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Abstract

In this literature review, we assess the pathophysiology of severe adverse events observed after vaccination with DNA and mRNA

vaccines against COVID-19, despite reports of their overall effectiveness. The focus is on the perspective of an undersulfated

and degraded glycocalyx, considering its impact on immunomodulation, inflammatory responses, coagulation, and oxidative

stress. The paper explores various factors that lead to glutathione and inorganic sulfate depletion and their subsequent effect

on glycocalyx sulfation and other metabolites, including hormones. Components of COVID-19 vaccines, such as DNA and

mRNA material, spike protein antigen, and lipid nanoparticles, are involved in possible cytotoxic effects. The common thread

connecting these adverse events is endotheliopathy or glycocalyx degradation caused by depleted glutathione and inorganic

sulfate levels, shear stress from circulating nanoparticles, aggregation, and formation of protein coronas, leading to imbalanced

immune responses and chronic release of pro-inflammatory cytokines, ultimately resulting in oxidative stress and systemic

inflammatory response syndrome. By understanding the underlying pathophysiology of severe adverse events, better treatment

options can be explored.

1



 
 

COVID-19 vaccine adverse events: Evaluating the 
pathophysiology from an undersulfated and 
degraded glycocalyx perspective 
 
 
 

 

Heidi N du Preez1,2*, Johnson Lin3, Glenn E M Maguire1,4, Colleen Aldous2 
and Hendrik G Kruger 

 
 

1 Catalysis and Peptide Research Unit, University of KwaZulu-Natal, Westville Campus, Durban 4041, South 
Africa  
2 College of Health Sciences, University of KwaZulu-Natal, Durban 4001, South Africa 
3 School of Life Sciences, University of KwaZulu-Natal, Durban 4041, South Africa 
4 School of Chemistry and Physics, University of KwaZulu-Natal, Westville Campus, Durban 4041, South Africa 

 
 

* Correspondence:  
 
Heidi N. du Preez, Catalysis and Peptide Research Unit, University of KwaZulu-Natal, Westville Campus, 
Durban 4041, South Africa. 
Email: hdp@heididupreez.com 
 
Hendrik G. Kruger, Catalysis and Peptide Research Unit, University of KwaZulu-Natal, Westville Campus, 
Durban 4041, South Africa. 
Email: KRUGER@ukzn.ac.za 

 
 
 
 
 
 
 
 
 
 
 
 



1 

 

Abstract:  
In this literature review, we assess the pathophysiology of severe adverse events observed after vaccination 
with DNA and mRNA vaccines against COVID-19, despite reports of their overall effectiveness. The focus is on 
the perspective of an undersulfated and degraded glycocalyx, considering its impact on immunomodulation, 
inflammatory responses, coagulation, and oxidative stress. The paper explores various factors that lead to 
glutathione and inorganic sulfate depletion and their subsequent effect on glycocalyx sulfation and other 
metabolites, including hormones. Components of COVID-19 vaccines, such as DNA and mRNA material, spike 
protein antigen, and lipid nanoparticles, are involved in possible cytotoxic effects. The common thread 
connecting these adverse events is endotheliopathy or glycocalyx degradation caused by depleted glutathione 
and inorganic sulfate levels, shear stress from circulating nanoparticles, aggregation, and formation of protein 
coronas, leading to imbalanced immune responses and chronic release of pro-inflammatory cytokines, 
ultimately resulting in oxidative stress and systemic inflammatory response syndrome. By understanding the 
underlying pathophysiology of severe adverse events, better treatment options can be explored. 
 
Keywords: COVID-19 vaccine; glycocalyx; heparan sulfate; lipid nanoparticles; DNA; messenger RNA; 
glutathione; albumin; taurine; oxidative stress 
 
Abbreviations: adverse events (AEs); amino acids (AAs); angiotensin-converting enzyme 2 (ACE2); antibody 
(Ab); antibody-dependent enhancement (ADE); antigen-presenting cell (APC); antithrombin (AT); blood-brain 
barrier (BBB); B lymphocytes (B cells); cerebral venous sinus thrombosis (CVST); chondroitin sulfate (CS); 5’-
cytosinephospho-guanine-3’ (CpG); dendritic cells (DCs); double-stranded (ds); endothelial (En); endothelial 
cells (EnCs); endothelial glycocalyx (EnGL); ephrin (Eph); epithelial (Ep); epithelial cells (EpCs); epithelial 
glycocalyx (EpGL); extracellular matrix (ECM); extracellular vesicles (EVs); genetic-vaccine-generated (GVG); 
glutathione (GSH); glycocalyx (GL); glycosaminoglycans (GAGs); Guillain–Barre syndrome (GBS); heparanase 
(HPSE); heparan sulfate (HS); heparan sulfate 2-O-sulfotransferase (HS2ST); heparan sulfate proteoglycans 
(HSPGs); heparin (HP); heparin-induced thrombocytopenia (HIT); human serum albumin (HSA); hyaluronan 
(HA); hypochlorous acid (HOCl); immune-inflammatory and oxidative and nitrosative stress (IO&NS); lactose 
dehydrogenase (LDH); lipid-nanoparticles (LNPs); matrix metalloproteinases (MMPs); myeloperoxidase 
(MPO); nanoparticles (NPs); neutralizing antibodies (nAbs); neutrophil extracellular traps (NETs); nitric oxide 
(NO); nonsteroidal anti-inflammatory drugs (NSAIDs); 3-O-sulfotransferase 3B (3OST-3B); platelet factor 4 
(PF4); polyethylene glycol (PEG); proteoglycans (PGs); reactive oxygen species (ROS); receptor-binding domain 
(RBD); Secreted Protein Acidic and Rich in Cysteine (SPARC); spike protein (Sp); sulfatase (SULF); 
sulfonucleotide 3-phosphoadenosine 5-phosphosulfate (PAPS); sulfotransferase (SULT); sulfur amino acids 
(SAAs); syndecan (sdc); T lymphocytes (T cells); vaccine-induced immune thrombotic thrombocytopenia 
(VITT); vascular endothelial growth factor (VEGF); von Willebrand factor (vWf) 

 
1. Introduction 
 
During the past three years, the deployment of DNA and mRNA vaccines has occurred at an unparalleled pace 
and scope to fortify immunological defenses against SARS-CoV-2. Despite the documented efficacy of this 
vaccination strategy 1-3, there have been reports of adverse events (AEs) and unexpected deaths after 
vaccination 4-9. Serious AEs reported include acute myocardial infarction, Bell’s palsy, cerebral venous sinus 
thrombosis, Guillain Barré syndrome, myocarditis/pericarditis, mainly in the younger population, pulmonary 
embolism, hemorrhages, stroke, thrombosis, and immune thrombocytopenia, disseminated intravascular 
coagulation, lymphadenopathy, appendicitis, herpes zoster reactivation, neurological complications, seizures, 
autoimmunity, for example, autoimmune hepatitis and autoimmune peripheral neuropathies 4,10-17. Several 
studies communicated the existence of symptoms related to rare or never-described before syndromes, which 
developed after COVID-19 vaccination 18,19. There were too many serious AEs that warrant attention. A 
systematic review by Hulscher et al. found a high probability of a causal link between COVID-19 vaccines and 
death 20. The critical question therefore arises: What is the underlying pathophysiology of severe AEs and 
deaths experienced by many COVID-19 vaccine recipients?  
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Here, we approach this question from an undersulfated or degraded epithelial glycocalyx (EpGL) and 
endothelial glycocalyx (EnGL) perspective. In a previous review article, we examined how an undersulfated 
and degraded EpGL and EnGL predispose to COVID-19 21. This review focuses on the effect of an undersulfated 
and degraded glycocalyx (GL) on susceptibility to AEs postvaccination and the impact of the various ingredients 
of the COVID-19 vaccine on causing epithelial (Ep) or endothelial (En) degradation.  
 
The GL is a complex mesh of proteins and carbohydrates surrounding every eukaryotic cell. Under healthy 
conditions, adequately sulfated Ep- and EnGL possesses immunomodulating, anti-inflammatory, 
anticoagulant, and vasodilatory mechanisms. Endotheliopathy 22, evidence of SARS-CoV-2 infection of 
pulmonary and extrapulmonary endothelial cells (EnCs) 23,24, reports of viremia 25,26, and multiorgan injury 23,27, 
all confirm the hypothesis that COVID-19 and COVID-19 vaccine injury or AEs are, in part, vascular diseases of 
the endothelium. Clinical studies have shown that En dysfunction is a major determinant of severe COVID-19 
21,28-30 and vaccine-induced AEs 5,22. At the vascular surface, the EnGL is essential in regulating barrier function, 
immunomodulation, nitric oxide (NO) production and vasorelaxation, mechanotransduction, and resistance 
to oxidative stress, coagulation, and inflammation. The GL is an intricate network composed of 
glycosaminoglycans (GAGs), such as heparan sulfate (HS), hyaluronan (HA), and chondroitin sulfate (CS), as 
well as other glycoconjugates, at the interface between the cell surface and the extracellular environment. 
Proteoglycans (PGs) are macromolecules composed of a core protein with covalently linked GAG side chains 
that form the major constituents of the GL. Figure 1 represents the various elements of the GL.  
 
In chronic inflammation, high levels of 3-O-sulfotransferase 3B (3OST-3B) and unsulfated N-unsubstituted 
glucosamine units (GlcNH2) lead to reduced heparan sulfate (HS) sulfation. This facilitates the binding of SARS-
CoV-2 to receptors of angiotensin-converting enzyme 2 (ACE2). The availability of inorganic sulfate (SO4

2−) is 
crucial for GAG sulfation. Various dietary and environmental factors decrease the availability of inorganic 
sulfate, causing protein catabolism, such as human serum albumin (HSA), glutathione (GSH), and Secreted 
Protein Acidic and Rich in Cysteine (SPARC), to provide sulfur amino acids (SAAs) for inorganic sulfate synthesis 
(Figure 1). 
 
The degree of sulfation and the position of the sulfate groups on the GAG chains determine the biological 
function of the GL 21. The GL undergoes constant constitutive remodeling, and a balance of synthesis and 
degradation of the GL components maintains homeostasis. However, various factors, such as infection, 
inflammation, toxins and heavy metals, malnutrition, ischemia/reperfusion, and hyperglycemia, can lead to 
degradation of the GL and release, or shed, bioactive GL fragments, exacerbating disease 21. PGs and GAGs are 
degraded through the activity of various enzymes that regulate the availability of HS or HA chains for receptor 
binding. This, together with the degree and conformation of sulfation, controls several important ligand-
binding interactions with known roles in leukocyte recruitment, neutrophil function, En behavior, as well as 
cytokine release, NO, and growth factor release. Furthermore, GL degradation fragments can act as damage-
associated molecular patterns, amplifying pro-inflammatory responses and En injury, resulting in barrier 
dysfunction. Therefore, the GL is an extremely delicate layer, where changing or removing one specific 
component can result in the loss of function of the total 21.  
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Figure 1: Sulfur metabolism and sulfation diagram. The essential sulfur amino acid (SAA) methionine converts 
to cysteine, which is a precursor to human serum albumin (HSA), cystine, coenzyme A, glutathione (GSH), 
hydrogen sulfite (H2S), taurine and inorganic sulfate (SO4

2−). H2S can be converted to thiosulfate (S2O3
2−) and 

sulfite (SO3
2−), which is oxidized to sulfate. The enzyme cystathionine-β-synthase (CBS) converts homocysteine 

to cystathionine, while cysteine dioxygenase (CDO) is responsible for the conversion of cysteine to cysteine 
sulfinate. Sulfite oxidase (SUOX) oxidizes sulfite to sulfate 21. The availability of inorganic sulfate (SO4

2−) is the 
rate-limiting factor for sulfation of the glycosaminoglycan (GAG) heparan sulfate (HS). During chronic 
inflammation with overexpression of 3-O-sulfotransferase 3B (3OST-3B) and the presence of unsulfated N-
unsubstituted glucosamine units (GlcNH2), decreased HS sulfation will facilitate the binding of SARS-CoV-2 to 
receptors of the angiotensin converting enzyme 2 (ACE2). With limited availability of inorganic sulfate, 
proteins such as HSA, GSH and Secreted Protein Acidic and Rich in Cysteine (SPARC), would be catabolized to 
provide sulfur amino acids for inorganic sulfate synthesis. Adapted by CC by 4.0 21. 
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The most popular vaccines commercially used against SARS-CoV-2 are the Moderna non-replicating mRNA 
vaccines from Moderna (mRNA 1273) and Pfizer-BioNTech - BNT162b2 (ComirnatyTM), the prophylactic DNA 
vaccine, INO-4800, as well as the replicating DNA viral vector vaccine, ChAdOx1 nCoV-19 (Oxford/AstraZeneca 
or Vaxzevria®), for the expression of spike protein (Sp) by target cells in vivo. Among others, the non-replicating 
JNJ-78436735 / Ad26.COV2.S (Johnson & Johnson) vector vaccine, the NVX-CoV2373 (Novavax) subunit 
vaccine, the BBIBP-CorV (Sinopharm) inactivated whole virus vaccine, the BBV152 / Chevexin and Russian 
Sputnik V vaccine are also all candidate vaccines based on inactivated viruses or recombinant protein-based 
vaccines that present the Sp antigen directly. In these viral vector-based vaccines, the viral vector is used to 
deliver the DNA sequence of the Sp to human cells 31-33. This review emphasizes the Pfizer-BioNTech (referred 
to as ‘Pfizer’ in the rest of this review) and Moderna vaccines, as they are the most widely used and 
comprehensive published data are available. However, most of the concerns raised also apply to the other 
COVID-19 vaccines and DNA and mRNA vaccines in general.  
 
Additional complications of GL can be expected because of the introduction of nanoparticles (NPs) into 
nanomedicine and vaccines. NPs form an integral part of the delivery system of mRNA vaccines. Various 
liposomal NPs have been approved for inclusion in nanodrugs 34-37, while lipid nanoparticles (LNPs) received 
FDA approval 38 for inclusion in COVID-19 mRNA vaccines 31,39. The patents on the Pfizer 40 and Moderna 41 
mRNA vaccines can verify this.  
 
We hypothesize that after COVID-19 vaccination, the combination of the genetic-vaccine-generated (GVG) Sp 
antigen, the genetic material and LNPs, will ultimately contribute to EnC injury and consequent GL 
degradation, mainly through the generation of chronic, skewed or excessive inflammatory responses, and 
oxidative stress. Therefore, AEs experienced postvaccination results from compromised barrier functions, 
circulating pro-inflammatory cytokines, reactive oxygen species (ROS), GL fragments, harmful NPs, and soluble 
GVG Sp and its fragments, all of which cause various cytotoxic effects. Many studies underscore the 
importance of adequately sulfated GAGs and other metabolites as endogenous regulators of cancer, 
thrombosis, myocarditis, neurodegeneration, and other disease conditions. Therefore, GL injury is a 
pathological manifestation capable of exacerbating the disease, and circulating GL fragments cause GL injury 
in multiple organs 21,28.  
 
This literature review article aims to highlight the potential effect of COVID-19 DNA and mRNA vaccines on 
sulfation, the GL and innate immunity; and how these factors could explain the various AEs experienced by 
many COVID-19 vaccine recipients. Therefore, the main focus of this review article is on understanding the 
etiological factors and pathogenesis of the AEs experienced by many recipients of the various COVID-19 
vaccines.  
 

2. DNA and mRNA vaccines 
 
All current COVID-19 vaccines authorized for general use mainly rely on SARS-CoV-2 Sp as an immunogen, with 
added adjuvants. In the case of inactivated DNA virus vaccines, other viral proteins/particles are also present 
in the vaccine. The COVID-19 vaccines provide cells with a blueprint, either DNA or mRNA, to construct the Sp. 
The Sp is the main focus of COVID-19 vaccine development and antiviral therapeutics, given its central role in 
viral infection and eliciting humoral and cell-mediated adaptive immune responses in hosts during infection. 
The exposed subunits of the Sp are the primary target of neutralizing antibodies (nAbs) to inactivate SARS-
CoV-2 because of the Sp’s essential functions during viral entry, namely receptor binding and membrane fusion 
42. The S1 subunit of the Sp is responsible for receptor binding through the receptor-binding domain (RBD), 
while subunit 2 (S2) is responsible for viral fusion and entry 21. The current licensed COVID-19 vaccines present 
the Sp differently to the immune system. The main categories are mRNA and adenovirus-vector (herein 
referred to as ‘DNA’) vaccines, which do not contain the Sp, but provide genetic information for its biosynthesis 
in cells of the vaccine recipient 43. The second category encompasses protein-based approaches, such as 
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classical inactivated whole virus and innovative subunit vaccines containing Sp in different forms and 
combinations with adjuvants.  
 
mRNA technology is not new. Before the SARS-CoV-2 pandemic, Moderna had already conducted a clinical 
trial with an LNP-formulated mRNA vaccine against the influenza virus 44,45. The Pfizer and Moderna COVID-19 
mRNA vaccines are synthetic nucleoside-modified mRNA vaccines formulated in LNPs, which encode either 
the trimerized RBD of the Sp in S1 (BNT162b1) or the prefusion stabilized full-length Sp of SARS-CoV-2 
(Moderna and BNT162b2).  LNPs ensure stability and facilitate passage of nonreplicating and non-self-
amplified RNA through the cell membrane to direct transient expression of the SARS-CoV-2 Sp antigen 10,43,46,47. 
With increased improvements and stability of mRNA vaccines, protein expression can be achieved for days 
after direct in vivo administration 48,49. There exist subtle differences between the Moderna and Pfizer 
vaccines, in relation to the RNA and LNP carriers, and the Moderna vaccine used a higher amount of RNA per 
dose (100 μg) compared to the Pfizer vaccine (30 μg) 43. 
 
To improve serum stability, prevent aggregation and extend the circulation time of genetic material, 
polyethylene glycol (PEG) polymer chains are attached to LNPs (PEGylation) 50. However, PEG’s 
immunogenicity and shortened biocirculation have been demonstrated by repeated doses 51. Administration 
of repeated doses of immune-stimulatory nucleic acids encapsulated with PEG-LNP can generate a robust and 
long-lived antibody (Ab) response against PEG 36. Therefore, there is an increased risk of acute hypersensitivity 
or anaphylaxis upon subsequent administration of mRNA vaccines 43,52.  
 
Nonpathogenic viral vector DNA vaccines use a modified version of a different virus, such as adenovirus, to 
deliver SARS-CoV-2 Sp DNA to host cells. Genetically modified recombinant viral vectors are designed to enter 
the cell and then trigger the expression of cloned sequences that encode the desired RNA 53. The two factors 
that genetic-based COVID-19 vaccines have in common are the presence of genetic material and the 
generation of the GVG Sp antigen.  
 

3. Safety concerns 
 
Although preclinical and clinical trials were conducted, several concerns have been raised in the scientific 
community about the safety and long-term side effects of COVID-19 vaccines 4,10,54-56. The two main aspects 
covered in this review about the COVID-19 vaccines that are likely linked to toxic effects are the delivery 
vehicle of the genes and the GVG Sp antigen - see more regarding the impact of the Sp in Section 4.1. The main 
ingredients used in the delivery hydrogel that are possibly linked to cytotoxic effects are LNPs 57-59 and PEG 
43,52,60. 
 
RNA and DNA viruses are known for their cytotoxicity and potent immunogenicity, leading to the popularity 
of nonviral vectors such as cationic lipids and polymers as gene carriers. However, until recently, cytotoxicity 
remained a significant challenge for non-viral vector use in gene therapy 37. The cytotoxicity of lipid-based 
nanomaterials will depend on the dose, lipid properties, and cell types studied 37,61. The in vivo application of 
LNPs has been reported to induce liver and lung injuries in animals 62,63, attributed to lipid-material cytotoxicity 
and induction of oxidative stress and pro-inflammatory cytokines 64,65. However, it is crucial to note that in 
vitro toxicity does not always correlate well with in vivo cytotoxicity 64, and additional human clinical data are 
necessary to form a comprehensive understanding of the safety profile of LNPs.  
 
Recent advances in LNP technology have led to significant improvements in its stability, along with efforts to 
mitigate potential adverse effects. To reduce the cytotoxicity of cationic lipid-based NPs and improve targeted 
delivery, ionizable and PEGylated LNPs became popular. Ionizable cationic LNPs are pH-sensitive; the lipid-rich 
ionizable core structure is triggered by a pH change that induces endosomal DNA or RNA release due to the 
lower pH of the endosome (Figure 2). Therefore, ionizable cationic lipids are deprotonated under neutral 
conditions and positively charged under low pH conditions, thus below the acid dissociation constant (pKa) of 
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the lipid 66-69. The LNPs used in the Pfizer and Moderna COVID-19 vaccines contain an ionizable lipid, a 
structural phospholipid, cholesterol, and a PEG-lipid in molar ratio 70. The ionizable lipid used in the Pfizer 
vaccine is ALC-0315, while SM-102 was used in the Moderna vaccine 71. They differed in stability due to steric 
factors: ALC-0315 has four very short tails compared to SM-102, which is more stable with only three tails, 
while one is long enough to stabilize the lipid in the lipid leaflet 66. Small changes in LNP chemistry or 
formulation, the use of modified nucleosides, the 5’-cytosinephospho-guanine-3’ (CpG) content, and the 
length differences between conventional mRNA, plus the molar ratios and excipients used, will affect 
targetability, transfection, and cytotoxicity 67,72. The cytotoxicity, structural, and biological properties of LNPs 
are not attributed to a single lipid component alone, but to the combination of lipids 68. 
 

 
 
Figure 2: Schematic illustration of the endosomal release of mRNA from ionizable lipid nanoparticles (LNPs); 
the consequent inflammatory responses and oxidative stress; with cellular release of spike protein (Sp) 
fragments, cytokines, and glycocalyx fragments into the circulation.  
 

3.1 Adsorption and distribution  
The absorption, distribution, and excretion of NPs will be affected by various factors, such as the 
administration routes, physicochemical properties, particle agglomeration, and surface coatings. After 
entering the body, NPs can be systemically distributed through the lymph system, blood circulation, and cross 
biological barriers, resulting in varying degrees of retention in different organs. Due to their very small 
nanosize, LBNPs can pass through normal physiological barriers, such as the blood-air barrier, blood-testis 
barrier, blood-brain barrier (BBB) and the blood-placental barrier 10,72-75, thus reaching various organs where 
they can induce acute or chronic injuries in tissues 76.  
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LNP’s main route of entry into cells is endocytosis or phagocytosis, depending on its size and lipid properties. 
Once the LNPs are internalized, they are transported through endosomes and lysosomes, where the LNP cargo 
is digested or exocytosed. Therefore, endosomal escape is a crucial step for effective gene delivery through 
LNPs 71.  
 

3.2 Membrane and cellular damage 
Cationic lipids are known to be excellent surfactants with the potential to cause solubilization, poration, and 
lysis of the lipid bilayer cell membrane 64,71. Ionizable LNPs also have endosome lytic properties to ensure the 
endosomal escape of the cargo 69.  
 
One of the hallmarks of ionizable LNPs is their active approach to endosomal escape. The ionizable lipid 
component becomes charged upon endosomal acidification, promoting electrostatic interactions between the 
LNP’s ionizable cationic lipids and the anionic lipids in the endosomal membrane, thus destabilizing the 
endosomal membrane to promote endosomal escape of nucleic acids 68,69,71. However, interactions of LNPs 
with cell membranes, in general, can cause systemic cytotoxicity with related toxic side effects in vivo if the 
amphiphilic properties of the lipids and the surface property of the LNP are not accurately controlled in the 
physiological pH (7.4) and endosomal pH range 71. Cytotoxicity will also depend on the charge ratio between 
the cationic lipid species and the nucleic acids, where higher charge ratios are generally more toxic to various 
cell types 37.  
 
Endosomal signaling is tightly regulated by mechanisms that are not yet fully understood and differ from those 
originating from receptors on the plasma membrane 77. Signals from the diverse families of endosomal 
receptors control essential growth, differentiation, survival, inflammation, and immunity processes. Since 
defects in these mechanisms can cause disease and drugs that target these mechanisms have potent effects, 
the potential adverse effects of ionizable LNPs on endosomal membrane destabilization must be considered. 
However, the mechanism of endocytosis will specify the outcome of endosomal signaling. Endosomes are 
important sites where receptor signaling can be initiated, sustained, and terminated, such as TLR signaling, 
which are major mediators of innate immunity 77. 
 

3.3 Inflammation and cell death 
LNPs can cause cell death through autophagy, necrosis triggered by inflammatory responses and ROS, or 
apoptosis through damage to the plasma membrane 78. It has been shown that the so-called “mix and match” 
strategies of combining two or more existing vaccine platforms, such as the adenoviral and mRNA-LNP 
vaccines, resulted in exceptionally potent immune responses 79, with a consequent higher tendency for AEs 80. 
When inflammation is activated through ROS or primed by antigens, macrophages trigger a natural innate 
immune response (Figure 2). However, immunotoxicity can establish after vaccination if the immune response 
is excessive, chronic, or results in a skewed T cell response, favoring Th1. The innate immune response 
triggered by an antigen is primarily transient, and an adequately sulfated Ep- and EnGL can successfully 
modulate the response. However, in individuals with compromised GL barriers and preexisting chronic 
inflammation, AEs can be expected after vaccination due to a ‘systemic inflammatory response syndrome’.  
 
In addition to stabilizing mRNA and facilitating intracellular delivery, LNPs can exert an adjuvant effect on 
mRNA vaccines 68. Although LNPs are more effective and demonstrate less immunogenicity and cytotoxicity 
than liposomes 81, they trigger pro-inflammatory responses. Evidence shows that ionizable cationic lipids 
within LNPs can induce pro-inflammatory cytokines by activating TLRs within endosomes 82-84. The autophagy 
pathway is related to phagocytosis by TLR signaling in macrophages 85. Endosomes are a site for coordinated 
activation of signaling pathways stimulated by TLR4 77.  LNPs were shown to cause TLR4 activation that induces 
pro-inflammatory cytokines, such as IL-6 68, and type I IFN 62,77 (Figure 2). Li et al. pointed out that LNP-induced 
cytotoxicity is caused by the indirect effect of pro-inflammatory cytokines, such as TNFα and IFNγ, which can 
result in apoptosis of EnCs in a dose-dependent manner in vitro and in vivo 65.  
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Kedmi et al. observed in vitro that cationic LNPs interact directly with immune cells and lead to immune 
activation, favoring a Th1 (IL-2, IFNγ, TNFα) and Th17 (IL-17 and IL-6) cytokine response. IL-17 has been shown 
to play a crucial role in the induction of autoimmune diseases. They confirmed that cationic LNP-siRNA 
complexes induce immune responses by up-regulating Th1 cytokines and IFN-responsive genes 62. It was 
shown that mRNA-LNP immunogenicity would depend on the structure and pKa of the ionizable lipid 68. Dokka 
et al. found that highly charged multivalent cationic liposomes caused a marked inflammatory response, 
determined by neutrophil influx and oxidative burst of lung cells, where the effect was charge-related 64.  
 
In a mouse nucleoside-modified mRNA vaccine study, it was confirmed that LNPs are highly inflammatory, 
independent of the delivery route, evidenced by excessive neutrophil infiltration, activation of various 
inflammatory pathways, and production of various inflammatory cytokines and chemokines 57. It should be 
noted that inflammatory responses can be exacerbated on a background of preexisting inflammatory 
conditions, where this effect was proven to be specific to the LNP platform, acting independently of the mRNA 
cargo 57-59. Sedic et al. confirmed in animal studies that the observed pro-inflammatory response and mild liver 
toxicity were primarily driven by the LNP vehicle, with repeated administration of hEPO-mRNA in LNPs. They 
also found that repeated dosing increases complement activation (C3a, C5b-9). They concluded that given the 
similarities observed in LNP-related toxicities between rats and monkeys, it is likely that similar effects will 
translate to the clinic 63.  
 
In vitro, it has been shown that cationic LNPs, whether or not they are complexed with nucleic acids, are highly 
toxic to macrophages 61. Macrophages can phagocytose a large amount of LNPs, and this phagocytic activity 
of macrophages is responsible for the high degree of toxicity. Non-cationic LNPs are also toxic to phagocytic 
cells but to a lesser extent than cationic LNPs. Although the addition of PEG 2000 might seem to abolish toxicity 
to some degree, the presence of pH-sensitive lipids in ionizable LNPs can enhance cationic LNP toxicity by 
destabilizing the endosomal membrane, releasing cationic lipids into the cytoplasm 61. Yavuz et al. 
demonstrated that, independently of the type of ionizable lipid used to formulate LNPs, intramuscularly 
immunized mice induced Th1-biased polarization 70. This aligns with the Pfizer vaccine that caused a Th1-
cellular-biased innate immune response, with the secretion of IL-6, TNFα and IFNγ 86,87. Therefore, LNPs can 
induce macrophage M1 polarization through the foreign body response. It is known that continuous M1 
polarization can release excessive pro-inflammatory cytokines, such as IL-1, NO and TNFα, as well as ROS, to 
induce a severe or chronic inflammatory response 88. In M1-activated macrophages, 3OST-3B is up-regulated, 
with less HS and a lower degree of sulfation, compared to reparative M2 macrophages 21. Therefore, M1 
macrophages with less HS and lower sulfation, exacerbated by LNPs and ROS, will be more vulnerable to viral 
and SARS-CoV-2 infection and internalization of the GVG Sp.  
 

3.4 Oxidative stress 
Generated ROS leads to oxidative stress capable of activating innate immune responses. However, as noted 
above, the release of pro-inflammatory cytokines can be induced by LNPs independently of ROS production 
(Figure 2). LNPs also stimulate ROS generation 62, which induces cytotoxicity and affects intracellular signaling 
pathways 64,78. ROS acts as a second messenger in many intracellular signaling cascades. It can lead to cellular 
macromolecular damage, such as DNA fragmentation, membrane lipid breakdown, protein denaturation, and 
mitochondrial dysfunction, significantly affecting cell metabolism and signaling 89-91, resulting in deleterious 
effects on cell viability, proliferation, and cell death 92-94. The general belief is that the excessive ROS levels 
produced by NPs are the main reason for their cytotoxicity 95,96.  
 
Oxidative stress and the associated inflammation resulting from increased ROS production and / or decreased 
antioxidant defense contribute to cytotoxicity. GSH, the most abundant antioxidant that plays a crucial role in 
antioxidant defense against oxidative damage of ROS cells, regulates various metabolic pathways essential for 
whole-body homeostasis. GSH is responsible for maintaining mitochondrial function, antiviral defense, 
regulation of cellular proliferation, apoptosis, DNA synthesis, microtubular-related processes, and immune 
responses. Variations in GSH levels are a hallmark of many pathological disorders, including cancer, metabolic 
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abnormalities, and cardiovascular disease 97,98. The SAA, cysteine (Cys), is a precursor to GSH and inorganic 
sulfate, hydrogen sulfide (H2S), HSA, and taurine (Figure 1)98. It is important to understand the homeostatic 
interaction between these sulfur compounds and the effect of inorganic sulfate on cellular health and innate 
immune defenses against infectious disease. Inorganic sulfate levels are directly correlated with GSH levels 
and are the rate-limiting factor for sulfation. This topic has extensively been reviewed elsewhere 21,98.  
 

3.5 Functionalization of nanoparticles 
Although some of the cytotoxic effects of LNPs are reduced through functionalization with polymers, such as 
PEG 68,73,99,100, PEG-lipids can dissociate in biological environments, thus increasing the toxicity of the LNPs 
68,71,101,102.  
 
Even if LNPs have been functionalized with PEG to decrease toxicity and increase circulation time 68, PEG can 
cause severe allergy-like symptoms 68,103. Furthermore, these functionalized surface modifications and 
cloaking techniques can allow NPs to avoid recognition and clearance through detoxification pathways 52,104, 
extending circulation time 72,105, or they can accumulate in the system 106. Although this might be favorable 
from a drug development perspective, the systemic consequences in vivo from the hampered detoxification 
of NPs are not considered.  
 
Seen that both mRNA and PEG will be degraded over time, the long-term cytotoxicity of COVID-19 vaccines 
and AE experienced months after vaccination 80 could probably be best ascribed to the presence of NPs and 
the GVG Sp antigen, as well as the generated ROS 96, protein coronas, pro-inflammatory immune responses, 
and complement activation 68. The fact that the failure of the COVID-19 vaccines to determine durable 
immunity longer than 3-4 months, if at all, for vectorial vaccines and 6 months for mRNA vaccines, required a 
third boosting dose, without any consideration of the possible build-up of the vaccine toxicological substances 
in the system. However, it has been shown that, after repeated administration, PEGylated LNPs can undergo 
accelerated blood clearance and complement activation-related pseudoallergy triggered by the immune 
system in reaction to PEG. Therefore, accelerated blood clearance is mediated by Abs raised against PEGylated 
LNPs after the first injection 68.  
 

3.6 Protein coronas  
NPs have a high capacity to adsorb small molecules from physiological fluids that are partially hydrophobic, 
and with low solubility, by interacting with the NP surface through electrostatic, hydrophobic and van der 
Waals forces 99,100. It is well established that NPs, due to their high free surface charge, can aggregate and 
interact with proteins in biological fluids, forming protein coronas, which will have a considerable impact on 
many physiological processes 99,102,107,108, as well as biodistribution and clearance of the NPs 68,100. The formed 
protein coronas will result in protein aggregation, clustering, and fibrillation, affecting innate immune 
responses, macrophage recognition, circulation, biodistribution, cellular uptake, clearance, and therefore 
systemic toxicity of the NPs 99,100,102,109-111.  
 
In addition to protein interactions with NPs, interactions exist between neighboring proteins on the protein 
corona, creating a dynamic system as proteins continuously adsorb and desorb from a protein corona. 
Furthermore, NP-induced conformational changes in proteins can cause proteins to expose hidden binding 
sites that may trigger immune responses 100.  
 
Aliakbarinodehi et al. demonstrated that the adsorption of serum proteins to the surface of LNPs is pH 
dependent 111. According to the Henderson–Hasselbalch equation, if ionizable LNPs are used with an apparent 
pKa of 6.4, about 10% of the ionizable LNPs are positively charged in blood (at pH 7.4) 68. The fact that LNPs 
form strong bonds with platelets, hemoglobin, antithrombin (AT) III, HSA, and other plasma proteins essential 
for major physiological functions 68,99,102, means that these bound proteins cannot perform their functions, 
which will affect many physiological pathways and the availability of these and other molecules (Figure 3). HSA 
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is a precursor to Cys and consequently affects the availability of GSH and inorganic sulfate 98. Thus, if HSA is 
consumed by protein corona formation, it will negatively impact the integrity of the GL.  
 

 
 
Figure 3: Schematic illustration of protein corona formation and the blood clot inducing potential of lipid 
nanoparticles (LNPs). 
 
In addition, it has been shown that the secondary structure of HSA changes after adsorption onto NPs, and 
the presence of HSA and apolipoproteins in protein coronas provides LNPs with a stealth effect, promoting a 
prolonged circulation time 100. In addition to HSA and platelets, various proteins and other cellular materials, 
such as immunoglobulins, fibrinogen, plasma fibronectin, and vitronectin, can form protein coronas on NPs 
68,99,100,102,111. These molecules present in the corona bestow NPs with new properties, transforming their 
interactions at the bio–nano interface and biodistribution while interfering with both the designed properties 
of NP and innate biomolecular functions 100,102,109. For example, NPs that bind to apolipoprotein E are often 
trafficked to the liver, producing liver toxicity 100. Bashiri et al. critically reviewed the complexity and effects of 
protein coronas 100; however, more in vivo studies are needed to understand the complex and dynamic nature 
of the LNP–protein complex and its interactions with biomolecules.  
 
