al. [82] Italy MW 45  • LA 21 n/a n/a  

• aCL IgG, 
IgM 

1; 1  

• aβ2-GPI 
IgG, IgM 

2; 3 

Popovic et al. [132] France NA 11  • aCL 3 n/a 11 MI  
• aβ2-GPI 1 

Galeano-Valle et al. 
[133]  

Spain MW 24  • aCL IgG, 
IgM 

0; 2 n/a 24 VTE  

• aβ2-GPI 
IgG, IgM 

0; 2 

Gatto et al. [65] Italy NA 72 for LA 
121 for IgA 
112 for other isotype, 
among 122 patients  

• LA 16 n/a 17 VTE 
1 stroke  • aCL IgA 2  

• aCL IgG, 
IgM 

15; 3  

• aβ2-GPI 
IgA 

4  

• aβ2-GPI 
IgG, IgM 

7; 8 

Reyes et al. [91] USA NA 68  • LA 38 n/a 17 DVT, 7 PE 
6 ATE 
2 strokes  

• aCL IgG, 
IgM 

0; 1  

• aβ2-GPI 
IgG, IgM 

0; 1 

Rothstein et al. [94] USA NA 9  • aPL 9 NA strokes 
Hossri et al. [134] USA NA 2  • LA 0 NA Stroke, LI, SI 

2 

(continued on next page) 
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Table 1 (continued ) 

Study [reference] Study 
location 

Setting Number of patients aPL tests 
performed 

Number of 
patients with 
positive aPL, n 

aPL 
persistent, 
type (ratio) 

Thrombotic Events, n  

• aCL IgG, 
IgM  

• aβ2-GPI 0 
Previtali et al. [135] Italy NA 35  • aCL IgA 0 Autopsy 

series 
10 thromboembolic 
events 
4 PE 
2 strokes  

• aCL IgG, 
IgM 

1; 2  

• aβ2-GPI 0  
• aPS/PT 

IgG, IgM 
1; 2 

Gazzaruso et al. [58] Italy NA 192  • LA 95 NA  
Kanso et al. [136] France MW 2  • LA 1 NA 1 PE 
Guillet et al. [137] France NA 4  • LA 1 NA 4 ATE (MI, LI,aortic 

thrombosis)  • aCL IgG, 
IgM 

0; 1 

Cristiano et al. [138] Italy MW 92  • aCL IgG, 
IgM 

3; 1 NA NA  

• aβ2-GPI 
IgG, IgM 

0; 2  

• aPS/PT 
IgG, IgM 

2; 3  

• aAV IgG, 
IgM 

4; 3 

Balanchivadze et al. 
[139]  

USA NA 2  • aCL IgG, 
IgM 

2; 2 At 3 months: 
0/2 tested 
again 

2 PE  

• aβ2-GPI 
IgA 

2 

Le Joncour et al. [54]  France MW 53 for LA 
104 for other aPL,among 
104 patients  

• LA 21 NA 9 PE 
1 DVT 
1 aortic thrombus  

• aCL IgA 31  
• aCL IgG, 

IgM 
8; 8  

• aβ2-GPI 
IgA 

6  

• aβ2-GPI 
IgG, IgM 

5; 3 

Anaya et al. [140] Colombia NA 120  • aCL IgG, 
IgM 

2; 22 NA NA  

• aβ2-GPI 
IgG, IgM 

0; 17 

Beyrouti et al. [141] UK Mixed 6  • LA 5 NA 6 strokes  
• aCL IgG, 

IgM 
0; 1  

• aβ2-GPI 
IgG, IgM 

1; 1 

Pascolini et al. [142] Italy Mixed 33  • aCL IgG, 
IgM 

3; 5 NA NA  

• aβ2-GPI 
IgG, IgM 

2; 2 

Bertin et al. [80] France Mixed 56  • aCL, IgG, 
IgM  

• aβ2-GPI 
IgG, IgM 

16; 3 NA Strokes 
1; 4 

Zuo et al. [98] USA Mixed 172  • aCL IgA 6 NA NA  
• aCL IgG, 

IgM 
8; 39  

• aβ2-GPI 
IgA 

7  

• aβ2-GPI 
IgG, IgM 

5; 9  

• aPS/PT 
IgG, IgM 

42; 31 

Lerma et al. [143] USA Mixed 64  • aCL IgG, 
IgM 

1; 1 NA NA  

• aβ2-GPI 
IgG, IgM 

1; 2  

• aPS/PT 
IgG, IgM 

1; 3 

Ferrari et al. [83] France Mixed 89  • LA 59 NA 14 VTE 

(continued on next page) 
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Table 1 (continued ) 

Study [reference] Study 
location 

Setting Number of patients aPL tests 
performed 

Number of 
patients with 
positive aPL, n 

aPL 
persistent, 
type (ratio) 

Thrombotic Events, n  

• aCL 7  
• aβ2-GPI 6 

Gutiérrez et al. [144] Spain Mixed 27  • LA 6 NA 2 LI 
6 DVT 
10 PE 
2 strokes  

• aCL (IgG or 
IgM) 

0  

• aβ2-GPI 
IgA 

1  

• aβ2-GPI 
(IgG or 
IgM) 

