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LAY ABSTRACT 

This study investigates how adenoviral vector (AdV)-based COVID-19 

vaccines cause vaccine-induced immune thrombotic thrombocytopenia (VITT), a 

side effect involving the development of antibodies against platelet factor 4 (PF4), 

resulting in blood clots and low platelet counts. We focus on PF4 interaction with 

the vaccines and the role of inflammation-related cytokines in potentially 

correlating with VITT disease severity and anti-PF4 antibody formation. 

The PF4/vaccine interactions were only detected using the higher sensitivity 

technology of surface plasmon resonance and could not be confirmed with biolayer 

interferometry, indicating weak interactions between PF4 and the vaccines. Severe 

VITT patients exhibited elevated levels of inflammatory cytokine, linking an 

elevated inflammatory state to disease severity. Additionally, heparin-induced 

thrombocytopenia (HIT) patients, who exhibit pathogenic anti-PF4 antibodies and 

share similar clinical features with VITT, displayed even higher inflammatory 

cytokine levels, suggesting that the development and activity of VITT and HIT 

antibodies may be associated with distinct cytokine environments. 
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ABSTRACT 

The widespread use of adenoviral (AdV)-based SARS-CoV-2 vaccines, 

such as ChAdOx1-S (AstraZeneca) and Ad26.COV2.S (Johnson & 

Johnson/Janssen), has been crucial in combating the COVID-19 pandemic. 

However, these vaccines have been linked to vaccine-induced immune thrombotic 

thrombocytopenia (VITT), characterized by the formation of anti-platelet factor 4 

(PF4) antibodies, leading to thrombosis and thrombocytopenia. 

Previous research has demonstrated that PF4 bound to polyanionic heparin 

forms immunogenic complexes, resulting in anti-PF4 antibody development in 

heparin-induced thrombocytopenia. Similar mechanisms have been proposed for 

VITT, where polyanionic AdV bound to PF4 triggers antibody development. 

However, inconsistent findings regarding PF4/vaccine interactions necessitate 

further exploration of factors, such as inflammatory cytokines, that may support 

antibody development.  

This study verifies the interactions between PF4 and AdV-based vaccines 

while analyzing the VITT cytokine profiles. Our aim is to understand whether PF4 

and AdV-based vaccines have the potential to form immunogenic complexes and 

the role of a heightened inflammatory environment, potentially associated with 

anti-PF4 antibody formation and disease severity. 

 While significant interactions between PF4 and both vaccines were detected 

using surface plasmon resonance (SPR), these interactions could not be confirmed 

using biolayer interferometry. Since SPR exhibits higher sensitivity, this 

discrepancy suggests a weak interaction between PF4 and the vaccines. Cytokine 

analysis revealed that VITT patients with CVST exhibited elevated interleukin-8 
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levels, linking disease severity to a heightened inflammatory state. Additionally, 

HIT patients displayed even higher levels of inflammatory cytokines, which may 

be attributed to HIT antibody-related mechanisms or their pre-existing health 

conditions. 

In conclusion, there is a weak interaction between PF4 and the vaccines. 

Additional research is needed to determine if this complex can function as an 

immunogen under physiological conditions. Moreover, while an elevated 

inflammatory state is linked to VITT severity, the development and activity of 

VITT and HIT antibodies may be associated with distinct cytokine environments. 
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1.0 INTRODUCTION 

1.1 COVID-19 pandemic and vaccination efforts 

The coronavirus disease 2019 (COVID-19) pandemic, caused by the severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has led to significant 

global health challenges. Since its emergence in December 2019,1 the virus has led 

to caused widespread illness and death, straining healthcare systems and impacting 

economies worldwide.2 The rapid spread of the virus highlighted the need for 

effective vaccines to reduce severe symptoms and fatalities, and to achieve herd 

immunity by inducing neutralizing antibodies against the virus, thereby controlling 

the pandemic.3,4 This urgency accelerated vaccine development using various 

platforms.5 Whereas vaccines traditionally require a timeline of 10 to 15 years to 

develop,6 various SARS-CoV-2 vaccines have been created at unprecedented speed 

using novel platforms. 