Many different properties, such as the type of NP, chemical concentration, surface functionalization and 
molecular composition, shape, curvature, size, and surface charge of the NPs, will all play a role in the 
composition and evolution of biomaterials that adsorb on their surface, explaining in part the variation in 
biocompatibility and effects seemingly exerted by NPs 68,99,100,102. Environmental conditions, such as pH, ionic 
strength, shear flow and temperature, protein concentration, size, and glycosylation, will impact protein 
corona formation 100. Although PEGylation may show antifouling capacity, it cannot fully prevent protein 
binding and immunogenicity 68,102. Apolipoproteins have been shown to be enriched in liposome corona–NP 
complexes, regardless of PEGylation. There has also been evidence of PEG accumulation in protein corona 
complexes and uncontrolled oxidative degradation of PEG into toxic products 100.  
 
As in the case of Onpattro 68, the FDA-approved liver-targeting LNP, NPs can be exploited for targeted delivery 
and protein binding. Onpattro was designed to exploit the binding of apolipoprotein E to LNPs in circulation 
to deliver siRNA to hepatocytes via the LDL R receptor. Before administering Onpattro, a predosing 
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immunosuppressive cocktail is necessary, consisting of acetaminophen, a glucocorticoid and an H1 / H2 
blocker, to offset potential infusion-related reactions 68, which confirms the immunogenicity of LNPs. 
 
The fact that NPs can induce conformational changes in adsorbed proteins, remove them from the circulation, 
and affect their functionality can cause unwanted effects, such as generating a pro-inflammatory immune 
response, altering enzyme activity, and causing aggregation of blood components (Figure 3). The design and 
synthesis of LNPs with enhanced potency and reduced cytotoxicity is a major focus of current LNP research. 
However, the considerations of intellectual property surrounding them present an additional barrier to clinical 
translation. 
  

3.7 DNA and synthetic mRNA 
Although DNA has a chance of potential genome integration 67,112,113, it is well established that DNA and mRNA 
can be immunotoxic 62,65,79 (Figure 2). Even though LNPs have been actively recruited to overcome such 
limitations, they also have drawbacks, such as a short half-life in the body and low loading efficiency 113,114. To 
overcome these disadvantages, graphene oxide and graphene quantum dots are often used to transfect genes 
113. Furthermore, Pfizer and Moderna use N1-methyl-pseudouridine-modified mRNA to minimize inherent 
mRNA immunogenicity; however, internalization of foreign mRNA into the cytosol is detected by intracellular 
RNA sensors, such as endosomal TLR and cytoplasmic nucleic acid sensors. Binding of mRNA to these host 
defense receptors will activate innate immune pathways 62, leading to the expression of hundreds of genes 67. 
In fact, Abramczyk et al. observed increased cell signaling when cells were incubated with the Pfizer mRNA 
vaccine 115. In addition, innate immune responses have been shown to inhibit in vivo gene transfer and 
expression 65.  
 
Antisense RNA may interact directly or indirectly with DNA methyltransferase, interfering with DNA 
methylation and gene transcription. Synthetic mRNA can, therefore, eventually lead to epigenetic and/or 
genomic modifications in dividing and nondividing cells. It can lead to modifications of the chromatin structure, 
chromosomal integration of retrotranscribed synthetic mRNA, genotoxicity, and oncogenesis following mRNA 
vaccine uptake 55. Although a peer-reviewed study showed that synthetic genetic vaccine mRNA could activate 
the expression of endogenous transposable elements, undergo reverse transcription, and enter the cell 
nucleus 116, more research is needed.  
 
Free plasmid DNA also induces the production of pro-inflammatory cytokines, where the immune response is 
significantly enhanced when lipid-DNA complexes are used. Cytokine production was observed to be mainly 
due to unmethylated CpG sequences in plasmid DNA 65. Therefore, plasmid DNA can serve as a potent 
immunogen when delivered to immune cells in a ‘intact’ form, while cationic lipid-DNA complexes largely 
induce toxicity. McKernan et al. found high levels of DNA contamination that exceed the European Medicines 
Agency (EMA) 330ng/mg requirement and the FDAs 10ng/dose requirements when they examined the nucleic 
acid composition of expired vials of the Moderna and Pfizer mRNA vaccines 116. The exact ratio of linear 
fragmented DNA versus intact circular plasmid DNA is unknown. However, there is a risk of genome 
integration, since double-stranded (ds)DNA contamination of the sequence encoding the GVG Sp will not 
require LINE-1 for reverse transcription. Furthermore, an SV40 nuclear localization signal in Pfizer’s vaccine 
vector 117 will also increase the risk of integration, while SV40 is a cancer promotor. Furthermore, plasmid DNA 
contamination from E.coli preps is often co-contaminated with lipopolysaccharide, leading to anaphylaxis after 
injection 116.  
 
The safety profile of nucleoside-modified synthetic mRNA is far from completely understood, and there are 
no studies available on what happens when mRNA-LNP formulations are stored for long periods 67. Before the 
rollout of the COVID-19 vaccines, only limited in vivo research studies or trials were conducted to evaluate the 
biodistribution, cell uptake, translation rates, endosomal escape, functional half-life, and inactivation kinetics 
of synthetic mRNA and DNA vaccines 118. Neither were the rates and duration of vaccine-induced antigen 
expression evaluated in different cell types nor potential interactions with the host genome 55.  
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In the next section, the possible effects of the genetic material and LNPs, as well as the Sp antigen, are 
correlated with AEs experienced by the COVID-19 vaccine recipients.  
 

4. Adverse events (AEs) 
 
Since billions of people have been vaccinated with one of the COVID-19 vaccines in a short time frame, it is 
easier to identify AEs linked to COVID-19 vaccination. Rare events of anaphylactic shock have been reported, 
above the average normal incidence in the population, after vaccination with the COVID-19 vaccines 4,43,119, in 
addition to various serious AEs. Although correlation does not necessarily mean causation, active monitoring 
and awareness of reported post-vaccination AEs are essential. It is important to note that when AEs were 
analyzed on the EudraVigilance database 120 for the Pfizer, Moderna, AstraZeneca, and J&J vaccines, the 
percentage frequencies of specific AEs and fatal outcomes for all four COVID-19 vaccines were close to each 
other. Therefore, the AE profiles of these four vaccines are very similar, if not identical. Although 
cardiovascular AEs are among the most dangerous, nervous system and musculoskeletal disorders were the 
most common organ system-related AEs, followed by gastrointestinal, infectious, and skin disorders 120.  
 
Fraiman et al. evaluated the risk of severe AEs in the mRNA COVID-19 vaccine group, relative to placebo, in 
both the Pfizer and Moderna adult phase III trials and found 10.1 (Pfizer) and 15.1 (Moderna) additional AEs 
for every 10,000 individuals vaccinated 4. Furthermore, they identified a 36 % higher risk of severe AEs in 
vaccinated participants in the Pfizer trial. The excess risk of serious AEs exceeded the reduction in COVID-19 
hospitalizations in both the Pfizer and Moderna trials. It is clear from these results that COVID-19 vaccines are 
associated with more harm than initially estimated at the time of emergency authorization 4.  
 
To draw a parallel between serious AEs 121 and deaths 7,8,122 with COVID-19 vaccines, the etiological factors 
possibly underlying the various AEs must be explored and better understood. In addition to the effects of the 
GVG Sp, genetic material, immune responses, and general health status of the vaccinee, it is necessary to 
consider the possible consequences of the LNPs and ROS generation 96, as well as the impact of the vaccines 
on the integrity of the GL, when evaluating the pathophysiology of COVID-19 vaccine-induced severe AEs.  
 

4.1 The role of the spike protein in adverse events  
Some aspects explicitly of the GVG Sp, such as stability, conformation, charge potential, its immunostimulating 
properties, and possible systemic toxicity, are highlighted below.  
 
All DNA and mRNA vaccines have to deal with the inherent problem of conformational instability of the GVG 
Sp, whether the Sp is synthesized in the vaccinee after vaccination or first in cell culture systems. During 
isolated GVG Sp formation, the absence of interactions with other viral constituents for particle assembly can 
influence the stability of the S-trimers and glycosylation patterns 43. To increase immunogenicity, the authentic 
viral signal sequence was modified through mutations, which can cause inhomogeneity of the N-terminus of 
the RBD and impair the native folding of S-trimers. The fact that the S-trimer can adopt different 
conformations will pose a problem for its use in vaccines 43. The conformation instability of the labile Sp, due 
to mutations and manufacturing, might affect the specific immune response induced. The fact that older 
people (> 65) are generally more susceptible to COVID-19 21,123, while a younger generation (aged 18 to 64) 124 
seems to be more at risk for COVID-19 vaccine AEs 10,125, indicates that other factors are also at play, other 
than the nAb response to the Sp.  
 
Although the ACE2 receptor is the primary entry receptor, various other receptors, ligands, proteases, and 
cofactors interact with SARS-CoV-2 Sp to facilitate entry into the cell, such as heparan sulfate proteoglycans 
(HSPGs), integrins, TLRs, neuropilin 1 (NRP1), CD147, CD26, aminopeptidase N, glutamyl aminopeptidase, C-
type lectins, DC-SIGN and L-SIGN 26,29,126-129. It is important to note that the precise mechanisms of viral entry 
and the role of various receptors are still under investigation, and the available knowledge is evolving. The 
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SARS-CoV-2 Sp ectodomain was shown to interact with cell surface HS through RBD in the S1 subunit, favoring 
the RBD open conformation to facilitate receptor binding. Therefore, HS acts as a co-receptor priming the Sp 
for receptor interaction 21. CD147, in particular, is widely expressed in human tissues, with higher levels seen 
primarily in the cardiovascular system. It participates in many physiological and pathological processes due to 
its numerous interacting partners 127. CD147, a versatile transmembrane glycoprotein, promotes the activation 
of matrix metalloproteinase (MMP), myofibroblast differentiation, fibrosis, and oxidative stress 130. CD147 is 
also highly expressed in immune cells, EnCs in the brain, tissues of the gastrointestinal tract, platelets, 
conjunctival tissues, kidney glomerular cells and podocytes, and cardiac pericytes. Its expression level is 
upregulated during pathological conditions, including several disorders of the central nervous system 131. 
During inflammation and oxidative stress, secreted cyclophilins A (CypA) and B (CypB) interact with CD147 and 
can facilitate viral infection or cellular internalization of GVG Sp. For HIV-1 and SARS-CoV to infect host cells, 
the viral nucleocapsid protein was found to first binds to CypA, which then in turn recognizes the CD147 
receptor expressed on the surface of host cells 127. 
 
In addition, CD147 was shown to be involved in SARS-CoV-2 infection of immune cells 126,132. In the lungs, small 
intestine, kidney, and heart, ACE2 is expressed, whereas it is not found in innate and adaptive immune cells. 
However, CD147 can modulate the abundance of ACE2 127. Various researchers demonstrated that CD147 is 
critical to promoting SARS-CoV-2 infection through interaction with the Sp RBD 127,133,134. CD147 exerts its 
influence on tissues through various mechanisms, including: 1) Metabolism modulation - achieved by binding 
to monocarboxylate transporters and the amino acid (AA) transporter CD98; 2) Permeability regulation - 
where it controls the levels and activity of MMPs; 3) Vascularization induction - leading to the synthesis and 
release of vascular endothelial growth factor (VEGF), as well as the expression of the VEGF receptor; and 4) 
Inflammation mediation - involving leukocyte recruitment and infiltration of leukocytes by interacting with 
chemokines and adhesion molecules, such as integrins, selectins and CD44 127.  
 
Therefore, it is possible that the GVG Sp binds to CD147 receptors in cardiovascular tissue, in addition to other 
inflammatory ligands, resulting in chronic inflammation of the cardiomyocytes and degradation of the EnGL 
through activation of MMPs. In response to inflammatory stimuli, up-regulation of CD147 mediates leukocyte 
infiltration by binding to E-selectin. Furthermore, the GVG Sp can potentially act as a signaling molecule, 
affecting glycosylation, resulting in overexpression of CD147 and consequent cardiac maladaptive hypertrophy 
and remodeling, as well as increased oxidative stress and ferroptosis 126. Several studies demonstrated that 
when SARS-CoV-2 Sp, administered to rodents as a soluble molecule or presented with a carrier, resulted in 
microvascular damage and induced inflammation 134 and hemagglutination 135. CD147 has been shown to be 
involved in various cardiovascular diseases, including atherosclerosis and myocardial infarction, as well as 
kidney disease during both acute ischemic and chronic fibrotic injuries; and plays a role in pulmonary 
hypertension, neurological disorders, digestive tract vascular damage, and conjunctivitis 26,127,131. 
 
Furthermore, CD147 plays pleiotropic molecular roles in various physiological conditions, such as 
spermatogenesis, fertilization, neural networks, and retinal development. It can result in pathological 
conditions, such as tumor progression, inflammatory response, plasmodium invasion, and rheumatoid 
arthritis, in addition to facilitating viral infection 126,130. Endocytosis is a vital entry mode for viral infection, and 
Zhou et al. demonstrated that SARS-CoV-2 enters host cells through CD147-mediated endocytosis 126. The 
assumption can be made that COVID-19 vaccines might cause an upregulation of CD147 due to stimulation of 
immune responses with consequent inflammation. Although circulating GVG Sp can cause pathological 
conditions by further upregulating CD147 expression and binding to the receptor, possibly entering host cells 
through endocytosis. Human platelets express CD147, and it has been observed that SARS-CoV-2 Sp causes 
platelet activation, aggregation, granule release, and expression of soluble P-selectin, as well as platelet 
extracellular vesicles (EVs) 135,136.  
 
The involvement of GVG Sp with the various host factors and binding receptors can mediate many signaling 
pathways that contribute to pathology. It has been shown that SARS-CoV-2 Sp engagement with soluble or 
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cell membrane-attached ACE2 resulted in depletion of ACE2 from the cell surface, leading to an imbalance in 
the renin-angiotensin system with consequent inflammatory responses, increased oxidative stress, 
vasoconstriction, barrier dysfunction, lung injury, hypertrophy of cardiomyocytes and smooth muscle cells 
and/or thrombosis due to unopposed ACE2 and angiotensin-2-mediated effects 10,29,120,129. Furthermore, 
Versteeg et al. demonstrated that expression of SARS-CoV Sp can induce endoplasmic reticulum stress, 
consequently triggering innate immune responses 137. It has been documented that SARS‐CoV‐2 Sp is 
associated with increased degradation of IқB, resulting in NF-қB signaling pathway activation 138. The GVG Sp 
is therefore potentially a potent stimulator of pro-inflammatory processes. More research studies are needed 
to establish how isolated circulating GVG Sp could affect the various receptors and consequent immune and 
inflammatory responses and signaling. It is important to note that the soluble GVG Sp can remain engaged 
with cellular receptors and other cofactors for much longer than the whole coronavirus, with consequent 
prolonged stimulation of intracellular signaling 134.  
 
Chuang et al. 139 proposed that the Sp-ACE2 interaction can induce vaccine AEs by stimulating MAP4K3/GLK or 
other signaling molecules. MAP4K3/GLK may be involved in the pathogenesis of hypertension, diabetes, and 
cardiovascular disease 139. It has been suggested that the shed Sp particles and the GVG Sp can promote 
pathology via interactions with the Ep- and EnGL. Biering et al. demonstrated that isolated full-length Sp and 
RBD from SARS-CoV-2 could mediate barrier dysfunction and vascular leak in vivo in an ACE2-independent 
manner 29. Shed viral particles, or Sp, can act as ‘viral toxins’, mediating barrier dysfunction and promoting Sp 
dissemination and AEs. In a mouse model, it has been observed that administration of Sp into their lungs 
resulted in a systemic leak in the spleen and small intestine 29. It seems probable that the binding of Sp to 
GAGs will cause GL degradation and that both shed GAG fragments and soluble Sp could lead to severe 
manifestations of disease (Figure 2). Even though Biering et al. and Robles et al. believe that the levels of GVG 
Sp circulating in patients following COVID-19 vaccination are too low (pg/mL) to trigger vascular leak and AEs 
29,129, more research in this area is required. With booster vaccinations recommended every 60 to 90 days, 
higher circulating levels of GVG Sp can be expected. GVG Sp was no longer detected in the circulation after 
the second vaccination dose, presumably because Abs generated by the first vaccination quickly and 
effectively removed the small amounts of Sp reaching circulation 129. Nonetheless, it would be a combination 
of circulating GL fragments, pro-inflammatory cytokines, ROS, and soluble GVG Sp that all contribute to various 
AEs (Figure 2), apart from the vaccine adjuvants and LNPs.  
 
Trougakos et al. suggested that after vaccination, a cell can present the GVG Sp and its subunits, or peptide 
fragments, to the immune system to stimulate responses or be destroyed via cytotoxic T lymphocytes (T cells) 
10. They believe that the subsequent debris produced and the direct secretion of the transfected cells, including 
shedding of the Sp antigen, can release large amounts of the Sp and/or its subunits and peptide fragments, 
into circulation. When the LNPs of the COVID-19 mRNA vaccine are injected into the deltoid muscle, it can 
affect muscle tissue itself, the lymphatic system 11, and the spleen. However, Sp and its subunits and fragments 
can also collect in the liver and other tissues, from which it can enter the circulation and distribute throughout 
the body. The GVG Sp was observed in the plasma of Pfizer and Moderna vaccine recipients, on day 1 after 
the first vaccine injection, confirming the distribution of the Sp antigen throughout the body 10. 
 
Therefore, an extensive range of interactions could be expected between the soluble free-floating GVG Sp and 
its subunits and peptide fragments, the pro-inflammatory cytokines, and the various binding receptors and 
other cofactors in the circulatory system and multiple organs. The fact that numerous AEs occur far from the 
injection site shows that the GVG Sp, or its production sites are systemically distributed. It is highly probable 
that some LNPs only release their genetic payload once it enters the systemic circulation. It was proposed that 
if the vaccinee produces a high amount of Sp at a speed that exceeds the capacity to produce nAbs, the GVG 
Sp can spread to various tissues throughout the body, including the brain, with the potential of causing 
inflammation, mitochondrial damage, and coagulopathies 140. It was demonstrated that in adenovirus-
vectored vaccines, the GVG Sp has the native-like mimicry of SARS-CoV-2 Sp’s receptor binding functionality 
and prefusion structure. It is plausible that molecular mimicry may occur through additional interactions with 
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other proteins in circulation or even the presentation to the immune system of Sp antigenic epitopes 
mimicking human proteins 10. Sp antigen is believed to trigger an autoimmune response to the cell itself. At 
the same time, it was demonstrated in vitro that some Abs against SARS-CoV Sp have the potential to mediate 
FcγRII-dependent entry into B lymphocytes (B cells), thus causing antibody-dependent enhancement (ADE) 
141. Then, there is the concern of possible development of anti-idiotype Ab against vaccination-induced Abs as 
a means of downregulation; anti-idiotype Abs - in addition to binding to the protective SARS-CoV-2 nAbs – can 
also mirror the Sp itself and attach to the various binding receptors, possibly triggering a wide array of AEs 10.  
 
The electrostatic forces of the Ep- and EnGL will also play a major role in the binding capacity of soluble GVG 
Sp to the various receptors. Du Preez et al. indicated previously that an undersulfated GL, with overexpression 
of 3OST-3B, will facilitate SARS-CoV-2 Sp binding to the various receptors and negatively impact innate 
immune responses 21. The Wuhan-strain SARS-CoV-2 Sp is hydrophilic with a grand average hydropathicity 
(GRAVY) score of -0.079 142. One could expect that the whole virus would have a higher negative net GRAVY 
score 143,144, which will be easier repelled by the negative charge of an intact, highly sulfated GL. However, 
soluble GVG Sp and its fragments would have a lower charge potential. Therefore, they should be able to 
penetrate the GL easier and have a higher binding affinity to the various receptors and other cofactors, 
stimulating immune responses and signaling pathways, with consequent degradation of the barrier functions 
of the GL 29. It should be noted that both positive values exist in the Sp domain, while other Sp domains showed 
negative GRAVY scores 142. Also, with more Sp mutations, higher negative GRAVY score values could be 
expected 145, with consequent increase in receptor binding and/or Ab resistance 128 when the GL is 
compromised. The GVG Sp-induced degradation of the Ep- and EnGL will result in the release of various 
enzymes, GL fragments, chemoattractants, pro-inflammatory cytokines, ROS and exposure of adhesion 
molecules, leading to vascular leakage, dissemination of the GVG Sp, clot formation, inflammation, and 
leukocyte infiltration 10,28,129,135. 
 
These pathological conditions of systemic inflammation will trigger the release of histones, which can exert 
further cytotoxic activity on the EnGL. There is a reasonable probability that GVG Sp and LNPs induce 
neutrophil extracellular traps (NETs) after vaccination via a ROS-dependent mechanism 96,146, apart from GVG  
Sp binding to innate immune receptors 26,147.  SARS-CoV-2, as well as sera from patients with COVID-19, was 
found to directly triggers NET formation 146. Neutrophils from these patients seemed activated and primed, 
making them more sensitive to NET stimuli. This pro-NETotic phenotype can probably continue for a while 
after vaccination. NETosis has been associated with the formation of thrombosis in patients with vaccine-
induced immune thrombotic thrombocytopenia (VITT) 5. Given that HS plays an important role in modulating 
the cytotoxic effects of histones within NETs and coagulation 34, it can assume that undersulfation of GAGs 
would contribute to the hyperinflammatory response and abnormal coagulopathy seen in vaccinees with 
serious AEs, which needs to be further investigated.  
 
The GVG Sp appears to be highly toxic on its own. Shed GVG Sp has been detected in multiple organs. There 
is evidence that the GVG Sp can penetrate ovaries, testes, brain, spinal cord, nervous system, heart, lungs, 
intestines, kidneys, and cross the placenta in pregnant women 118. The GVG Sp has been found in exosomes 
four months after the second dose of COVID-19 vaccination 148. This long persistence of the GVG Sp raises the 
possibility of sustained inflammation and organ damage. There is a high probability that the circulating 
hydrophilic GVG Sp affects gene expression and can act as an endocrine disruptor. Fernandes et al. 
demonstrated through in vivo toxicological studies in zebrafish that isolated recombinant SARS-CoV-2 Sp 
caused adverse effects on the liver, kidney, nervous and reproduction system 149. Therefore, the isolated Sp 
and its fragments can interact with HS and various receptors and ligands, mediating and inhibiting various cell 
signaling and inflammatory pathways 21,149, with pathological consequences.  
 
In summary, the GVG Sp can cause AEs in multiple ways, including 1) signaling and inflammatory cascades; 2) 
by triggering vascular leak and barrier dysfunction; 3) molecular mimicry with human proteins or as a ligand 
for various receptors and co-receptors; and 4) by producing NETosis.  
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4.2 Breakthrough infections and lung diseases 
The capacity of the COVID-19 vaccines to protect against SARS-CoV-2 infection and spread is still a matter of 
debate 150-152. While various studies demonstrated the efficacy of COVID-19 vaccines against SARS-CoV-2 
infection, with less severe symptoms, a reduction in COVID-19-related hospitalization and deaths 153-156, the 
effect of the vaccines on all-cause mortality rates was not effectively determined. In the initial phase III 
randomized control adult trials of the Pfizer and Moderna vaccines, 37 people died in the vaccine group, 
compared to 33 in the placebo arm. This indicates that neither of the vaccines decreased or increased the 
absolute risk of death by more than 0.08% 157. Although the study by Ioannou et al. confirmed the very high 
effectiveness of mRNA vaccines against COVID-19–related death, it did not look at all-cause mortality rates. 
Furthermore, they found that the effectiveness of the COVID-19 vaccine against SARS-CoV-2 infection was 
substantially lower than previously reported 153, while several studies indicated that the immunity conferred 
by the COVID-19 vaccines wanes over time 158,159.  
 

Most published research determining the effectiveness of the COVID-19 vaccines was short-term 

observational studies with known limitations. Fung & Doshi 160 and Høeg et al. 161 pointed out the bias in the 
initial observational studies, which overstated the effectiveness of the COVID-19 vaccines. To accurately 
determine the effectiveness of COVID-19 vaccines, all-cause mortality and the risk of severe AEs, as the most 
objective and important outcomes, should be determined in long-term quality randomized controlled trials. 
There is no point in being saved from COVID-19 through COVID-19 vaccination, but dying of a heart attack or 
crippled lifelong with a neurological disease due to an AE from the vaccines. This review paper focuses on 
understanding the pathophysiology of documented severe AEs experienced by many vaccine recipients.  

 
Notwithstanding, despite high vaccine coverage, various cases were reported of vaccinated people who 
became infected with SARS-CoV-2, with breakthrough infections appearing within the first two weeks to 
several months after injection 150,162. In a retrospective large Israeli cohort study, conducted in individuals who 
received two doses of the Pfizer mRNA vaccine, protection appeared to decrease over time and the risk of 
breakthrough SARS-CoV-2 infection progressively increased. The SARS-CoV-2 infection rate was 4.7% for 
unvaccinated individuals, compared to a 9.6% infection rate among vaccinated individuals without evidence 
of past infection 163. Azzi et al. found that mRNA vaccines induce systemic humoral immunity against the virus, 
but are not very efficient in promoting specific immunity at the level of the mucosae, the leading viral route 
of entry 150. However, seeing that mRNA vaccines appear to demonstrate effectiveness in reducing 
symptomatic and severe COVID-19, it indirectly indicates their impact on mucosal transmission. 
 
Irrgang et al. found that anti-spike IgG4 Abs and IgG4-switched memory B cells increased after several months 
post-vaccination with the second Pfizer dose, where the response was boosted after a third vaccination 162. It 
has been described that IL-4, together with IL-10, can switch to IgG4. When these Th2-associated cytokines 
are seen to switch to IgG4, it may negatively impact the anti-inflammatory M2 resolving macrophage 
phenotype, thereby skewing the immune response. Furthermore, IgG4 has a lower potential to mediate FcγR-
dependent secondary effector functions to clear viral infections, indicating a less effective Ab response. 
Current COVID-19 vaccination regimens do not confer sterilizing protection, as evidenced by the many 
breakthrough infections caused by the Omicron variant 162. An IgG4 response can be pathogenic or protective, 
where IgG4 Abs can lead to cancer and serious illness in several autoimmune disorders 164. More research is 
needed to determine the significance of IgG4 Abs in vaccine-induced immunity and viral clearance.  
 
In a previous review, du Preez et al. provided a comprehensive overview of the effect that an undersulfated 
and degraded lung EpGL would have on susceptibility to SARS-CoV-2 infection 21. In addition to the GVG Sp, 
the LNPs, genetic material, pro-inflammatory cytokines, and ROS may cause Ep and En degradation 29, as well 
as result in depletion of GSH and, consequently, inorganic sulfate, thereby decreasing sulfation ability 98. Upon 
inflammation and with an undersulfated EpGL, 3OST-3B would be overexpressed, facilitating the binding of 
SARS-CoV-2 Sp to the ACE2 receptors (Figure 1). Apart from compromising the EpGL, the first-line of defense, 
undersulfation also negatively affects innate immune responses. The bactericidal activity of neutrophils and 
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their recruitment, are influenced by the sulfation pattern of HS. Inactivation of heparan sulfate 2-O-
sulfotransferase (HS2ST) in neutrophils substantially reduced their bactericidal activity, increasing 
susceptibility to systemic infection 34. Furthermore, GSH depletion has been associated with impaired immune 
function, especially affecting T cells and macrophages 138. This is probably associated with the high incidence 
of secondary infections and viral reactivation in vaccinated individuals. Several cases of herpes zoster 165 and 
persistent varicella-zoster viral infection 166 have been reported following COVID-19 mRNA vaccination.  
 
Lung macrophages, which reside in the interstitium and alveoli, are recruited by inflammatory stimuli. Various 
stimuli, such as TNFα and IL-1, were found to affect HS configuration and sulfation in M1 pro-inflammatory 
macrophages. This resulted in up-regulation of 3OST-3B, with a consequent increase in 3-O-sulfation and 
hypoxia, which in turn significantly reduces the expression of biosynthetic enzymes and the total HS content 
167, thus increasing susceptibility to infection and inflammation. Multiple vaccine platforms and viral infection 
were shown to induce SARS-CoV–specific immune responses that enhanced lung inflammation, following 
homologous challenge in mice and African green monkeys 168-170. Liu et al. previously identified epitopes in the 
Sp that elicited both nAbs and Abs that enhanced SARS-CoV infection 171.  
 
Chronic inflammation induced by the vaccine platform and excessive ROS generation, may favor the activation 
of M1 macrophages, producing uncontrolled pro-inflammatory mediators and persistent injury 172. Indeed, Liu 
et al. showed that despite markedly reduced SARS-CoV titers, anti–S-IgG caused lung injury during the early 
stages of infection by abrogating an M2 wound-healing macrophage response and TGF-β production, while 
promoting pro-inflammatory cytokine IL-8 and accumulation of MCP1 production and inflammatory M1 
macrophages 171. Li et al. also demonstrated that Sp-activated platelets skewed monocytes toward the M1 
macrophage phenotype, with increased TNFα levels, bacterial phagocytic activity, and reduced healing 
capacity 173. Furthermore, chronic inflammation alone can alter EnGL responsiveness through changes in HS 
composition and degree of sulfation 174. Overexpression of 3OST-3B over-expression in inflamed cells of the 
compromised lung was indicated to enhance Sp fusion with cells, even without binding receptors, thus 
increasing the chances of infection 21. 
 
Furthermore, it was observed that the expression of 3OST-3B is up-regulated in many cell types exposed to 
inflammatory stimuli, such as monocytes and macrophages, fibroblasts, and EnCs. Chronic inflammation is 
therefore a predisposing factor to viral infection, and more so, the pro-inflammatory state induced by the 
entry of viral or GVG Sp into the cell, will potentially further upregulate the expression of 3OST-3B, creating a 
vicious cycle that increases infectivity and aggravates the cytokine storm 21. In vivo, SARS-CoV-2 Sp has been 
shown to activate macrophages, plus contributed to the induction of acute lung inflammation in mouse 
studies. While in transgenic mice overexpressing human ACE2, intratracheal instillation of the S1 subunit 
induced severe COVID-19-like acute lung injury and inflammation 10.  
 
Reactivation of other viruses after COVID-19 vaccination, such as varicella-zoster virus 166, can further be 
explained by the fact that the GVG Sp promotes a pro-inflammatory activation profile on the most potent 
antigen-presenting cells (APC), such as the dendritic cells (DCs). Consequent overexpression of 3OST-3B and 
binding receptors, such as ACE2, CD147, and CD4, will facilitate infection of T helper lymphocytes 10. Therefore, 
infected immune cells, such as CD4+ T cells, can also be a source of transmission of SARS-CoV-2 throughout 
the body and result in lymphopenia. A degraded GL allows immune cells to spread through the circulatory 
system, and undersulfated immune cells will facilitate better binding and spread of the virus and GVG Sp 175. 
The failure of innate immune mechanisms, such as natural killer cells that typically control viral infections, is 
indicated by unregulated viral replication. Furthermore, viruses, bacteria, microbial fragments, and pro-
inflammatory cytokines, such as IL-1β and TNFα, induce the expression of defensins in various cells 176. The 
immunomodulatory action of defensins can negatively impact the function of the Ep barrier, thus contributing 
to viral dissemination and infectivity through increased uptake of viruses via stromal fibroblasts and 
recruitment of susceptible target cells 175,177.  
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Furthermore, the GVG Sp can activate the Raf/MEK/ERK signal transduction pathway in cells of the vaccinee. 
The ERK1/2 signaling pathway plays a crucial role in viral replication and triggers the induction of 
cyclooxygenase-2, an inflammatory prostaglandin synthetase. Increased inflammation will up-regulate 3OST-
3B and expression of the CD147 receptor, resulting in increased susceptibility to SARS-CoV-2 infection 21,134. 
Chuang et al. demonstrated through in vitro and in vivo studies that the SARS-CoV-2 Sp induces 
serine/threonine kinase MAP4K3 (also known as GLK) overexpression in epithelial cells (EpCs), which can 
facilitate infection of otherwise less susceptible cells. GLK overexpression in EpCs is positively correlated with 
COVID-19 severity 139.  
 

4.3 Circulatory problems: Thrombosis, stroke & vasculitis 
Damage to the GL substantially increases intravascular adhesion of leukocytes and platelets 167,178, while rolling 
leukocytes, lymphocytes, and platelets along the vessel wall are supported by an adequate sulfated GL. 
However, the binding of chemokines and cytokines to the EnGL may represent sequestration, inactivation, or 
local concentration for presentation to rolling cells 179. The transcytosis process depends on HS expression. 
However, the nature of these interactions has been challenging to unravel, as HS is present in both EnCs and 
immune cells, such as leukocytes and macrophages 167,180. HS's role in regulating the signaling of various 
inflammatory mediators through their cell surface receptors is dual functional: they either promote the ligand 
interaction with its receptor or inhibit receptor–ligand interactions. For example, the EnGL keep neutrophils 
away from En adhesion molecules.  
 
However, the barrier function of the EnGL can be overcome through mechanical compression by neutrophils 
and LNPs; and with a protein corona traversing capillaries that are smaller than their own diameter 181; or 
shedding of the EnGL through the action of ROS and released enzymes 21. Modifying HS sulfation patterns and 
EnGL shedding is important in the regulation of leukocyte / neutrophil rolling in the arterial system. 
Furthermore, experiments have shown that EnGL shedding and reduced HS sulfation can diminish neutrophil 
arrest 174. The systemic knockout of Ndst-1 is lethal in mice, but En inactivation resulted in an impaired 
response in various inflammatory models. Ndst-1-deficient EnCs showed reduced HS sulfation, reduced IL-8 
chemokine presentation on the EnGL, and impaired neutrophil arrest 174. Another study showed that altering 
the 2-O-sulfation of uronic acids in HS can enhance inflammation and neutrophil recruitment. The HS2ST 
enzyme was inactivated in EnCs, resulting in decreased 2-O-sulfation, with increased N-sulfation and 6-O-
sulfation of HS. In the mutant, the rearrangement of sulfated sequences resulted in a gain-of-function 
phenotype, characterized by increased inflammation in the animals. Furthermore, IL-8 exhibited improved 
binding to the EnGL, leading to the observation of increased neutrophil arrest 174. Therefore, the response to 
inflammatory stimuli, shear stress, or tissue damage can alter the configuration and degree of HS sulfation, 
thus regulating immune cell infiltration. The relevance of the variation of the HS structure in different tissues 
extends to chemokine binding. For example, aortic and venous EnCs exhibit different degrees of sulfation in 
their HS, resulting in the formation of chemokine binding sites exclusively in postcapillary venules and small 
veins where leukocyte migration occurs, while capillaries and arteries lack such sites 167. 
 
During COVID-19, it was observed that an HSA-nutrient deficit could result in degradation of the EnGL, which 
can improve infection across barriers, such as the gut and BBB 123. Since Cys is a rate-limiting precursor to HSA 
and inorganic sulfate 98, hypoalbuminemia may correlate with an undersulfated GL (Figure 1). An 
undersulfated EnGL will result in a hyperinflammatory response, vascular permeability, and the shedding of 
GL components, leading to a procoagulant and antifibrinolytic state, with eventual multiple organ failure 21. 
Given that GVG Sp and LNPs can induce inflammation and ROS 96, one could expect a global depletion of GSH 
in vaccinated individuals 182.  
 
Furthermore, HSA is the main component in the regulation of interstitial pressure and is the primary 
transporter of endogenous and exogenous ligands. It is a large transport protein that binds to nutrient ligands 
in the intestine and liver and then transports ligands to the small capillaries and interstitial spaces. HSA has a 
high binding affinity for the GVG Sp and therefore LNPs 99,102,183, and hypoalbuminemia could be expected in 
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individuals vaccinated with the COVID-19 vaccines 184,185. A 20% drop in normal HSA levels can cause 
physiological damage in healthy individuals 123. In addition to HSA depletion due to increased oxidative stress, 
oxidative damage can also impair the binding properties of HSA. 
 