1 

Xiao et al. [57] China Mixed 79  • LA 2 NA 19 DVT 
5 strokes 
1 MI  

• IgA aCL, 
aβ2-GPI 

17; 19  

• aCL IgG, 
IgM 

4; 2  

• aβ2-GPI 
IgG, IgM 

12; 1  

• aβ2-GPI-DI 
IgG 

2  

• aPS/PT 
IgG, IgM 

0; 7 

Tvito et al. [145] Israel Mixed 43  • LA 16 NA 3 thrombotic events  
• aCL or aβ2- 

GPI 
0 

Bauer et al. [146] Germany Mixed 17  • LA 3 NA NA 
Serrano et al. [59] Spanish Mixed 474  • aCL and/or 

aβ2-GPI 
IgG, IgM 

28 NA 9 thrombotic events  

• aβ2-GPI 
IgA 

71  

• aPS/PT 
IgG or IgM 

22 

Vollmer et al. [74] France Mixed 79 patients withLA 
positivity 
56 for aCL andaβ2-GPI, 
53 for other aPL  

• LA 79  
At 3 months: 
0/42 LA 
tested again 

30 VTE, 27 PE 
5 DTP or superficial 
VT 
10 ATE, 9 strokes, 0 
MI, 1 mesenteric 
infarction 
5 CT, 
5 ECMO or RRT circuit 
Clotting  

• aCL IgG, 
IgM 

1; 13  

• aβ2-GPI 
IgG, IgM 

0; 3  

• aPE 1  
• aPS 1  
• aPT 10  
• aAV 1 

Gendron et al. [87] France Mixed 115 for LA, 97 for aCL 
IgA, 
98 for aβ2-GPI IgA, 
109 for aPT 
148 for other aPL among 
154 patients  

• LA 70 NA Only for LA positivity: 
19 VTE 
15 symptomatic PE 
6 symptomatic DVT  

• aCL IgA 3  
• aCL IgG, 

IgM 
9; 2  

• aβ2-GPI 
IgG, IgM 

5; 3  

• aβ2-GPI 
IgA 

2  

• aPS/PT 
IgG, IgM 

0; 7  

• aPT IgG, 
IgM 

11; 10 

Benjamin et al. [147] UK Mixed 77  • aCL IgG, 
IgM 

11; 41 NA 12 VTE  

• aβ2-GPI 
IgG, IgM 

6; 10  

• aPS/PT 
IgG, IgM 

3; 8  

• aβ2-GPI-DI 
IgG 

10 

Hollerbach et al. [148] Germany Mixed 174 for aCL and aβ2-GPI 
53/174 had aPS/PT IgG, 
IgM  

• aCL IgG, 
IgM 

11; 0 NA NA  

• aβ2-GPI 
IgG, IgM 

1; 0  

• aPS/PT 
IgG, IgM 

0; 4 

(continued on next page) 

A. Butt et al.                                                                                                                                                                                                            



Best Practice & Research Clinical Haematology xxx (xxxx) xxx

8

5. aPL and clinical outcomes in COVID-19 

Individual studies have drawn a diverse range of conclusions about correlations between aPL in COVID-19 and clinical outcomes 
such as disease severity, laboratory markers, thromboembolic complications, and mortality (Table 1). Some studies have described 
either a strong and statistically significant association between aPL and disease severity or mortality, or an enrichment of aPL positivity 
among hospitalized COVID-19 patients as a function of disease severity, while others have not [74,79–86]. Elevated levels of acute 
phase reactants such as C-reactive protein and fibrinogen have been observed in COVID-19 patients with a positive LA test in a couple 
prospective studies [82,87]. Other studies, however, have not observed differences in these parameters [42,71,83,88,89]. 

In the largest meta-analysis of aPL in COVID-19, no association between aPL positivity and mortality was found [49]. A number of 

Table 1 (continued ) 

Study [reference] Study 
location 

Setting Number of patients aPL tests 
performed 

Number of 
patients with 
positive aPL, n 

aPL 
persistent, 
type (ratio) 

Thrombotic Events, n 

Lee et al. [149] Korea Mixed 105  • aCL IgG, 
IgM 

2; 29  2 in hospital 
thrombosis  

• aβ2-GPI 
IgG, IgM 

4; 4  

• aPS/PT 
IgG, IgM 

0; 3 

Gil-Etayo et al. [96] Spain Mixed 390  • aCL IgG, 
IgM 

8; 10 5; 11 24 PE, 
8 thrombotic stroke, 4 
DVT and 1 arterial 
thrombosis  

• aβ2-GPI 
IgG, IgM 

4; 10 12; 16  

• aPS/PT 
IgG, IgM 

7; 9 8; 9 

Constans et al. [85] Spain Mixed 211  • LA 128 NA 2 PE, 2 MI, 2 ischemic 
stroke 

Emmenegger et al. 
[150] 

Germany Mixed 95  • aCL IgG, 
IgM 

0,12% NA NA  

• aβ2-GPI 
IgG, IgM 

2.04,42.67%  

• aPS/PT 
IgG, IgM 

0,28%  

• aAV IgG, 
IgM 

2.04,29.33% 

Shi et al. [151] USA Mixed 118  • aCL IgG, 
IgM 

4.29 NA NA  

• aβ2-GPI 
IgG, IgM 

2,5  

• aPS/PT 
IgG, IgM 

28,18 

Atalar et al. [152] Turkey Mixed 73  • aCL IgG, 
IgM 

0,3  3 thrombosis  

• aβ2-GPI 
IgG, IgM 

0,7  

• LA 12 
Shah et al. [153] USA Mixed 20 (Hospitalized COVID- 

19 patients with a 
thromboembolic event)  