1.2 Adverse events associated with SARS-CoV-2 vaccination. 

As vaccination efforts continue, there has been an increase in reported 

adverse events.7 The most common include mild localized reactions at the injection 

site, such as pain, redness, and swelling, as well as systemic effects like fatigue, 

headache, and muscle or joint pain.7 Although rare, serious adverse events have 

also been reported for both mRNA and adenovirus-vector-based vaccines.  

Vaccination with mRNA SARS-CoV-2 vaccines has been found to lead to an 

increased incidence of myocarditis (inflammation of the heart muscle) and 

pericarditis (inflammation of the outer lining of the heart).8 Additionally, a few 

cases of ulcerative colitis have been reported following these vaccinations.9 
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Symptoms of colitis include abdominal pain, diarrhea, and rectal bleeding, with 

flare-ups also occurring in patients with pre-existing inflammatory bowel disease.10 

Vaccination with AdV-based vaccines, on the other hand, has been associated with 

an increased incidence of Guillain-Barré Syndrome, characterized by muscle 

weakness and paralysis.11 Furthermore, these vaccines have also been linked to a 

rise in platelet-directed autoimmune phenomena, including immune  

thrombocytopenic purpura (ITP) and acquired thrombotic thrombocytopenic 

purpura (aTTP).12,13 ITP typically presents with severe isolated thrombocytopenia, 

often with platelet counts around 10 x 109/L, and is more likely to present with 

bleeding rather than thrombosis.12,14 aTTP is associated with autoantibodies that 

promote the clearance of the ADAMTS13 protein, resulting in excessive clumping 

of platelets and the formation of platelet thrombi within the microcirculation.13 

Despite these rare conditions, there have been numerous reports of concurrent 

thrombosis and thrombocytopenia following AdV-based SARS-CoV-2 vaccination, 

raising significant safety concerns about these vaccines.12 

1.3 Adverse effects following Adenoviral vector (AdV)-based vaccine 

administration. 

In April 2021, Greinacher et al.,15 Scully et al.,16 and Schultz et al.17 

reported the earliest cases of thrombosis and thrombocytopenia following a 

primary-dose vaccination with ChAdOx1-S in otherwise healthy individuals. The 

index patient reported by Greinacher et al. presented in late February with 

pulmonary embolism (PE) and portal vein thrombosis, accompanied by elevated D-

dimer levels, low fibrinogen, and severe thrombocytopenia (18 ´ 109/L, normal 
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range 150 – 400 ´ 109/L).15 Despite receiving treatments such as low molecular 

weight heparin and platelet transfusion, she passed away 11 days post-

vaccination.15 Subsequently, Muir et al. reported a similar clinical syndrome 

following the first dose of Ad26.COV2.S vaccine.18 The patient, who was 

hospitalized 14 days post-vaccination, exhibited extensive disseminated 

intravascular coagulation associated with severe thrombocytopenia (13 ´ 109/L).18 

Clinical presentations included splanchnic vein thrombosis (SVT) and cerebral 

venous sinus thrombosis (CVST), which is also accompanied by elevated D-dimer 

levels and low fibrinogen.18 These cases underscore the emerging concerns around 

AdV-based vaccines and their potential link to inducing a prothrombic state, 

warranting a deeper understanding of the pathogenic mechanisms involved. 