Moreover, the potential binding of the GVG Sp, cytokines, Abs and LNPs to HSA, will decrease available 
nutrient-HSA binding. HSA carries important ions such as Ca2+ and heme, so hypoalbuminemia would exhibit 
a procoagulatory phenotype and can result in venous thromboembolism 186. Furthermore, reabsorption of 
HSA in the kidney is usually through clathrin-mediated endocytosis, which thus requires binding of HSA to 
clathrin. Therefore, any ligand that competes with clathrin for the binding of HSA will change this equilibrium 
and allow HSA to pass into the urine, further exacerbating hypoalbuminemia 123. Moreover, the biomolecular 
corona formed in LNPs can activate coagulation cascades 102 (Figure 3). As is expected in case of long-COVID, 
the immune-inflammatory processes and decreased antioxidant defenses in vaccinated individuals are 
accompanied by elevated neutrophils, with reduced HSA, GSH, and inorganic sulfate 187. This aspect needs 
further research.  
 
Nonetheless, these oxidative stress pathways will negatively impact the vascular endothelium and result in 
long-term nonresolving inflammatory processes. Biering et al. found that the Sp alone can mediate En 
dysfunction and vascular leak 29. Likewise, it was observed that in vitro treatment of vascular EnCs with plasma 
of COVID-19 patients induced endotheliopathy 188,189, and it is plausible that nonstructural proteins of SARS-
CoV-2 might also mediate these effects, apart from activated platelets, enzymes and cytokines 190. Therefore, 
increased serum levels of syndecan (sdc)1, HS, and HA in the acute phase of vaccine-induced AEs 5,25, due to 
dysregulation of the immune response and consequent EnGL degradation can be expected 28. Seeing that 
vaccine recipients with only brief and mild symptoms showed elevated levels of sdc1, compared to a 2-fold 
increase in sdc1 level in VITT patients, it is clear that some initial endotheliopathy has developed, which then 
increased significantly in the VITT group 5. As in the case of severe COVID-19 disease, therefore, increased 
levels of soluble En activation markers, such as sdc1, endocan, selectin and angiopoietin-2, can be expected in 
vaccine recipients with severe AEs 30,190. The effect of DNA and mRNA vaccines on the endothelium warrants 
further research. Angiopoietin-2 can induce the EnGL to secrete heparanase (HPSE), contributing to EnGL 
shedding and leading to increased vascular leakage and leukocyte diapedesis 191,192. Angiopoietin-2 levels will 
be positively associated with increased CRP and D-dimers, the latter possibly reflecting the link between 
vaccine-induced coagulopathy and En dysfunction. There may also be a positive correlation in kidney 
microthrombosis between elevated serum creatinine levels and increased D-dimer levels 193. 
  
An increased risk of thrombotic events, including cerebral venous sinus thrombosis, was reported after 
vaccination with specifically AstraZeneca and J&J adenovirus-vector vaccines 5,43,54,136,194. At the same time, 
various cases of thrombocytopenia have been observed in COVID-19 vaccine recipients 14,195. Collectively, this 
kind of vaccine-induced AE is designated VITT. A suggested mechanism for VITT was that vaccine constituents, 
such as viral DNA and/or cellular proteins, can favor the formation of Abs against platelet factor 4 (PF4), thus 
promoting VITT 43,194. In response to infections, activated platelets release the small chemokine protein PF4. 
Although its primary physiological function is to promote blood coagulation, this chemokine is also involved 
in innate and adaptive immunity when a stimulus activates platelets. Although it seems that VITT resembles 
heparin-induced thrombocytopenia (HIT), the antigenic target on PF4 differs between HIT and VITT 196.  
 
It was initially reported that VITT and HIT are relatively rare and develop only in a small subset of patients who 
produce pathogenic anti-PF4 Abs. In vaccine recipients with a genetic variation of class II HLA, one could expect 
the production of IgG-specific anti-PF4/P and the accelerated generation of thrombin caused by antigen-Ab 
complexes consisting of PF4, polyanion, and IgG anti-PF4/P-reactive Abs 136. Many cases of thrombocytopenia 
have been reported to appear within two weeks of receiving the DNA and mRNA COVID-19 vaccines 190,197-199. 
It is noteworthy that adenoviruses themselves can naturally induce thrombocytopenia at a low frequency and 
it would be essential to analyze all vaccine ingredients that could be associated with VITT 190,195. 
Endotheliopathy will probably also play an important role in VITT, while the Sp binds to the same binding 
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domain as AT in the GL 5,21,195,200. AT may also be bound to protein coronas 100, further inhibiting its functionality 
as an anticoagulant. Several reports indicated that S1 could directly induce coagulation by competitive binding 
to soluble and cellular HS 10. The interaction between the Sp and HSPGs on the cell membrane can also disrupt 
factor H protein, which serves as a negative regulator of the complement alternative pathway, thereby 
triggering an inflammatory response mediated by the downstream C3c convertase protein 195. Therefore, the 
full-length GVG Sp could trigger the complement pathway leading to thrombotic events, while its interaction 
with multiple membrane components might induce thrombocytopenia. Platelets bound in LNP-protein corona 
(Figure 3) will also be a factor in the development of thrombocytopenia. In the classic model of HIT, PF4 
interacts with EnC HSPGs, thus displacing AT. When PF4 binds to HSPGs, it induces a conformational change 
in PF4, exposing a new antigen. This, in turn, leads to the generation of IgG autoAbs against this complex. The 
complex formed, comprising heparin (HP), PF4, and auto-Abs, subsequently cross-links numerous FcγRIIa 
receptors in platelets and monocytes, triggering intracellular signaling, thromboxane biosynthesis, as well as 
platelet activation and aggregation 190. The activated platelets degranulate, releasing more PF4 molecules and 
procoagulant microparticles in the plasma, leading to increased thrombin generation. Moreover, the anti-PF4 
Ab activation of monocytes and EnCs leads to accelerated thrombin generation through expression of tissue 
factor. This can result in hypercoagulation and potentially life-threatening thrombosis 195,196. It was also 
demonstrated that the Sp binds the blood coagulation factor, fibrinogen, while the Sp can enhance fibrin-
mediated microglia activation and induce fibrinogen-dependent lung pathology in mice 10. More studies are 
needed to evaluate the effect of the GVG Sp on coagulation.  
 
Leung et al. demonstrated that VITT was induced by anti-PF4 Abs and mediated by platelet and neutrophil 
activation and NETosis 194. NETs are highly prothrombotic in vivo, aggregating with platelets and the activated 
endothelium to form microthrombi, occluding the vasculature, and further perpetuating inflammation. 
Therefore, there are important interrelations between platelet aggregation, increased neutrophil recruitment, 
NET formation, and thrombin activation within the microvasculature. While activated neutrophils and 
platelets have been shown to induce NETosis, NET components can further regulate platelet and neutrophil 
function. NETosis promotes venous and arterial thrombosis by showing an important procoagulant and 
prothrombotic activity. They can activate platelets and other immune cells, damage EnCs, and activate blood 
coagulation pathways 194. NETs further enhance coagulation by providing a scaffold for platelets, red blood 
cells, von Willebrand factor (vWf), and tissue factor. This creates a positive feedback loop, resulting in a 
hypercoagulable state and thrombosis 196. NETosis is therefore present in patients with active VITT, where NET 
levels positively correlate with the severity of AEs 5. It has been demonstrated that VITT IgG triggered a 
significant increase in DNA release to form NETs to control IgG. Confocal microscopy imaging of thrombi from 
healthy donors’ whole blood, following treatment with VITT IgG, confirmed that platelets, fulminant 
neutrophil activation, and extracellular DNA formed the thrombi. Data from this study suggested that VITT IgG 
is primarily responsible for thrombosis and NETosis in vivo 194. Platelet-neutrophil interactions have been 
proposed to be at the center of the VITT pathology, with platelet-neutrophil aggregation, NETosis, plus platelet 
EV activation and generation. EV tissue factor and increased D-Dimer levels would correlate with severity, 
thrombosis, and mortality in VITT 136,194. Thrombosis and thrombocytopenia in VITT are two distinct processes, 
where VITT Abs induce thrombocytopenia by binding to platelet FcγRIIa 194. Hetland et al. found a robust 
negative correlation between the severity of AEs and platelet counts in COVID-19 vaccinees. In addition, there 
are negative correlations between inflammatory marker levels and platelet counts 5. 
 
Neutrophils and NETs are present in thrombi in various conditions, such as stroke, acute myocardial infarction, 
and deep vein thrombosis. It was speculated that the adenovirus in DNA vaccines and/or the GVG Sp could 
have triggered pronounced inflammatory processes in VITT patients, including NETosis 194,201. It was also 
demonstrated that purified recombinant SARS-CoV-2 Sp S1 subunits can elicit unconventional CD147-
dependent platelet activation, increasing the risk of thrombosis in various organs 131,134,135,201. The GVG Sp can 
play a role in VITT in the same way 195, while binding of S1 to platelet ACE2 receptors triggers its aggregation 
10. The GVG Sp has the potential to activate platelets by binding to TLRs, favoring the occurrence of thrombosis-
related cardiovascular events. Activated platelets interact with circulating monocytes, stimulating the release 
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of pro-inflammatory cytokines. Li et al. demonstrated that such crosstalk indeed occurred, where they found 
that the Sp, both soluble or as part of a virus envelope, induced platelet activation through engagement with 
CD42b, in addition to the other receptors, such as PF4, CD147 and CD26 202. It was further demonstrated that 
the Sp competitively antagonizes vWf binding to CD42b and interferes with platelet adherence to vWF. 
Platelets actively participate in both hemostasis and immune regulation. Sp-activated platelets induced 
monocyte differentiation to a pro-inflammatory phenotype 173. 
 
Activated platelets degranulate and express various membrane receptors, enabling them to bind through P 
selectin to circulating leukocytes. This induces monocyte differentiation toward a pro-inflammatory 
phenotype, featuring a higher expression of CD86, HLA-DR, and IL-1β 173. VITT, resulting from platelet 
activation and aggregation, was reported after injections of both DNA and mRNA COVID-19 vaccines 136,196. It 
was found that both the AstraZeneca and Pfizer vaccines could elicit anti-PF4 Ab production, even in recipients 
without clinical manifestation of thrombosis 10. To abolish VITT IgG-induced thrombosis, one would need to 
inhibit platelet and neutrophil activation by blocking FcγRIIa, or NETosis and aggregates. It seems probable 
that an undersulfated GL in VITT will impede in vivo modulation of these pathological events 21. Moreover, 
extracellular RNA has been established to promote the activation of coagulation proteases. At the same time, 
different forms of eukaryotic and prokaryotic RNA serve as promoters of pathological blood coagulation and 
thrombus formation 203. More research is needed to establish the possible role of injected mRNA in promoting 
thrombosis.  
 
Cell-derived EVs might also play a role in VITT. Changes in local cytoskeletal rearrangement can result in the 
budding of the plasma membrane and EV production. EV shedding will be facilitated through various 
pathological conditions, such as inflammation, coagulation, or activation of the complement cascade, and 
increased shear stress. It is important to note that EVs have a bilayered phospholipid structure, which exposes 
coagulant-active phosphatidylserine. It also expresses various membrane bioactive receptors that interact 
with the coagulatory, complement and immune systems 136.  
 
Cerebral venous sinus thrombosis (CVST), a rare form of cerebrovascular disease, has been reported as an AE 
and appears to occur with a 4-fold higher frequency in AstraZeneca vaccinees, compared to those who 
received the J&J vaccine. There have also been reports of CVST cases who received the mRNA vaccines, but 
the risk of arterial thrombosis in recipients of adenovirus-based vaccines is higher 196,201. The most common 
thrombotic event associated with VITT appears to be CVST. However, vaccinees have presented other 
thrombotic forms, such as venous thromboembolism, abdominal vein clots, and arterial clots 196. One 
hypothesis explaining the higher incidence of thrombosis observed in DNA vaccine recipients is that mRNA 
transcription is more prone to aberrations, resulting in abnormally shorter GVG Sp that is soluble and can 
easily migrate to the bloodstream 201.  
 

4.4 Myocarditis 
Myocarditis, defined as inflammation of heart muscle cells, identified as the infiltration of mononuclear cells 
into the myocardium, can be caused by infection of various pathogens, or noninfectious triggers, such as toxins 
and hypersensitivity reactions. Among these triggers, viral infection is the most common cause of myocarditis, 
particularly in children and young adults. Viral myocarditis can progress to dilated cardiomyopathy, leading to 
heart failure and cardiac death 204-206. Myocarditis may affect focal or diffuse areas of the myocardium and can 
be acute, subacute, or chronic. The immune response is complex, and it would be important to differentiate 
between a profibrotic response and a healing inflammatory response. Diagnosis is challenging, since the 
clinical manifestations of myocarditis are heterogeneous, ranging from virtually asymptomatic states or vague 
signs and symptoms to severe myocardial destruction resulting in cardiogenic shock and arrhythmias. A 
consistent diagnostic approach is needed to characterize myocarditis 205. Therefore, the number of patient 
cases of COVID-19 vaccine-induced myocarditis can be significantly underestimated. Nevertheless, 
myocarditis in adolescents 13,121,125,207,208 and elderly 209, as well as pericarditis or myopericarditis 13,210,211, has 
been diagnosed clinically in many recipients of the various COVID-19 vaccines. Yu et al. observed impaired LV 
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and RV myocardial deformation and persistent late gadolinium enhancement (LGE) in a subset of patients 
vaccinated against COVID-19 up to 1-year follow-up. The growing evidence indicates a worse prognosis with 
altered myocardial deformation and LGE in patients with myocarditis 212. 
 
CD147 has been shown to be involved in the development and progression of various cardiovascular diseases, 
such as atherosclerosis, ischemic cardiomyopathy, and heart failure 130,213. Since CD147 is expressed in both 
cardiomyocytes and EnCs, the binding of GVG Sp to these receptors 134,202 may correlate with hemodynamic 
instability and cardiovascular abnormalities observed in COVID-19 vaccinees. Zhong et al. demonstrated that 
in response to pressure overload, overexpression of cardiac CD147 promoted cardiac maladaptive 
hypertrophy and remodeling, along with increased oxidative stress and ferroptosis 130. Apart from 
overexpressed CD147 resulting in oxidative stress, it is known that LNPs can also generate excessive ROS 62. It 
has been well established that ROS overproduction, resulting in oxidative stress, is a crucial trigger during the 
pathogenesis of cardiac hypertrophy and the transition to heart failure. In cardiovascular disease, excessive 
ROS has been shown to cause protein denaturation, lipid peroxidation, DNA damage, and eventual cell death 
214. ROS can directly impair the heart's contractile function by oxidizing proteins central to excitation-
contraction coupling. Lipid peroxidation will result in membrane destabilization and ferroptotic cell death, a 
pathological process associated with ROS-induced heart tissue injury 130,215.  
 
Sp involvement is irrefutable because acute pericarditis and myocarditis, or myopericarditis, were also 
observed in predominantly men and young people with COVID-19 215. In fact, adolescents who developed 
myocarditis after mRNA vaccination had markedly higher levels of full-length free Sp in their plasma, compared 
to asymptomatic vaccinated control subjects without detectable free Sp 17. Avolio et al. found that the shed 
Sp was more abundant than the whole SARS-CoV-2 particles in COVID-19 patients’ serum 134. It was observed 
that shed Sp disrupted human cardiac pericyte function and triggered increased production of pro-apoptotic 
factors in pericytes, resulting in the death of EnCs. The GVG Sp can therefore act as a ligand to induce 
noninfective cellular stress. To support of this, administration of the Sp promoted dysfunction of human EnCs 
through increased expression of vWf and CD147 10,134. Expressed CD147 promotes MMP activation and will 
consequently result in considerable EnGL degradation, further exacerbating inflammatory responses, ROS 
generation and vascular NO abnormalities, resulting in a procoagulant and pro-inflammatory phenotype of 
the endothelium 17,21,216. Dursun et al. reported that COVID-19 vaccine-induced acute pericarditis exhibited 
pleuritic chest pain, pericardial effusion, increased white blood cell count, and increased CRP levels, while 
serum troponin levels were around normal 215. However, unlike classical stages of acute pericarditis ECG, 
vaccinated patients showed no ECG changes. Elevated D-dimer and serum troponin levels were also observed 
in vaccine-induced acute myocarditis and myopericarditis. Their ECG findings were correlated with those who 
have stage 1 acute pericarditis 215. These conditions were typically observed within three days after mainly the 
second dose of an mRNA vaccine, and mainly in younger and male adults. The prevalence of young adults has 
been defined in various studies 215,217-219. Oxidative stress was the underlying cause of these conditions, with 
low NO levels indicating the inflammatory and procoagulant state in mRNA vaccine-induced heart 
inflammation 215.  
 
It is well established that the pathogenesis of viral myocarditis is caused by direct virus-mediated injury and/or 
a toxin and indirect damage through secondary immune and autoimmune responses, as well as influenced by 
the oxidative state of the host 205,220. It is very plausible that the GVG Sp and LNPs would stimulate the release 
of pro-inflammatory cytokines, but that an undersulfated and degraded GL will not be able to modulate the 
inflammatory response 134, which, together with oxidative stress, will contribute to the pathogenesis of 
cardiomyopathy 206. Salah and Mehta speculated that high expression of ACE2 in the heart will facilitate the 
interaction between HS and the Sp, resulting in HS consumption that will reduce AT activation and anti-
inflammatory activity. This may result in endothelialitis, subsequent En injury, and intracardiac thrombus 
formation 200,221. However, the fact that the GVG Sp would likely bind to the same binding domain as AT will 
probably have a greater effect on inflammation and coagulation, in addition to the role of the other Sp binding 
receptors and the increase in oxidative stress. Avolio et al. demonstrated that the CD147 receptor, not ACE2, 
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directs Sp signaling in cardiac pericytes 134. The expression of CD147 was shown to be increased in a variety of 
cardiovascular diseases, which could serve as compensation for any age or disease-related reductions in ACE2 
during viral infections 213.  
 
Nonetheless, Lehmann et al. pointed out that binding of the GVG Sp to ACE2 receptors can induce RAAS 
activation, particularly an increase in angiotensin-2, resulting in angiotensin-2/NA-dependent acute 
vasoconstriction, and the progression of inflammatory, fibrotic, and thrombotic processes 120. A 
histopathological examination of two teenage boys who died suddenly after their second Pfizer vaccination 
revealed stress cardiomyopathy caused by catecholamine-induced myocardial injury, which differed from 
typical findings of myocarditis 120,125. It is plausible that catecholamines are not deactivated by sulfation. Innate 
immune responses may also result in excessive caspase-1 activation, resulting in various pathological 
conditions, such as cardiovascular disease and increased viral infection 204.   
 
The coxsackievirus-adenovirus receptor, an adhesion molecule located predominantly in the heart, is required 
for viral entry into different cell types. The young adult heart has relatively high levels of coxsackievirus-
adenovirus receptors, which may partially explain the increased susceptibility of young adults to myocarditis 
205. However, seeing that COVID-19 vaccine-induced myocarditis predominantly affects young males 13,17,205, 
other factors would probably play a role. Animal studies indicated that sex differences in TLR signaling play an 
essential role in differential susceptibility to viral-induced myocarditis 205. Sex differences in innate immune 
responses have been observed, where an M1 activating immune response was favored in male mice, 
compared to an M2 resolving response in female mice 172. 
 
Various studies found an increase in oxidative stress in patients with dilated cardiomyopathic heart failure, 
with a decrease in circulating GSH concentrations 97. The fact that myocarditis accounts for 5% to 12% of 
sudden deaths of young athletes 172, indicates that oxidative stress is probably the main etiological factor 
underlying myocarditis (see Section 4.5). Research has revealed that males are more susceptible to oxidative 
stress and possess a lower antioxidant capacity compared to females. Some researchers attribute these sex 
differences to estrogen, which is known to facilitate the activation of antioxidant systems and regulate the 
expression and activity of various antioxidant enzymes 97. However, it is important to note that high 
testosterone levels, alcohol, smoking, recreational drugs, and certain medications will deplete GSH, altering 
the redox status 21,222. It is known that the GSH status of an individual is essential to protect against toxicity. 
During puberty, there is an approximate twenty-fold increase in endogenous testosterone in males, while 
there is only a modest increase in females. Testosterone has been shown to decrease cystathione β-synthase 
(CBS) activity (Figure 1), decrease GSH concentrations, and increase susceptibility to oxidative stress 223. In 
steroidogenic cells, one can expect ROS production to be particularly high, since steroid hydroxylations by 
cytochrome P450 enzymes produce ROS 224, in addition to the mitochondrial electron transport chain. 
 
Furthermore, after biosynthesis, hydrophobic steroids undergo sulfation to facilitate their circulatory transit.  
Mueller et al. gave a good account of steroid sulfation and desulfation 224. Most dihydroepiandrosterone 
(DHEA) is stored as DHEA sulfate, the inactive form, but with decreased levels of inorganic sulfate, DHEA is 
preferentially converted to testosterone instead of DHEA sulfate 223. Moreover, higher testosterone levels will 
not only deplete GSH. It may also reduce available inorganic sulfate levels, exacerbating inorganic sulfate 
deficiency and altering EnGL sulfation (Figure 1) and steroid hormone sulfation. Therefore, high testosterone 
levels can stimulate pro-inflammatory cytokines in the vasculature and generate ROS in vascular smooth 
muscle cells, consequently decreasing NO bioavailability, resulting in increased blood pressure and renal 
dysfunction, activation of vasoconstrictor signaling pathways, and increased vasoconstriction 222.  
 
Men have been shown to have lower plasma levels of reduced GSH than women, making them more 
susceptible to oxidative stress and inflammation 225. Both epidemiological and immunological evidence 
indicate that steroids can influence the pathogenesis of various chronic inflammatory diseases. However, 
research on the cardiovascular actions of testosterone is still controversial, showing its effects as protective 
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to deleterious. Although numerous studies have shown an increased cardiovascular risk and mortality with 
testosterone deficiency, testosterone therapy has been verified to attenuate cardiovascular risk factors and 
cardiovascular outcomes 222. However, high oxidative stress has been associated with adverse testosterone 
effects, while low oxidative stress is associated with cardioprotective testosterone effects 97.  
 
It also seems that testosterone's positive or negative effects on the heart may depend on the testosterone 
levels and whether or not testosterone is acting through a nuclear receptor. However, the role of testosterone 
in the regulation of oxidative stress in cardiomyocytes is far from clear, where testosterone can act as an 
antioxidant or pro-oxidant 97. Indeed, a positive correlation has been observed between GSH and testosterone 
levels. Depletion of the intracellular GSH pool, both in young and old cells, has been found to significantly 
decrease testosterone production 226. It is important to consider the regulation of sulfatases (SULFs) by 
inflammatory mediators, since sex steroids play a role in immune function and inflammatory processes, where 
SULF activity is often dysregulated and associated with inflammation. For example, in the vascular smooth 
muscle cells from patients with atherosclerosis, SULF expression was found to be higher in females with mild 
atherosclerotic changes, compared to severe disease and in male aortas. However, the counterpart of SULF, 
estrogen sulfotransferase (SULT-1E1), was lower in women with severe disease, indicating the importance of 
the SULT/SULF ratio in the local regulation of steroid formation in states of inflammatory diseases 224.  
 
Rienks et al. revealed that the ECM protein, SPARC, regulates inflammation, vascular permeability, and 
consequently mortality in a murine coxsackievirus B3-induced myocarditis model by maintaining the EnGL's 
integrity (Figure 1) 206. They found that a lack of SPARC resulted in a loss of GL integrity and consequent barrier 
function. These alterations in GL integrity resulted in increased cardiac inflammation and mortality during viral 
myocarditis. They also noted a relationship between SPARC and HS, seeing that both could restore EnGL 
integrity 206. SPARC probably serves as a Cys donor for oxidation to both GSH and inorganic sulfate (Figure 1). 
The degree of GAG sulfation in the GL regulates inflammation, vascular permeability, coagulation, and 
mechanotransduction. Depleted levels of GSH, through increased inflammation and oxidative stress, would 
also mean impaired availability of inorganic sulfate, resulting in an undersulfated and degraded GL. In animal 
studies, taurine deficiency, with Cys as a precursor to taurine (Figure 1), was also shown to result in 
cardiomyopathy 227.  
 
GVG Sp and LNPs can activate platelets and generate ROS, in addition to the pro-inflammatory response, 
resulting in degradation of the EnGL and coronary artery lesions 214. In this model, the overexpression of pro-
inflammatory cytokines, such as TNFα and IFNγ, may induce cellular hypertrophy and myocardial damage and 
possibly causes ventricular remodeling. Since TNFα is a potent inducer of NO and ROS, this inflammatory 
process can promote cardiac injury, myocardial fibrosis, and electrical remodeling, through a hyperoxidative 
state 228,229. As the EnGL degrades, the protective barrier of the EnCs is compromised, leading to increased 
interstitial edema, capillary leakage, and a higher risk of multiple organ failure. Furthermore, loss of ability to 
sense shear stress in the endothelium results in NO release, leading to systemic vasodilation 221.  
 
In addition to the function of MMPs in extracellular matrix (ECM) remodeling, a critical process involved in the 
progression of myocarditis to dilated cardiomyopathy, they are also important modulators of the antiviral 
immune response. A novel role for MMP-12 in innate immunity is mediating the secretion of IFNα, by 
transcriptional regulation of NF-қB inhibition 205. Pro-inflammatory cytokines can also lead to aberrant 
mitochondrial metabolism of cardiomyocytes, further causing heart dysfunction 204. EnGL degradation and 
prolonged and increased activity of MMPs and HPSE would be predominant in systemic vascular leakage 230. 
Circulating HS can act as DAMP ligands, binding to TLR4 and increasing the release of pro-inflammatory 
cytokines. Furthermore, serum HS fragments can induce mitochondrial dysfunction in cardiomyocytes in a 
TLR4-dependent manner 231. Degradation of the GL will also result in shedding of endogenous protective 
enzymes, such as extracellular SOD, which will increase oxidative stress in the endothelium 232,233. 
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It is also probable that overexpression of IFN in the heart can lead to autoimmune cardiomyopathy.  TREX1-
deficient mice were shown to develop lethal lymphocytic inflammatory myocarditis, with progressive dilated 
cardiomyopathy and circulatory failure, in addition to pathological changes in lymphoid organs, consistent 
with autoimmune cardiomyopathy 234. Fung et al. gave a good overview of the immunopathogenesis of viral 
myocarditis 205. A persistent and excessive immune response after vaccination can have harmful 
consequences, contributing to the progression of myocarditis and dilated cardiomyopathy 205. Yonker et al. 
observed significantly elevated levels of IL-8, IL-6, TNFα, IL-10, IFNγ, and IL-1, with lower IL-4 levels, in 
adolescents and young adults presenting with myocarditis after COVID-19 mRNA vaccination, compared to 
healthy vaccinated control subjects 17. The same Th1-polarized immune response was observed with DNA 
vaccine (AstraZeneca) immune assays 118, and in a Pfizer COVID-19 vaccination trial 87. This cytokine and 
chemokine environment represents a pro-inflammatory M1 macrophage phenotype, with Th1 IFNγ 
potentiating the macrophage microbicidal activity, thus promoting antigen presentation. When the Th2-
associated cytokine IL-4 levels are low, the anti-inflammatory M2 macrophage phenotype is not activated to 
stimulate myocardial healing or to blunt the inflammatory response 172. IFNγ–producing CD4+ T cells producing 
IFN were shown to predominate in autoimmune myocarditis in animal and human subjects, where IFNγ–
overexpressing mice developed spontaneous cardiac inflammation 235. 
 
Furthermore, Yonker et al. discovered that total leukocytes, especially neutrophils, were significantly elevated 
in the post-vaccine myocarditis cohort. On the contrary, platelet counts were found to decrease compared 
with vaccinated control subjects 17. These profiles probably suggest innate inflammatory activation in 
individuals who developed post-vaccine myocarditis. At the same time, adaptive immunity and T cell 
responses in the postvaccine myocarditis cohort were found to be indistinguishable from those of 
asymptomatic age-matched vaccinated control subjects. However, the circulating free GVG Sp antigen evaded 
Ab recognition in postvaccine myocarditis 17. 
 
In addition, dysregulation of specific miRNAs has been demonstrated to contribute to developing viral 
myocarditis, without altering viral replication dynamics 205. It seems probable that mRNA vaccines can 
upregulate miRNAs, which can induce myocarditis 172. Furthermore, increasing evidence shows that aberrant 
accumulation of protein aggregates is important in the development of human heart diseases 205. LNPs are 
known to aggregate to form protein coronas 236, cross the BBB, and potentially induce strokes and/or cerebral 
hemorrhages and damage the endothelium of the heart muscle 237. However, Nahab et al. found that the 

AstraZeneca DNA vaccine was associated with a higher risk of early post-vaccination ischemic stroke, compared 

to the Pfizer mRNA vaccine 238. It is clear that other factors are also at play, apart from the presence of LNPs. 
 
It is well established that GSH depletion, due to oxidative stress, is common in apoptotic cell death. In the 
pathogenesis of myocarditis, the balance of the oxidative / reductive state of the myocardium plays an 
essential role. The increased generation of ROS, reactive NO, and peroxynitrite species, and the depletion of 
enzyme and nonenzymatic antioxidant systems will increase oxidative stress. Oxidative stress can lead to 
adverse cellular effects in the myocardium, such as impaired regulatory pathways involved in Ca2+ 
homeostasis, conformational changes in myofibrillar proteins and cell membrane properties, alterations in 
DNA repair mechanisms, mitochondrial dysfunction, and ultimately cell death 97.  
 
Vaccine-induced cardiac injury can, therefore, be related to direct cardiomyocyte damage, coronary plaque 
destabilization, cytokine inflammatory responses, oxidative stress, EnGL dysfunction and degradation, and 
intracoronary microthrombi formation 200. In fact, in addition to inflammation, increased ROS production has 
been directly associated with various critical characteristics of the pathophysiology of cardiovascular disease. 
These include vascular remodeling, endothelial dysfunction, altered vasoconstrictor responses, increased 
inflammation, and modifications of the ECM. All these factors play a significant role in the development and 
progression of cardiovascular diseases 222. It is important to note that heart failure is the final mutual outcome 
of various primary cardiovascular diseases, regardless of the underlying nature of cardiomyopathy. The long-
term prognosis of myocarditis in vaccinated individuals remains unclear. Longitudinal studies of COVID-19-
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vaccinated patients with myocarditis will be necessary to better evaluate long-term risks. Given the low 
turnover rate of cardiomyocytes (only 1% annually, even at the age of 25) and the fact that fewer than 50% of 
cardiomyocytes are exchanged during a normal human lifespan, it becomes evident that loss of 
cardiomyocytes cannot be adequately replenished in a timely manner. As a result, such loss would be 
detrimental to maintaining cardiac function. The limited regenerative capacity of cardiomyocytes poses 
challenges for the heart's ability to recover from significant damage or injury 239. More research is needed to 
fully understand the complex interplay between oxidative stress and vaccine-induced myocarditis. 
 

4.5 Adverse events in athletes  
Myocarditis is ranked as the third leading cause of sudden cardiac death in competitive athletes by the 
American College of Cardiology 205,240. Further investigation is required due to the reported increased incidence 
of sudden death among athletes after COVID-19 vaccination 208,241.  
 
Because athletes often use testosterone and other anabolic steroids to improve performance, lower levels of 
GSH and reduced redox status could be expected. Non-medical testosterone has been shown to increase 
arterial blood pressure and induce left ventricular hypertrophy and myocardial infarction, due to coronary 
vasospasm or thrombosis 222. Low levels of GSH have also been established to cause increased inflammation, 
microglial activation, neuroinflammation, and expression of NO 223, indicating an increase in ROS. Interestingly, 
steroid SULFs are regulated by hypoxic conditions and inflammatory mediators, such as TNFα. Once 
intracellular, steroid conjugates can be desulfated during intense exercise 21, increasing levels of active steroid 
metabolites 224.  
 
At rest and during exercise, the electron transport system linked to the mitochondrial respiratory chain plays 
a significant role in generating ROS. The mitochondrial respiratory chain could be a potential source of ROS 
generation in the heart, which during exercise undergoes partial ischemia due to reduced blood supply. 
However, sufficient oxygen can interact with the increasingly reduced respiratory chain and enhance ROS 
generation. Even so, blood flow to hypoxic tissues at the cessation of exercise. However, Di Meo et al. found 
that the number of damaged mitochondria increased with long-term exercise 242. Mitochondrial dysfunction 
contributes to inflammation and apoptosis, in addition to playing an essential role in vascular disease. Tostes 
et al. reported that testosterone also induces mitochondria-associated ROS generation and apoptosis, in 
vascular smooth muscle cells, by activating androgen receptors 222. Bille et al. indicated a female/male ratio of 
1 / 9 for sudden cardiac death among athletes 240. Sen et al. 243 studied the association between exercise 
intensity and related oxidative stress in healthy young men. A 50% decrease in blood GSH levels was observed 
in moderately trained men during the first 15 minutes of exercise 243. Numerous studies have indicated that 
an imbalance of pro-oxidants and antioxidants, and thus a shift in the redox state within a cell, can lead to 
DNA damage and various functional abnormalities 226. It was shown that a sulfur donor, such as 
methylsulfonylmethane (MSM), can dampen IL-1ß and IL-6 in response to intense bout of exercise, while 
increasing IL-10 levels 244.  
 
Notably, Cys will favor GSH synthesis during exercise-induced oxidative stress. A higher demand for GSH will 
have an inhibitory effect on inorganic sulfate synthesis. Furthermore, stress and hypoxic states favor H2S as an 
‘emergency’ substrate for ATP production, while Cys also serves as a precursor for mitochondrial production 
of H2S 98. Under hypoxic conditions, it can be assumed that there will be an increased demand for H2S as an 
electron donor. This increased demand may result in the inhibition of inorganic sulfate and GSH synthesis, 
with Cys acting as the rate-limiting factor (Figure 1). This will affect the degree of HS sulfation and negatively 
impact GSH levels. Moreover, mediated by hypoxic conditions, increases in intracellular H2S and ROS levels 
can synergistically induce membrane depolarization. This may result in increased levels of cytosolic Ca2+ ions, 
leading to activation of the endoplasmic reticulum stress response involved in initiating apoptosis 98 (Figure 
2). Furthermore, prolonged hypoxia states increase the expression of tissue factors in monocytes and 
macrophages, as well as pulmonary vascular EnCs, which can lead to increased fibrin accumulation and 
consequent pulmonary thrombosis 21.  
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As discussed in this review, various factors will lead to a lower redox status in recipients of DNA and mRNA 
vaccines. Coupled with the increased oxidative stress generated during exercise, it is very likely that these 
events are the perfect storm to result in a heart attack. Increased inflammation and oxidative stress would 
increase blood viscosity and decrease myocardial perfusion and supply. This would be further exacerbated 
through dehydration during exercise. In addition, electrolyte imbalances would also affect the renin-
angiotensin-aldosterone system, possibly contributing to congestion and worsening of heart failure 120. 
 

4.6 Immunocompromised patients and autoimmune diseases 
Many researchers have looked at the possible link between SARS-CoV-2 and autoimmunity, such as vasculitis. 
Various autoimmune diseases have been reported after COVID-19 vaccination, such as alopecia areata, 
Guillain–Barre syndrome (GBS), autoimmune-induced hepatitis, acute autoimmune transverse myelitis, 
idiopathic thrombocytopenic purpura, arthritis, and Ab-associated antineutrophil cytoplasmic vasculitis 
6,245,246. This raises the question of whether COVID-19 vaccines might affect the immune system in the same 
way that SARS-CoV-2 infection does.  
 