• aCL IgG, 
IgM 

1,10 NA   

• LA 1 
Bertin et al. [154] France Mixed 157  • aCL IgG, 

IgM 
41,13 NA 8 Thromboembolic 

events  
• aβ2-GPI 

IgG, IgM 
6,10  

• aPE IgG, 
IgM 

25,6  

• aPT IgG, 
IgM 

1,17 

Espinosa et al. [155] Spain Mixed 158 for first sample,58 
for second sample  

• aCL IgG, 
IgM 

11,5 5,10 27 PE, 1 CVA  

• aβ2-GPI 
IgG, IgM 

6,2 5,4  

• LA 24 17  
• aPS/PT 

IgG, IgM 
3,9 1,7 

Rosales-Castillo et al. 
[156] 

Granada Mixed 189 for first sample,69 
for second sample  

• aCL IgG, 
IgM 

3,7 2,6 No thromboembolic 
event  

• aβ2-GPI 
IgG, IgM 

6,9 4,6  

• LA 24 10  
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studies have described either an association between aPL and thrombosis in COVID-19, or an increased representation of aPL in 
COVID-19 patients with thrombotic complications including deep venous thrombosis, pulmonary embolism, stroke, or myocardial 
infarction [54,90–96]. By contrast, other studies, including the largest meta-analysis of aPL in COVID-19, have found no association 
with thrombosis [49,97]. Differences in aPL titres, persistence, and structural biology in COVID-19 compared to APS as described 
earlier may contribute to some of this variation. 

One study found elevated markers of neutrophil function and NET formation in sera from 172 hospitalized patients with COVID-19 
and high aPL titres [98]. In this study, IgG antibodies purified from COVID-1 patients with high aPL titres triggered NETosis in vitro, 
suggesting that aPL in some patients with COVID-19 may display biological activity, although their clinical relevance remains un-
certain [86]. 

6. Pathophysiologic similarities between APS and COVID-19 

APS and the coagulopathy of COVID-19 share many similar mechanisms that are believed to drive microvascular injury and 
thrombosis [99] (Fig. 1). In both APS and COVID-19, the production of nitric oxide is reduced due to inhibition of endothelial nitric 
oxide synthase, predisposing the endothelium to injury [99]. Markers of endothelial activation and damage including von Willebrand 
factor, tissue-type plasminogen activator, and soluble thrombomodulin correlate with disease severity in COVID-19, with upregulated 
expression of angiogenesis genes in lung tissue, underscoring the importance of the endothelium in COVID-19, similar to APS [88,99, 
100]. Complement activation has a significant role in both APS and COVID-19. SARS-CoV-2 activates all three complement pathways; 
viral antigens form immune complexes that activate the classical pathway while the spike protein of SARS-CoV-2 binds 
mannose-binding lectin, activating the lectin pathway [99]. The alternative complement pathway on cell surfaces is triggered by 
F-spike proteins (subunit 1 and 2), a mechanism that can be blocked using a Factor D inhibitor [43]. C3 convertase production by 
binding of the pathogen to a component of the alternative pathway can also activate the alternative pathway [43]. Skin and lung 
samples as well as elevated membrane attack complex levels in sera of patients, delineate the activation of these pathways in 
COVID-19, similar to thrombotic APS [43,89,101]. 

NETosis may be a central part of the pathogenesis of both APS and COVID-19 coagulopathy. In COVID-19, hyperstimulation of the 
immune system leads to NET production and microvascular occlusion as evidenced by myeloperoxidase-DNA and citrullinated histone 
H3 complexes, similar to APS [102]. NETosis may also function in mediating acute lung injury in COVID-19 [103]. 

Platelet activation is a hallmark of both APS and COVID-19 thrombosis. COVID-19 infection alters platelet transcriptosomes and 
leads to aggregate complexes of platelets with neutrophils, monocytes, and lymphocytes and platelet-monocyte aggregates in severe 
COVID-19 express tissue factor [5,104]. Moreover, sera from COVID-19 patients has been shown to lead to increased platelet apoptosis 
via IgG-mediated mechanisms [105]. Activated platelets in COVID-19 also express S100A8/S100A9 (MRP8/MRP14, calprotectin), 
correlating with markers of endothelial cell activation [106]. Hence, through various mechanisms platelet activation leads to increased 
thrombosis in COVID-19, similar to APS. 

Fig. 1. Common mechanisms of thrombosis shared by antiphospholipid syndrome and COVID-19. Abbreviations: ACE2, angiotensin con-
verting enzyme-2; aPL, antiphospholipid antibodye; β2GPI, beta-2 glycoprotein-I; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; NETosis, 
neutrophil extracellular trap formation and release. (Figure created using BioRender.com.) 
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7. COVID-19 vaccination in APS 

Questions regarding the safety and efficacy of COVID vaccines in patients with aPL or APS have been frequently been raised, with a 
few studies reporting overall favorable tolerance and minimal complications [107]. One multicenter Italian survey study evaluated 
161 patients with triple positive APS who received either the Moderna or the Pfizer-BioNTech COVID-19 vaccine [107]. Following the 
first vaccine dose, 83% experienced either no adverse reaction or minimal local signs/symptoms at the site of injection, while 12% had 
flu-like symptoms for less than 1 day and 4% for more than 1 day; 1% sought medical care, and no patients required hospitalization. 
Following the second dose, 68% had a minimal local reaction at the injection site; 22% had flu-like symptoms for less than 1 day and 
8% for more than 1 day, while 2% sought medical care. One patient developed deep venous thrombosis 39 days after receiving the 
second dose. No patients required hospitalization or developed a severe allergic reaction after either dose [107]. 