This newly recognized prothrombotic adverse effect associated with AdV-

based SARS-CoV-2 vaccines was later termed vaccine-induced immune 

thrombotic thrombocytopenia (VITT), most notably following administration of the 

ChAdOx1-S and Ad26.COV2.S vaccines.15 As of April 2022, over 2 billion doses 

of ChAdOx1-S have been administered, with an associated risk of VITT of 3.2 -

16.1 cases per million doses.19 In contrast, with over 50 million doses administered, 

Ad26.COV2.S is associated with a lower risk of VITT, estimated at 1.7 – 3.7 cases 

per million doses.20 Notably, there were no reported cases of VITT associated with 

any other Ad26-vectored vaccines developed by Janssen, such as Ad26.ZIKV and 

Ad26.HIV, with the exception of the SARS-CoV-2 vaccine.21,22 However, it's 

important to consider that these other vaccines are still in clinical trials and have 

not been administered to populations on the same scale as the SARS-CoV-2 
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vaccines.21,22 This absence of VITT cases may suggest unique mechanisms 

associated with the SARS-CoV-2 vaccine or reflect an undetected occurrence due 

to the smaller sample sizes in the trials. 

The prothrombotic nature of VITT is intricately linked to platelet activation 

and the subsequent thrombi formation. Platelets are anuclear immune cells integral 

to hemostasis.23 Humans generate approximately 1011 platelets daily in the bone 

marrow through a process called thrombopoiesis,23 with a typical lifespan of 7 – 10 

days in circulation.24 Upon vascular injury, the plasma-circulating, resting platelets 

encounter exposed collagen and von Willebrand factor (vWF) in the subendothelial 

matrix, triggering their activation and adhesion to the vascular walls.24 This initial 

adhesion initiates intracellular signaling pathways, leading to a shape change from 

discoid to rounded with pseudopodia extensions, expanding their surface area for 

further interactions with other platelets and the subendothelial matrix.24 Activated 

platelets releases granular contents that further recruit and activate additional 

platelets,24 leading to their aggregation and the formation of a platelet plug, which 

stabilizes the initial hemostatic response.24 

Platelet activation involves multiple biochemical processes, including the 

production of thromboxane A2 to amplify platelet activation,25 changes in 

membrane phospholipids to increase the expression of integrin αIIbβ3 (GPIIbIIIa) 

receptors for fibrinogen interaction and additional platelet recruitment, and the 

release of granular contents such as PF4, fibrinogen, and vWF.25 These processes 

amplify platelet activation and aggregation, stabilize the growing platelet plug, and 

propagate the coagulation cascade, leading to fibrin formation and stable clot 

development at the site of vascular injury.25 In prothrombotic conditions, however, 
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cell-mediated mechanisms can lead to platelet activation and aggregation without 

the presence of overt vascular injury.25 

1.4 AdV-based vaccines  

The spike protein was identified in 2020 as the primary target for SARS-

CoV-2 vaccine development due to its capacity to elicit neutralizing 

Immunoglobulin (IgG) antibodies,26 which inhibit the binding of spike protein to 

the angiotensin-converting enzyme-2 (ACE2) receptor and reduce viral infectivity 

of host cells.26  Coronaviruses, including SARS-CoV-2, are a type of enveloped 

RNA virus distinguished by the expression of spike glycoproteins on their surface.27 

Through their receptor-binding domain, the spike proteins enable the virus to infect 

host cells by binding to the ACE2 receptor on the cell surface.27 Once bound, the 

virus is endocytosed into the host cell, where the viral envelope fuses with the 

endosomal membrane, releasing the viral RNA into the cytoplasm for viral protein 

translation and assembly of new viral particles.27 Given the crucial role of the spike 

protein in SARS-CoV-2 infectivity, it became the focal point for vaccine 

development.  

AdV-based vaccines, such as the ChAdOx1-S (AstraZeneca) and 

Ad26.COV2.S (Johnson & Johnson/Janssen), use replication-deficient adenoviral 

vectors to deliver dsDNA encoding the SARS-CoV-2 spike protein into host cells 

via receptor-mediated endocytosis.28,29 Once inside the cell, the DNA is transported 

to the nucleus for transcription, and the resulting mRNA is later translated into the 

spike protein in the cytoplasm.30 Some of the expressed spike proteins are digested 

into fragments, which are then presented on the host cell surface and by antigen-
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presenting cells via major histocompatibility complexes.31 This process elicits the 

production of neutralizing antibodies by activated B cells.30 As DNA is inherently 

more stable than mRNA, and the protective viral capsid shell further enhances 

stability, AdV-based vaccines can be stored at 2 – 8 degrees Celsius (°C) for three 

to six months,30 making them more suitable for storage and use in regions with 

limited refrigeration infrastructure. 