Immunodeficiency can be expected due to abnormal or decreased viability of T cells. On the contrary, the 
overexpression of the serine / threonine kinase MAP4K3 in T cells induces IL-17A production and T cell 
hyperactivation, possibly leading to autoimmune diseases 139. On the other hand, anti-Sp Abs, with cross-
reactivity for host proteins, have been hypothesized to contribute to autoimmune pathologies, such as 
Kawasaki-like disease and GBS 54,245.  
 
Serum from severely ill patients with COVID-19 revealed high autoAb titers, such as antinuclear antibody 
(ANA), lupus anticoagulant and antineutrophil cytoplasm antibodies (ANCA) 247,248. In plasma isolated from 
patients with autoimmune conditions, myeloperoxidase (MPO) and NOX2 were associated with the formation 
of NET. Enhanced NETosis was associated with the onset of acute and chronic inflammation and autoimmune 
disorders. At the same time, the presence of auto-Abs inhibited NET degradation, increasing the risk of 
immune-mediated thrombosis 147. Although patients affected by immune suppression and immune-mediated 
inflammatory disorders are encouraged to be vaccinated, there exists a paradox, since it is known that COVID-
19 vaccines can trigger disease relapse in patients with an established immune-mediated inflammatory 
disorder. In patients predisposed to develop an autoimmune disease, vaccination can potentially shift the 
balance towards self-reaction, leading to the initiation or exacerbation of autoimmune responses 249,250. 
Ironically, the initial Pfizer and Moderna vaccine trials excluded immunocompromised patients, including 
those on immunosuppressive medications, and patients with autoimmune conditions. It has been established 
that autoimmune reactivity in response to viral antigens, after infection or vaccination, can be easily derived 
in various tissues from cross-reaction with human tissue antigens that share sequence homology with the 
virus. Therefore, it seems probable that the GVG Sp is a potential epitopic target for biomimicry-induced 
autoimmunological processes 251. Therefore, chronic autoimmune disease can result from excessive Ab 
production in response to the vaccine. Vaccines have been associated with chronic immune-mediated 
disorders that can develop only years after vaccination 211,252. Moreover, IL-17 cytokines, induced by cationic 
LNPs, will further exacerbate the autoimmune milieu 62.  
 
It is also important to note that the CDO-catalyzed step, which is responsible for producing the majority of 
inorganic sulfate in vivo from Cys, is rate-limiting (Figure 1). Pro-inflammatory cytokines, such as IL-1β, TNFα, 
and TGFβ, downregulate CDO at the mRNA level. Therefore, higher plasma levels of Cys could be expected, 
compared to inorganic sulfate concentrations, after vaccination. A lower degree of HS sulfation is evident in 
various autoimmune and inflammatory health conditions 98.  
 

4.7 Immune-mediated hepatitis 
After vaccination, various factors and pathways would cause immune-mediated hepatitis, fibrosis, and liver 
necrosis, such as increased pro-inflammatory cytokines, oxidative stress 253, circulating LNPs, and soluble GAGs 
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in circulation due to EnGL damage. Soluble plasma GAGs are cleared from circulation through clearance 
receptors present in sinusoidal liver EnCs, including stabilin-2. However, in instances of liver cell injury or 
infection, such as in the case of hepatitis, there may be an associated increase in circulating GAGs due to 
impaired clearance mechanisms 28. Decreased sulfation and degradation of the EnGL would be a substantial 
contributing factor in mediating hepatitis. SAAs play a crucial role in liver health, where increased ROS or lower 
levels of GSH and the other SAAs will also contribute to hepatitis. The loss of the BPNT1 gene in mice was 
shown to lead to impaired protein synthesis, which subsequently resulted in impaired liver function and 
reduced levels of HSA 224.  
 
LNPs can be cleared in a healthy liver through efficient immune responses; for example, by the convectional 
APCs in the liver, such as DCs, B cells and Kupfer cells. Additionally, sinusoidal EnCs from the liver, liver stellate 
cells, and hepatocytes can act as APCs. However, sustained expression of GVG Sp-related antigens after 
vaccination, as well as increased levels of GAG fragments and LNPs, can skew the immune response to 
autoimmune tissue damage, such as through IL-17 62, as observed in cases of autoimmune hepatitis after 
COVID-19 vaccination 10,254. It has been shown that PEG-lipids with short lipid tails can desorb from LNPs, 
allowing the NPs to adsorb apolipoprotein E, which will cause LNPs to endogenously target liver hepatocytes 
68.  nAb responses elicited after SARS-CoV vaccination have been shown to induce harmful immune responses 
that result in liver damage 42. Fernandes et al. 149 injected SARS-CoV-2 rSp into zebrafish and observed mild 
lobular infiltration of lymphocytes in the liver, centrilobular sinusoidal dilation, patchy necrosis, moderate 
microvesicular steatosis, and mild inflammatory infiltrates in the hepatic lobule and the portal tract. These 
changes were similar to those observed in COVID-19 patients 149.  
 

4.8 Neurological symptoms 
Various factors, such as genetics, oxidative stress, neuroinflammation, mitochondrial damage, and abnormal 
protein folding, underlie neurodegenerative disease. Multiple researchers have linked vaccine adjuvants, such 
as aluminum salts, to neurological symptoms 108. Even though neurotoxicity due to LNPs crossing the BBB is 
possible 76, one could more likely expect decreased levels of inorganic sulfate as an underlying etiological 
factor. Sulfate plays an important role in the brain as a vital component of the GL and ECM 56, and as a 
deactivator of neurotransmitters, such as serotonin, dopamine, DHEA, and pregnenolone. HSPGs play a crucial 
role in neurite outgrowth and connectivity between neurons and their target cells. They have been shown to 
be vital in processes such as neurogenesis, axonal guidance, and synapse development 223. The depletion of 
available inorganic sulfate due to vaccine-induced systemic inflammation and oxidative stress will lead to 
many neurological problems. Reduced serotonin sulfation would impair its inactivation, resulting in increased 
serotonin levels or serotonin syndrome. Increased serotonin levels would not only affect daily brain 
functioning, it can also cause focal seizures and motor changes, and a loss of oxytocin-containing cells in the 
hypothalamus, leading to deficits in oxytocin processing with behavioral consequences.  
 
In addition, sulfated steroids, such as DHEA sulfate, have been shown to inhibit GABAa receptors in the 
nervous system. Decreased sulfate levels might result in anxiety, depression, apathy, insomnia, and mood 
disorders. Impaired N-methyl-D-aspartate (NMDA)-dependent long-term potentiation (LTP) was associated 
with sodium and potassium current perturbations. Sulfate deficiency might alter memory, since the 
glycoprotein, N-sdc, enables LTP by transmitting signals from ligands binding to attached HSPGs 223. Sulfated 
galactocerebroside, known as sulfatide, is a critical myelin lipid component 56 and is involved in various 
biological processes, such as cell growth, inflammation and immune modulation, protein trafficking, signal 
transduction, cell-cell recognition, neuronal plasticity, and cell morphogenesis 255. Mice lacking sulfatides 
display disorganized paranodes and a deficiency in septate-like junctions, which results in a notable decrease 
in nerve conduction velocity as a functional outcome. The absence of galactolipid sulfation in the Golgi 
apparatus appears to disrupt the selective association of NDK/Nm23 proteins with myelin-destined vesicles, 
leading to random and unregulated associations of NDK/Nm23 with any myelin-destined vesicle. This 
dysregulation of protein association may contribute to the observed impairment in nerve conduction 256. 
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Substantial depletion (92 mol%) of sulfatide mass was found in the temporal grey matter of subjects with a 
clinical dementia rating of 0.5, relative to controls 255.  
 
Although excessive production and release of pro-inflammatory chemokines and cytokines after vaccination, 
particularly TNF-α, IL-1, and IL-6, can trigger neuropsychiatric symptoms in itself, they also negatively affect 
thiamine metabolism 257. A deficiency in sulfur-containing thiamine has been linked to many neuropsychiatric 
adverse effects.  
As in long-COVID, activated immune-inflammatory and oxidative and nitrosative stress pathways (IO&NS) can 
underlie the physiological symptoms of COVID-19 vaccine-induced chronic fatigue syndrome, major 
depression, and generalized anxiety disorder 140,258,259, which are characterized by activated IO&NS pathways. 
Therefore, the combination of toxicity from neuro-oxidative stress and diminished antioxidant defenses can 
result in increased neurotoxicity, ultimately leading to physiological symptoms 187. Although Selvakumar et al. 
did not find a correlation of long COVID conditions between infected and noninfected individuals, the 
vaccination status was not taken into account as a possible contributing factor to symptoms 260. 
An overactive immune system is known to contribute to the emergence or aggravation of neurodegenerative 
diseases, such as Alzheimer’s disease, hemorrhagic and ischemic strokes, multiple sclerosis (MS), and GBS, as 
well as neuropsychiatric symptoms, as cytokines can pass through the BBB and cause acute necrotizing 
encephalopathy 10,115,216. 
 
In murine studies, S1 has been shown to act as a pathogen-associated molecular pattern that induces viral 
infection-independent neuroinflammation through the participation of pattern recognition receptor 
engagement 10,140. Furthermore, Sp, S1 of SARS-CoV-2 and mRNA-LNPs can cross the BBB 10,89,149. Fernandes et 
al. 149 showed that rSp generated an inflammatory process in the brain, with a severe influx of mononuclear 
cells. This profile was correlated with acute necrotizing and transverse myelitis related to SARS-CoV-2 
infection, confirming the neurotropism of the Sp 149. 
 
Furthermore, circulating shed HS fragments can bind to Aβ fibrils and α-Synuclein, thereby competitively 
inhibiting FGF2-mediated neuroprotection and promote protein aggregation 261. Moreover, binding of the GVG 
Sp and LNPs to HSA can affect HSA transport across the BBB, resulting in increased plaque formation and 
impaired amyloid processing, thus affecting cognition 123,261. Low HSA, LNPs, and increased expression of MPO 
could also exacerbate capillary leak in the brain 262, which can lead to thrombosis, severe encephalitis, toxic 
encephalopathy, and rupture. The brain contains the largest number of plasmalogens 255, which are 
susceptible to MPO-induced oxidative stress 263. Plasmalogen deficiency in cerebral grey matter can be directly 
related to neurodegeneration and loss of synapses, as a decrease in plasmalogen levels can induce membrane 
instability 255. Therefore, by enriching neuronal cell membranes with plasmalogens, neuronal function can be 
improved through modulation of nonlamellar membrane transformations and synaptic plasticity 264. A weak 
BBB, through HSA depletion and MPO-induced oxidative stress, may promote secondary infection, leading to 
meningitis 89,123,149. Xu et al. 34 illustrated that loss of brain EnC integrity and decreased host defense mediated 
by NETs would synergistically render HS2ST-deficient mice susceptible to infection. Furthermore, inactivation 
of HS2ST in neutrophils affects the binding capacity of histones, which are vital antimicrobial molecules and 
structural components of NETs, revealing a novel function of HS in neutrophil NET biology 34. There exists a 
direct relationship between HSA deficiency and decreased sulfation 98.  
 
Neuronal cells are highly susceptible to exposure to hypochlorous acid (HOCl) induced by MPO, which can 
release pro-inflammatory cytokines, exacerbating neuroinflammation. HOCl also chlorinates the amine and 
catechol groups of dopamine, which may selectively kill dopaminergic neurons by inhibiting mitochondrial 
respiration 262. It is important to note that endosomes provide a specialized NGF/TrkA platform for sustained 
signaling, which is required for neuronal survival 77. The influence of ionized LNPs on these signaling pathways 
through membrane and endosomal destabilization needs further investigation.  
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Furthermore, various Sp-binding receptors are expressed in the brain, such as ACE2, ephrin (Eph) receptors 
and ligands, NRP-1, TMPRSS2 and CD147. The GVG Sp, LNPs and activated IO&NS pathways can result in 
neuroinflammatory processes characterized by neuron demyelination, hyperactivation of microglia, and 
stimulation of astrocytes. Specific pathological changes and symptoms vary depending on the type of cell and 
the brain region affected. Symptoms related to pituitary gland involvement may include headaches and vision 
changes, while damage to the cerebellum and cortex can cause neurological symptoms such as ataxia, 
dizziness, and impaired consciousness 216,265. Numerous cases of acute, temporary, unilateral peripheral facial 
paralysis, or Bell’s palsy, have been reported as AE 49,259,266.  
 
Various reports of Creutzfeldt–Jakob disease have been reported after COVID-19 vaccination 267, with 
symptoms of rapidly progressive dementia, ataxia, pyramidal symptoms, and akinetic mutism. It has been 
hypothesized that neuroinflammatory transcriptional signatures and loss of homeostatic identities in 
astrocytes could be triggered by systemic inflammatory mediators, which can contribute to 
neurodegeneration and prion disease pathogenesis 216.  
 
Abramczyk et al. observed alterations in the reduction-oxidation pathways associated with Cytochrome c in 
glial cells of astrocytes, astrocytoma and glioblastoma, incubated with the Pfizer mRNA vaccine, similar to that 
of brain cancer 115. Glioblastoma multiforme is a common primary human brain cancer characterized by 
resistance to apoptosis by chemotherapeutic treatment and radiation. The pathogenesis of glioblastoma 
multiforme is associated with pro-inflammatory cytokines, chemokines, and Eph receptors. Elevated levels of 
pro-inflammatory cytokines, such as IL-1β and TNFα, were found in patients with glioblastoma multiforme 217. 
It would be important not to misdiagnose glioblastoma multiforme for acute disseminated encephalomyelitis, 
which could also be associated with COVID-19 vaccination 268.  
 
Reports of acute ischemic stroke cases have emerged after COVID-19 vaccination 6,211,238,269. There is a long-
standing association between systemic infections, inflammation, and acute ischemic stroke. TLRs can also 
indirectly damage neurons, resulting in ischemic stroke.  EphA2 receptors have also been shown to play an 
important role in ischemic stroke pathology 216.  
 
GBS is a commonly reported vaccine-induced AE 6,259,270-272. GBS is linked to the release of cytokines and 
chemokines induced by vaccination, resulting in damage to the central and peripheral nervous system 216. It is 
the most common acquired inflammatory neuropathy, characterized by demyelination or damage to the 
myelin sheath and/or axonopathy. It has been speculated that the GVG Sp can lead to an autoimmune 
response due to its structural similarities with the ganglioside components of peripheral nerves, thereby 
damaging them. This hypothesis was confirmed by detecting auto-Abs against gangliosides in the case of 
tetraparesis 120.  
 
The fact that these neurodegenerative diseases were also observed in COVID-19 patients 216,245,265, indicates 
the involvement of the Sp with various receptors, with consequent neuroinflammation. Post-vaccination, the 
integrity of the BBB is probably weakened by LNPs, thereby exacerbating neuroinflammation. Increased 
immunogenicity can also be expected due to mistranslation of mRNA and protein misfolding, which has been 
linked to neurodegeneration 273 and heart disease 274.  
 
The acute neurological presentation of Churg–Strauss syndrome following COVID-19 vaccination has been 
reported 245,249,275. In a case report discussed by Chan-Chung et al. 275, eosinophilia and a systemic inflammatory 
process were revealed with baseline investigations and autoimmune tests. On the contrary, renal and liver 
function tests, as well as lumbar puncture findings, were found to be unremarkable. Although magnetic 
resonance imaging (MRI) of the brain and spine did not reveal any significant abnormalities, MRI of the orbits 
showed intense enhancement in and around both optic nerve sheaths, along with extensive nasoethmoidal 
inflammatory mucosal disease. The patient showed features of small vessel leukocytoclastic vasculitis and 
eosinophilic myocarditis, without granulomas or giant cells. Although the cause-and-effect association with 
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COVID-19 vaccines still needs to be proven with certainty, clinicians should suspect autoimmune-related 
polyneuritis in patients with asthma and rhinosinusitis, who present with sensorimotor symptoms and poor 
balance after COVID-19 vaccination 245,275.  
There exists an important relationship between HS and Churg–Strauss syndrome. It is known that the EnGL is 
damaged during inflammatory conditions, with very high levels of extracellular histones and pro-inflammatory 
cytokines, resulting in the degradation and shedding of HS and other GL fragments. However, En-expressed 
HS plays a role in allergic airway inflammation, such as asthma and sinusitis, by mediating the interaction of 
leukocytes with the vascular endothelium, thus regulating the recruitment of inflammatory cells to the 
airways, as well as sequestering and modulating the activity of pro-inflammatory cytokines 276. In Churg-
Strauss syndrome, the membrane basic protein (MBP) and eosinophil cationic protein (ECP) block HS, thereby 
inhibiting HS binding to AT, and consequently facilitate coagulation through unhindered factor X activation 
and thrombin generation. Furthermore, MBP/ECP stimulates platelets to release PF4, which also blocks HS 
with subsequent coagulation 277, and an attenuated ability to regulate inflammation. It is clear that after 
COVID-19 vaccination, these overstimulated immune-mediated pathways would intensify, with less available 
HS to modulate the response.  
 

4.9 Endocrine disorders, reproductive health, and pregnancy  
During pregnancy, the blood-placental barrier mediates the exchange of nutrients and metabolic waste 
products, exerts vital metabolic functions, and secretes hormones, and is therefore crucial in maintaining 
pregnancy. There is a relationship between SAAs, where an HSA deficiency will affect Cys and taurine levels 
(Figure 1) 98. Interestingly, lower birth weight and length of infants have been linked to maternal taurine 
deficiency. Since it has been found that increased size of newborns at birth may be protective against the 
development of coronary heart disease, taurine or HSA deficiency in utero, and in infants, can lead to the 
progression of coronary heart disease in adulthood. This link between taurine deficiency and cardiac 
pathologies was demonstrated in taurine transporter (TauT) gene knockout mice 227. The hearts of TauT 
knockout mice had impaired mitochondrial complex I, resulting in elevated superoxide production and thus 
oxidative stress within mitochondria. Oxidative stress ultimately causes endoplasmic reticulum stress and 
apoptosis, which were thought to be the cause of cardiac failure 227. However, a taurine deficiency would also 
mean lower levels of inorganic sulfate, where undersulfation is also associated with cardiovascular diseases 
21. Therefore, diets that lack adequate SAAs and taurine levels, plus increased oxidative stress after 
vaccination, can adversely affect the fetus's health status during pregnancy, leading to an increased risk of 
pathologies in adulthood. Infants also depend on taurine for their neurodevelopment. This was confirmed 
when a low score on the mental development index at 18 months was associated with low neonatal plasma 
taurine concentrations 227. 
 
Due to chronic inflammation and oxidative stress, a reduced supply of inorganic sulfate will also impair 
serotonin sulfation, affecting its inactivation. Increased levels of serotonin are one of the most consistently 
replicated biochemical findings in autism. Increased serotonin levels would affect day-to-day brain 
functioning, as well as the development and outgrowth of serotonergic neurons, resulting in a loss of serotonin 
terminals. Autistic symptoms in offspring, such as reduced social bonding, sensory hyperresponsiveness, 
seizures, and motor changes, as well as depletion of oxytocin-containing cells in the hypothalamus, can be 
attributed to elevated serotonin levels during prenatal brain development 223. This may result in 
developmental and behavioral changes in children born from COVID-19-vaccinated mothers. 
 
In addition, spontaneous abortions and stillbirths could be expected when the mother has been vaccinated 
258,278, either recently before or during pregnancy 279. The movement of nutrient-rich HSA across the placental 
barrier is controlled by clathrin-enabled endocytosis. The binding of LNPs and GVG Sp to HSA will reduce the 
amount of HSA and clathrin binding sites available. This blocks HSA from entering the cell and passing the 
placental barrier. Therefore, less HSA and nutrients would be available to support healthy growth and 
development of the fetus and negatively impact the mother 123. Furthermore, various studies demonstrated 



32 

 

the achievability of designing LNPs as a platform for the delivery of mRNA to the placenta 72,280. The potential 
effect of LNPs and mRNA on the fetus post-COVID-19 vaccination needs more research.  
 
Although normal Ep and fetal tissues have low expression of CD147, it is significantly upregulated during 
inflammatory conditions 131. Therefore, there is a possibility that the GVG Sp might directly impact the fetus 
by binding to CD147. While maternal infection is a well-established cause of congenital abnormalities, vertical 
transmission of SARS-CoV-2 has also been documented. Severe adverse pregnancy outcomes, including 
miscarriage, premature delivery, intrauterine growth retardation, and maternal death, have been reported in 
association with other coronaviruses, such as MERS-CoV and SARS-CoV. A systematic review of evidence 
during the early stages of the COVID-19 pandemic indicated an increased risk of preterm birth, stillbirth, and 
admission to neonatal intensive care 281.  
 
More research is needed to test the immunogenicity, reactogenicity, and safety of COVID-19 vaccines during 
pregnancy 282, especially since pregnant and lactating women were excluded from the initial COVID-19 vaccine 
trials 283. In recipients of the Pfizer vaccine, a wide-ranging immune response was observed, including 
stimulation of neutralizing nAb responses, stimulation of CD4 + cells, and expansion of effector memory CD8+ 
T cells in men and non-pregnant women. However, the extent of a comparable immunological response in 
pregnant women remains uncertain. This uncertainty is concerning, since favorable perinatal outcomes are 
highly dependent on enhanced helper T cell type 2 and regulatory T cell activity, combined with reduced Th1 
responses. Alterations in CD4+ T cell responses during pregnancy have been associated with unfavorable 
pregnancy outcomes, such as preterm birth and fetal loss. Furthermore, there is some evidence to suggest 
that infants born to mothers with variant CD4+ T cell responses may experience long-term adverse 
consequences 49.  
 
Various research studies have clarified that HSPGs mediate the retention of many growth factors and 
morphogens. Carboxyl and sulfate groups of the GL contribute to the negative charge essential for interactions 
between HS and basic AA residues in proteins, such as VEGF-A 284. In a murine study, it has been demonstrated 
that dramatically reduced HS sulfation resulted in brain malformations and skeletal defects. This implicates 
the importance of highly sulfated NS domains for growth factor-binding 284. Macrophage subsets express 
differential expression of HS, where reparative M2 macrophages will bind more 2-O-sulfation-dependent FGF-
2, augmenting the FGF-2-dependent proliferation of a target cell 167. This suggests that aberrant regulation of 
leukocyte HS sulfation during chronic inflammation and oxidative stress, possibly induced by GVG Sp and LNPs, 
can result in excessive growth factor activity and consequently affect fetal development. Activated 
macrophages mediate both CD4+ and CD8+ T cell responses. Therefore, HS and its sulfation configuration are 
essential for cell growth, tissue homeostasis, immune response, and embryonic development 261.  
 
Morris et al. demonstrated through in vitro frozen embryo transfer (FET) fertilization that seropositivity to 
SARS-CoV-2 Sp, whether from vaccination or infection, did not prevent embryo implantation or development 
during early pregnancy 285. However, the female zebrafish injected with rSp showed severe damage seven days 
after inoculation, while the ovarian damage was reversed after 14 days when the zebrafish received a second 
injection of rSp. For reproductive tissue in humans, there is evidence that ACE2 is expressed during all stages 
of follicle maturation in the ovary and endometrium 149. This increases the likelihood that GVG Sp affects 
female and male fertility, with evidence that the Sp can distribute to the ovaries and testes 286,287. The dramatic 
increase in oxidative stress and pro-inflammatory cytokines after COVID-19 vaccination, such as IL-6, can 
damage spermatozoa. Increased levels of ROS and MPO can damage the sperm membrane 262,263 and induce 
apoptosis, thus affecting sperm quality, sperm function, and motility. If spermatogenesis is affected, it could 
eventually result in non-functional sperm, thus negatively impacting male reproductive health 288. 
Furthermore, Sertoli and Leydig cells are involved in spermatogenesis and express ACE2, TMPRSS2, and CD147 
130. The effect that overexpressed binding of CD147 and GVG Sp might have on spermatogenesis and 
fertilization would require further research.  
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There have been observations that COVID-19 vaccines caused a decrease in fertility in women 289. This should 
be verified with a statistical analysis of data on world birth rate associated with COVID-19 vaccination. In vitro 
fertilization studies would not truly reflect the in vivo environment after vaccination. Although the proposed 
mechanism for infertility is the presumed similarity between GVG Sp and syncytin-1 285, the upregulation of Sp 
binding receptors, and the effect of steroid sulfation and desulfation, would likely better explain the variation 
in fertility issues experienced by COVID-19 vaccinated women. In the fertility study of Morris et al., they used 
micronized estradiol tablets, followed by a combination of vaginal progesterone and intramuscular 
progesterone for the preparation of the uterine 285. However, the study did not reflect the in vivo reality of 
chronic inflammation and oxidative stress after vaccination, its effect on steroid sulfation and HSA availability, 
and its pathological consequences.  
 
Furthermore, the reduced availability of inorganic sulfate for steroid sulfation could explain the menstrual 
irregularities and breakthrough bleeding observed in female COVID-19 vaccine recipients 21,290-292. During the 
female menstrual cycle, SULF activity peaks in endometrial tissue at the early secretory stage and then declines 
afterward. The pro-inflammatory cytokine IL-1β increases during the secretory phase of menstruation, which 
is known to suppress SULF mRNA and activity in human endometrial stromal cells 224. This implies that IL-1β 
may control the endometrium steroid microenvironment by reducing estrogen's biological action. However, 
both hypoxic conditions and inflammatory mediators, such as TNFα and IL-6, also influence steroid SULFs. 
SULF suppression results in decreased maternal-fetal estrogen during pregnancy due to lack of SULF activity 
in the placenta. This deficiency of estrogen would result in delayed progression of parturition. Furthermore, it 
has been found that SULF activity is increased by up to 12 times in endometrial cancer tissue 224. Sulfation and 
desulfation play an essential role in balancing the availability of free steroid hormones near target sites and 
would affect menstruation irregularity. The action of steroid hormones is strongly based on the intricate 
interplay of the sulfation and desulfation processes and the transport of sulfated steroids across membranes. 
More research is required to assess the effect of inflammation and oxidative stress on the expression of SULTs 
and SULFs, and the consequent pathologies if these enzymes are out of balance. The direct biological effects 
of various steroid sulfates versus their non-sulfated counterparts should also be further explored. The rate-
limiting step for all sulfation reactions is the availability of active sulfate in the form of sulfonucleotide 3-
phosphoadenosine 5-phosphosulfate (PAPS), where the responsible PAPS synthases are known to be fragile 
enzymes 21,224. Cellular efflux of conjugated steroids occurs through the multidrug-resistant protein (MRP) of 
ABC transporters. Estrone sulfate and DHEA sulfate transport depend on GSH availability, but whether or not 
the sulfated steroid requires GSH for MRP-mediated efflux remains unresolved 224.  
 
CVST typically affects young women of childbearing age, with a prevalence of prothrombotic disorders being 
exceptionally high in adolescents. CVST is the most common among female patients younger than 40 years of 
age, those with thrombophilia, or women who are pregnant, postpartum, or taking hormonal contraception 
196. There is a possible hormonal link to estrogen. Estrogens are known to increase the levels of coagulation 
factors while decreasing the levels of anticoagulant proteins, such as AT 293. Since estrogen is inactivated by 
sulfation, aberrant sulfation after vaccination would be a leading factor predisposing to CVST. At the same 
time, thromboembolic complications associated with the GVG Sp can lead to fetal vascular malperfusion or 
fetal vascular thrombosis 281. In vascular development, peptide growth factors of the VEGF and platelet-
derived growth factor (PDGF) families have been found to regulate the migration and proliferation of EnCs 
and support mural cells, such as pericytes (PC) and vascular smooth muscle cells. HS and the overall degree of 
sulfation play a vital role in PDGF binding and are responsible for PC recruitment and attachment in vascular 
development 284.  
 
The fact that insulin could easily interact with LNPs through electrostatic interactions 294,295 may partly explain 
the high incidence of hyperglycemic crisis and type 2 diabetes after COVID-19 vaccination, apart from the 
destructive effect that oxidative stress, endoplasmic reticulum stress and low inorganic sulfate levels would 
have on beta cells in pancreatic islet 21,137,261,296-298. It is also necessary to note that HSA transports both insulin 
and glucose. With more HSA being consumed during inflammation and oxidative stress and through binding 
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to LNPs, a reduced concentration of insulin delivered to the liver could be expected, with the subsequent 
elevation of glucose. Moreover, this excess glucose can result in HSA glycosylation, which further reduces the 
binding sites. A reduction in HSA is associated with type 2 diabetes 261. Glycated HSA also suppresses glucose-
induced insulin secretion by altering glucose metabolism and result in pancreatic beta cell dysfunction through 
autophagy. Glycated HSA has a very high binding affinity; therefore, with more GVG Sp and LNPs binding to 
glycated HSA, glucose and insulin metabolism would be further impaired 52,123.  
 
Type 1 diabetes have also been reported as an AE after vaccination 298,299. Seen that high levels of sulfated HS 
protect beta cells in the pancreatic islet from ROS and cell death, this protective antiapoptotic effect would be 
neutralized during excessive oxidative stress and inflammation, when nearby autoreactive T cells secrete HPSE 
that subsequently degrade HS, leading to the onset of Type 1 diabetes 21,222.  
 
Some cases of thyroid disorders have been documented after COVID-19 vaccination, such as subacute 
thyroiditis and Graves disease 300,301. Evidence of the presence of ACE-2 receptors and TMPRSS2 in thyroid cells 
265 increases the probability that the GVG Sp would activate these receptors in the thyroid. Furthermore, 
thyroid hormones are also sulfated during metabolism, and with reduced inorganic sulfate levels, active 
thyroid hormones can negatively impact thyroid health 302.  
 

4.10 Cutaneous adverse effects 
Various skin reactions were reported in recipients of the COVID-19 vaccines, such as petechiae, bruising or 
hemorrhages, hemangiomas, rashes, increased spider veins, redness, blue discoloration, and / or peeling of 
the skin 120,303. These symptoms mainly occurred associated with other complex symptoms and were usually 
clustered. The onset of symptoms occurred from 12 hours to 9 weeks after vaccination, where Moderna 
elicited the most frequent reactions, followed by AstraZeneca and Pfizer 120.  
 
A case of Darier’s disease flare-up was reported after the first dose of the AstraZeneca vaccine. Darier’s disease 
is a rare autosomal dominantly inherited dermatosis, which is due to a mutation in the ATP2A2 gene on 
chromosome 12q23-24 that encodes SERCA2, a Ca2+ ATPase in the sarco/endoplasmic reticulum 304. Other 
mechanisms would also be involved, since an antigen-immune-mediated flare was observed after vaccination. 
Syndecan HSPGs (sdc) regulate cytosolic Ca2+ to control cell adhesion, actin cytoskeleton, and junction 
formation. This is achieved by controlling transient receptor potential canonical (TRPC) channels. An sdc–
TRPC4 complex in epidermal keratinocytes controls adhesion, adherent junction composition, and early 
differentiation. HSPGs and the degree of HS sulfation will determine the binding of growth factors, 
morphogens, cytokines and chemokines, which synergistically combine with high-affinity receptors to affect 
intracellular signaling 305. It is yet again clear that sulfation would affect practically every cellular process. A 
shift in sulfur metabolism, due to inflammation and oxidative stress, would exacerbate underlying genetic 
vulnerabilities, such as Darier’s disease.  
 
CD147 has been observed to increase with age in the skin 213. Chronic inflammation after COVID-19 vaccination 
would increase the expression of CD147. When CD147 induce extracellular MMPs, an excessive breakdown of 
connective tissue components in the skin could be expected. Even though, most of the skin eruptions following 
vaccination could be drug-induced, where vaccination might have a synergistic immunologic effect on an 
adverse drug reaction. Most drugs used to treat inflammatory conditions, such as corticosteroids, non-
steroidal anti-inflammatory drugs (NSAIDs), acetaminophen, and aspirin, inhibit or are metabolized, through 
sulfation and can therefore negatively impact GAG sulfation in the epidermis. The consequent vascular 
inflammation would alter the regulation of keratinocyte proliferation, with increased epidermal 
differentiation. Toxic epidermal necrolysis (TEN) is often observed when using acetaminophen, which is 
associated with inorganic sulfate depletion 21.  
 
Conventional DCs constitute the major resident DC population in the normal human dermis. DC maturation is 
crucial to the effectiveness of mRNA-based vaccines, where TLR locations in different DC subsets, and the DC 
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locations in various organs can affect the immune response, resulting in possible cutaneous AEs. Intradermal 
or subcutaneous delivery of the mRNA vaccine would result in antigen translation in skin monocytes and DCs 
306.  
 

4.11 Ocular adverse events 
 The COVID-19 vaccines had associated ocular AEs 16,49,307,308. There have been reports of the GVG Sp triggering 
a pro-inflammatory response in human corneal EpCs, with increased oxidative stress and DNA double-strand 
breaks in human peripheral blood mononuclear cells 10. MPO-induced HOCl will damage plasmalogens in the 
lens and ocular neurons 262,309.  
 
Li et al. established that after the first and second doses of mRNA vaccines, these vaccinated individuals had a 
significantly increased risk of retinal vascular occlusion up to two years after vaccination 310. Sp-induced 
disruption of retinal capillary barrier function is similar to En damage following intravitreal administration of 
vascular En growth factor, a prominent vascular hyperpermeability factor in diabetic retinopathy, an 
inflammatory eye disease 129. The visual disturbances observed after vaccination 310,311 could be caused by 
microvascular supply disturbances of the retina and / or optical center, after exposure to GVG Sp and 
cytokines. Acute visual disturbances with retinal hemorrhages have been reported in association with 
AstraZeneca vaccination and autoimmune thrombocytopenia 120. Given that a diet deficient in taurine is 
associated with the development of retinopathy 227, there is a clear link between the availability of SAAs, 
inorganic sulfate, inflammation, vascular and ocular health.  
 

4.12 Cancer 
Carcinogenesis is a complex multifactorial and multistage process that consists of initiation, promotion, and 
progression. Very specific interactions between tumor cells and the microenvironment are required during 
cancer development, growth, metastasis, and invasion. The GL is the critical effector of the tumor cell surface 
and microenvironment 261. Therefore, the GL is involved in tumor growth and metastasis, by interacting with 
growth factors, growth factor receptors, and cytokines. Chronic inflammation is underlying many cancers and 
is a driving force for metastasis of cancer cells. HSPGs play a central role in regulating cell behavior and cancer 
progression, where the pattern and degree of GAG sulfation are strongly related to the type of cancer, the 
tumor regulatory effect, and the level of differentiation 261.  
 
Significant alteration of steroid metabolism in many endocrine-related cancers is a well-established fact. 
Evidence suggests that sulfation pathways are down-regulated 312, while SULF activity is up-regulated in 
numerous tumors 313. This leads to a preference for desulfation and subsequent conversion of steroids into 
more active metabolites 224. Many factors can contribute to dysregulation of sulfation pathways 21. However, 
with COVID-19 vaccination, the chronic pro-inflammatory response and oxidative stress generated by GVG Sp 
and LNPs, would probably be the main factors influencing sulfation. Furthermore, various factors, in addition 
to pro-inflammatory cytokines, would affect the signaling of SULTs and SULFs 224. There has been an increase 
in breast and lung cancer cases reported to VAERS, while pancreatic, ovarian, and bladder cancers were 
directly linked to the COVID-19 vaccines 56. One could also expect more cancers related to sarcoma, leukemia, 
and lymphoma after COVID-19 vaccination 314-322. It is still unclear whether the increase in lymphadenopathy 
diagnosed post-COVID-19 vaccination is due to an immune response to the vaccine or an underlying malignant 
process. Although most lymphadenopathies diagnosed after vaccination in a study appeared benign, there 
was a 2.4% increase in new breast cancer malignancies diagnosed after vaccination 323. Since cancer generally 
takes months or years to progress, from an initial cellular malignant transformation to the development of a 
clinically identifiable tumor, more randomized controlled trials are needed in this area (by screening before 
and after vaccination).  
 