A separate single-institution Italian survey study evaluated 102 patients who received either the Moderna or Pfizer-BioNTech 
COVID-19 vaccine, included 52 patients with APS and 50 with aPL and no clinical APS features [108]. Of the total study patients, 
76% experienced injection-site pain, fatigue, or headache; all reported symptoms were transient and resolved within 10 days. Overall, 
71% of patients classified their symptoms as mild and 29% as moderate. One patient with thrombotic APS and chronic thrombocy-
topenia on long-term vitamin K antagonist therapy experienced self-limiting purpuric lesions on her calves 10 days after the second 
vaccine dose. Together, these two studies suggest that adverse events following COVID-19 vaccination with either the Moderna or 
Pfizer-BioNTech vaccine in patients with aPL or APS are mostly mild and self-limited [108]. 

A rare complication of COVID-19 vaccination is vaccine-induced thrombotic thrombocytopenia (VITT), which may arise within 
several weeks following vaccination with adenovirus vector-based formulations such as ChAdOx1 nCoV-19 (AstraZeneca) or Ad26. 
COV2.S (Johnson & Johnson/Janssen) [109]. VITT arises as a result of antibodies against platelet factor 4 (PF4), similar to 
heparin-induced thrombocytopenia (HIT). Parallels among VITT, HIT, and APS have often been described, as all three are 
antibody-mediated processes associated with thromboembolic manifestations. Patients with VITT or HIT may be positive for aPL, 
although the clinical significance of aPL in these conditions is uncertain [110–113]. One study of 126 aPL-positive patients (89 with 
APS, 37 with asymptomatic aPL) who mostly received the Pfizer-BioNTech COVID-19 vaccine found anti-PF4 antibodies in 9 patients, 
with no significant change in anti-PF4 antibody titres before or after vaccination in either APS or asymptomatic aPL-positive patients 
[114]. Sera from patients with high-titre anti-PF4 antibodies did not alter in vitro platelet aggregation, and no cases of VITT were 
observed, even in the few study patients who received an adenovirus vector-based COVID-19 vaccine [114]. 

8. Conclusions and summary 

APS and COVID-19 share many pathophysiologic features common in microvascular and immunothrombotic diseases, including 
endotheliopathy, platelet activation, complement activation, and NETosis, among others. Despite these shared features, a role for aPL 
in pathogenesis of COVID-19 remains uncertain. aPL occur at high prevalence in patients with COVID-19, with LA reported in ~50% of 
patients with COVID-19 and non-Sapporo criteria aPL being common; however, studies suggest that aPL titres in COVID-19 are usually 
only transiently elevated, and overall aPL titres in COVID-19 appear to be lower than those reported in APS. Biological differences in 
aβ2GPI antibody epitopes in APS compared to COVID-19 may underlie some of the differences in pathogenicity of aPL in these two 
conditions. A correlation between aPL positivity and disease outcomes in COVID-19 such as thrombosis or mortality remains unclear 
with different studies reporting varying results. Further investigation is required to delineate the significance of aPLs in mediating 
disease severity, thrombosis, and other outcomes in COVID-19. COVID-19 vaccination has been established to be generally safe in APS 
patients. 

Practice points  

• Antiphospholipid syndrome and COVID-19 share many pathophysiologic features common in immunothrombotic diseases  
• Antiphospholipid antibodies are common in COVID-19, yet their clinical relevance is uncertain  
• COVID-19 vaccination is generally safe in patients with antiphospholipid syndrome or antiphospholipid antibodies. 

Research agenda  

• Further studies are needed to explore the biological similarities and differences of antiphospholipid antibodies in COVID-19 and 
antiphospholipid syndrome and to understand the clinical implications of antiphospholipid antibodies in COVID-19 

Declaration of competing interest 

None of the authors report any conflicts of interest. 

References 
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[16] Limper M, Scirè CA, Talarico R, Amoura Z, Avcin T, Basile M, Burmester G, Carli L, Cervera R, Costedoat-Chalumeau N, Doria A, Dörner T, Fonseca JE, 
Galetti I, Hachulla E, Launay D, Lourenco F, Macieira C, Meroni P, Montecucco CM, Moraes-Fontes MF, Mouthon L, Nalli C, Ramoni V, Tektonidou M, van 
Laar JM, Bombardieri S, Schneider M, Smith V, Vieira A, Cutolo M, Mosca M, Tincani A. Antiphospholipid syndrome: state of the art on clinical practice 
guidelines. RMD Open 2018 Oct 18;4(Suppl 1):e000785. https://doi.org/10.1136/rmdopen-2018-000785. PMID: 30402272; PMCID: PMC6203101. 

[17] Negrini S, Pappalardo F, Murdaca G, Indiveri F, Puppo F. The antiphospholipid syndrome: from pathophysiology to treatment. Clin Exp Med 2017 Aug;17(3): 
257–67. https://doi.org/10.1007/s10238-016-0430-5. Epub 2016 Jun 22. PMID: 27334977. 