1.5 Heparin-induced thrombocytopenia (HIT)  

The distinct clinical presentation of VITT, characterized by 

thrombocytopenia and thrombosis resembles another prothrombotic disorder 

known as spontaneous heparin-induced thrombocytopenia (spHIT), a rare variant 

of a well-studied disorder called HIT.32 

HIT is an immune-mediated prothrombotic syndrome paradoxically caused 

by the formation of an immunogenic complex between the endogenous protein 

platelet factor 4 (PF4) and the widely prescribed anticoagulant heparin.33 It is 

characterized by thrombocytopenia and an increased risk of thrombosis, with a 

thrombosis-associated mortality rate of 20 – 30%.33 Heparin is a negatively charged 

glycosaminoglycan utilized extensively in cardiac and orthopedic surgeries due to 

its reversibility, non-toxicity, and biodegradability.34,35  

During thrombosis and platelet activation, the effect of heparin can be 

diminished due to its interaction with the platelet-secreted protein of PF4.36 PF4 is 

a chemokine released from α-granules within platelets during platelet activation.37 

The circulating level of PF4 is low (1.8 ng/ml) compared with the amount contained 

within platelets (18 ± 4 μg/109 platelets), but can exceed 600 ng/mL following 
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platelet activation.38 PF4 is a tetrameric protein with each monomer composed of 

70 amino acids with a molecular weight of 7.8 kilodaltons (kDa).37 PF4 maintains 

a dynamic equilibrium between monomeric, dimeric, and tetrameric forms.39 The 

tetrameric structure predominately implicated in multiple immune-mediated 

disorders.39 This tetrameric form of PF4 is composed of two asymmetric dimers, 

forming a cylindrical structure with an equatorial ring of positively charged amino 

acids.38 

PF4 binds to negatively charged cell surfaces due to its cationic nature, 

primarily to glycosaminoglycan moieties on heparan sulfate, thereby modulating 

cell-mediated inflammatory responses in endothelial cells, neutrophils, and 

monocytes.36 Heparan sulfate functions as an anticoagulant by interacting with 

antithrombin III (ATIII), which significantly increases ATIII’s ability to inhibit 

thrombin and factor Xa, preventing their participation in the clotting cascade and 

thereby fibrin clot formation.40 On cell surface, PF4 competes with ATIII for 

binding to heparan sulfate, reducing the anticoagulant efficiency of ATIII and 

thereby contributing to the overall prothrombotic nature of PF4.40 Additionally, the 

cationic property of PF4 enables its interaction with bacterial lipopolysaccharides 

and teichoic acids, which is proposed to exert protective properties by facilitating 

bacterial neutralization and immune clearance, suggesting a potential role for PF4 

in antibacterial host defense.41  

Given the structural and charge similarity to heparan sulfate, heparin’s 

anticoagulant effect is primarily mediated by enhancing ATIII activity.40 

Additionally, heparin and PF4 interact with ultra-high affinity with an equilibrium 

dissociation constant (KD) of 30 nM due to charge complementarity.36 This 
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electrostatic interaction neutralizes the negative charge of heparin, reducing its 

ability to activate ATIII and thereby diminishing its anticoagulant efficacy. 

Moreover, heparin binding stabilizes PF4 in its tetrameric state, causing the 

exposure of neoepitopes on PF439 and subsequent antibody production in a subset 

of heparin recipients, predominantly of the immunoglobulin G1 subclass 

(IgG1).42,43 This electrostatic interaction neutralizes heparin's negative charges, 

reducing its ability to activate ATIII and thereby diminishing its anticoagulant 

efficacy.36 This unique combination of heparin and PF4 are central to the 

immunogenic complex formation in HIT.  