The fact that the ECM protein SPARC regulates tumor development, progression, and angiogenesis 208, 
confirms the vital role of SAAs in cancer. SPARC would serve as a Cys donor to maintain homeostatic balance 
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in the sulfation pathways (Figure 1). SPARC, which is overexpressed during cancer, exhibits anticancer 
properties and modulates inflammatory processes 324.  
 
It was shown that the Sp increases human cell syncytium formation, triggering pyroptosis of syncytia formed, 
by fusion of Sp and ACE2-expressing cells, possibly the founding tumorigenic event. Furthermore, it was 
demonstrated that the Sp inhibits DNA damage repair processes, induce changes in Snail-mediated epithelial-
mesenchymal transition markers, and promote lung metastasis in a breast cancer mouse model 10. 
Furthermore, the Sp S2 subunit interacts with BRCA-1/2 and 53BP1. In particular, BRCA-1 is commonly found 
to be mutated in breast cancer in women and prostate cancer in men, while 53BP1 is a well-established tumor 
suppressor protein 325. 
 
CD147, a stimulator of MMP1 production in fibroblasts, plays well-characterized roles in tumor metastasis, 
angiogenesis, and chemoresistance. Glycosylation plays a key role in regulating the pro-hypertrophic effects 
of CD147, such as the involvement of glycosylated CD147 in tumor metastasis 130. When Sp can initiate gene 
expression changes, it might also affect glycosylation. Liu et al. showed 133 that CyPA and CD147 have higher 
levels of expression in pancreatic cancer tissues. Seeing that this proliferation of pancreatic cancer cells can 
be effectively blocked by a CD147 Ab 133, confirms that the GVG Sp might be a driving factor in carcinogenesis 
by upregulating the expression of CD147. It has also been shown that the SARS-CoV-2 Sp increases GLK levels 
in EpCs. GLK overexpression in lung EpCs is correlated with human lung cancer recurrence and poor prognosis, 
while upregulated expression of GLK has been observed in human liver cancer. Chuang et al. demonstrated 
that GLK directly phosphorylates the cytoskeleton regulator IQGAP1, leading to increased cell migration and 
promoting cancer metastasis 139.  
 
The formation of NETs has been observed in some cancers 201.  DNA enriched with 8-hydroxy deoxyguanosine 
in NET was shown to bind to a transmembrane protein like Cdc25 in tumor cells, thereby facilitating its 
potential for metastasis. NETs induce the production of pro-inflammatory cytokines, which in turn stimulate 
more NETosis, leading to a cascading "feedback" effect. Elevated levels of NETs were found in metastatic 
lesions.  NETosis and increased NET formation were shown to precede cancer metastasis, with the NET-DNA 
complex acting as a chemotactic factor, attracting metastatic cells to new sites. Enhanced NET formation 
compromises the adaptive immune system. Additionally, NETs coat tumor cells, providing protection against 
cytotoxic lymphocytes and/or natural killer cells that typically target tumor cells. Mounting evidence suggests 
that neutrophils promote tumor growth and metastatic progression through the formation of NETs. Therefore, 
NET-dependent mechanisms play a crucial role in promoting the invasive and proliferative properties of 
tumors 147. Therefore, the formation of new tumors, and the aggravation of existing malignancies, can be 
expected post-vaccination.  
 
Cationic LNPs cause TLR4 activation, which was shown to induce proliferation, activation of the NF-kB pathway 
and chemo-resistance in ovarian cancer, and increased migration and invasion in both colon and pancreatic 
cancer cells 62. Activation of TLR4 by cationic LNP-RNAs can lead to cancer promotion and progression, and 
increase angiogenesis. Although PEG is relatively stable at physiological pH, it is collapsible under acidic 
conditions because of the protonation of imidazole groups. Therefore, PEG-coated ionizable LNPs will be 
destabilized in the acidic tumoral environment 326, thus amplifying the cytotoxic effects of these NPs. 
 
It has also been postulated that COVID-19 vaccines may interfere with the target cell genome, activating 
oncogenes and/or deactivating anticarcinogenic gene sequences, thus increasing cancer risks 327,328. In fact, 
numerous studies documented how dysregulation of miRNA is associated with cancer development and 
metastasis. Cancer pathogenesis is related to several biomolecular processes, for example, genomic 
alterations, transcription of oncogenic factors, and inhibition of repressor transcription, such as P53 and 
hypoxia 329. Miyashita et al. suggested that miR-92a-2-5p and miR-148a play a role in immune responses to 
components of the Pfizer vaccine. Of particular interest, miR-92a-2-5p has been identified as a biomarker for 
small cell lung cancer 330. However, the direct induction of miRNA dysregulation resulting from mRNA vaccines 
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can potentially have significant consequences for millions of people, including children, by triggering the 
pathogenesis of tumors or cancer relapses. This warrants careful monitoring and further investigation to 
ensure vaccine safety and efficacy in the long term. 
 

4.13 Variation in adverse events  
Many factors would contribute to the variation in AEs experienced by COVID-19 vaccine recipients. Although 
most recipients of the COVID-19 vaccines seem to have experienced no adverse effects, more and more 
reports of severe AEs, and death, due to COVID-19 vaccination are being confirmed. Factors contributing to 
the variation in AEs experienced by COVID-19 vaccine recipients include underreporting, limitations of adverse 
event reporting systems 122,331, and the difficulty in determining the true effects of vaccines. To further 
complicate matters, Haas et al. reported that although significantly more AEs were reported in the vaccine 
recipient groups compared to the placebo groups, the rates of reported AEs in the placebo arms were still 
considerable 332. Although there has been an increase in chronic disease, cancer, and excess death in the past 
three years, 7,121,322, these events were mainly not related to the COVID-19 vaccines.  
 
Underlying genetic mutations will predispose to certain AEs. Salter et al. described cases of rhabdomyolysis 
experienced after vaccination 333. The first case was a 30-year-old woman with rhabdomyolysis after her 
second dose of the Moderna mRNA vaccine. She had a history of episodes of rhabdomyolysis, usually triggered 
by viral infections. She has a mutation in the ryanodine receptor 1 (RYR1) gene, increasing her risk of 
developing malignant hyperthermia and rhabdomyolysis. Furthermore, a 34-year-old man diagnosed with 
carnitine palmitoyltransferase II deficiency experienced rhabdomyolysis, with creatine kinase (CK) levels 
reaching 250,000 U/L, within 24 hours after receiving the AstraZeneca vaccine. The individual also possessed 
a pathogenic mutation of the RYR1 gene. This gene is responsible for encoding the ryanodine receptor located 
in the sarcoplasmic reticulum membrane of skeletal muscle cells. In fact, dysfunction in the RYR1 gene lowers 
the threshold for rhabdomyolysis. While preexisting diseases and genetic variations can predispose individuals 
to rhabdomyolysis, the administration of the vaccine may trigger the release of myotoxic cytokines like TNFα. 
This release of myotoxic cytokines can lead to the breakdown of skeletal muscle, exacerbating the risk of 
rhabdomyolysis after vaccination 333.  
 
AEs will also be aggravated by specific medications taken by the vaccinee. Drugs used to treat AEs, such as 
fever, inflammation, and pain, can exacerbate the cytotoxicity of vaccines and immune responses, leading to 
more severe AEs. In an AstraZeneca study, higher rates of solicited reactogenicity were observed in vaccinated 
participants who received acetaminophen prophylaxis, compared to the no acetaminophen control 118. 
Medications that require sulfation for their metabolism, such as acetaminophen and NSAIDs, can deplete the 
liver PAPS pool in 2 hours 334. This will negatively impact sulfation of the GL, and other molecules, due to the 
decreased levels of available inorganic sulfate or PAPS (Figure 1) 21,224, exacerbating AEs.  
 
The sulfation pathways' important role in disease prevention has been highlighted in this review and 
elsewhere 21. In this review, the effect of COVID-19 vaccines on inorganic sulfate depletion has been discussed, 
where the pathological consequences would be aggravated by existing underlying degradation of the GL, 
sulfate deficiency or dysregulated sulfation pathways. The various epigenetic and genetic factors that 
influence sulfation should be considered, such as dietary factors / nutritional deficiencies, aging, male sex, 
comorbidity, genetic variation, inflammatory insults and oxidative stress, and various environmental factors 
21. Where adolescents are more inclined to drink, smoke and use recreational drugs that will deplete GSH and 
sulfate, athletes' overall health and redox status will determine their response to vaccination. Impaired redox 
homeostasis and associated oxidative stress seem critical to explaining increased susceptibility to AE post-
vaccination. 
 
Tostes et al. demonstrated the variability in individual responses and testosterone actions as contributing 
factors to cardiovascular disease 222. They found that testosterone increased ROS levels in cells from 
hypertensive, compared to normotensive animals. They suggested that a genetic vascular predisposition can 
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further lead to the development or aggravation, of cellular dysfunction in response to testosterone 222. High 
testosterone levels correlate with increased oxidative stress, while low testosterone levels contribute to redox 
imbalances 97. The variation in responses to COVID-19 vaccines can also be attributed to the initial metabolic-
energetic-redox status of the cell that can exacerbate cardiovascular risk; the global or local increases in 
testosterone and other hormones may produce differential effects based on specific cell types that are 
stimulated; the availability of inorganic sulfate to activate and inactivate steroid hormones, as well as regulate 
the sulfation of GAGs; and the ‘sex’ of the individual or cell/tissue may determine differential effects. The 
complexity of steroids' effects on cardiovascular health is evident 222.  
 
Variations in AEs could also be expected due to variations in different tissue expression, cellular distribution 
of enzymes, and the effect of COVID-19 vaccines on gene expression. Different host factors will coordinate the 
responses to synthetic DNA and mRNA in COVID-19 vaccines differently, via intrinsic RNA and DNA sensory 
pathways, and interindividual genetic variations, such as SNPs or splice variants of transcripts of key signaling 
molecules. This may hamper the accurate elimination of foreign and self-cytosolic nucleic acids. This can result 
in sustained up-regulated pro-inflammatory responses, and increased risk of autoinflammatory and 
autoimmune conditions, genomic instability, and cancer 55. The presence of dsRNA, which must be removed 
during transcription and mRNA purification in vivo, can lead to excessive innate immune responses and 
associated reactogenicity. Adenovirus vector vaccines are more complex than mRNA vaccines, involving 
additional layers of complexity, such as production in mammalian cell cultures, leading to diverse immune 
reactions and AEs. Variations encompass the type of adenovirus used as a vector, genetic modifications, cell 
lines for production, purification procedures, and specific gene designs expressing the GVG Sp. Significant 
variation also exists within vaccine candidates from a specific company, such as Pfizer, which has four vaccine 
candidates. Although BNT162b1 and BNT162b2 are nucleoside-modified mRNA vaccines, BNT162b1 encodes 
a dimerized RBD of Sp, while BNT162b2 encodes a full-length Sp. On the contrary, BNT162a1 is an uridine-
based mRNA vaccine, and BNT162c2 is a self-amplifying mRNA-based vaccine. Variations in efficiency and 
reactogenicity have been observed between the different candidates 335. Even though it appears that 
BNT162b2 has been mostly rolled out in mass vaccination, there is no distinct evidence or clarification on 
which candidate was used in most of the research and published case studies.  
 
Independent investigations have revealed that some lots or batches of COVID-19 vaccines are associated with 
severe AEs, and death. On the contrary, other lots have resulted in very few or no AEs, related to their use 
336,337. It seems that there is variation among the different lot numbers of a particular vaccine and between 
the different COVID-19 vaccines 43. Krutzke et al. found that AstraZeneca vaccines contained significantly 
higher than expected levels of host cell proteins (HCPs) and free viral proteins 338. The HCP content exceeded 
the 400 ng specification limit per vaccine dose by at least 25 times, while the manufacturer’s batch release 
data in some of the lots, indicated several hundred times. On the contrary, many of the J&J vaccine contained 
only very low amounts of HCP 338. After evaluating monovalent Pfizer vaccines from the same lot, it became 
apparent that they contained excessive DNA, exceeding the specified limit by an 18-70-fold magnitude 116. 
More studies are needed to compare the DNA content of different mRNA vaccine lots.  
 
Furthermore, during the AstraZeneca clinical trials, a subset of participants received a lower vaccine dose than 
intended, due to unexpected interference of the excipient, polysorbate 80, with spectrophotometry assays 
118. Early commercial batches of the Pfizer vaccine were suggested to have lower levels of intact mRNA 337. 
Furthermore, for large-scale manufacturing and distribution of COVID-19 vaccines, smaller biotechnological 
companies and institutions collaborated with large biopharmaceutical companies to mass-produce the 
vaccines. This will allow for a greater risk of contamination and manufacturing inconsistencies, since the choice 
of the DNA or mRNA purification technique used differs, depending on whether they are to be employed on a 
small or an industrial scale 339. The variation in manufacturing and possible contamination, could also explain 
the differences in severity of AEs experienced due to batch-dependent variation of the COVID-19 vaccines 337.  
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It is important to note that the response in vaccine recipients after exposure to the same antigen differs, 
ranging from an asymptomatic course to ‘cytokine storm’ and death. The most severe AEs experienced are 
mainly due to the immune system's hyperactive response to the antigen. Apart from being a predisposing 
condition to AEs, preexisting chronic disease would be exacerbated, and the inflammatory response is usually 
concentrated in areas of previous trauma in the body. Due to variations in host factors, each vaccinee would 
respond differently to the COVID-19 vaccines. In contrast, some people can produce higher levels of GVG Sp, 
compared to others, and/or at a faster rate. A more robust immune response to vaccines could be expected 
in a younger generation, which correlates to the higher degree of AE experienced in this age group (age 18 to 
64) 10,124,125.  
 
Furthermore, various host factors will influence the biodistribution of NPs 84. It was shown that after DNA and 
mRNA vaccination, the vaccine ingredients disperse rapidly from the injection site and can be found in most 
parts of the body 118. After intramuscular mRNA vaccination, it was observed that mRNA spread to the brain 
10. The effect of COVID-19 vaccines will also depend on the formulation, dose, and route of administration 84. 
Incorrect or variation in vaccination technique can lead to intravascular injection, increasing the risk of AEs. 
Although COVID-19 vaccines are administered intramuscularly 10, Friedensohn et al. found a higher 
seroconversion rate with accidental subcutaneous administration 340. This is in line with the study by Yavuz et 
al., who observed ionizable LNPs induced Ab Th2-biased immunity when subcutaneously administered 70. 
Direct intramuscular and intradermal injections of LNP-mRNA were shown to offer the best levels of antigen 
expression and duration of effect, with the production of antigen protein peak at 4 hours, and maintained 
locally 8–10 days after injection, depending on the dose. 
 
In addition, the efficacy of mRNA administration with a needleless device was found to be much better than 
with direct needle injection 306. De Beuckelaer et al. demonstrated that intranodal injection of mRNA 
lipoplexes provoked the most potent cytolytic T-cell responses 48. Murine studies have revealed that 
intravenous injection of an mRNA vaccine produced myopericarditis 202. Intravenous injection of mRNA can 
activate granulocytes, potentially leading to their entrapment in capillaries and causing tissue damage. Studies 
have shown that NETs from granulocytes can block microcirculation more effectively than thrombi 5. The 
location of TLRs in different DC subsets and the distribution of DCs in various organs play a crucial role in the 
effectiveness of mRNA-based vaccines. Understanding this relationship can shed light on the immune 
response, efficacy and impact of factors such as route of administration, dose, and formulation of mRNA 
vaccines 306.  
 
Various factors will affect NP biomolecular corona formation and, therefore, the in vivo behavior of NPs. Apart 
from the NP composition, the biofluid protein concentration, temperature, pH, ionic strength and disease 
state of the host, are all critical parameters that can influence the corona and, therefore, the subsequent nano-
bio interactions 102,111. This will potentially have important implications for LNP clearance, tissue accumulation, 
efficacy and effect on AEs. Since proprietary ingredients and manufacturing processes are being used in the 
COVID-19 vaccines, it is difficult to match the outcome with the physicochemical properties of NPs, and other 
possible ingredients in DNA and mRNA vaccines. As intellectual property or proprietary novel functional 
excipients, graphene-based NPs can be functionalized with the complex multilayered polymeric lipid delivery 
structures 101,341,342 used in COVID-19 vaccines 38,343-346.  
 

5. Diagnostic tests  
 
Increased D-dimer levels would give a good indication of disseminated intravascular coagulation. Elevated 
serum D-dimer has been reported among COVID-19 patients and many COVID-19-vaccinated individuals 347. 
Through anecdotal evidence, a high tendency of Helicobacter pylori infection has been noted among COVID-
19 vaccinated individuals. Physicians should, therefore, consider screening for this pathogen, especially if gut-
related symptoms accompany AEs. Since sulfated gastrin stimulate acid secretion from gastric fistulas and 
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pepsin production 348, undersulfation and low stomach acid levels could predispose to Helicobacter pylori 
infection.  
 
Markers of NETosis and serum NET levels, will be elevated levels of cell-free DNA, MPO or MPO-DNA, 
citrullinated histone H3 (CitH3) and neutrophil elastase 146,147,194. MPO forms HOCl, by catalyzing the reaction 
of H2O2 with chloride ions (Cl-), to facilitate the destruction of pathogens. HOCl rapidly depletes GSH. 
Glutathione sulfonamide is a sensitive marker for MPO-mediated reactions, while 3-chlorotyrosine and 
elevated levels of chlorinated aldehydes would indicate HOCl-mediated damage 262. Cell-free DNA levels 
should show a strong correlation with other markers of inflammation, such as C-reactive protein (CRP) and D-
dimer 147. Furthermore, higher levels of dsDNA and calprotectin could be expected, together with DNA histone, 
granular enzymes, and sdc1, as found in VITT 5.  
 
High serum levels of CRP would indicate Macrophage Activation Syndrome, while high serum levels of 
cytokines, especially IL-6, would be another biomarker of inflammation and robust immune response. 
Increased activity of pro-oxidative enzymes, such as MPO, points to oxidative stress, while oxidative damage 
is linked to higher production of malondialdehyde (MDA), protein carbonyls, and advanced protein oxidation 
products. Elevated levels of NO metabolites and IgM directed to nitroso neoepitope adducts indicate 
increased nitrosative stress. The lower total antioxidant capacity (TAC) of plasma is reflected in reduced levels 
of glutathione peroxidase (GPx), zinc, GSH and H2S 187. Increased serum transaminase levels are correlated 
with low systemic toxicity. AST and ALT levels were elevated in mice treated with PEG-LNP 36. To identify EnGL 
damage, elevated plasma levels of sdc1, endocan, CS, HA, and HS would be useful markers 221, as in the case 
of COVID-19 30. 
 
Furthermore, increased levels of fibrinogen, fibrin degradation products, D-dimer, vWf, and soluble 
thrombomodulin indicate En injury. At the same time, impaired En function would be related to apoptotic ECs, 
decreased NO availability, and vascular leakage 28. When sdc4 is expressed by EnCs, smooth muscle cells, and 
cardiac myocytes, there is a positive correlation between increased sdc4 serum levels of sdc4 and heart failure, 
making it a possible useful biomarker for predicting cardiovascular events. Sdc4 expression and shedding 
would increase due to mechanical stress on the walls of the vessel 349, such as the physical forces that LNPs 
and protein coronas would apply. Elevated troponin I level or abnormal wall motion on echocardiography may 
indicate myocardial involvement 350. Cardiac troponin levels can therefore support a diagnosis of myocarditis 
172.  
 

6. Treatment considerations 
 
Various antioxidants will be beneficial in the treatment of COVID-19 vaccine-induced AEs, by scavenging or 
chain-breaking ROS and peroxynitrite species, thereby converting them to less reactive products. Enzymatic 
antioxidants, such as superoxide dismutase, glutathione peroxidase, catalase, glutathione reductase, and 
glutathione transferase, as well as nonenzymatic endogenous molecules, such as N-acetylcysteine (NAC), 
taurine, and GSH, could be used. Thiols and low molecular weight antioxidants, such as 
methylsulfonylmethane, tocopherols, ascorbate, retinol, urate, and reduced GSH, would act as ‘the second 
line of defense’ against ROS 222.  
 
The application of taurine will be an important treatment consideration for cardiovascular-related AEs. The 
beneficial effects of taurine have been demonstrated in many cardiovascular conditions, such as decreased 
serum low-density lipoprotein, decreased progression of atherosclerosis, anti-inflammatory effects, 
regulation of blood pressure and protection against ischemia–reperfusion injury of the myocardium. 
Therefore, taurine protects against coronary heart disease 227,351. An increase in metabolic stress has been 
reported to induce a decrease in myocardial taurine. Cardiac metabolic stress can lead to necrosis, 
hypertrophy, and eventual heart failure. It has also been demonstrated in vitro that taurine reduces 
angiotensin-2’s effect on rat cardiomyocytes' hypertrophy. Most of the beneficial effects of taurine on 
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particularly cardiac hypertrophy are due to its ROS scavenging properties, as well as its impact on intracellular 
Na+ and Ca2+ overloads. Taurine deficiency has been shown to lead to retinopathy, cardiomyopathy, and 
cardiac abnormalities 227,351. Taurine also significantly reduced pro-inflammatory cytokines in traumatic brain 
injuries, alleviating the severity of injury 227. 
 
Furthermore, studies have demonstrated that taurine supplementation can reduce macrophage infiltration, 
elastin fragmentation, and MMP activation, which are linked to MPO overexpression. Taurine acts as a 
competitive target for HOCl 262. The antioxidant and scavenging effect of taurine makes it an important 
treatment option to combat vaccine-induced oxidative stress, restore mitochondrial dysfunction, and improve 
cardiac energy metabolism.  
 
Anaphylaxis events after Pfizer vaccination have responded to epinephrine treatment, although many cases 
required more than one dose of epinephrine 49. Imai et al. described a case of vaccine-induced cytopenia in 
the presence of clozapine, which resolved after discontinuing the drug 352. Immunological mechanisms of drug-
related leukopenia have previously been reported after vaccination 352. This phenomenon could be expected 
with drugs such as steroids, non-steroidal anti-inflammatory drugs (NSAIDs), and aspirin, which deplete or 
require sulfation for their metabolism 21. Furthermore, suppose a vaccine recipient presents with any signs of 
serotonin syndrome, such as focal seizures or tremors, fasciculation, and muscle weakness; they should not 
be given a selective serotonin reuptake inhibitor (SSRI). Inorganic sulfate is needed to inactivate serotonin 
through sulfation.  
 
A case of vaccine-induced eosinophilic granulomatosis with Polyangiitis (EGPA) was effectively treated with 
pulsed intravenous corticosteroids, starting with 250 mg of methylprednisolone for three days and 
transitioning to oral prednisone at a dose of 1 mg/kg/day. The patient experienced gradual recovery from 
myositis and blood eosinophil counts decreased significantly. Prednisone was reduced and eventually 
discontinued after six months 249. This case indicates that COVID-19 vaccines might potentially overstimulate 
immune-inflammatory pathways involved in the pathophysiology of the disease. Adding a sulfur donor, such 
as NAC, would ensure a better outcome during steroid treatment 21,98. Patients taking moderate or high doses 
of corticosteroids, have an increased risk of COVID-19 and vaccine-induced complications 49,353. In acute viral 
myocarditis, the use of NSAIDs remains controversial and has also shown increased myocardial inflammation 
and mortality in murine models and human case studies 205,350. NSAIDs deplete inorganic sulfate, thus 
exacerbating the underlying condition of inflammation, En damage, and thrombosis 21. Drugs, such as 
acetaminophen, with limited anti-inflammatory effects, may have inadequate analgesic function, increase 
blood pressure, deplete a vast amount of inorganic sulfate, impair renal function and affect left ventricular 
performance 350,354.  
 
Although IFNs are commonly used to treat viral myocarditis 205, they are not recommended for vaccine-
induced myocarditis, in which case the antigens are responsible for robust inflammatory responses and 
oxidative stress. Since adequately sulfated HS is important in regulating the threshold for IFN stimulation of 
macrophages 21, one could expect that undersulfated macrophage HS, and a degraded GL, will drive the 
immune response towards a pro-inflammatory state when IFNs are used as treatment. 
 
Inhibition of MMP13 in CVB3 infected mice has been shown to increase myocarditis 229. Since HS plays a role 
in modulating MMPs, the application of NAC should be considered. NAC is the acetylated form of Cys. Cys 
would serve as a decoy, blocking the binding of GVG Sp to the cell surface and soluble HS, and as a potent anti-
inflammatory, antioxidant and anticoagulant, plus precursor to inorganic sulfate 21,98. Furthermore, due to its 
excellent antioxidant properties, NAC's application significantly reduced ROS 355. It is important to address 
mitochondrial-dependent damage that could be triggered via oxidative stress, ischemia, and DNA damage. At 
the same time, mitochondrial dysfunction could induce mitoROS burst, further aggravating mitochondrial 
disorders, in turn 355. Since thiol groups are established targets for MPO-derived oxidants, thiol-based 
therapeutics have broad applications in biomedicine 262.  
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NAC is bioavailable and can cross the BBB, where it acts via multiple pathways in the brain. Several animal 
studies have shown evidence of increased brain GSH after oral administration of NAC. Oral and transdermal 
GSH supplementation, administered to children on the autism spectrum, has been found to lead to significant 
increases in plasma reduced GSH, inorganic sulfate, Cys, and taurine levels 223. NAC has been shown to be 
effective in treating many psychiatric and neurological disorders, and can be beneficial in preventing cognitive 
decline associated with acute physiological insults and dementia‐related conditions. NAC has been shown to 
modulate several neurological pathways, including glutamate dysregulation, oxidative stress, and 
inflammation 356. NAC scavenges ROS and several reactive nitrogen species, which play a role in the oxidation 
of lipids, proteins, and DNA. NAC also has anti-inflammatory activity, independently of its antioxidant activity 
98,357. NAC has antithrombotic effects and potentiates En NO's vasodilator and antiaggregatory effects. 
Intravenous NAC has been shown to promote lysis of arterial thrombi that is resistant to conventional 
methods. It has been suggested that the main molecular target of the antithrombotic activity of NAC is vWF, 
which cross-links platelets in arterial thrombi 357. However, since NAC also serves as a precursor to inorganic 
sulfate, the various antithrombotic properties of an adequately sulfated GL must also be taken into account 
21. In hospitalized patients, with moderate to severe COVID-19 pneumonia, NAC 600 mg bid orally for 14 days, 
improved the PO2/FiO2 ratio over time, and decreased the white blood cell, CRP, D-dimer and lactose 
dehydrogenase levels 357.  
 
To effectively decrease elevated D-dimer levels, it is necessary to first address the underlying inflammation as 
well as NETosis. Low-dose naltrexone offers promise in the treatment of severe inflammatory conditions in 
patients injected with a COVID-19 vaccine, as it can dampen innate immune responses and TLR signaling, and 
reduce IL-1, TNFα and IFN levels 358. The application of nattokinase also shows promise in the treatment of 
vaccine-induced AEs 353, with anticoagulatory and neuroprotective properties 359-361. Moreover, an in vitro 
study showed the potential to degrade the Sp 362. More research needs to be performed to evaluate its in vivo 
effect on the GVG Sp. However, if administered with NAC, nattokinase shows great promise in the treatment 
of AEs induced by the COVID-19 vaccine.  
 
Research has shown that patients with coronary heart disease, stroke, and myocardial infarction exhibit 
significantly reduced total GSH levels, making their erythrocytes more susceptible to hemolysis. This suggests 
that the administration of NAC or GSH could serve as a potential therapeutic strategy to prevent adverse 
cardiovascular events. Additionally, GSH levels are found to be decreased in asymptomatic cardiac patients 
with structural abnormalities, even before the onset of full-blown heart failure. Clinical data have 
demonstrated that intravenous administration of GSH during the acute phase of myocardial infarction, prior 
to coronary recanalization, can ameliorate reperfusion damage. This indicates that timely exogenous 
administration of GSH or NAC can potentially improve outcomes after myocardial infarction and slow the 
progression of cardiac abnormalities leading to heart failure 97. Niwano et al. demonstrated that NAC 
suppressed myocarditis and electrical remodeling in a dose-dependent manner in immunized rats 228, which 
confirms that hyperoxidative stress plays an important role in promoting electrical and structural remodeling 
after vaccination.  
 
NAC has also effectively treated acute liver failure, spermatogenesis disorders, and dermatological diseases 
138. It has been established that NAC alleviated viral-induced liver injury and has been suggested as a safe and 
effective cardioprotective therapeutic option for viral-induced myocarditis 204. Furthermore, NAC is a rate-
limiting precursor to hydrogen sulfide (H2S), which plays an important physiological role in the nervous, 
circulatory and cardiovascular systems, along with renal physiology. H2S has antiviral properties by down‐
regulating TMPRSS2 expression and inhibiting ACE2 activity. It exerts excellent anti-inflammatory actions by 
down-regulating IL6, inhibiting NF-қB and NLRP3 inflammasome, consequently reducing pro-inflammatory 
cytokines. A negative correlation has been observed between serum H2S and levels of IL 6 and CRP 138. The 
various antiviral, anti-inflammatory, antioxidant and anticoagulatory properties of NAC, and its role and 
application in COVID-19, have been discussed elsewhere 21,98. 
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Hypercatabolic states, such as cytokine storm and sepsis, are known to result in thiamine deficiency 363,364. In 
addition to having direct antioxidant properties, thiamine is also essential for glutathione production 365. 
Oliveira et al. observed immediate neurological improvement of encephalopathy in COVID-19 patients with 
high-dose intravenous thiamine administration. They hypothesized that the high catabolic states associated 
with the cytokine storm in critically ill patients with COVID-19 would result in thiamine depletion 363. Sulaiman 
et al. found that the use of thiamine as an adjunct therapy in critically ill patients with COVID-19 was associated 
with a lower incidence of thrombosis 364. Chen et al. successfully treated a patient with right facial weakness, 
after the second dose of the Moderna vaccine, with thiamine, riboflavin, and prednisolone 366. Thus, 
postvaccination inflammatory mechanisms can thus also trigger neuropsychiatric symptoms via thiamine 
deficiency. High-dose intravenous thiamine, or benfotiamine, is recommended upon the presentation of 
neurological symptoms after vaccination.  
 
Although dexamethasone has previously been shown to reduce neutrophil recruitment and NETosis, both in 
in vitro and in vivo murine models 147, Dowey et al. found that dexamethasone did not affect NETosis in 
neutrophils isolated from hospitalized patients with COVID-19 146. Since NETs drive inflammation, thrombosis, 
and disease severity, finding effective solutions to address NETosis is important. Ruboxistaurin, a protein 
kinase C (PKC) inhibitor, could reduce NET formation, thus diminishing airway inflammation and other events, 
including microvascular thrombosis 146. Rapid initiation of treatment similar to severe HIT is recommended for 
patients with suspected or confirmed VITT. However, it is recommended to avoid HP and HP-containing 
products in VITT management due to case reports describing thrombosis progression after HP use, similar to 
HIT and autoimmune HIT complications. Non-HP anticoagulants are currently considered better therapeutic 
options. Aspirin as prophylaxis for VITT in vaccine recipients is not recommended, as a population-based study 
in Scotland demonstrated an increased frequency of hemorrhagic events up to nearly one month after 
vaccination by approximately 50%. Aspirin increases the risk of bleeding and has no clear benefit 196, plus it 
improves urinary excretion of inorganic sulfate 21.  
 
To remove NETs, treatment with deoxyribonuclease-1, or pharmacological inhibitors, has also been suggested, 
which was shown to inhibit tumor-induced inflammation and metastasis 147. Emerging evidence indicates that 
neutrophils play a role in promoting tumor growth and metastatic progression by forming NETs. Interestingly, 
the proposed mechanism for tumor enhancement involves NETs that stimulate mitochondrial biogenesis and 
bioenergetics in tumor cells through the induction and activation of TLRs and peroxisome proliferator-
activated receptor-gamma coactivator (PGC-1α), a key regulator of cellular energy metabolism. It has been 
suggested that this mechanism is how metformin inhibits the adhesion of cancer cells to NETs and 
consequently prevents metastasis 147.  
 
Bioidentical progesterone will decrease the activity of SULFs, which have been implicated as the main drivers 
of hormonal cancers and metastasis. Sulfur donors, such as NAC, GSH, and methylsulfonylmethane, will 
increase the availability of inorganic sulfate and upregulate SULTs, resulting in the inactivation of estrogen 
through sulfation 21,224,367. 
 
Elevated oxidative stress, as a result of increased expression of MPO, LNP activity, and inflammatory 
mediators, can result in phospholipid oxidation. LNP and HOCl-induced hemolysis, and cell lysis in general, can 
be addressed by the application of plasmalogens. HOCl-induced cytotoxicity has also been reported in immune 
and EnCs, lung and bronchial EpCs, chondrocytes, fibroblasts, and vascular smooth muscle cells 262. Cellular 
plasmalogen lipids are a target for HOCl, which cleaves the plasmalogen vinyl ether linkage, resulting in 
elevated levels of chlorinated aldehydes 262,368. Plasmalogens are especially abundant in neuronal, cardiac, and 
immune cells 264. A deficiency, or destruction, of the antioxidant of the cellular membrane, plasmalogen, has 
been linked to various diseases, such as respiratory disorders, neurodegenerative, cardiovascular, cancer, and 
various inflammatory diseases, and metabolic syndrome. Both oxidative stress and chronic inflammatory 
conditions will result in plasmalogen deficiency 263,369-372, resulting in membrane defects 255. Plasmalogen 
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replacement therapy will be an important treatment option to consider, by administering purified 
plasmalogens, and/or plasmalogen precursors, to increase plasmalogen levels. Chimyl alcohol and 
alkylglycerol are important precursors that have been shown to restore plasmalogen levels, while DHA-
enriched lipids effectively increased plasmalogen levels in the brain 263,264,369,373. Precursors are better 
absorbed than purified plasmalogens 368,373. Since low-density lipoprotein (LDL) is a major transport protein of 
plasmalogens, the use of statin drugs might not be advisable to treat vaccine-induced AEs 372,374. Furthermore, 
plasmalogen replacement therapy has been shown to be approximately twice as effective as statins in 
lowering cholesterol levels, where plasmalogen precursors reduced membrane cholesterol levels through 
increased membrane cholesterol esterification and transport 372,375. More research is needed on the influence 
of statins on the physicochemical properties of cell membrane plasmalogens.  
 
Low-dose methylene blue is a multimodal drug that has been used successfully to treat severe COVID-19 376-

378. It has antiviral, anti-inflammatory and antioxidant properties, making it a promising treatment option to 
address mitochondrial dysfunction, chronic and neuroinflammation, oxidative stress, endotheliitis, and 
metabolic disturbances in COVID-19 vaccine AEs. Methylene blue improves mitochondrial respiration; it has 
inhibitory actions on activation of the NLRP3 inflammasome, NF-kB signaling, NO synthesis, and ROS 
production; it has applications in neurology as a neuroprotective agent; and it improves circulation and oxygen 
consumption of cells 376-380. Since methylene blue promotes HOCl production 376,378, it would be recommended 
to use it with plasmalogen replacement therapy. Methylene blue should not be used in patients with glucose-
6-phosphate dehydrogenase deficiency due to an increased risk of hemolytic anemia. Concomitant use of 
antidepressants, such as MAO inhibitors and serotonin reuptake inhibitors, is also contraindicated 376-378.  
 
The protease inhibitor, doxycycline, significantly reduces GL PG shedding and should be investigated as a 
treatment option in AE associated with the vascular system. HPSE-2 should also be up-regulated, as it will 
inactivate HPSE-1 and thus reduce EnGL degradation 221. Yuan et al. successfully treated EnGL degradation 
with HS mimetics 189. Since a degraded EnGL will favor the migration of cytokines, vaccine antigens, and 
ingredients, focusing treatment options on restoring the GL will be necessary. To effectively address the 
various AEs caused by COVID-19 vaccination, it is clear that a comprehensive and personalized treatment 
protocol is needed, rather than a single-drug approach.  
 