[18] Miyakis S, Lockshin MD, Atsumi T, Branch DW, Brey RL, Cervera R, Derksen RH, De Groot PG, Koike T, Meroni PL, Reber G, Shoenfeld Y, Tincani A, 
Vlachoyiannopoulos PG, Krilis SA. International consensus statement on an update of the classification criteria for definite antiphospholipid syndrome (APS). 
J Thromb Haemostasis 2006 Feb;4(2):295–306. https://doi.org/10.1111/j.1538-7836.2006.01753.x. PMID: 16420554. 

[19] Sciascia S, Sanna G, Murru V, Roccatello D, Khamashta MA, Bertolaccini ML. Anti-prothrombin (aPT) and anti-phosphatidylserine/prothrombin (aPS/PT) 
antibodies and the risk of thrombosis in the antiphospholipid syndrome. A systematic review. Thromb Haemostasis 2014 Feb;111(2):354–64. https://doi.org/ 
10.1160/TH13-06-0509. Epub 2013 Oct 31. PMID: 24172938. 

[20] Rasool ZS, Tiwari V. Biochemistry, lupus anticoagulant [Updated 2022 Jul 18]. In: StatPearls. Treasure Island (FL): StatPearls Publishing; 2022 Jan [Internet], 
https://www.ncbi.nlm.nih.gov/books/NBK544357/. Available from:. 

[21] Zhang Y, Xiao M, Zhang S, Xia P, Cao W, Jiang W, et al. Coagulopathy and antiphospholipid antibodies in patients with Covid-19. N Engl J Med 2020;382:e38. 
https://doi.org/10.1056/NEJMc2007575. 

[22] Foret T, Dufrost V, Salomon Du Mont L, et al. Systematic review of antiphospholipid antibodies in COVID-19 patients: culprits or bystanders? Curr Rheumatol 
Rep 2021;23(8):65. https://doi.org/10.1007/s11926-021-01029-3. Published 2021 Jul 3. 

[23] Amengual O, Atsumi T, Khamashta M, Hughes G. The role of the tissue factor pathway in the hypercoagulable state in patients with the antiphospholipid 
syndrome. Thromb Haemostasis 1998;79:276–81. 

[24] Edgington TS, Mackman N, Brand K, Ruf W. The structural biology of expression and function of tissue factor. Thromb Haemostasis 1991;66:67–79. 
[25] Müller-Calleja N, Hollerbach A, Ritter S, Pedrosa DG, Strand D, Graf C, Reinhardt C, Strand S, Poncelet P, Griffin JH, Lackner KJ, Ruf W. Tissue factor pathway 

inhibitor primes monocytes for antiphospholipid antibody-induced thrombosis. Blood 2019 Oct 3;134(14):1119–31. https://doi.org/10.1182/ 
blood.2019001530. Epub 2019 Aug 21. PMID: 31434703; PMCID: PMC6776793. 

[26] Harper BE, Wills R, Pierangeli SS. Pathophysiological mechanisms in antiphospholipid syndrome. Int J Clin Rheumatol 2011 Apr 1;6(2):157–71. https://doi. 
org/10.2217/ijr.11.9. PMID: 23487578; PMCID: PMC3593246. 

[27] Sacharidou A, Chambliss KL, Ulrich V, Salmon JE, Shen YM, Herz J, Hui DY, Terada LS, Shaul PW, Mineo C. Antiphospholipid antibodies induce thrombosis by 
PP2A activation via apoER2-Dab2-SHC1 complex formation in endothelium. Blood 2018 May 10;131(19):2097–110. https://doi.org/10.1182/blood-2017-11- 
814681. Epub 2018 Mar 2. PMID: 29500169; PMCID: PMC5946764. 

[28] Pierangeli S, Chen P, Raschi E, et al. Antiphospholipid antibodies and the antiphospholipid syndrome: pathogenic mechanisms. Semin Thromb Hemost 2008; 
34:236–50. 

[29] Mineo C. Inhibition of nitric oxide and antiphospholipid antibody-mediated thrombosis. Curr Rheumatol Rep 2013 May;15(5):324. https://doi.org/10.1007/ 
s11926-013-0324-4. PMID: 23519891; PMCID: PMC3625922. 

[30] Prinz N, Clemens N, Strand D, Pütz I, Lorenz M, Daiber A, Stein P, Degreif A, Radsak M, Schild H, Bauer S, von Landenberg P, Lackner KJ. Antiphospholipid 
antibodies induce translocation of TLR7 and TLR8 to the endosome in human monocytes and plasmacytoid dendritic cells. Blood 2011 Aug 25;118(8): 
2322–32. https://doi.org/10.1182/blood-2011-01-330639. Epub 2011 Jul 6. PMID: 21734241. 

[31] Tung ML, Tan B, Cherian R, Chandra B. Anti-phospholipid syndrome and COVID-19 thrombosis: connecting the dots. Rheumatol Adv Pract 2021 Feb 4;5(1): 
rkaa081. https://doi.org/10.1093/rap/rkaa081. PMID: 33615129; PMCID: PMC7882149. 