The frequency of anti-PF4/heparin IgG antibody development varies based 

on clinical settings. These antibodies can develop in approximately 0.6% of general 

medical patients,44 while surgical patients, particularly those undergoing orthopedic 

or cardiac surgery, face a significantly higher risk.45 Notably, this frequency 

approaches 50% in patients undergoing cardiopulmonary bypass surgery.46 

However, HIT involves a polyspecific immune response, where polyclonal anti-

PF4/heparin antibodies bind to multiple sites on the PF4 molecule.47 Many of these 

sites are non-pathogenic and their engagement does not cause platelet activation or 

further aggregation.48 Consequently, while anti-PF4 antibodies can form in a larger 

patient population, only 0.2 – 3% of these patients develop platelet-activating 

antibodies that facilitate clot formation.49 

Using a PF4-mutant library with each amino acid individually mutated 

through alanine mutagenesis, Huynh et al. identified multiple binding sites for HIT 

antibodies on PF4 in different HIT patient sera via epitope mapping.50 This 

approach allowed for the pinpointing of five key amino acids in a localized region 



M.Sc Thesis – Y. Zhang; McMaster University – Biochemistry 

 9 

on PF4 critical for the binding of pathogenic HIT antibodies.50 These antibodies are 

responsible for platelet activation and the clinical symptoms of HIT, distinguishing 

them from non-pathogenic antibodies that recognize different areas across PF4, 

which can be present following heparin administration but do not cause symptoms 

and disease.50 

The structural basis of antigenic complexes in HIT and their interaction with 

anti-PF4 antibodies was revealed through X-ray crystallography. The site for anti-

PF4/heparin antibodies engagement is exposed when PF4 complexes with long 

polyanions.39 These polyanions, such as heparin, force PF4 tetramers into proximity, 

stabilizing the structure necessary for antibody binding.39 Specifically, heparin 

binds to the “closed” end of the PF4 tetramer, revealing and stabilizing the epitope 

for pathogenic antibodies on the “open” end.39 This work was performed by using 

the HIT-mimicking monoclonal antibody known as KKO, which binds to this 

stabilized epitope on the PF4 tetramer, enhancing the formation of large antigenic 

complexes that are characteristic of HIT, leading to platelet activation.39  

Upon production, the HIT antibodies form immune complexes with 

PF4/heparin that interact with immune cells, including platelets, neutrophils, and 

monocytes, via surface FcγRIIA receptors.51 The FcγRIIA receptor is a 

transmembrane, low-affinity receptor that recognizes the Fc portion of IgG 

antibodies when they are complexed with antigens.51 Platelet activation by HIT 

antibodies through FcγRIIA was confirmed by blocking the receptor with IV.3, a 

monoclonal antibody against FcγRIIA.51 This blockade halted HIT antibody-

mediated platelet activation, proving the specificity of the interaction.51 The large 

immune complexes formed in HIT, where one heparin molecule bridges two PF4 
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tetramers,39 facilitate the crosslinking of multiple FcγRIIA receptors on platelets.39 

This receptor clustering triggers signal transduction via an intracellular 

immunoreceptor tyrosine-based activation motif, leading to platelet activation and 

aggregation, contributing to the prothrombotic characteristic of HIT.51 

1.6 Vaccine-induced immune thrombosis and thrombocytopenia (VITT) 

1.6.1 Clinical and laboratory features of VITT 

VITT is a rare but severe adverse condition associated with adenovirus-

based SARS-CoV-2 vaccines marked by thrombosis and mild to severe 

thrombocytopenia (median platelet count of 50 – 80×109/L).52 While HIT typically 

presents with thrombosis in common locations like deep vein thrombosis (DVT) 

and pulmonary embolism (PE),53 VITT is characterized by thrombi formation in 

both venous and arterial systems, often at atypical sites such as cerebral venous 

sinus thrombosis (CVST) and splanchnic vein thrombosis (SVT).15,16 Despite being 

a rare cerebrovascular condition affecting approximately 3 per 100,000 individuals 