7. Conclusions 
 
With substantial evidence indicating that the GVG Sp antigen, genetic material, and LNPs used in COVID-19 
vaccines can lead to endotheliopathy 5, a re-evaluation of DNA and mRNA vaccination is warranted. 
Components in the vaccines, including the GVG Sp antigen, LNPs, and DNA/RNA, trigger pro-inflammatory 
cytokines and excessive oxidative stress, negatively affecting the integrity of the GL through reduced sulfation 
and degradation. This impairment of GL function may result in skewed inflammatory responses, compromised 
immunity, a procoagulatory state, and disease processes. In particular, COVID-19 vaccines did not prevent 
infection 381,382 or transmission 151,383 and were associated with a significant risk of chronic disease, serious AEs 
or death 7,20,121,384.  
 
Nanotechnology, which has been hailed as a major advancement in medical research and nanovaccinology, 
has been rapidly deployed in the fight against COVID-19 81,385. However, lipid-based mRNA delivery systems, 
despite demonstrating high transfection efficiency in vitro, faced toxicity issues and poor pharmacokinetic 
profiles in vivo, resulting in unwanted inflammatory and immune responses. Inadequate research on the 
biocompatibility of NPs prior to clinical application led to severe adverse reactions and fatalities related to 
COVID-19 vaccination 7. It is most likely that the LNP platforms resulted in acquired cellular immunopathology 
and severe oxidative stress. Although there is scope for using NPs in precision medicine with intelligent NP 
design, much more research is needed to gain valuable insights regarding its possible adverse effects in vivo 
at the molecular level. It is also essential to fully understand the molecular–cellular basis of the rare and severe 
AEs experienced after vaccination with the first generation COVID-19 vaccines, with more research urgently 
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needed in this area. However, it will only be possible to conclude by fully disclosing the precise content of the 
various COVID-19 vaccines and manufacturing procedures.  
 
The maintenance and restoration of integrity of the GL is proposed as a primary therapeutic approach against 
COVID-19. GAGs and PGs, essential components of the GL, are highly complex biomolecules with significant 
structural and functional heterogeneity. Taking into account the complexity of the innate immune system, GL, 
and inflammatory responses, the current focus on adaptive immune responses in vaccinology should be 
revisited. 
 
Synthetically induced chronic inflammation, as seen in some diseases, can have detrimental effects on tissues, 
organs, and normal cells, leading to increased morbidity and mortality. While a natural inflammatory response 
is beneficial, the pathological consequences of chronic inflammation highlight the importance of addressing 
the underlying causes of susceptibility to infectious diseases, such as promoting balanced wholefood nutrition, 
effective supplementation, moderate exercise, hygiene, rest, and autonomic balance. 
 
Concerns arise from the continued development of various COVID-19 vaccines and plans for DNA and mRNA 
vaccines for other diseases. The risks associated with gene therapy and vaccination may outweigh the 
potential benefits, necessitating careful consideration and critical evaluation of their impact on the innate 
immune system and the general body system. The focus should be on addressing the root causes of diseases 
rather than pursuing profit-driven approaches. Additionally, the compatibility of synthetically engineered 
particles with the complexity of the human body's physiology must be thoroughly examined to ensure patient 
safety and well-being. 
 
Data availability: Data sharing is not applicable to this review article as no datasets were generated or 
analyzed during the current study. All articles referred to in this review of the literature are listed in the list of 
references and are in the public domain.  
 
Disclosures: The authors declare that they have no conflict of interest. 
 
Author contributions: HN du Preez conceived, researched, and wrote the manuscript. She also conceptualized 
and produced all Figures presented with BioRender.com. The other authors extensively reviewed and 
approved the final manuscript.  
  
Funding: The research did not receive external funding.  
 

8. References 
 
1. Hall V, Foulkes S, Insalata F, et al. Protection against SARS-CoV-2 after COVID-19 Vaccination and Previous 

Infection. N Engl J Med. 2022;386(13):1207-1220. doi:10.1056/nejmoa2118691 

2. Chemaitelly H, Ayoub HH, Almukdad S, et al. Protection from previous natural infection compared with mRNA 

vaccination against SARS-CoV-2 infection and severe COVID-19 in Qatar: a retrospective cohort study. The Lancet Microbe. 

2022;3(12):E944-E955. doi:10.1016/s2666-5247(22)00287-7 

3. Baden LR, El Sahly HM, Essink B, et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N Engl J Med. 

Feb 4 2021;384(5):403-416. doi:10.1056/NEJMoa2035389 

4. Fraiman J, Erviti J, Jones M, et al. Serious adverse events of special interest following mRNA COVID-19 vaccination 

in randomized trials in adults. Vaccine. 2022/08/31/ 2022;40(40):5798-5805. doi:10.1016/j.vaccine.2022.08.036 

5. Hetland G, Fagerhol MK, Wiedmann MKH, et al. Elevated NETs and Calprotectin Levels after ChAdOx1 nCoV-

19 Vaccination Correlate with the Severity of Side Effects. Vaccines. 2022;10(8):1267. doi:10.3390/vaccines10081267 

6. Sa S, Lee CW, Shim SR, et al. The Safety of mRNA-1273, BNT162b2 and JNJ-78436735 COVID-19 Vaccines: Safety 

Monitoring for Adverse Events Using Real-World Data. Vaccines. 2022;10(2):320. doi:10.3390/vaccines10020320 

7. Šorli S, Makovec T, Krevel Z, Gorjup R. Forgotten “Primum Non Nocere” and Increased Mortality after COVID-

19 Vaccination Preprints. 2023;2023010204doi:10.20944/preprints202301.0204.v3 



46 

 

8. Ittiwut C, Mahasirimongkol S, Srisont S, et al. Genetic basis of sudden death after COVID-19 vaccination in 

Thailand. Heart Rhythm. 2022;19(11):1874-1879. doi:10.1016/j.hrthm.2022.07.019 

9. Faust JS, Renton B, Chen AJ, et al. Uncoupling of all-cause excess mortality from COVID-19 cases in a highly 

vaccinated state. The Lancet Infectious Diseases. 2022;22(10):1419-1420. doi:10.1016/s1473-3099(22)00547-3 

10. Trougakos IP, Terpos E, Alexopoulos H, et al. Adverse effects of COVID-19 mRNA vaccines: the spike hypothesis. 

Trends Mol Med. 2022;doi:10.1016/j.molmed.2022.04.007 

11. Raj S, Ogola G, Han J. COVID-19 Vaccine-Associated Subclinical Axillary Lymphadenopathy on Screening 

Mammogram. Acad Radiol. 2022;29(4):501-507. doi:10.1016/j.acra.2021.11.010 

12. Mohseni Afshar Z, Sharma A, Babazadeh A, et al. A review of the potential neurological adverse events of COVID-

19 vaccines. Acta Neurol Belg. 2023;123(1):9-44. doi:10.1007/s13760-022-02137-2 

13. Lee CW, Sa S, Hong M, Kim J, Shim SR, Han HW. Adverse Events and Safety Profile of the COVID-19 Vaccines in 

Adolescents: Safety Monitoring for Adverse Events Using Real-World Data. Vaccines. 2022;10(5):744. 

doi:10.3390/vaccines10050744 

14. Dag Berild J, Bergstad Larsen V, Myrup Thiesson E, et al. Analysis of Thromboembolic and Thrombocytopenic 

Events After the AZD1222, BNT162b2, and MRNA-1273 COVID-19 Vaccines in 3 Nordic Countries. JAMA Network Open. 

2022;5(6):e2217375. doi:10.1001/jamanetworkopen.2022.17375 

15. Lamprinou M, Sachinidis A, Stamoula E, Vavilis T, Papazisis G. COVID-19 vaccines adverse events: Potential 

molecular mechanisms. Immunol Res. 2023;71(3):356-372. doi:10.1007/s12026-023-09357-5 

16. Nyankerh CNA, Boateng AK, Appah M. Ocular Complications after COVID-19 Vaccination, Vaccine Adverse 

Event Reporting System. Vaccines. 2022;10(6):941. doi:10.3390/vaccines10060941 

17. Yonker LM, Swank Z, Bartsch YC, et al. Circulating Spike Protein Detected in Post–COVID-19 mRNA Vaccine 

Myocarditis. Circulation 2023;147:867–876. doi:10.1161/circulationaha.122.061025 

18. Mohseni Afshar Z, Tavakoli Pirzaman A, Liang JJ, et al. Do we miss rare adverse events induced by COVID-19 

vaccination? Front Med (Lausanne). 2022;9:933914. doi:10.3389/fmed.2022.933914 

19. Huang Y-F, Ho T-C, Chang C-C, et al. A Rare Adverse Effect of the COVID-19 Vaccine on Autoimmune 

Encephalitis. Vaccines. 2022;10(7):1114. doi:10.3390/vaccines10071114 

20. Hulscher N, Alexander PE, Amerling R, et al. A systematic review of autopsy findings in deaths after COVID-19 

vaccination. Zenodo. 2023;doi:10.5281/zenodo.8120771 

21. du Preez HN, Aldous C, Hayden MR, Kruger HG, Lin J. Pathogenesis of COVID-19 described through the lens of 

an undersulfated and degraded epithelial and endothelial glycocalyx. FASEB J. 2022;36:e22052. doi:10.1096/fj.202101100RR 

22. Chang JC, Hawley HB. Vaccine-Associated Thrombocytopenia and Thrombosis: Venous Endotheliopathy Leading 

to Venous Combined Micro-Macrothrombosis. Medicina (Kaunas). Oct 26 2021;57(11)doi:10.3390/medicina57111163 

23. Gupta A, Madhavan MV, Sehgal K, et al. Extrapulmonary manifestations of COVID-19. Nat Med. 2020/07/01 

2020;26(7):1017-1032. doi:10.1038/s41591-020-0968-3 

24. Giordo R, Paliogiannis P, Mangoni AA, Pintus G. SARS-CoV-2 and endothelial cell interaction in COVID-19: 

molecular perspectives. Vasc Biol. 2021;3(1):R15-r23. doi:10.1530/vb-20-0017 

25. Ostrowski SR, Søgaard OS, Tolstrup M, et al. Inflammation and Platelet Activation After COVID-19 Vaccines - 

Possible Mechanisms Behind Vaccine-Induced Immune Thrombocytopenia and Thrombosis. Original Research. Front 

Immunol. 2021-November-23 2021;12:779453. doi:10.3389/fimmu.2021.779453 

26. Sokolowska M, Lukasik ZM, Agache I, et al. Immunology of COVID‐19: Mechanisms, clinical outcome, 

diagnostics, and perspectives—A report of the European Academy of Allergy and Clinical Immunology (EAACI). Allergy. 

2020;75(10):2445-2476. doi:10.1111/all.14462 

27. Nushida H, Ito A, Kurata H, et al. A case of fatal multi-organ inflammation following COVID-19 vaccination. Leg 

Med. 2023/07/01/ 2023;63:102244. doi:10.1016/j.legalmed.2023.102244 

28. Queisser KA, Mellema RA, Middleton EA, et al. COVID-19 generates hyaluronan fragments that directly induce 

endothelial barrier dysfunction. JCI Insight. 2021;6(17)doi:10.1172/jci.insight.147472 

29. Biering SB, de Sousa FTG, Tjang LV, et al. SARS-CoV-2 Spike triggers barrier dysfunction and vascular leak via 

integrins and TGF-β signaling. Nat Commun. 2022;13:7630. doi:10.1038/s41467-022-34910-5 

30. Mohebbi A, Haybar H, Nakhaei Moghaddam F, Rasti Z, Vahid M, Saki N. Biomarkers of Endothelial Dysfunction 

are Associated with Poor Outcome in COVID-19 Patients: A Systematic Review and Meta-analysis. Rev Med Virol. 

2023:e2442. doi:10.1002/rmv.2442 

31. Carnell GW, Ciazynska KA, Wells DA, et al. SARS-CoV-2 Spike Protein Stabilized in the Closed State Induces 

Potent Neutralizing Responses. J Virol. 2021;95(15):e00203-21. doi:doi:10.1128/JVI.00203-21 

32. Islam Bristi S. A brief note on the scope of RNA interference(RNAi) therapy in mitigating COVID-19. MOJ Biology 

and Medicine. 2021;6(2):94-95. doi:10.15406/mojbm.2021.06.00138 

33. Garg RK, Paliwal VK. Spectrum of neurological complications following COVID-19 vaccination. Neurol Sci. 

2022;43(1):3-40. doi:10.1007/s10072-021-05662-9 



47 

 

34. Xu D, Olson J, Cole JN, et al. Heparan sulfate modulates neutrophil and endothelial function in antibacterial innate 

immunity. Infect Immun. Sep 2015;83(9):3648-3656. doi:10.1128/iai.00545-15 

35. Haley B, Frenkel E. Nanoparticles for drug delivery in cancer treatment. Urologic Oncology: Seminars and Original 

Investigations. 2008/01/01/ 2008;26(1):57-64. doi:10.1016/j.urolonc.2007.03.015 

36. Heyes J, Hall K, Tailor V, Lenz R, MacLachlan I. Synthesis and characterization of novel poly(ethylene glycol)-lipid 

conjugates suitable for use in drug delivery. J Control Release. May 15 2006;112(2):280-90. doi:10.1016/j.jconrel.2006.02.012 

37. Lv H, Zhang S, Wang B, Cui S, Yan J. Toxicity of cationic lipids and cationic polymers in gene delivery. J Control 

Release. 2006/08/10/ 2006;114(1):100-109. doi:10.1016/j.jconrel.2006.04.014 

38. Khedri M, Maleki R, Dahri M, et al. Engineering of 2D nanomaterials to trap and kill SARS-CoV-2: a new insight 

from multi-microsecond atomistic simulations. Drug Delivery and Translational Research. 2022;12(6):1408-1422. 

doi:10.1007/s13346-021-01054-w 

39. Srivastava AK, Dwivedi N, Dhand C, et al. Potential of graphene-based materials to combat COVID-19: properties, 

perspectives, and prospects. Mater Today Chem. 2020;18:100385-100385. doi:10.1016/j.mtchem.2020.100385 

40. Nauta M, Peeters DJ, Van Doorslaer TFS, et al. Coronavirus vaccine - Patent WO/2021/213945. Accessed April, 

2023. https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2021213945 

41. Ciaramella G, Himansu S. Betacoronavirus mRNA Vaccine - Patent US 10,702,600 B1. ModernaTX , Inc. Accessed 

April, 2023. https://assets.modernatx.com/m/6fa93a4f95208572/original/US10702600.pdf 

42. Duan L, Zheng Q, Zhang H, Niu Y, Lou Y, Wang H. The SARS-CoV-2 Spike Glycoprotein Biosynthesis, Structure, 

Function, and Antigenicity: Implications for the Design of Spike-Based Vaccine Immunogens. Review. Front Immunol. 2020-

October-07 2020;11doi:10.3389/fimmu.2020.576622 

43. Heinz FX, Stiasny K. Distinguishing features of current COVID-19 vaccines: knowns and unknowns of antigen 

presentation and modes of action. NPJ Vaccines. 2021;6(1):104. doi:10.1038/s41541-021-00369-6 

44. Feldman RA, Fuhr R, Smolenov I, et al. mRNA vaccines against H10N8 and H7N9 influenza viruses of pandemic 

potential are immunogenic and well tolerated in healthy adults in phase 1 randomized clinical trials. Vaccine. 2019/05/31/ 

2019;37(25):3326-3334. doi:10.1016/j.vaccine.2019.04.074 

45. Abdellatif AAH, Alsowinea AF. Approved and marketed nanoparticles for disease targeting and applications in 

COVID-19. Nanotechnology Reviews. 2021;10(1):1941-1977. doi:10.1515/ntrev-2021-0115 

46. Hajissa K, Mussa A. Positive aspects of the mRNA platform for SARS-CoV-2 vaccines. Hum Vaccin Immunother. 

2021;17(8):2445-2447. doi:10.1080/21645515.2021.1900713 

47. Labidi AH. The anti SARS-CoV-2 vaccines and the questions they raise. Int J Adv Res 9(4):578-598. 

doi:10.21474/IJAR01/12734 

48. De Beuckelaer A, Pollard C, Van Lint S, et al. Type I Interferons Interfere with the Capacity of mRNA Lipoplex 

Vaccines to Elicit Cytolytic T Cell Responses. Mol Ther. 2016;24(11):2012-2020. doi:10.1038/mt.2016.161 

49. Anand P, Stahel VP. Review the safety of COVID-19 mRNA vaccines: a review. Patient Saf Surg. 2021;15(1):20. 

doi:10.1186/s13037-021-00291-9 

50. Stepniewski M, Pasenkiewicz-Gierula M, Róg T, et al. Study of PEGylated lipid layers as a model for PEGylated 

liposome surfaces: molecular dynamics simulation and Langmuir monolayer studies. Langmuir. Jun 21 2011;27(12):7788-98. 

doi:10.1021/la200003n 

51. Wang M, Gustafsson OJR, Siddiqui G, et al. Human plasma proteome association and cytotoxicity of nano-

graphene oxide grafted with stealth polyethylene glycol and poly(2-ethyl-2-oxazoline). Nanoscale. 2018;10(23):10863-10875. 

doi:10.1039/c8nr00835c 

52. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer R. Engineering precision nanoparticles 

for drug delivery. Nature Reviews Drug Discovery. 2021;20(2):101-124. doi:10.1038/s41573-020-0090-8 

53. Diener C, Keller A, Meese E. Emerging concepts of miRNA therapeutics: from cells to clinic. Trends Genet. 

2022;38(6):613-626. doi:10.1016/j.tig.2022.02.006 

54. Sharma A, Kontodimas K, Bosmann M. Nanomedicine: A Diagnostic and Therapeutic Approach to COVID-19. 

Review. Frontiers in Medicine. 2021-June-04 2021;8doi:10.3389/fmed.2021.648005 

55. Acevedo-Whitehouse K, Bruno R. Potential health risks of mRNA-based vaccine therapy: A hypothesis. Med 

Hypotheses. Feb 2023;171:111015. doi:10.1016/j.mehy.2023.111015 

56. Seneff S, Nigh G, Kyriakopoulos AM, McCullough PA. Innate immune suppression by SARS-CoV-2 mRNA 

vaccinations: The role of G-quadruplexes, exosomes, and MicroRNAs. Food Chem Toxicol. 2022/06/01/ 2022;164:113008. 

doi:10.1016/j.fct.2022.113008 

57. Ndeupen S, Qin Z, Jacobsen S, Bouteau A, Estanbouli H, Igyártó BZ. The mRNA-LNP platform's lipid nanoparticle 

component used in preclinical vaccine studies is highly inflammatory. iScience. 2021;24(12):103479. 

doi:10.1016/j.isci.2021.103479 

58. Nappi E, De Santis M, Paoletti G, et al. New Onset of Eosinophilic Granulomatosis with Polyangiitis Following 

mRNA-Based COVID-19 Vaccine. Vaccines (Basel). May 3 2022;10(5)doi:10.3390/vaccines10050716 

https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2021213945
https://assets.modernatx.com/m/6fa93a4f95208572/original/US10702600.pdf


48 

 

59. Parhiz H, Brenner JS, Patel PN, et al. Added to pre-existing inflammation, mRNA-lipid nanoparticles induce 

inflammation exacerbation (IE). J Control Release. Apr 2022;344:50-61. doi:10.1016/j.jconrel.2021.12.027 

60. Moghimi SM. Allergic Reactions and Anaphylaxis to LNP-Based COVID-19 Vaccines. Mol Ther. 2021;29(3):898-900. 

doi:10.1016/j.ymthe.2021.01.030 

61. Filion MC, Phillips NC. Toxicity and immunomodulatory activity of liposomal vectors formulated with cationic 

lipids toward immune effector cells. Biochimica et Biophysica Acta (BBA) - Biomembranes. 1997/10/23/ 1997;1329(2):345-356. 

doi:10.1016/S0005-2736(97)00126-0 

62. Kedmi R, Ben-Arie N, Peer D. The systemic toxicity of positively charged lipid nanoparticles and the role of Toll-

like receptor 4 in immune activation. Biomaterials. 2010/09/01/ 2010;31(26):6867-6875. doi:10.1016/j.biomaterials.2010.05.027 

63. Sedic M, Senn JJ, Lynn A, et al. Safety evaluation of lipid nanoparticle–formulated modified mRNA in the sprague-

dawley rat and cynomolgus monkey. Vet Pathol. 2018;55(2):341-354.  

64. Dokka S, Toledo D, Shi X, Castranova V, Rojanasakul Y. Oxygen Radical-Mediated Pulmonary Toxicity Induced 

by Some Cationic Liposomes. Pharm Res. 2000/05/01 2000;17(5):521-525. doi:10.1023/A:1007504613351 

65. Li S, Wu S-P, Whitmore M, et al. Effect of immune response on gene transfer to the lung via systemic administration 

of cationic lipidic vectors. Am J Physiol Lung Cell Mol Physiol 1999;276(5):L796-L804. doi:10.1152/ajplung.1999.276.5.L796 

66. Paloncýová M, Čechová P, Šrejber M, Kührová P, Otyepka M. Role of Ionizable Lipids in SARS-CoV-2 Vaccines 

As Revealed by Molecular Dynamics Simulations: From Membrane Structure to Interaction with mRNA Fragments. J Phys 

Chem Lett. Nov 18 2021;12(45):11199-11205. doi:10.1021/acs.jpclett.1c03109 

67. Schoenmaker L, Witzigmann D, Kulkarni JA, et al. mRNA-lipid nanoparticle COVID-19 vaccines: Structure and 

stability. Int J Pharm. 2021/05/15/ 2021;601:120586. doi:10.1016/j.ijpharm.2021.120586 

68. Hald Albertsen C, Kulkarni JA, Witzigmann D, Lind M, Petersson K, Simonsen JB. The role of lipid components in 

lipid nanoparticles for vaccines and gene therapy. Adv Drug Deliv Rev. Sep 2022;188:114416. doi:10.1016/j.addr.2022.114416 

69. Scalzo S, Santos AK, Ferreira HA, et al. Ionizable Lipid Nanoparticle-Mediated Delivery of Plasmid DNA in 

Cardiomyocytes. Int J Nanomedicine. 2022;Volume 17:2865-2881. doi:10.2147/ijn.s366962 

70. Yavuz A, Coiffier C, Garapon C, et al. DLin-MC3-Containing mRNA Lipid Nanoparticles Induce an Antibody Th2-

Biased Immune Response Polarization in a Delivery Route-Dependent Manner in Mice. Pharmaceutics. Mar 21 

2023;15(3):1009. doi:10.3390/pharmaceutics15031009 

71. Sun D, Lu Z-R. Structure and Function of Cationic and Ionizable Lipids for Nucleic Acid Delivery. Pharm Res. 

2023;40(1):27-46. doi:10.1007/s11095-022-03460-2 

72. Riley RS, Kashyap MV, Billingsley MM, et al. Ionizable lipid nanoparticles for in utero mRNA delivery. Science 

Advances. 2021;7(3):eaba1028. doi:doi:10.1126/sciadv.aba1028 

73. Swingle KL, Safford HC, Geisler HC, et al. Ionizable Lipid Nanoparticles for In Vivo mRNA Delivery to the 

Placenta during Pregnancy. J Am Chem Soc. 2023/03/01 2023;145(8):4691-4706. doi:10.1021/jacs.2c12893 

74. Satapathy MK, Yen T-L, Jan J-S, et al. Solid Lipid Nanoparticles (SLNs): An Advanced Drug Delivery System 

Targeting Brain through BBB. Pharmaceutics. 2021;13(8):1183. doi:10.3390/pharmaceutics13081183 

75. Tanyapanyachon P, Dana P, Thumsongsiri N, Chonniyom W, Saengkrit N. Interrupting the blood-testis barrier 

with a flutamide-loaded nanostructured lipid carrier: A novel nonsurgical contraceptive approach for male animals. 

Theriogenology. 2023/05/03/ 2023;doi:10.1016/j.theriogenology.2023.04.023 

76. Ge D, Du Q, Ran B, et al. The neurotoxicity induced by engineered nanomaterials. Int J Nanomedicine. 2019;Volume 

14:4167-4186. doi:10.2147/ijn.s203352 

77. Murphy JE, Padilla BE, Hasdemir B, Cottrell GS, Bunnett NW. Endosomes: A legitimate platform for the signaling 

train. Proceedings of the National Academy of Sciences. 2009;106(42):17615-17622. doi:10.1073/pnas.0906541106 

78. Terada T, Kulkarni JA, Huynh A, Tam YYC, Cullis P. Protective Effect of Edaravone against Cationic Lipid-

Mediated Oxidative Stress and Apoptosis. Biol Pharm Bull. 2021;44(1):144-149. doi:10.1248/bpb.b20-00679 

79. Vu MN, Kelly HG, Kent SJ, Wheatley AK. Current and future nanoparticle vaccines for COVID-19. EBioMedicine. 

Dec 2021;74:103699. doi:10.1016/j.ebiom.2021.103699 

80. Menni C, May A, Polidori L, et al. COVID-19 vaccine waning and effectiveness and side-effects of boosters: a 

prospective community study from the ZOE COVID Study. The Lancet Infectious Diseases. 2022;22(7):1002-1010. 

doi:10.1016/s1473-3099(22)00146-3 

81. Gholizadeh O, Yasamineh S, Amini P, et al. Therapeutic and diagnostic applications of nanoparticles in the 

management of COVID-19: a comprehensive overview. Virol J. 2022;19(1)doi:10.1186/s12985-022-01935-7 

82. Lonez C, Bessodes M, Scherman D, Vandenbranden M, Escriou V, Ruysschaert J-M. Cationic lipid nanocarriers 

activate Toll-like receptor 2 and NLRP3 inflammasome pathways. Nanomedicine: Nanotechnology, Biology and Medicine. 

2014/05/01/ 2014;10(4):775-782. doi:10.1016/j.nano.2013.12.003 

83. Lokugamage MP, Gan Z, Zurla C, et al. Mild Innate Immune Activation Overrides Efficient Nanoparticle‐Mediated 

RNA Delivery. Advanced Materials. 2020;32(1):1904905. doi:10.1002/adma.201904905 



49 

 

84. Verbeke R, Lentacker I, De Smedt SC, Dewitte H. Three decades of messenger RNA vaccine development. Nano 

Today. 2019/10/01/ 2019;28:100766. doi:10.1016/j.nantod.2019.100766 

85. Sanjuan MA, Dillon CP, Tait SW, et al. Toll-like receptor signalling in macrophages links the autophagy pathway 

to phagocytosis. Nature. Dec 20 2007;450(7173):1253-7. doi:10.1038/nature06421 

86. Bergamaschi C, Terpos E, Rosati M, et al. Systemic IL-15, IFN-γ, and IP-10/CXCL10 signature associated with 

effective immune response to SARS-CoV-2 in BNT162b2 mRNA vaccine recipients. Cell Rep. Aug 10 2021;36(6):109504. 

doi:10.1016/j.celrep.2021.109504 

87. Sahin U, Muik A, Derhovanessian E, et al. COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell 

responses. Nature. 2020;586(7830):594-599. doi:10.1038/s41586-020-2814-7 

88. Almatroudi A, Alsahli MA, Syed MA, Khan AA, Rahmani AH. Regulation of Pro-Inflammatory Macrophage 

Polarization via Lipid Nanoparticles Mediated Delivery of Anti-Prostaglandin-E2 siRNA. Curr Issues Mol Biol. 2022;45(1):1-

11. doi:10.3390/cimb45010001 

89. Ou L, Song B, Liang H, et al. Toxicity of graphene-family nanoparticles: a general review of the origins and 

mechanisms. Part Fibre Toxicol. 2016;13:57. doi:10.1186/s12989-016-0168-y 

90. Ahlinder L, Henych J, Lindström SW, Ekstrand-Hammarström B, Stengl V, Österlund L. Graphene oxide 

nanoparticle attachment and its toxicity on living lung epithelial cells. RSC Advances. 2015;5(73):59447-59457. 

doi:10.1039/c5ra09351a 

91. Plachá D, Jampilek J. Graphenic Materials for Biomedical Applications. Nanomaterials. 2019;9(12):1758. 

doi:10.3390/nano9121758 

92. Ma B, Guo S, Nishina Y, Bianco A. Reaction between Graphene Oxide and Intracellular Glutathione Affects Cell 

Viability and Proliferation. ACS Applied Materials & Interfaces. 2021/01/27 2021;13(3):3528-3535. doi:10.1021/acsami.0c17523 

93. Algadi HE. Effects of Graphene Oxide Nanoparticles on the Immune System Biomarkers Produced by RAW 264.7. 

University of the Western Cape; 2019.  

94. Guo X, Mei N. Assessment of the toxic potential of graphene family nanomaterials. Journal of Food and Drug 

Analysis. 2014/03/01/ 2014;22(1):105-115. doi:10.1016/j.jfda.2014.01.009 

95. Manke A, Wang L, Rojanasakul Y. Mechanisms of nanoparticle-induced oxidative stress and toxicity. Biomed Res 

Int. 2013;2013:942916. doi:10.1155/2013/942916 

96. Yu Z, Li Q, Wang J, et al. Reactive Oxygen Species-Related Nanoparticle Toxicity in the Biomedical Field. Nanoscale 

Research Letters. 2020;15(1)doi:10.1186/s11671-020-03344-7 

97. Cruz-Topete D, Dominic P, Stokes KY. Uncovering sex-specific mechanisms of action of testosterone and redox 

balance. Redox Biology. 2020/04/01/ 2020;31:101490. doi:10.1016/j.redox.2020.101490 

98. du Preez HN, Aldous C, Kruger HG, Johnson L. N-Acetylcysteine and Other Sulfur-Donors as a Preventative and 

Adjunct Therapy for COVID-19. Advances in Pharmacological and Pharmaceutical Sciences. 2022/08/10 2022;2022:4555490. 

doi:10.1155/2022/4555490 

99. Lynch I, Cedervall T, Lundqvist M, Cabaleiro-Lago C, Linse S, Dawson KA. The nanoparticle-protein complex as 

a biological entity; a complex fluids and surface science challenge for the 21st century. Adv Colloid Interface Sci. Oct 31 

2007;134-135:167-74. doi:10.1016/j.cis.2007.04.021 

100. Bashiri G, Padilla MS, Swingle KL, Shepherd SJ, Mitchell MJ, Wang K. Nanoparticle protein corona: from structure 

and function to therapeutic targeting. Lab on a Chip. 2023;23(6):1432-1466. doi:10.1039/d2lc00799a 

101. Li Y, Bi X, Wang S, et al. Core-shell structured polyethylene glycol functionalized graphene for energy-storage 

polymer dielectrics: Combined mechanical and dielectric performances. Composites Science and Technology. 2020/10/20/ 

2020;199:108341. doi:10.1016/j.compscitech.2020.108341 

102. Francia V, Schiffelers RM, Cullis PR, Witzigmann D. The Biomolecular Corona of Lipid Nanoparticles for Gene 

Therapy. Bioconjug Chem. Sep 16 2020;31(9):2046-2059. doi:10.1021/acs.bioconjchem.0c00366 

103. Cox F, Khalib K, Conlon N. PEG That Reaction: A Case Series of Allergy to Polyethylene Glycol. J Clin Pharmacol. 

Jun 2021;61(6):832-835. doi:10.1002/jcph.1824 

104. Hou X, Zaks T, Langer R, Dong Y. Lipid nanoparticles for mRNA delivery. Nature Reviews Materials. 

2021;6(12):1078-1094. doi:10.1038/s41578-021-00358-0 

105. Tenchov R, Bird R, Curtze AE, Zhou Q. Lipid Nanoparticles─From Liposomes to mRNA Vaccine Delivery, a 

Landscape of Research Diversity and Advancement. ACS Nano. 2021;15(11):16982-17015. doi:10.1021/acsnano.1c04996 

106. Li Z, Tan S, Li S, Shen Q, Wang K. Cancer drug delivery in the nano era: An overview and perspectives. Oncol Rep. 

2017;38(2):611-624. doi:10.3892/or.2017.5718 

107. Liu Z, Robinson JT, Sun X, Dai H. PEGylated Nanographene Oxide for Delivery of Water-Insoluble Cancer Drugs. 

J Am Chem Soc. 2008;130(33):10876-10877. doi:10.1021/ja803688x 

108. Gatti AM. New Quality-Control Investigations on Vaccines: Micro- and Nanocontamination. Int J Vaccines Vaccin. 

2017;4(1):00072. doi:10.15406/ijvv.2017.04.00072 



50 

 

109. Dell'Orco D, Lundqvist M, Oslakovic C, Cedervall T, Linse S. Modeling the Time Evolution of the Nanoparticle-

Protein Corona in a Body Fluid. PLoS One. 2010;5(6):e10949. doi:10.1371/journal.pone.0010949 

110. Lee YK, Choi EJ, Webster TJ, Kim SH, Khang D. Effect of the protein corona on nanoparticles for modulating 

cytotoxicity and immunotoxicity. Int J Nanomedicine. 2015;10:97-113. doi:10.2147/ijn.S72998 

111. Aliakbarinodehi N, Gallud A, Mapar M, et al. Interaction Kinetics of Individual mRNA-Containing Lipid 

Nanoparticles with an Endosomal Membrane Mimic: Dependence on pH, Protein Corona Formation, and Lipoprotein 

Depletion. ACS Nano. 2022;16(12):20163-20173. doi:10.1021/acsnano.2c04829 

112. Lam DL, Flanagan MR. Axillary Lymphadenopathy After COVID-19 Vaccination in a Woman With Breast Cancer. 

JAMA. 2022;327(2):175. doi:10.1001/jama.2021.20010 

113. Ahn M, Song J, Hong BH. Facile Synthesis of N-Doped Graphene Quantum Dots as Novel Transfection Agents for 

mRNA and pDNA. Nanomaterials. 2021;11(11):2816. doi:10.3390/nano11112816 

114. Gustafsson J, Arvidson G, Karlsson G, Almgren M. Complexes between cationic liposomes and DNA visualized 

by cryo-TEM. Biochimica et Biophysica Acta (BBA) - Biomembranes. 1995/05/04/ 1995;1235(2):305-312. doi:10.1016/0005-

2736(95)80018-B 

115. Abramczyk H, Brozek-Pluska B, Beton K. Decoding COVID-19 mRNA Vaccine Immunometabolism in Central 

Nervous System: human brain normal glial and glioma cells by Raman imaging. bioRxiv. 2022:482639. 

doi:10.1101/2022.03.02.482639 

116. McKernan K, Helbert Y, Kane LT, McLaughlin S. Sequencing of bivalent Moderna and Pfizer mRNA vaccines 

reveals nanogram to microgram quantities of expression vector dsDNA per dose. OSF Preprints. 

2013;doi:10.31219/osf.io/b9t7m 

117. Kowarz E, Krutzke L, Külp M, et al. Vaccine-induced COVID-19 mimicry syndrome. eLife. 

2022;11doi:10.7554/elife.74974 

118. AstraZeneca. Nonclinical Overview AZD1222. Accessed 07 July 2022, https://icandecide.org/wp-

content/uploads/2022/11/2022-10-24-IR0751D_Production_MHRA_000001-000166-166-pages.pdf#page=36 

119. Laisuan W. COVID-19 Vaccine Anaphylaxis: Current Evidence and Future Approaches. Mini Review. Frontiers in 

Allergy. 2021-December-23 2021;2doi:10.3389/falgy.2021.801322 

120. Lehmann KJ. Spike-Induced Disturbances (SPAS*): An Analysis of Common Suspected Adverse Experiences 

Associated With Covid-19 Vaccines. . Int J Infect Dis. 2022;3(1):1-19.  