[32] Huber R, Berendes R, Burger A, Luecke H, Karshikov A. Annexin V-crystal structure and its implications on function. Behring Inst Mitt 1992;91:107–25. 
[33] Vega-Ostertag ME, Pierangeli SS. Mechanisms of aPL-mediated thrombosis: effects of aPL on endothelium and platelets. Curr Rheumatol Rep 2007;9:190–7. 

https://doi.org/10.1007/s11926-007-0031-0. 

A. Butt et al.                                                                                                                                                                                                            

https://doi.org/10.1002/rth2.12439
https://doi.org/10.3389/fimmu.2020.594849
https://doi.org/10.1016/j.clim.2020.108555
https://doi.org/10.1182/blood.2020007214
https://doi.org/10.1182/blood.2020007214
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1101/2021.02.22.432177
https://doi.org/10.1101/2021.02.22.432177
https://doi.org/10.1182/bloodadvances.2020003568
https://doi.org/10.1182/bloodadvances.2020003568
https://doi.org/10.1111/bjh.17666.PMID:34114208
https://doi.org/10.1111/bjh.17666.PMID:34114208
https://doi.org/10.1172/jci.insight.148476
https://doi.org/10.1111/bjh.17664
https://doi.org/10.1038/s41569-020-00469-1
https://doi.org/10.1182/hematology.2021000297
https://doi.org/10.1182/blood.2021012250
https://doi.org/10.1038/s41577-021-00536-9
https://doi.org/10.1136/rmdopen-2018-000785
https://doi.org/10.1007/s10238-016-0430-5
https://doi.org/10.1111/j.1538-7836.2006.01753.x
https://doi.org/10.1160/TH13-06-0509
https://doi.org/10.1160/TH13-06-0509
https://www.ncbi.nlm.nih.gov/books/NBK544357/
https://doi.org/10.1056/NEJMc2007575
https://doi.org/10.1007/s11926-021-01029-3
http://refhub.elsevier.com/S1521-6926(22)00057-3/sref23
http://refhub.elsevier.com/S1521-6926(22)00057-3/sref23
http://refhub.elsevier.com/S1521-6926(22)00057-3/sref24
https://doi.org/10.1182/blood.2019001530
https://doi.org/10.1182/blood.2019001530
https://doi.org/10.2217/ijr.11.9
https://doi.org/10.2217/ijr.11.9
https://doi.org/10.1182/blood-2017-11-814681
https://doi.org/10.1182/blood-2017-11-814681
http://refhub.elsevier.com/S1521-6926(22)00057-3/sref28
http://refhub.elsevier.com/S1521-6926(22)00057-3/sref28
https://doi.org/10.1007/s11926-013-0324-4
https://doi.org/10.1007/s11926-013-0324-4
https://doi.org/10.1182/blood-2011-01-330639
https://doi.org/10.1093/rap/rkaa081
http://refhub.elsevier.com/S1521-6926(22)00057-3/sref32
https://doi.org/10.1007/s11926-007-0031-0


Best Practice & Research Clinical Haematology xxx (xxxx) xxx

12

[34] Baroni G, Banzato A, Bison E, Denas G, Zoppellaro G, Pengo V. The role of platelets in antiphospholipid syndrome. Platelets 2017 Dec;28(8):762–6. https:// 
doi.org/10.1080/09537104.2017.1280150. Epub 2017 Mar 7. PMID: 28267395. 

[35] Romay-Penabad Z, Aguilar-Valenzuela R, Urbanus RT, Derksen RH, Pennings MT, Papalardo E, Shilagard T, Vargas G, Hwang Y, de Groot PG, et al. 
Apolipoprotein E receptor 2 is involved in the DOI: 10.1080/09537104.2017.1280150 Platelets in antiphospholipid syndrome 765 thrombotic complications 
in a murine model of the antiphospholipid syndrome. Blood 2011;117(4):1408–14. 

[36] Proulle V, Furie RA, Merrill-Skoloff G, Furie BC, Furie B. Platelets are required for enhanced activation of the endothelium and fibrinogen in a mouse 
thrombosis model of APS. Blood 2014;124(4):611–22. 

[37] Bontadi A, Ruffatti A, Giannini S, Falcinelli E, Tonello M, Hoxha A, Gresele P, Punzi L. In vitro effect of anti-beta(2) glycoprotein I antibodies on P-selectin 
expression, a marker of platelet activation. Reumatismo 2012;64(1):35–9. 

[38] Chaturvedi S, Braunstein EM, Brodsky RA. Antiphospholipid syndrome: complement activation, complement gene mutations, and therapeutic implications. 
J Thromb Haemostasis 2021 Mar;19(3):607–16. https://doi.org/10.1111/jth.15082. Epub 2021 Feb 10. PMID: 32881236; PMCID: PMC8080439. 

[39] Girardi G, Berman J, Redecha P, Spruce L, Thurman JM, Kraus D, Hollmann TJ, Casali P, Caroll MC, Wetsel RA, Lambris JD, Holers VM, Salmon JE. 
Complement C5a receptors and neutrophils mediate fetal injury in the antiphospholipid syndrome. J Clin Invest 2003 Dec;112(11):1644–54. https://doi.org/ 
10.1172/JCI18817. Erratum in: J Clin Invest. 2004 Feb;113(4):646. PMID: 14660741; PMCID: PMC281643. 