121. Sun CLF, Jaffe E, Levi R. Increased emergency cardiovascular events among under-40 population in Israel during 

vaccine rollout and third COVID-19 wave. Sci Rep. 2022;12(1)doi:10.1038/s41598-022-10928-z 

122. Neil M, Fenton N, Smalley J, et al. Official mortality data for England suggest systematic miscategorisation of 

vaccine status and uncertain effectiveness of COVID-19 vaccination. Preprint. 2022;doi:10.13140/RG.2.2.28055.09124 

123. Johnson AS, Polese G, Johnson M, Winlow W. Appropriate Human Serum Albumin Fluid Therapy and the 

Alleviation of COVID-19 Vulnerabilities: An Explanation of the HSA Lymphatic Nutrient Pump. COVID. 2022;2(10):1379-

1395. doi:10.3390/covid2100099 

124. Xiong X, Yuan J, Li M, Jiang B, Lu ZK. Age and Gender Disparities in Adverse Events Following COVID-19 

Vaccination: Real-World Evidence Based on Big Data for Risk Management. Front Med (Lausanne). 2021;8:700014. 

doi:10.3389/fmed.2021.700014 

125. Gill JR, Tashjian R, Duncanson E. Autopsy Histopathologic Cardiac Findings in 2 Adolescents Following the 

Second COVID-19 Vaccine Dose. Arch Pathol Lab Med. 2022;146(8):925-929. doi:10.5858/arpa.2021-0435-sa 

126. Zhou Y-Q, Wang K, Wang X-Y, et al. SARS-CoV-2 pseudovirus enters the host cells through spike protein-CD147 

in an Arf6-dependent manner. Emerging Microbes & Infections. 2022;11(1):1135-1144. doi:10.1080/22221751.2022.2059403 

127. Fenizia C, Galbiati S, Vanetti C, et al. SARS-CoV-2 Entry: At the Crossroads of CD147 and ACE2. Cells. 

2021;10(6):1434. doi:10.3390/cells10061434 

128. Jackson CB, Farzan M, Chen B, Choe H. Mechanisms of SARS-CoV-2 entry into cells. Nat Rev Mol Cell Biol. 

2022;23(1):3-20. doi:10.1038/s41580-021-00418-x 

129. Robles JP, Zamora M, Adan-Castro E, Siqueiros-Marquez L, Martinez de la Escalera G, Clapp C. The spike protein 

of SARS-CoV-2 induces endothelial inflammation through integrin α5β1 and NF-κB signaling. J Biol Chem. Mar 

2022;298(3):101695. doi:10.1016/j.jbc.2022.101695 

130. Zhong F-Y, Zhao Y-C, Zhao C-X, et al. The Role of CD147 in Pathological Cardiac Hypertrophy Is Regulated by 

Glycosylation. Oxid Med Cell Longev. 2022/01/20 2022;6603296:1-19. doi:10.1155/2022/6603296 

131. Badeti S, Jiang Q, Naghizadeh A, et al. Development of a novel human CD147 knock-in NSG mouse model to test 

SARS-CoV-2 viral infection. Cell & Bioscience 2022;12(88):1-19. doi:10.1186/s13578-022-00822-6 

132. Behl T, Kaur I, Aleya L, et al. CD147-spike protein interaction in COVID-19: Get the ball rolling with a novel 

receptor and therapeutic target. Sci Total Environ. Feb 20 2022;808:152072. doi:10.1016/j.scitotenv.2021.152072 

133. Liu C, von Brunn A, Zhu D. Cyclophilin A and CD147: novel therapeutic targets for the treatment of COVID-19. 

Med Drug Discov. 2020;7:100056-100056. doi:10.1016/j.medidd.2020.100056 

https://icandecide.org/wp-content/uploads/2022/11/2022-10-24-IR0751D_Production_MHRA_000001-000166-166-pages.pdf#page=36
https://icandecide.org/wp-content/uploads/2022/11/2022-10-24-IR0751D_Production_MHRA_000001-000166-166-pages.pdf#page=36


51 

 

134. Avolio E, Carrabba M, Milligan R, et al. The SARS-CoV-2 Spike protein disrupts human cardiac pericytes function 

through CD147 receptor-mediated signalling: a potential non-infective mechanism of COVID-19 microvascular disease. Clin 

Sci. 2021;135(24):2667-2689. doi:10.1042/cs20210735 

135. Boschi C, Scheim DE, Bancod A, et al. SARS-CoV-2 Spike Protein Induces Hemagglutination: Implications for 

COVID-19 Morbidities and Therapeutics and for Vaccine Adverse Effects. Int J Mol Sci. 2022;23(24):15480. 

doi:10.3390/ijms232415480 

136. Goubran H, Seghatchian J, Sabry W, Ragab G, Burnouf T. Platelet and extracellular vesicles in COVID-19 infection 

and its vaccines. Transfus Apher Sci. 2022;61(3):103459. doi:10.1016/j.transci.2022.103459 

137. Versteeg GA, van de Nes PS, Bredenbeek PJ, Spaan WJ. The coronavirus spike protein induces endoplasmic 

reticulum stress and upregulation of intracellular chemokine mRNA concentrations. J Virol. Oct 2007;81(20):10981-90. 

doi:10.1128/jvi.01033-07 

138. Iciek M, Bilska-Wilkosz A, Kozdrowicki M, Górny M. Reactive Sulfur Compounds in the Fight against COVID-19. 

Antioxidants (Basel). May 26 2022;11(6):1053. doi:10.3390/antiox11061053 

139. Chuang HC, Hsueh CH, Hsu PM, et al. SARS-CoV-2 spike protein enhances MAP4K3/GLK-induced ACE2 stability 

in COVID-19. EMBO Mol Med. 2022;14(9):e15904. doi:10.15252/emmm.202215904 

140. Oh J, Cho W-H, Barcelon E, Kim KH, Hong J, Lee SJ. SARS-CoV-2 spike protein induces cognitive deficit and 

anxiety-like behavior in mouse via non-cell autonomous hippocampal neuronal death. Sci Rep. 2022;12(1):5496. 

doi:10.1038/s41598-022-09410-7 

141. Du L, He Y, Zhou Y, Liu S, Zheng B-J, Jiang S. The spike protein of SARS-CoV — a target for vaccine and therapeutic 

development. Nat Rev Microbiol. 2009;7(3):226-236. doi:10.1038/nrmicro2090 

142. Tahir Ul Qamar M, Alqahtani SM, Alamri MA, Chen L-L. Structural basis of SARS-CoV-2 3CL pro and anti-

COVID-19 drug discovery from medicinal plants. J Pharm Anal. 2020;10(4):313-319. doi:10.1016/j.jpha.2020.03.009 

143. Awadasseid A, Wu YL, Tanaka Y, Zhang W. Initial success in the identification and management of the coronavirus 

disease 2019 (COVID-19) indicates human-to-human transmission in Wuhan, China. Int J Biol Sci. 2020;16(11):1846-1860. 

doi:10.7150/ijbs.45018 

144. Roy A, Guo F, Singh B, et al. Base Composition and Host Adaptation of the SARS-CoV-2: Insight From the Codon 

Usage Perspective. Front Microbiol. 2021;12:548275. doi:10.3389/fmicb.2021.548275 

145. Math RK, Mudennavar N, Javaregowda PK, Savanur A. In Silico Comparative Analysis of the Functional, 

Structural, and Evolutionary Properties of SARS-CoV-2 Variant Spike Proteins. JMIR Bioinformatics and Biotechnology. 

2022;3(1):e37391. doi:10.2196/37391 

146. Dowey R, Cole J, Thompson AAR, et al. Enhanced neutrophil extracellular trap formation in COVID-19 is inhibited 

by the protein kinase C inhibitor ruboxistaurin. ERJ Open Research. 2022;8(2):00596-2021. doi:10.1183/23120541.00596-2021 

147. Kalyanaraman B. Reactive oxygen species, proinflammatory and immunosuppressive mediators induced in 

COVID-19: overlapping biology with cancer. RSC Chemical Biology. 2021;2(5):1402-1414. doi:10.1039/d1cb00042j 

148. Bansal S, Perincheri S, Fleming T, et al. Cutting Edge: Circulating Exosomes with COVID Spike Protein Are 

Induced by BNT162b2 (Pfizer-BioNTech) Vaccination prior to Development of Antibodies: A Novel Mechanism for Immune 

Activation by mRNA Vaccines. J Immunol. Nov 15 2021;207(10):2405-2410. doi:10.4049/jimmunol.2100637 

149. Fernandes BHV, Feitosa NM, Barbosa AP, et al. Toxicity of spike fragments SARS-CoV-2 S protein for zebrafish: A 

tool to study its hazardous for human health? Sci Total Environ. Mar 20 2022;813:152345. doi:10.1016/j.scitotenv.2021.152345 

150. Azzi L, Dalla Gasperina D, Veronesi G, et al. Mucosal immune response in BNT162b2 COVID-19 vaccine recipients. 

eBioMedicine. 2022;75:103788. doi:10.1016/j.ebiom.2021.103788 

151. Franco-Paredes C. Transmissibility of SARS-CoV-2 among fully vaccinated individuals. Lancet Infect Dis. 

2022;22(1):16. doi:10.1016/s1473-3099(21)00768-4 

152. Shrestha NK, Burke PC, Nowacki AS, Simon JF, Hagen A, Gordon SM. Effectiveness of the Coronavirus Disease 

2019 (COVID-19) Bivalent Vaccine. Open Forum Infect Dis. 2022;10(6):ofad209. doi:10.1093/ofid/ofad209 

153. Ioannou GN, Locke ER, O’Hare AM, et al. COVID-19 Vaccination Effectiveness Against Infection or Death in a 

National U.S. Health Care System. Ann Intern Med. 2022;175(3):352-361. doi:10.7326/m21-3256 %m 34928700 

154. El Sahly HM, Baden LR, Essink B, et al. Efficacy of the mRNA-1273 SARS-CoV-2 Vaccine at Completion of Blinded 

Phase. N Engl J Med. 2021;385(19):1774-1785. doi:10.1056/nejmoa2113017 

155. Bermingham C, Nafilyan V, Andrews N, Gethings O. Estimating the effectiveness of COVID-19 vaccination against 

COVID-19 hospitalisation and death: a cohort study based on the 2021 Census, England. Cold Spring Harbor Laboratory; 

2023. 

156. Uzun O, Akpolat T, Varol A, et al. COVID-19: vaccination vs. hospitalization. Infection. 2022;50(3):747-752. 

doi:10.1007/s15010-021-01751-1 

157. Agresti JD. The Most Objective Evidence Shows No Indication That Covid Vaccines Save More Lives Than They 

Take. Just Facts Daily. Accessed 04 April 2023. https://www.justfactsdaily.com/most-objective-evidence-covid-vaccines-

lives 

https://www.justfactsdaily.com/most-objective-evidence-covid-vaccines-lives
https://www.justfactsdaily.com/most-objective-evidence-covid-vaccines-lives


52 

 

158. Tartof SY, Slezak JM, Fischer H, et al. Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a 

large integrated health system in the USA: a retrospective cohort study. The Lancet. 2021;398(10309):1407-1416. 

doi:10.1016/s0140-6736(21)02183-8 

159. Goldberg Y, Mandel M, Bar-On YM, et al. Waning Immunity after the BNT162b2 Vaccine in Israel. N Engl J Med. 

2021;385(24):e85. doi:10.1056/nejmoa2114228 

160. Fung K, Jones M, Doshi P. Sources of bias in observational studies of covid‐19 vaccine effectiveness - Commentary. 

J Eval Clin Pract. 2023:1-7. doi:10.1111/jep.13839 

161. Høeg TB, Duriseti R, Prasad V. Potential “Healthy Vaccinee Bias” in a Study of BNT162b2 Vaccine against Covid-

19. N Engl J Med. 2023;389(3):284-286. doi:10.1056/nejmc2306683 

162. Irrgang P, Gerling J, Kocher K, et al. Class switch towards non-inflammatory, spike-specific IgG4 antibodies after 

repeated SARS-CoV-2 mRNA vaccination. Sci Immunol. 2023;8:eade2798. doi:10.1126/sciimmunol.ade2798 

163. Israel A, Merzon E, Schäffer AA, et al. Elapsed time since BNT162b2 vaccine and risk of SARS-CoV-2 infection: test 

negative design study. BMJ. 2021:e067873. doi:10.1136/bmj-2021-067873 

164. Uversky VN, Redwan EM, Makis W, Rubio-Casillas A. IgG4 Antibodies Induced by Repeated Vaccination May 

Generate Immune Tolerance to the SARS-CoV-2 Spike Protein. Vaccines. 2023;11(5):991. doi:10.3390/vaccines11050991 

165. Préta LH, Contejean A, Salvo F, Treluyer JM, Charlier C, Chouchana L. Association study between herpes zoster 

reporting and mRNA COVID‐19 vaccines (BNT162b2 and mRNA‐1273). Br J Clin Pharmacol. 2022;88(7):3529-3534. 

doi:10.1111/bcp.15280 

166. Yamamoto M, Kase M, Sano H, Kamijima R, Sano S. Persistent varicella zoster virus infection following mRNA 

COVID‐19 vaccination was associated with the presence of encoded spike protein in the lesion. J Cutan Immunol Allergy. 

2022;6:18-23. doi:10.1002/cia2.12278 

167. Collins LE, Troeberg L. Heparan sulfate as a regulator of inflammation and immunity. J Leukoc Biol. Jan 

2019;105(1):81-92. doi:10.1002/jlb.3ru0618-246r 

168. Clay C, Donart N, Fomukong N, et al. Primary Severe Acute Respiratory Syndrome Coronavirus Infection Limits 

Replication but Not Lung Inflammation upon Homologous Rechallenge. J Virol. 2012;86(8):4234-4244. 

doi:doi:10.1128/JVI.06791-11 

169. Bolles M, Deming D, Long K, et al. A Double-Inactivated Severe Acute Respiratory Syndrome Coronavirus Vaccine 

Provides Incomplete Protection in Mice and Induces Increased Eosinophilic Proinflammatory Pulmonary Response upon 

Challenge. J Virol. 2011;85(23):12201-12215. doi:doi:10.1128/JVI.06048-11 

170. Tseng C-T, Sbrana E, Iwata-Yoshikawa N, et al. Immunization with SARS Coronavirus Vaccines Leads to 

Pulmonary Immunopathology on Challenge with the SARS Virus. PLoS One. 2012;7(4):e35421. 

doi:10.1371/journal.pone.0035421 

171. Liu L, Wei Q, Lin Q, et al. Anti–spike IgG causes severe acute lung injury by skewing macrophage responses during 

acute SARS-CoV infection. JCI Insight. 2019;4(4):e123158. doi:10.1172/jci.insight.123158 

172. Heymans S, Eriksson U, Lehtonen J, Cooper LT. The Quest for New Approaches in Myocarditis and 

Inflammatory Cardiomyopathy. J Am Coll Cardiol. 2016/11/29/ 2016;68(21):2348-2364. doi:10.1016/j.jacc.2016.09.937 

173. Li T, Yang Y, Li Y, et al. Platelets mediate inflammatory monocyte activation by SARS-CoV-2 spike protein. J Clin 

Invest. 2022;132(4):e150101. doi:10.1172/jci150101 

174. Marki A, Esko JD, Pries AR, Ley K. Role of the endothelial surface layer in neutrophil recruitment. J Leukoc Biol. 

Oct 2015;98(4):503-515. doi:10.1189/jlb.3MR0115-011R 

175. Pace BT, Lackner AA, Porter E, Pahar B. The role of defensins in HIV pathogenesis. Mediators Inflamm. 

2017;2017:5186904. 5186904. doi:10.1155/2017/5186904 

176. Otri AM, Mohammed I, Al-Aqaba MA, et al. Variable Expression of Human beta Defensins 3 and 9 at the Human 

Ocular Surface in Infectious Keratitis. Invest Ophthalmol Vis Sci. Feb 2012;53(2):757-761. doi:10.1167/iovs.11-8467 

177. Fruitwala S, El-Naccache DW, Chang TL. Multifaceted immune functions of human defensins and underlying 

mechanisms. Semin Cell Dev Biol. Apr 2019;88:163-172. doi:10.1016/j.semcdb.2018.02.023 

178. Lemkes BA, Nieuwdorp M, Hoekstra JBL, Holleman F. The glycocalyx and cardiovascular disease in diabetes: 

should we judge the endothelium by its cover? Diabetes Technol Ther. Jun 2012;14:S3-S10. doi:10.1089/dia.2012.0011 

179. Becker BF, Chappell D, Bruegger D, Annecke T, Jacob M. Therapeutic strategies targeting the endothelial 

glycocalyx: acute deficits, but great potential. Cardiovasc Res. Jul 2010;87(2):300-310. doi:10.1093/cvr/cvq137 

180. Gordts P, Esko JD. Heparan sulfate proteoglycans fine-tune macrophage inflammation via IFN-beta. Cytokine. Mar 

2015;72(1):118-119. doi:10.1016/j.cyto.2014.12.013 

181. Collins SR, Blank RS, Deatherage LS, Dull RO. The Endothelial Glycocalyx. Anesth Analg. 2013;117(3):664-674. 

doi:10.1213/ane.0b013e3182975b85 

182. Orlewska K, Klusek J, Zarębska-Michaluk D, et al. Association between Glutathione S-Transferases Gene Variants 

and COVID-19 Severity in Previously Vaccinated and Unvaccinated Polish Patients with Confirmed SARS-CoV-2 Infection. 

Int J Environ Res Public Health. Feb 20 2023;20(4):3752. doi:10.3390/ijerph20043752 



53 

 

183. Kianfar E. Protein nanoparticles in drug delivery: animal protein, plant proteins and protein cages, albumin 

nanoparticles. J Nanobiotechnology. 2021;19(1)doi:10.1186/s12951-021-00896-3 

184. Thappy S, Thalappil SR, Abbarh S, Al-Mashdali A, Akhtar M, Alkadi MM. Minimal change disease following the 

Moderna COVID-19 vaccine: first case report. BMC Nephrol. 2021;22(1)doi:10.1186/s12882-021-02583-9 

185. Robichaud J, Côté C, Côté F. Systemic capillary leak syndrome after ChAdOx1 nCOV-19 (Oxford–AstraZeneca) 

vaccination. Can Med Assoc J. 2021;193(34):E1341-E1344. doi:10.1503/cmaj.211212 

186. Paar M, Rossmann C, Nusshold C, et al. Anticoagulant action of low, physiologic, and high albumin levels in whole 

blood. PLoS One. 2017;12(8):e0182997. doi:10.1371/journal.pone.0182997 

187. Al-Hakeim HK, Al-Rubaye HT, Al-Hadrawi DS, Almulla AF, Maes M. Long-COVID post-viral chronic fatigue and 

affective symptoms are associated with oxidative damage, lowered antioxidant defenses and inflammation: a proof of 

concept and mechanism study. Mol Psychiatry. Feb 2023;28(2):564-578. doi:10.1038/s41380-022-01836-9 

188. Rauch A, Dupont A, Goutay J, et al. Endotheliopathy Is Induced by Plasma From Critically Ill Patients and 

Associated With Organ Failure in Severe COVID-19. Circulation. 2020;142(19):1881-1884. 

doi:10.1161/circulationaha.120.050907 

189. Yuan L, Cheng S, Sol WMPJ, et al. Heparan sulfate mimetic fucoidan restores the endothelial glycocalyx and 

protects against dysfunction induced by serum of COVID-19 patients in the intensive care unit. ERJ Open Research. 

2022;8(2):00652-2021. doi:10.1183/23120541.00652-2021 

190. Goldman M, Hermans C. Thrombotic thrombocytopenia associated with COVID-19 infection or vaccination: 

Possible paths to platelet factor 4 autoimmunity. PLoS Med. 2021;18(5):e1003648. doi:10.1371/journal.pmed.1003648 

191. Arokiasamy S, King R, Boulaghrasse H, et al. Heparanase-dependent remodeling of initial lymphatic glycocalyx 

regulates tissue-fluid drainage during acute inflammation in vivo. Front Immunol. 2019;10:1-20. 

doi:10.3389/fimmu.2019.02316 

192. Martin L, Koczera P, Zechendorf E, Schuerholz T. The endothelial glycocalyx: New diagnostic and therapeutic 

approaches in sepsis. Biomed Res Int. 2016;2016:3758278. 3758278. doi:10.1155/2016/3758278 

193. Smadja DM, Guerin CL, Chocron R, et al. Angiopoietin-2 as a marker of endothelial activation is a good predictor 

factor for intensive care unit admission of COVID-19 patients. Angiogenesis. Nov 2020;23(4):611-620. doi:10.1007/s10456-020-

09730-0 

194. Leung HHL, Perdomo J, Ahmadi Z, et al. NETosis and thrombosis in vaccine-induced immune thrombotic 

thrombocytopenia. Nature Communications. 2022;13(1)doi:10.1038/s41467-022-32946-1 

195. Lundstrom K, Barh D, Uhal BD, et al. COVID-19 Vaccines and Thrombosis—Roadblock or Dead-End Street? 

Biomolecules. 2021;11(7):1020. doi:10.3390/biom11071020 

196. Rizk JG, Gupta A, Sardar P, et al. Clinical Characteristics and Pharmacological Management of COVID-19 Vaccine–

Induced Immune Thrombotic Thrombocytopenia With Cerebral Venous Sinus Thrombosis. JAMA Cardiology. 

2021;6(12):1451. doi:10.1001/jamacardio.2021.3444 

197. Pasin F, Calabrese A, Pelagatti L. Immune thrombocytopenia following COVID-19 mRNA vaccine: casuality or 

causality? Intern Emerg Med. 2022;17(1):295-297. doi:10.1007/s11739-021-02778-w 

198. Weiner M, Rodriguez-Vigouroux R, Masouridi-Levrat S, Samii K. Very severe immune thrombocytopenia 

following SARS-CoV-2 vaccination requiring splenectomy: a case report. Thrombosis J. 2022;20(45)doi:10.1186/s12959-022-

00404-z 

199. Gaunt ER, Mabbott NA. The clinical correlates of vaccine-induced immune thrombotic thrombocytopenia after 

immunisation with adenovirus vector-based SARS-CoV-2 vaccines. Immunother Adv. Jan 2021;1(1):ltab019. 

doi:10.1093/immadv/ltab019 

200. Salah HM, Mehta JL. Heparan sulfate consumption as a potential mechanism of intra-cardiac thrombosis in SARS-

CoV-2 infection. Heart & lung : J Critical Care. Mar-Apr 2021;50(2):242-243. doi:10.1016/j.hrtlng.2020.12.008 

201. Simka M. Adenoviral vector-based COVID-19 vaccines-associated cerebral venous sinus thromboses: Are those 

adverse events related to the formation of neutrophil extracellular traps? Vacunas. 2022/01/26/ 2022;23:S64-S67. 

doi:10.1016/j.vacun.2021.12.002 

202. Li C, Chen Y, Zhao Y, et al. Intravenous Injection of Coronavirus Disease 2019 (COVID-19) mRNA Vaccine Can 

Induce Acute Myopericarditis in Mouse Model. Clin Infect Dis. Jun 10 2022;74(11):1933-1950. doi:10.1093/cid/ciab707 

203. Kannemeier C, Shibamiya A, Nakazawa F, et al. Extracellular RNA constitutes a natural procoagulant cofactor in 

blood coagulation. Proc Natl Acad Sci U S A. Apr 10 2007;104(15):6388-93. doi:10.1073/pnas.0608647104 

204. Wang Y, Zhao S, Chen Y, et al. N-Acetyl cysteine effectively alleviates Coxsackievirus B-Induced myocarditis 

through suppressing viral replication and inflammatory response. Antiviral Res. Jul 2020;179:104699. 

doi:10.1016/j.antiviral.2019.104699 

205. Fung G, Luo H, Qiu Y, Yang D, McManus B. Myocarditis. Circ Res. 2016;118(3):496-514. 

doi:10.1161/circresaha.115.306573 



54 

 

206. Rienks M, Carai P, van Teeffelen J, et al. SPARC preserves endothelial glycocalyx integrity, and protects against 

adverse cardiac inflammation and injury during viral myocarditis. Matrix Biol. Dec 2018;74:21-34. 

doi:10.1016/j.matbio.2018.04.015 

207. Sandeep N, Fairchok MP, Hasbani K. Myocarditis After COVID-19 Vaccination in Pediatrics: A Proposed Pathway 

for Triage and Treatment. Journal of the American Heart Association. 2022;11(21):e026097. doi:10.1161/JAHA.122.026097 

208. Cadegiani FA. Catecholamines Are the Key Trigger of COVID-19 mRNA Vaccine-Induced Myocarditis: A 

Compelling Hypothesis Supported by Epidemiological, Anatomopathological, Molecular, and Physiological Findings. 

Cureus. Aug 2022;14(8):e27883. doi:10.7759/cureus.27883 

209. Watanabe S, Hama R. SARS-CoV-2 vaccine and increased myocarditis mortality risk: A population based 

comparative study in Japan. medRxiv. 2022;doi:10.1101/2022.10.13.22281036 

210. Ahmed HO, Ahmed MM, Elrasheid O. A Case Series of Myocarditis Related to the COVID-19 Vaccine. Cureus. 

2022;14(10): e29892. doi:10.7759/cureus.29892 

211. Mahroum N, Lavine N, Ohayon A, et al. COVID-19 Vaccination and the Rate of Immune and Autoimmune 

Adverse Events Following Immunization: Insights From a Narrative Literature Review. Review. Front Immunol. 2022-July-

05 2022;13doi:10.3389/fimmu.2022.872683 

212. Yu CK-m, Tsao S, Ng CW-k, et al. Cardiovascular Assessment up to One Year After COVID-19 Vaccine–Associated 

Myocarditis. Circulation. 2023;148(5):436-439. doi:doi:10.1161/CIRCULATIONAHA.123.064772 

213. Ahmetaj-Shala B, Vaja R, Atanur SS, George PM, Kirkby NS, Mitchell JA. Cardiorenal Tissues Express SARS-CoV-

2 Entry Genes and Basigin (BSG/CD147) Increases With Age in Endothelial Cells. JACC Basic Transl Sci. Nov 2020;5(11):1111-

1123. doi:10.1016/j.jacbts.2020.09.010 

214. Siti HN, Kamisah Y, Kamsiah J. The role of oxidative stress, antioxidants and vascular inflammation in 

cardiovascular disease (a review). Vascul Pharmacol. Aug 2015;71:40-56. doi:10.1016/j.vph.2015.03.005 

215. Dursun AD, Saricam E, Sariyildiz GT, Iscanli MD, Cantekin ÖF. The Evaluation of Oxidative Stress in the Young 

Adults with COVID-19 mRNA Vaccines Induced Acute Pericarditis- Myopericarditis. Int J Gen Med. 2022;Volume 15:161-

167. doi:10.2147/ijgm.s347977 

216. Zalpoor H, Akbari A, Samei A, et al. The roles of Eph receptors, neuropilin-1, P2X7, and CD147 in COVID-19-

associated neurodegenerative diseases: inflammasome and JaK inhibitors as potential promising therapies. Cell Mol Biol 

Lett. 2022;27(1):10. doi:10.1186/s11658-022-00311-1 

217. Dionne A, Sperotto F, Chamberlain S, et al. Association of Myocarditis With BNT162b2 Messenger RNA COVID-

19 Vaccine in a Case Series of Children. JAMA Cardiology. 2021;6(12):1446. doi:10.1001/jamacardio.2021.3471 

218. Patone M, Mei XW, Handunnetthi L, et al. Risk of Myocarditis After Sequential Doses of COVID-19 Vaccine and 

SARS-CoV-2 Infection by Age and Sex. Circulation. 2022;146(10):743-754. doi:10.1161/circulationaha.122.059970 

219. Diaz GA, Parsons GT, Gering SK, Meier AR, Hutchinson IV, Robicsek A. Myocarditis and Pericarditis After 

Vaccination for COVID-19. JAMA. 2021;326(12):1210. doi:10.1001/jama.2021.13443 

220. Twu C, Liu NQ, Popik W, et al. Cardiomyocytes undergo apoptosis in human immunodeficiency virus 

cardiomyopathy through mitochondrion- and death receptor-controlled pathways. PNAS. 2002;99(22):14386-14391. 

doi:doi:10.1073/pnas.212327899 

221. Fernández-Sarmiento J, Flórez S, Alarcón-Forero LC, et al. Case Report: Endothelial Glycocalyx Damage in 

Critically ill Patients With SARS-CoV-2-Related Multisystem Inflammatory Syndrome (MIS-C). Case Report. Frontiers in 

Pediatrics. 2021-September-06 2021;6(9):726949. doi:10.3389/fped.2021.726949 

222. Tostes RC, Carneiro FS, Carvalho MHC, Reckelhoff JF. Reactive oxygen species: players in the cardiovascular 

effects of testosterone. Am J Physiol Regul Integr Comp Physiol 2016;310(1):R1-R14. doi:10.1152/ajpregu.00392.2014 

223. Hartzell S, Seneff S. Impaired Sulfate Metabolism and Epigenetics: Is There a Link in Autism? Entropy. 

2012;14(10):1953-1977. doi:10.3390/e14101953 

224. Mueller JW, Gilligan LC, Idkowiak J, Arlt W, Foster PA. The Regulation of Steroid Action by Sulfation and 

Desulfation. Endocr Rev. 2015;36(5):526-563. doi:10.1210/er.2015-1036 

225. Polonikov A. Endogenous deficiency of glutathione as the most likely cause of serious manifestations and death 

in COVID-19 patients. Acs Infectious Diseases. Jul 10 2020;6(7):1558-1562. doi:10.1021/acsinfecdis.0c00288 

226. Chen H, Pechenino AS, Liu J, Beattie MC, Brown TR, Zirkin BR. Effect of Glutathione Depletion on Leydig Cell 

Steroidogenesis in Young and Old Brown Norway Rats. Endocrinology. 2008;149(5):2612-2619. doi:10.1210/en.2007-1245 

227. Qaradakhi T, Gadanec LK, McSweeney KR, Abraham JR, Apostolopoulos V, Zulli A. The Anti-Inflammatory Effect 

of Taurine on Cardiovascular Disease. Nutrients. 2020;12(9):2847. doi:10.3390/nu12092847 

228. Niwano S, Niwano H, Sasaki S, et al. N-Acetylcysteine Suppresses the Progression of Ventricular Remodeling in 

Acute Myocarditis - Studies in an Experimental Autoimmune Myocarditis (EAM) Model. Circ J. 2011;75(3):662-671. 

doi:10.1253/circj.cj-10-0673 

229. Antoniak S, Mackman N. Multiple roles of the coagulation protease cascade during virus infection. Blood. 

2014;123(17):2605-2613. doi:10.1182/blood-2013-09-526277 



55 

 

230. Buijsers B, Yanginlar C, de Nooijer A, et al. Increased plasma heparanase activity in COVID-19 patients. Front 

Immunol. Oct 6 2020;11575047. doi:10.3389/fimmu.2020.575047 

231. Oshima K, Haeger SM, Hippensteel JA, Herson PS, Schmidt EP. More than a biomarker: the systemic consequences 

of heparan sulfate fragments released during endothelial surface layer degradation (2017 Grover Conference Series). 

Pulmonary Circulation. Dec 2017;8(1):2045893217745786. doi:10.1177/2045893217745786 

232. Reitsma S, Slaaf DW, Vink H, van Zandvoort M, Egbrink M. The endothelial glycocalyx: composition, functions, 

and visualization. Pflug Arch Eur J Physiol. Jun 2007;454(3):345-359. doi:10.1007/s00424-007-0212-8 

233. Majerczak J, Grandys M, Duda K, et al. Moderate-intensity endurance training improves endothelial glycocalyx 

layer integrity in healthy young men. Exp Physiol. Jan 2017;102(1):70-85. doi:10.1113/ep085887 

234. Morita M, Stamp G, Robins P, et al. Gene-Targeted Mice Lacking the Trex1 (DNase III) 3′→5′ DNA Exonuclease 

Develop Inflammatory Myocarditis. Mol Cell Biol. 2004/08/01 2004;24(15):6719-6727. doi:10.1128/MCB.24.15.6719-6727.2004 

235. Nindl V, Maier R, Ratering D, et al. Cooperation of Th1 and Th17 cells determines transition from autoimmune 

myocarditis to dilated cardiomyopathy. Eur J Immunol. Sep 2012;42(9):2311-21. doi:10.1002/eji.201142209 

236. Ferreira LF, Picco AS, Galdino FE, Albuquerque LJC, Berret J-F, Cardoso MB. Nanoparticle–Protein Interaction: 

Demystifying the Correlation between Protein Corona and Aggregation Phenomena. ACS Applied Materials & Interfaces. 

2022/06/29 2022;14(25):28559-28569. doi:10.1021/acsami.2c05362 

237. Cao Y. The Toxicity of Nanoparticles to Human Endothelial Cells. Adv Exp Med Biol. 2018:59-69. 

238. Nahab F, Bayakly R, Sexton ME, et al. Factors associated with stroke after COVID-19 vaccination: a statewide 

analysis. Front Neurol. 2023;14:1199745. doi:10.3389/fneur.2023.1199745 

239. Yajima T. Viral myocarditis: potential defense mechanisms within the cardiomyocyte against virus infection. Future 

Microbiol. 2011;6(5):551-566. doi:10.2217/fmb.11.40 

240. Bille K, Figueiras D, Schamasch P, et al. Sudden cardiac death in athletes: the Lausanne Recommendations. Eur J 

Cardiovasc Prev Rehabil. 2006;13(6):859-875. doi:10.1097/01.hjr.0000238397.50341.4a 

241. Maffetone PB, Laursen PB. COVID-Related Athletic Deaths: Another Perfect Storm? Opinion. Front Sports Act 

Living. 2022-April-12 2022;4doi:10.3389/fspor.2022.829093 

242. Di Meo S, Venditti P. Mitochondria in exercise-induced oxidative stress. Biol Signals Recept. Jan-Apr 2001;10(1-

2):125-40. doi:10.1159/000046880 

243. Sen CK. Glutathione homeostasis in response to exercise training and nutritional supplements. Mol Cell Biochem. 

Jun 1999;196(1-2):31-42. doi:10.1023/a:1006910011048 

244. van der Merwe M, Bloomer RJ. The influence of methylsulfonylmethane on inflammation-associated cytokine 

release before and following strenuous exercise. J Sports Med. 2016;2016:7498359-7498359. doi:10.1155/2016/7498359 

245. Ibrahim H, Alkhatib A, Meysami A. Eosinophilic granulomatosis with polyangiitis diagnosed in an elderly female 

after the second dose of mRNA vaccine against COVID-19. Cureus. 2022;14(1):e21176. doi:10.7759/cureus.21176 

246. Chen CC, Chen CJ. New‐onset inflammatory arthritis after COVID‐19 vaccination: A systematic review. Int J Rheum 

Dis. 2023;26(2):267-277. doi:10.1111/1756-185x.14482 

247. Izci Duran T, Turkmen E, Dilek M, Sayarlioglu H, Arik N. ANCA-associated vasculitis after COVID-19. Rheumatol 

Int. 2021;41(8):1523-1529. doi:10.1007/s00296-021-04914-3 

248. Ramachandran L, Dontaraju VS, Troyer J, Sahota J. New onset systemic lupus erythematosus after COVID-19 

infection: a case report. AME Case Reports. 2022;6:14-14. doi:10.21037/acr-21-55 

249. Costanzo G, Ledda AG, Ghisu A, Vacca M, Firinu D, Del Giacco S. Eosinophilic Granulomatosis with Polyangiitis 

Relapse after COVID-19 Vaccination: A Case Report. Vaccines. 2021;10(1):13. doi:10.3390/vaccines10010013 

250. Einarsdottir S, Martner A, Waldenström J, et al. Deficiency of SARS-CoV-2 T-cell responses after vaccination in 

long-term allo-HSCT survivors translates into abated humoral immunity. Blood Advances. 2022;6(9):2723-2730. 

doi:10.1182/bloodadvances.2021006937 

251. Lyons-Weiler J. Pathogenic priming likely contributes to serious and critical illness and mortality in COVID-19 via 

autoimmunity. J Transl Autoimmun. 2020/01/01/ 2020;3:100051. doi:10.1016/j.jtauto.2020.100051 

252. Chen Y, Xu Z, Wang P, et al. New‐onset autoimmune phenomena post‐COVID‐19 vaccination. Immunology. 

2022;165(4):386-401. doi:10.1111/imm.13443 

253. Foroutan T, Ahmadi F, Moayer F, Khalvati S. Effects of intraperitoneal injection of magnetic graphene oxide on the 

improvement of acute liver injury induced by CCl4. Biomaterials Research. 2020;24(1)doi:10.1186/s40824-020-00192-5 

254. Zin Tun GS, Gleeson D, Al-Joudeh A, Dube A. Immune-mediated hepatitis with the Moderna vaccine, no longer a 

coincidence but confirmed. J Hepatol. 2022;76(3):747-749. doi:10.1016/j.jhep.2021.09.031 

255. Han X. Lipid Alterations in the Earliest Clinically Recognizable Stage of Alzheimers Disease: Implication of the 

Role of Lipids in the Pathogenesis of Alzheimers Disease. Curr Alzheimer Res. 2005;2(1):65-77. doi:10.2174/1567205052772786 

256. Fewou SN, Fernandes A, Stockdale K, et al. Myelin protein composition is altered in mice lacking either sulfated 

or both sulfated and non-sulfated galactolipids. J Neurochem. 2010;112(3):599-610. doi:10.1111/j.1471-4159.2009.06464.x 



56 

 

257. Hromić-Jahjefendić A, Barh D, Uversky V, et al. Can COVID-19 Vaccines Induce Premature Non-Communicable 

Diseases: Where Are We Heading to? Vaccines (Basel). Jan 17 2023;11(2)doi:10.3390/vaccines11020208 

258. Kobayashi CD, Porto VBG, Da Nóbrega MEB, Cabral CM, Barros TD, Martins CMR. Adverse Events Related to 

COVID-19 Vaccines Reported in Pregnant Women in Brazil. RBGO Gynecology and Obstetrics. 2022;44(09):821-829. 

doi:10.1055/s-0042-1755461 

259. Chatterjee A, Chakravarty A. Neurological Complications Following COVID-19 Vaccination. Curr Neurol Neurosci 

Rep. 2023;23(1):1-14. doi:10.1007/s11910-022-01247-x 

260. Selvakumar J, Havdal LB, Drevvatne M, et al. Prevalence and Characteristics Associated With Post–COVID-19 

Condition Among Nonhospitalized Adolescents and Young Adults. JAMA Network Open. 2023;6(3):e235763. 

doi:10.1001/jamanetworkopen.2023.5763 

261. Wang Q, Chi L. The Alterations and Roles of Glycosaminoglycans in Human Diseases. Polymers. 2022;14(22):5014. 

doi:10.3390/polym14225014 

262. Davies MJ, Hawkins CL. The Role of Myeloperoxidase in Biomolecule Modification, Chronic Inflammation, and 

Disease. Antioxid Redox Signal. 2020;32(13):957-981. doi:10.1089/ars.2020.8030 

263. Braverman NE, Moser AB. Functions of plasmalogen lipids in health and disease. Biochim Biophys Acta Mol Basis 

Dis. 2012/09/01/ 2012;1822(9):1442-1452. doi:10.1016/j.bbadis.2012.05.008 

264. Almsherqi ZA. Potential Role of Plasmalogens in the Modulation of Biomembrane Morphology. Review. Front Cell 

Dev Biol. 2021-July-21 2021;9doi:10.3389/fcell.2021.673917 

265. Mirza SA, Sheikh AAE, Barbera M, et al. COVID-19 and the Endocrine System: A Review of the Current 

Information and Misinformation. Infect Dis Rep. Mar 11 2022;14(2):184-197. doi:10.3390/idr14020023 

266. Kim S, Kang M, Park J-S, Seok HY. Risk and characteristics of Bell’s palsy in adults as an adverse event following 

COVID-19 vaccination: a retrospective study. Acta Neurol Belg. 2023:1-9. doi:10.1007/s13760-023-02204-2 

267. Kuvandık A, Özcan E, Karaduman S, Sungurtekin H. Creutzfeldt-Jakob Disease After the Coronavirus Disease-

2019 Vaccination. Turkish Journal of Intensive Care. 2022;20(1):61-64. doi:10.4274/tybd.galenos.2021.91885 

268. O´Sullivan C, Zach F, Moser T, et al. Misinterpretation of glioblastoma as ADEM: potentially harmful consequences 

of over-diagnosis of COVID-19 vaccine-associated adverse events. J Neurol. 2022;269(2):616-618. doi:10.1007/s00415-021-

10707-2 

269. Kolahchi Z, Khanmirzaei M, Mowla A. Acute ischemic stroke and vaccine-induced immune thrombotic 

thrombocytopenia post COVID-19 vaccination; a systematic review. J Neurol Sci. 2022;439:120327. 

doi:10.1016/j.jns.2022.120327 

270. Finsterer J, Scorza FA, Scorza CA. Post SARS-CoV-2 vaccination Guillain-Barre syndrome in 19 patients. Clinics 

(Sao Paulo). 2021;76:e3286. doi:10.6061/clinics/2021/e3286 

271. Hanson KE, Goddard K, Lewis N, et al. Incidence of Guillain-Barré Syndrome After COVID-19 Vaccination in the 

Vaccine Safety Datalink. AMA Netw Open. 2022;5(4):e228879. doi:10.1001/jamanetworkopen.2022.8879 

272. Osowicki J, Morgan H, Harris A, Crawford NW, Buttery JP, Kiers L. Guillain‐Barré Syndrome in an Australian 

State Using Both mRNA and Adenovirus‐Vector SARS‐CoV‐2 Vaccines. Ann Neurol. 2021;90(5):856-858. 

doi:10.1002/ana.26218 

273. Hartl FU. Protein Misfolding Diseases. Annu Rev Biochem. Jun 20 2017;86:21-26. doi:10.1146/annurev-biochem-

061516-044518 

274. Pattison JS, Robbins J. Protein misfolding and cardiac disease: establishing cause and effect. Autophagy. Aug 

2008;4(6):821-3. doi:10.4161/auto.6502 

275. Chan-Chung C, Ong CS, Chan LL, Tan EK. Eosinophilic granulomatosis with polyangiitis after COVID-19 

vaccination. QJM. Jan 5 2022;114(11):807-809. doi:10.1093/qjmed/hcab273 

276. Zuberi RI, Ge XN, Jiang S, et al. Deficiency of Endothelial Heparan Sulfates Attenuates Allergic Airway 

Inflammation. J Immunol. 2009;183(6):3971-3979. doi:10.4049/jimmunol.0901604 

277. Ames PR, Margaglione M, Mackie S, Alves JD. Eosinophilia and thrombophilia in churg strauss syndrome: a 

clinical and pathogenetic overview. Clin Appl Thromb Hemost. Dec 2010;16(6):628-36. doi:10.1177/1076029609348647 

278. Karrow NA, Shandilya UK, Pelech S, et al. Maternal COVID-19 Vaccination and Its Potential Impact on Fetal and 

Neonatal Development. Vaccines (Basel). Nov 18 2021;9(11)doi:10.3390/vaccines9111351 

279. Shimabukuro TT, Kim SY, Myers TR, et al. Preliminary Findings of mRNA COVID-19 Vaccine Safety in Pregnant 

Persons. N Engl J Med. 2021;384(24):2273-2282. doi:10.1056/nejmoa2104983 

280. Young RE, Nelson KM, Hofbauer SI, et al. Lipid Nanoparticle Composition Drives mRNA Delivery to the Placenta. 

bioRxiv. 2022:1-43. doi:10.1101/2022.12.22.521490 

281. Dolk H, Damase‐Michel C, Morris JK, Loane M. COVID‐19 in pregnancy—what study designs can we use to assess 

the risk of congenital anomalies in relation to COVID‐19 disease, treatment and vaccination? Paediatr Perinat Epidemiol. 

2022;36:493– 507. doi:10.1111/ppe.12840 



57 

 

282. Sarwal Y, Sarwal R. COVID‐19 vaccination in pregnancy: Need for global pharmaco‐vigilance. Int J Gynaecol Obstet. 

2023;162(1):24-28. doi:10.1002/ijgo.14646 

283. Van Spall HGC. Exclusion of pregnant and lactating women from COVID-19 vaccine trials: a missed opportunity. 

Eur Heart J. Jul 21 2021;42(28):2724-2726. doi:10.1093/eurheartj/ehab103 

284. Abramsson A, Kurup S, Busse M, et al. Defective N-sulfation of heparan sulfate proteoglycans limits PDGF-BB 

binding and pericyte recruitment in vascular development. Genes Dev. 2007;21(3):316-331. doi:10.1101/gad.398207 

285. Morris RS. SARS-CoV-2 spike protein seropositivity from vaccination or infection does not cause sterility. F&S 

Reports. 2021/09/01/ 2021;2(3):253-255. doi:10.1016/j.xfre.2021.05.010 

286. Yang M, Chen S, Huang B, et al. Pathological Findings in the Testes of COVID-19 Patients: Clinical Implications. 

European Urology Focus. 2020;6(5):1124-1129. doi:10.1016/j.euf.2020.05.009 

287. Luongo FP, Dragoni F, Boccuto A, et al. SARS-CoV-2 Infection of Human Ovarian Cells: A Potential Negative 

Impact on Female Fertility. Cells. 2022;11(9):1431. doi:10.3390/cells11091431 

288. Kallumadyil AMT, McClenahan T, De Filippis S, et al. Perspectives into the possible effects of the B.1.1.7 variant 

of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on spermatogenesis. J Basic Clin Physiol Pharmacol. 

2022;33(1):9-12. doi:10.1515/jbcpp-2021-0083 

289. Bujard M, Andersson G. Fertility declines near the end of the COVID-19 pandemic: Evidence of the 2022 birth 

declines in Germany and Sweden. Federal Institute for Population Research (BiB). Accessed 17 January 2023, 

https://www.bib.bund.de/Publikation/2022/pdf/Fertility-declines-near-the-end-of-the-COVID-19-pandemic-Evidence-of-

the-2022-birth-declines-in-Germany-and-

Sweden.pdf;jsessionid=A664E4A2A57C5D6B8AE4DC5DA5482E51.intranet241?__blob=publicationFile&v=9 

290. Thorp JA, Rogers C, Deskevich MP, et al. COVID-19 Vaccines: The Impact on Pregnancy Outcomes and Menstrual 

Function. Preprints 2022;2022090430doi:10.20944/preprints202209.0430.v1 

291. Muhaidat N, Alshrouf MA, Azzam MI, Karam AM, Al-Nazer M, Al-Ani A. Menstrual Symptoms After COVID-19 

Vaccine: A Cross-Sectional Investigation in the MENA Region. Int J Womens Health. 2022;14:395-404. 

doi:10.2147/ijwh.s352167 

292. Alzahrani A, Abdulaal N. Self-Reported Adverse Events of COVID-19 Vaccines on Menstrual Cycles. World Family 

Medicine. 2022;20(10):50-57. doi:10.5742/MEWFM.2022.9525188 

293. Moeindarbari S, Beheshtian N, Hashemi S. Cerebral vein thrombosis in a woman using oral contraceptive pills for 

a short period of time: a case report. J Med Case Reports. 2022;16:260. doi:10.1186/s13256-022-03473-w 

294. Liu Y, Wang Y, Yao Y, et al. Glucose-Responsive Charge-Switchable Lipid Nanoparticles for Insulin Delivery. 

Angew Chem Int Ed. 2023;62(20):e202303097. doi:10.1002/anie.202303097 

295. Muntoni E, Marini E, Ahmadi N, et al. Lipid nanoparticles as vehicles for oral delivery of insulin and insulin 

analogs: preliminary ex vivo and in vivo studies. Acta Diabetol. 2019/12/01 2019;56(12):1283-1292. doi:10.1007/s00592-019-

01403-9 

296. Edwards AE, Vathenen R, Henson SM, Finer S, Gunganah K. Acute hyperglycaemic crisis after vaccination against 

COVID‐19: A case series. Diabet Med. 2021;38(11)doi:10.1111/dme.14631 

297. Lee HJ, Sajan A, Tomer Y. Hyperglycemic Emergencies Associated With COVID-19 Vaccination: A Case Series and 

Discussion. J Endocr Soc. 2021;5(11)doi:10.1210/jendso/bvab141 

298. Kshetree B, Lee J, Acharya S. COVID-19 Vaccine-Induced Rapid Progression of Prediabetes to Ketosis-Prone 

Diabetes Mellitus in an Elderly Male. Cureus. 2022;14(9):e28830. doi:10.7759/cureus.28830 

299. Sasaki H, Itoh A, Watanabe Y, et al. Newly developed type 1 diabetes after coronavirus disease 2019 vaccination: 

A case report. Journal of Diabetes Investigation. 2022;13(6):1105-1108. doi:10.1111/jdi.13757 

300. Jafarzadeh A, Nemati M, Jafarzadeh S, Nozari P, Mortazavi SMJ. Thyroid dysfunction following vaccination with 

COVID-19 vaccines: a basic review of the preliminary evidence. J Endocrinol Invest. 2022;45(10):1835-1863. 

doi:10.1007/s40618-022-01786-7 

301. Ruggeri RM, Giovanellla L, Campennì A. SARS-CoV-2 vaccine may trigger thyroid autoimmunity: real-life 

experience and review of the literature. J Endocrinol Invest. 2022;45(12):2283-2289. doi:10.1007/s40618-022-01863-x 

302. Visser TJ. Role of sulfation in thyroid hormone metabolism. Chem Biol Interact. Jun 1994;92(1-3):293-303. 

doi:10.1016/0009-2797(94)90071-x 

303. Sharma R. Study of covid‐19 vaccine‐related cutaneous adverse events following immunization and establishing 

a causal association. J Eur Acad Dermatol Venereol. 2023;doi:10.1111/jdv.18891 

304. Elbæk MV, Vinding GR, Jemec GBE. Darier’s Disease Flare following COVID-19 Vaccine. Case Rep Dermatol. 

2021;13(2):432-436. doi:10.1159/000517256 

305. Gopal S, Søgaard P, Multhaupt HAB, et al. Transmembrane proteoglycans control stretch-activated channels to set 

cytosolic calcium levels. J Cell Biol. 2015;210(7):1199-1211. doi:10.1083/jcb.201501060 

306. Zhang C, Maruggi G, Shan H, Li J. Advances in mRNA Vaccines for Infectious Diseases. Review. Front Immunol. 

2019-March-27 2019;10doi:10.3389/fimmu.2019.00594 

https://www.bib.bund.de/Publikation/2022/pdf/Fertility-declines-near-the-end-of-the-COVID-19-pandemic-Evidence-of-the-2022-birth-declines-in-Germany-and-Sweden.pdf;jsessionid=A664E4A2A57C5D6B8AE4DC5DA5482E51.intranet241?__blob=publicationFile&v=9
https://www.bib.bund.de/Publikation/2022/pdf/Fertility-declines-near-the-end-of-the-COVID-19-pandemic-Evidence-of-the-2022-birth-declines-in-Germany-and-Sweden.pdf;jsessionid=A664E4A2A57C5D6B8AE4DC5DA5482E51.intranet241?__blob=publicationFile&v=9
https://www.bib.bund.de/Publikation/2022/pdf/Fertility-declines-near-the-end-of-the-COVID-19-pandemic-Evidence-of-the-2022-birth-declines-in-Germany-and-Sweden.pdf;jsessionid=A664E4A2A57C5D6B8AE4DC5DA5482E51.intranet241?__blob=publicationFile&v=9


58 

 

307. Chen X, Li X, Li H, Li M, Gong S. Ocular Adverse Events after Inactivated COVID-19 Vaccination in Xiamen. 

Vaccines. 2022;10(3):482. doi:10.3390/vaccines10030482 

308. Kuziez L, Eleiwa TK, Chauhan MZ, Sallam AB, Elhusseiny AM, Saeed HN. Corneal Adverse Events Associated 

with SARS-CoV-2/COVID-19 Vaccination: A Systematic Review. Vaccines. 2023;11(1):166. doi:10.3390/vaccines11010166 

309. Nagy K, Brahmbhatt VV, Berdeaux O, Bretillon L, Destaillats F, Acar N. Comparative study of serine-plasmalogens 

in human retina and optic nerve: identification of atypical species with odd carbon chains. J Lipid Res. Apr 2012;53(4):776-

83. doi:10.1194/jlr.D022962 

310. Li J-X, Wang Y-H, Bair H, et al. Risk assessment of retinal vascular occlusion after COVID-19 vaccination. npj 

Vaccines. 2023;8(1)doi:10.1038/s41541-023-00661-7 

311. Singh RB, Parmar UPS, Kahale F, Agarwal A, Tsui E. Vaccine-Associated Uveitis after COVID-19 Vaccination. 

Ophthalmology. 2022;doi:10.1016/j.ophtha.2022.08.027 

312. Xu Y, Liu X, Guo F, et al. Effect of estrogen sulfation by SULT1E1 and PAPSS on the development of estrogen-

dependent cancers. Cancer Sci. 2012;103(6):1000-1009. doi:10.1111/j.1349-7006.2012.02258.x 

313. Hammond E, Khurana A, Shridhar V, Dredge K. The Role of Heparanase and Sulfatases in the Modification of 

Heparan Sulfate Proteoglycans within the Tumor Microenvironment and Opportunities for Novel Cancer Therapeutics. 

Review. Front Oncol. 2014-July-24 2014;4doi:10.3389/fonc.2014.00195 

314. Goldman S, Bron D, Tousseyn T, et al. Rapid Progression of Angioimmunoblastic T Cell Lymphoma Following 

BNT162b2 mRNA Vaccine Booster Shot: A Case Report. Case Report. Frontiers in Medicine. 2021-November-25 

2021;8doi:10.3389/fmed.2021.798095 

315. Hiller N, Goldberg SN, Cohen-Cymberknoh M, Vainstein V, Simanovsky N. Lymphadenopathy Associated With 

the COVID-19 Vaccine. Cureus. Feb 23 2021;13(2):e13524. doi:10.7759/cureus.13524 

316. Wolfson S, Kim E, Plaunova A, et al. Axillary Adenopathy after COVID-19 Vaccine: No Reason to Delay Screening 

Mammogram. Radiology. 2022;303(2):297-299. doi:10.1148/radiol.213227 

317. Brumfiel CM, Patel MH, DiCaudo DJ, Rosenthal AC, Pittelkow MR, Mangold AR. Recurrence of primary 

cutaneous CD30-positive lymphoproliferative disorder following COVID-19 vaccination. Leuk Lymphoma. 2021/08/24 

2021;62(10):2554-2555. doi:10.1080/10428194.2021.1924371 

318. Veeraballi S, Patel A, Are G, Ramahi A, Chittamuri S, Shaaban H. A Case of Chronic Myelomonocytic Leukemia 

Unmasked After Receiving J&amp;J COVID-19 Vaccine. Cureus. 2022;doi:10.7759/cureus.26070 

319. Panou E, Nikolaou V, Marinos L, et al. Recurrence of cutaneous T-cell lymphoma post viral vector COVID-19 

vaccination. J Eur Acad Dermatol Venereol. 2022;36(2):e91-e93. doi:10.1111/jdv.17736 

320. Bae E, Bae S, Vays M, Abdelwahed M, Sarkar K, Bae S. Development of High-Grade Sarcoma After Second Dose 

of Moderna Vaccine. Cureus. 2023;doi:10.7759/cureus.37612 

321. Plüß M, Mitteldorf C, Szuszies CJ, Tampe B. Case Report: Acquired Haemophilia A Following mRNA-1273 Booster 

Vaccination Against SARS-CoV-2 With Concurrent Diagnosis of Pleomorphic Dermal Sarcoma. Case Report. Front Immunol. 

2022-April-11 2022;13doi:10.3389/fimmu.2022.868133 

322. Eens S, Van Hecke M, Favere K, et al. B-cell lymphoblastic lymphoma following intravenous BNT162b2 mRNA 

booster in a BALB/c mouse: A case report. Front Oncol. 2023;13:1158124. doi:10.3389/fonc.2023.1158124 

323. Aleman RT, Rauch J, Desai J, Chaiban JT. COVID-19 Vaccine-Associated Lymphadenopathy in Breast Imaging 

Recipients: A Review of Literature. Cureus. 2022;doi:10.7759/cureus.26845 

324. Ghanemi A, Yoshioka M, St-Amand J. Secreted Protein Acidic and Rich in Cysteine as A Regeneration Factor: 

Beyond the Tissue Repair. Life (Basel). Jan 8 2021;11(1)doi:10.3390/life11010038 

325. Singh N, Bharara Singh A. S2 subunit of SARS-nCoV-2 interacts with tumor suppressor protein p53 and BRCA: an 

in silico study. Transl Oncol. 2020;13(10):100814. doi:10.1016/j.tranon.2020.100814 

326. Hutanu D. Recent Applications of Polyethylene Glycols (PEGs) and PEG Derivatives. Modern Chemistry & 

Applications. 01/01 2014;02doi:10.4172/2329-6798.1000132 

327. Ura T, Okuda K, Shimada M. Developments in Viral Vector-Based Vaccines. Vaccines. 2014;2(3):624-641. 

doi:10.3390/vaccines2030624 

328. Hasson SSAA, Al-Busaidi JKZ, Sallam TA. The past, current and future trends in DNA vaccine immunisations. 

Asian Pacific Journal of Tropical Biomedicine. 2015/05/01/ 2015;5(5):344-353. doi:10.1016/S2221-1691(15)30366-X 

329. Kyriakopoulos AM, McCullough PA, Nigh G, Seneff S. Potential Mechanisms for Human Genome Integration of 

Genetic Code from SARS-CoV-2 mRNA Vaccination: Implications for Disease. J Neurol Disord. 2022;10(10)doi:10.4172/2329-

6895.10.10.519 

330. Miyashita Y, Yoshida T, Takagi Y, et al. Circulating extracellular vesicle microRNAs associated with adverse 

reactions, proinflammatory cytokine, and antibody production after COVID-19 vaccination. npj Vaccines. 

2022;7(1)doi:10.1038/s41541-022-00439-3 

331. Zhao B, Zhao L. Mining adverse events in large frequency tables with ontology, with an application to the vaccine 

adverse event reporting system. Stat Med. 2023;doi:10.1002/sim.9684 



59 

 

332. Haas JW, Bender FL, Ballou S, et al. Frequency of Adverse Events in the Placebo Arms of COVID-19 Vaccine Trials: 

A Systematic Review and Meta-analysis. JAMA Network Open. 2022;5(1):e2143955-e2143955. 

doi:10.1001/jamanetworkopen.2021.43955 

333. Salter B, Jessome M, Tarnopolsky M, Yousuf H. Possible association between rhabdomyolysis and mRNA SARS-

CoV-2 vaccination in a patient with RYR1 gene mutation. Can Med Assoc J. 2022;194(7):E252-E256. doi:10.1503/cmaj.211856 

334. Kim HJ, Rozman P, Madhu C, Klaassen CD. Homeostasis of sulfate and 3'-phosphoadenosine 5'-phosphosulfate 

in rats after acetaminophen administration. J Pharmacol Exp Ther. Jun 1992;261(3):1015-21.  

335. Li Y-D, Chi W-Y, Su J-H, Ferrall L, Hung C-F, Wu TC. Coronavirus vaccine development: from SARS and MERS 

to COVID-19. J Biomed Sci. 2020;27(1)doi:10.1186/s12929-020-00695-2 

336. Blaylock RL. COVID UPDATE: What is the truth? Surg Neurol Int. 2022;13:167. doi:10.25259/sni_150_2022 

337. Schmeling M, Manniche V, Hansen PR. Batch‐dependent safety of the BNT162b2 mRNA COVID‐19 vaccine. Eur J 

Clin Invest. 2023;doi:10.1111/eci.13998 

338. Krutzke L, Rösler R, Allmendinger E, Engler T, Wiese S, Kochanek S. Process- and product-related impurities in 

the ChAdOx1 nCov-19 vaccine. eLife. 2022;11doi:10.7554/elife.78513 

339. Ouranidis A, Vavilis T, Mandala E, et al. mRNA Therapeutic Modalities Design, Formulation and Manufacturing 

under Pharma 4.0 Principles. Biomedicines. 2021;10(1):50. doi:10.3390/biomedicines10010050 

340. Friedensohn L, Zur M, Timofeyev M, et al. Sub-cutaneous Pfizer/BioNTech COVID-19 vaccine administration 

results in seroconversion among young adults. Vaccine. 2021;39(42):6210-6212. doi:10.1016/j.vaccine.2021.07.096 

341. Seifi T, Reza Kamali A. Antiviral performance of graphene-based materials with emphasis on COVID-19: A review. 

Med Drug Discov. 2021/09/01/ 2021;11:100099. doi:10.1016/j.medidd.2021.100099 

342. Mukherjee S, Bytesnikova Z, Ashrafi AM, Adam V, Richtera L. Graphene Oxide as a Nanocarrier for Biochemical 

Molecules: Current Understanding and Trends. Processes. 2020;8(12):1636. doi:10.3390/pr8121636 

343. Bobo D, Robinson KJ, Islam J, Thurecht KJ, Corrie SR. Nanoparticle-Based Medicines: A Review of FDA-Approved 

Materials and Clinical Trials to Date. Pharm Res. 2016/10/01 2016;33(10):2373-2387. doi:10.1007/s11095-016-1958-5 

344. Zhang L, Wang Z, Lu Z, et al. PEGylated reduced graphene oxide as a superior ssRNA delivery system. 

10.1039/C2TB00096B. Journal of Materials Chemistry B. 2013;1(6):749-755. doi:10.1039/C2TB00096B 

345. Chintagunta AD, M SK, Nalluru S, N. S SK. Nanotechnology: an emerging approach to combat COVID-19. 

Emergent Materials. 2021;4(1):119-130. doi:10.1007/s42247-021-00178-6 

346. Daxiang C, Ang G, Hui L, Jing T, Xueling L, Qi S. Nano coronavirus recombinant vaccine taking graphene oxide 

as carrier. Patent CN112220919A. Shanghai National Engineering Research Center for Nanotechnology Co Ltd 

2020;CN112220919A(CN202011031367.1A):1-10.  

347. Favaloro EJ. Laboratory testing for suspected COVID-19 vaccine-induced (immune) thrombotic 

thrombocytopenia. Int J Lab Hematol. Aug 2021;43(4):559-570. doi:10.1111/ijlh.13629 

348. Johnson LR, Stening GF, Grossman M. Effect of sulfation on the gastrointestinal actions of caerulein. 

Gastroenterology. 1970;58(2):208-216.  

349. Larocca TF, Souza BSDF, Macêdo CT, et al. Assessment of syndecan-4 expression in the hearts of Trypanosoma 

cruzi-infected mice and human subjects with chronic Chagas disease cardiomyopathy. Surgical and Experimental Pathology. 

2018;1(1)doi:10.1186/s42047-018-0012-9 

350. Berg J, Lovrinovic M, Baltensperger N, et al. Non-steroidal anti-inflammatory drug use in acute myopericarditis: 

12-month clinical follow-up. Open Heart. 2019;6(1):e000990. doi:10.1136/openhrt-2018-000990 

351. Bkaily G, Jazzar A, Normand A, Simon Y, Al-Khoury J, Jacques D. Taurine and cardiac disease: state of the art and 

perspectives. Can J Physiol Pharmacol. 2020;98(2):67-73. doi:10.1139/cjpp-2019-0313 %M 31560859 

352. Imai T, Ochiai S, Ishimaru T, et al. A case report: Clozapine‐induced leukopenia and neutropenia after mRNA 

COVID‐19 vaccination. Neuropsychopharmacology Reports. 2022;doi:10.1002/npr2.12238 

353. Finsterer J. A Case Report: Long Post-COVID Vaccination Syndrome During the Eleven Months After the Third 

Moderna Dose. Cureus. 2022;doi:10.7759/cureus.32433 

354. Klaassen CD, Boles JW. The importance of 3‘‐phosphoadenosine 5‘‐phosphosulfate (PAPS) in the regulation of 

sulfation. FASEB J. 1997;11(6):404-418. doi:10.1096/fasebj.11.6.9194521 

355. Guo W, Chen Z, Feng X, et al. Graphene oxide (GO)-based nanosheets with combined 

chemo/photothermal/photodynamic therapy to overcome gastric cancer (GC) paclitaxel resistance by reducing 

mitochondria-derived adenosine-triphosphate (ATP). Journal of Nanobiotechnology. 2021;19(1)doi:10.1186/s12951-021-00874-

9 

356. Ooi SL, Green R, Pak SC. N-Acetylcysteine for the Treatment of Psychiatric Disorders: A Review of Current 

Evidence. BioMed Research International. 2018/10/22 2018;2018:2469486. doi:10.1155/2018/2469486 

357. Di Marco F, Foti G, Corsico AG. Where are we with the use of N-acetylcysteine as a preventive and adjuvant 

treatment for COVID-19? Eur Rev Med Pharmacol Sci. 2022;26(2):715-721.  



60 

 

358. Pitt B, Tate AM, Gluck D, Rosenson RS, Goonewardena SN. Repurposing low-dose naltrexone for the prevention 

and treatment of immunothrombosis in COVID-19. European Heart Journal - Cardiovascular Pharmacotherapy. 2022;8(4):402-

405. doi:10.1093/ehjcvp/pvac014 

359. Derosa G, Maffioli P, D’Angelo A, Di Pierro F. Nutraceutical Approach to Preventing Coronavirus Disease 2019 

and Related Complications. Review. Front Immunol. 2021-June-28 2021;12doi:10.3389/fimmu.2021.582556 

360. Weng Y, Yao J, Sparks S, Wang KY. Nattokinase: An Oral Antithrombotic Agent for the Prevention of 

Cardiovascular Disease. Int J Mol Sci. Feb 28 2017;18(3)doi:10.3390/ijms18030523 

361. Kurosawa Y, Nirengi S, Homma T, et al. A single-dose of oral nattokinase potentiates thrombolysis and anti-

coagulation profiles. Sci Rep. Jun 25 2015;5:11601. doi:10.1038/srep11601 

362. Tanikawa T, Kiba Y, Yu J, et al. Degradative Effect of Nattokinase on Spike Protein of SARS-CoV-2. Molecules. Aug 

24 2022;27(17)doi:10.3390/molecules27175405 

363. Branco de Oliveira MV, Irikura S, Lourenço FHB, et al. Encephalopathy responsive to thiamine in severe COVID-

19 patients. Brain Behav Immun Health. Jul 2021;14:100252. doi:10.1016/j.bbih.2021.100252 

364. Al Sulaiman K, Aljuhani O, Al Dossari M, et al. Evaluation of thiamine as adjunctive therapy in COVID-19 critically 

ill patients: a two-center propensity score matched study. Critical Care. 2021;25(1)doi:10.1186/s13054-021-03648-9 

365. Schmid-Schönbein GW. 2008 Landis Award Lecture Inflammation and the Autodigestion Hypothesis. 

Microcirculation. 2009;16(4):289-306. doi:10.1080/10739680902801949 

366. Chen W-P, Chen M-H, Shang S-T, et al. Investigation of Neurological Complications after COVID-19 Vaccination: 

Report of the Clinical Scenarios and Review of the Literature. Vaccines. 2023;11(2):425. doi:10.3390/vaccines11020425 

367. Han HD, Fencl MM, Tulchinsky D. Variations in estrone sulfatase activity in human leukocytes. J Clin Endocrinol 

Metab. Nov 1987;65(5):1026-30. doi:10.1210/jcem-65-5-1026 

368. Pike DP, McGuffee RM, Geerling E, et al. Plasmalogen Loss in Sepsis and SARS-CoV-2 Infection. Original Research. 

Frontiers in Cell and Developmental Biology. 2022-June-06 2022;10doi:10.3389/fcell.2022.912880 

369. Bozelli JC, Azher S, Epand RM. Plasmalogens and Chronic Inflammatory Diseases. Review. Front Physiol. 2021-

October-21 2021;12doi:10.3389/fphys.2021.730829 

370. Deng Y, Angelova A. Coronavirus-Induced Host Cubic Membranes and Lipid-Related Antiviral Therapies: A 

Focus on Bioactive Plasmalogens. Front Cell Dev Biol. 2021;9:630242. doi:10.3389/fcell.2021.630242 

371. Engelmann B. Plasmalogens: targets for oxidants and major lipophilic antioxidants. Biochem Soc Trans. 

2004;32(1):147-150. doi:10.1042/bst0320147 

372. Su XQ, Wang J, Sinclair AJ. Plasmalogens and Alzheimer’s disease: a review. Lipids Health Dis. 

2019;18(1)doi:10.1186/s12944-019-1044-1 

373. Bozelli JC, Epand RM. Plasmalogen Replacement Therapy. Membranes. 2021;11(11):838. 

doi:10.3390/membranes11110838 

374. Fujino T, Yamada T, Asada T, et al. Efficacy and Blood Plasmalogen Changes by Oral Administration of 

Plasmalogen in Patients with Mild Alzheimer's Disease and Mild Cognitive Impairment: A Multicenter, Randomized, 

Double-blind, Placebo-controlled Trial. EBioMedicine. 2017;17:199-205. doi:10.1016/j.ebiom.2017.02.012 

375. Mankidy R, Ahiahonu PW, Ma H, et al. Membrane plasmalogen composition and cellular cholesterol regulation: 

a structure activity study. Lipids Health Dis. 2010;9(1):62. doi:10.1186/1476-511x-9-62 

376. Pardo Andreu GL. The rationale for methylene blue utility against SARS-CoV-2 infection complications. Journal of 

Pharmacy & Pharmacognosy Research. 2021; 

377. Scigliano G, Scigliano GA. Methylene blue in covid-19. Med Hypotheses. Jan 2021;146:110455. 

doi:10.1016/j.mehy.2020.110455 

378. Saikrupa BV, Muthukumar M, Kavya S, Suma PK. Rational Use of Methylene Blue in COVID-19 Treatment. Journal 

of Drug Delivery and Therapeutics. 2022;12(3):181-186. doi:10.22270/jddt.v12i3.5438 

379. Gonzalez-Lima F, Auchter A. Protection against neurodegeneration with low-dose methylene blue and near-

infrared light. Opinion. Front Cell Neurosci. 2015-May-12 2015;9doi:10.3389/fncel.2015.00179 

380. Magoon R, Bansal N, Singh A, Kashav R. Methylene blue: Subduing the post COVID-19 blues! Med Hypotheses. 

2021/05/01/ 2021;150:110574. doi:10.1016/j.mehy.2021.110574 

381. Gazit S, Shlezinger R, Perez G, et al. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Naturally 

Acquired Immunity versus Vaccine-induced Immunity, Reinfections versus Breakthrough Infections: A Retrospective 

Cohort Study. Clin Infect Dis. 2022;75(1):e545–e551. doi:10.1093/cid/ciac262 

382. Goldberg Y, Mandel M, Bar-On YM, et al. Protection and Waning of Natural and Hybrid Immunity to SARS-CoV-

2. N Engl J Med. 2022;386(23):2201-2212. doi:10.1056/nejmoa2118946 

383. Stokel-Walker C. What do we know about covid vaccines and preventing transmission? BMJ. 2022:o298. 

doi:10.1136/bmj.o298 

384. Gøtzsche PC, Demasi M. Serious harms of the COVID-19 vaccines: a systematic review. medRxiv. 2022:1-33. 

doi:10.1101/2022.12.06.22283145 



61 

 

385. Facciolà A, Visalli G, Laganà P, et al. The new era of vaccines: the "nanovaccinology". Eur Rev Med Pharmacol Sci. 

Aug 2019;23(16):7163-7182. doi:10.26355/eurrev_201908_18763 

 