[40] Holers VM, Girardi G, Mo L, Guthridge JM, Molina H, Pierangeli SS, Espinola R, Xiaowei LE, Mao D, Vialpando CG, Salmon JE. Complement C3 activation is 
required for antiphospholipid antibody-induced fetal loss. J Exp Med 2002 Jan 21;195(2):211–20. https://doi.org/10.1084/jem.200116116. PMID: 
11805148; PMCID: PMC2193604. 

[41] Fischetti F, Durigutto P, Pellis V, Debeus A, Macor P, Bulla R, Bossi F, Ziller F, Sblattero D, Meroni P, Tedesco F. Thrombus formation induced by antibodies to 
beta2-glycoprotein I is complement dependent and requires a priming factor. Blood 2005 Oct 1;106(7):2340–6. https://doi.org/10.1182/blood-2005-03-1319. 
Epub 2005 Jun 14. PMID: 15956288. 

[42] Chaturvedi S, Braunstein EM, Yuan X, Yu J, Alexander A, Chen H, Gavriilaki E, Alluri R, Streiff MB, Petri M, Crowther MA, McCrae KR, Brodsky RA. 
Complement activity and complement regulatory gene mutations are associated with thrombosis in APS and CAPS. Blood 2020 Jan 23;135(4):239–51. https:// 
doi.org/10.1182/blood.2019003863. PMID: 31812994; PMCID: PMC6978159. 

[43] Yu J, Yuan X, Chen H, et al. Direct activation of the alternative complement pathway by SARS-CoV-2 spike proteins is blocked by factor D inhibition. Blood 
2020;136:2080–9. 

[44] Boeltz S, Amini P, Anders HJ, Andrade F, Bilyy R, Chatfield S, et al. To NET or not to NET:current opinions and state of the science regarding the formation of 
neutrophil extracellular traps. Cell Death Differ 2019;26(3):395–408. 

[45] Meng H, Yalavarthi S, Kanthi Y, Mazza LF, Elfline MA, Luke CE, Pinsky DJ, Henke PK, Knight JS. In vivo role of neutrophil extracellular traps in 
antiphospholipid antibody-mediated venous thrombosis. Arthritis Rheumatol 2017 Mar;69(3):655–67. https://doi.org/10.1002/art.39938. PMID: 27696751; 
PMCID: PMC5329054. 

[46] Ali RA, Gandhi AA, Meng H, Yalavarthi S, Vreede AP, Estes SK, Palmer OR, Bockenstedt PL, Pinsky DJ, Greve JM, Diaz JA, Kanthi Y, Knight JS. Adenosine 
receptor agonism protects against NETosis and thrombosis in antiphospholipid syndrome. Nat Commun 2019 Apr 23;10(1):1916. https://doi.org/10.1038/ 
s41467-019-09801-x. PMID: 31015489; PMCID: PMC6478874. 

[47] Asherson RA. Cervera R Antiphospholipid antibodies and infections. Ann Rheum Dis 2003;62:388–93. 
[48] Abdel-Wahab N, Talathi S, Lopez-Olivo MA, Suarez-Almazor ME. Risk of developing antiphospholipid antibodies following viral infection: a systematic review 

and meta-analysis. Lupus 2018;27(4):572–83. https://doi.org/10.1177/0961203317731532. 
[49] Taha M, Samavati L. Antiphospholipid antibodies in COVID-19: a meta-analysis and systematic review. RMD Open 2021;7(2):e001580. https://doi.org/ 

10.1136/rmdopen-2021-001580. 
[50] Uthman IW, Gharavi AE. Viral infections and antiphospholipid antibodies. Semin Arthritis Rheum 2002;31:256–63. 
[51] Abdel-Wahab N, Talathi S, Lopez-Olivo MA, et al. Risk of developing antiphospholipid antibodies following viral infection: a systematic review and meta- 

analysis. Lupus 2018;27:572–83. 
[52] Helms J, Tacquard C, Severac F, Leonard-Lorant I, Ohana M, Delabranche X, Merdji H, Clere-Jehl R, Schenck M, Fagot Gandet F, Fafi-Kremer S, Castelain V, 

Schneider F, Grunebaum L, Anglés-Cano E, Sattler L, Mertes PM, Meziani F. CRICS TRIGGERSEP group (clinical research in intensive care and sepsis trial group 
for global evaluation and research in sepsis). High risk of thrombosis in patients with severe SARS-CoV-2 infection: a multicenter prospective cohort study. 
Intensive Care Med 2020 Jun;46(6):1089–98. https://doi.org/10.1007/s00134-020-06062-x. Epub 2020 May 4. PMID: 32367170; PMCID: PMC7197634. 

[53] Reyes Gil M, Barouqa M, Szymanski J, Gonzalez-Lugo JD, Rahman S, Billett HH. Assessment of lupus anticoagulant positivity in patients with coronavirus 
disease 2019 (COVID-19). JAMA Netw Open 2020 Aug 3;3(8):e2017539. https://doi.org/10.1001/jamanetworkopen.2020.17539. PMID: 32785632. 

[54] Le Joncour A, Frere C, Martin-Toutain I, Gougis P, Ghillani-Dalbin P, Maalouf G, Vieira M, Marcelin AG, Salem JE, Allenbach Y, Saadoun D, Benveniste O, 
Cacoub P. Antiphospholipid antibodies and thrombotic events in COVID-19 patients hospitalized in medicine ward. Autoimmun Rev 2021 Feb;20(2):102729. 
https://doi.org/10.1016/j.autrev.2020.102729. Epub 2020 Dec 13. PMID: 33321245; PMCID: PMC7834187. 

[55] Fan S, Xiao M, Han F, Xia P, Bai X, Chen H, Zhang H, Ding X, Zhao H, Zhao J, Sun X, Jiang W, Wang C, Cao W, Guo F, Tian R, Gao P, Wu W, Ma J, Wu D, Liu Z, 
Zhou X, Wang J, Guan T, Qin Y, Li T, Xu Y, Zhang D, Chen Y, Xie J, Li Y, Yan X, Zhu Y, Peng B, Cui L, Zhang S, Guan H. Neurological manifestations in critically 
ill patients with COVID-19: a retrospective study. Front Neurol 2020 Jul 10;11:806. https://doi.org/10.3389/fneur.2020.00806. PMID: 32754114; PMCID: 
PMC7365850. 

[56] Rothstein A, Oldridge O, Schwennesen H, Do D, Cucchiara BL. Acute cerebrovascular events in hospitalized COVID-19 patients. Stroke 2020 Sep;51(9): 
e219–22. https://doi.org/10.1161/STROKEAHA.120.030995. Epub 2020 Jul 20. PMID: 32684145; PMCID: PMC7386677. 

[57] Xiao M, Zhang Y, Zhang S, Qin X, Xia P, Cao W, Jiang W, Chen H, Ding X, Zhao H, Zhang H, Wang C, Zhao J, Sun X, Tian R, Wu W, Wu D, Ma J, Chen Y, 
Zhang D, Xie J, Yan X, Zhou X, Liu Z, Wang J, Du B, Qin Y, Gao P, Lu M, Hou X, Wu X, Zhu H, Xu Y, Zhang W, Li T, Zhang F, Zhao Y, Li Y, Zhang S. 
Antiphospholipid antibodies in critically ill patients with COVID-19. Arthritis Rheumatol 2020 Dec;72(12):1998–2004. https://doi.org/10.1002/art.41425. 
Epub 2020 Oct 7. PMID: 32602200; PMCID: PMC7361932. 

[58] Gazzaruso C, Mariani G, Ravetto C, Malinverni L, Tondelli E, Cerrone M, Sala V, Bevilacqua L, Altavilla T, Coppola A, Gallotti P. Lupus anticoagulant and 
mortality in patients hospitalized for COVID-19. J Thromb Thrombolysis 2021 Jul;52(1):85–91. https://doi.org/10.1007/s11239-020-02335-w. Epub 2020 
Nov 7. PMID: 33159639; PMCID: PMC7648549. 

[59] Serrano M, Espinosa G, Lalueza A, Bravo-Gallego LY, Diaz-Simón R, Garcinuño S, Gil-Etayo J, Moises J, Naranjo L, Prieto-González S, Ruiz-Ortiz E, Sánchez B, 
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Manji H, Zandi MS, Werring DJ, Nastouli E, Simister R, Solomon T, Zetterberg H, Schott JM, Cohen H, Efthymiou M, UCLH Queen Square COVID-19 Biomarker 
Study group. Antiphospholipid antibodies and neurological manifestations in acute COVID-19: a single-centre cross-sectional study. EClinicalMedicine 2021 
Sep;39:101070. https://doi.org/10.1016/j.eclinm.2021.101070. Epub 2021 Aug 12. PMID: 34401683; PMCID: PMC8358233. 

[148] Hollerbach A, Müller-Calleja N, Pedrosa D, Canisius A, Sprinzl MF, Falter T, Rossmann H, Bodenstein M, Werner C, Sagoschen I, Münzel T, Schreiner O, 
Sivanathan V, Reuter M, Niermann J, Galle PR, Teyton L, Ruf W, Lackner KJ. Pathogenic lipid-binding antiphospholipid antibodies are associated with severity 
of COVID-19. J Thromb Haemostasis 2021 Sep;19(9):2335–47. https://doi.org/10.1111/jth.15455. Epub 2021 Jul 22. PMID: 34242469; PMCID: 
PMC8420426. 

[149] Lee A, Nahm CH, Lee JS, Lee MK, Lee KR. Assessment of antiphospholipid antibodies and calprotectin as biomarkers for discriminating mild from severe 
COVID-19. J Clin Lab Anal 2021 Nov;35(11):e24004. https://doi.org/10.1002/jcla.24004. Epub 2021 Oct 5. PMID: 34608677; PMCID: PMC8605160. 

[150] Emmenegger M, Kumar SS, Emmenegger V, Malinauskas T, Buettner T, Rose L, Schierack P, Sprinzl MF, Sommer CJ, Lackner KJ, Aguzzi A, Roggenbuck D, 
Frauenknecht KBM. Anti-prothrombin autoantibodies enriched after infection with SARS-CoV-2 and influenced by strength of antibody response against SARS- 
CoV-2 proteins. PLoS Pathog 2021 Dec 3;17(12):e1010118. https://doi.org/10.1371/journal.ppat.1010118. Erratum in: PLoS Pathog. 2022 Feb 2;18(2): 
e1010289. PMID: 34860860; PMCID: PMC8673606. 

[151] Shi H, Zuo Y, Navaz S, et al. Endothelial cell-activating antibodies in COVID-19. Arthritis Rheumatol 2022 Jul;74(7):1132–8. https://doi.org/10.1002/ 
art.42094. PMID: 35174669; PMCID: PMC9082472. 
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