in the general population,54-56 case series has described CVST in 50 – 82% of VITT 

patients and is associated with a 2.7-fold higher risk of mortality due to 

accompanying intracranial hemorrhaging.15-17,57  

The similarities in clinical presentation, including thrombosis and 

thrombocytopenia, between VITT and spHIT prompted testing that led to the 

discovery of platelet-activating anti-PF4 antibodies in VITT patients. Nearly all 

reported VITT cases have tested positive for anti-PF4 antibodies in immunoassays, 

showing results with high optical densities greater than 2.0 to 3.0.12 This suggests 

a resemblance between these pathogenic antibodies and potentially similar 
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mechanisms underlying their development.58 These pathogenic antibodies induce a 

hypercoagulable state, leading to symptoms such as severe headache, blurred vision, 

persistent chest or abdominal pain, shortness of breath, and unusual bruising or 

bleeding.12,59 However, unlike the HIT antibodies whose antigen is the PF4/heparin 

complex, VITT antibodies were shown to induce significant platelet activation in 

the absence of heparin, indicating its specificity towards PF4 alone.15,17,60 

1.6.2 Characteristics of VITT anti-platelet factor 4 (PF4) antibodies   

Contributing to their clinical similarities, both VITT and HIT involve 

predominantly IgG1 antibodies that induce platelet activation through the FcγRIIa 

receptor.61 Moreover, both disorders involve rapid development of anti-PF4 

antibodies. Symptoms can appear as early as five days post-heparin exposure in 

HIT45 and four days post-vaccination in VITT.12 The rapid development challenges 

the typical timeframe for T-cell-dependent B cell stimulation and antibody 

production, which generally peaks between 7 and 14 days.62 Instead, given anti-

PF4 antibodies are predominantly IgG, it raises the question of whether this is a T-

independent B cell response, which can generate a short burst of low-affinity 

antibodies peaking between three to five days post-antigen encounter;62 or if these 

patients have preexisting immune memory targeting PF4, with vaccination merely 

triggering the activation of these B cell clones.63 Understanding the nature of these 

antibodies could provide valuable insights into their development and underlying 

mechanisms. 

However, several key differences in the characteristics of VITT and HIT 

antibodies highlight distinct pathophysiological mechanisms. While HIT antibodies 
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are polyclonal,47 with only a subset binding to the pathogenic region on PF4 and 

lead to platelet activation,49 resulting in variable pathogenic potential among 

patients,49 VITT antibodies are more consistently pathogenic.60 Once anti-PF4 

antibodies are detected in VITT patients, they are predominantly platelet-activating 

and highly likely to induce clot formation, indicating a more uniform pathogenic 

profile.60 

Another notable difference is the requirement for inducing platelet 

activation. HIT antibodies necessitate the presence of a PF4/heparin complex not 

only for antibody formation but also for activating platelets.64 In contrast, VITT 

antibodies can activate platelets with PF4 alone, without the need for polyanionic 

substances like heparin or the AdV-based vaccines.65 Whether the formation of an 

immunogenic complex with the vaccine particle, as is the case in HIT, leads to 

VITT antibody production remains poorly understood. Therefore, while AdV-

based vaccination is implicated in the production of these antibodies, the precise 

mechanisms and contributing factors remain to be investigated.  

1.6.3 Proposed pathogenic mechanisms of VITT and conflicting findings.  

Although endogenous PF4 alone can lead to platelet activation once VITT 

anti-PF4 antibodies are formed, the pathogenic mechanism underlying the 

development of these antibodies remains widely debated. The role of SARS-CoV-

2 AdV-based vaccines in the formation of these antibodies, or whether vaccine 

exposure alone is sufficient for their generation, is not fully understood. Therefore, 

the origin of anti-PF4 antibodies in VITT and the relationship with AdV-based 

vaccines and PF4 require further investigation.  



M.Sc Thesis – Y. Zhang; McMaster University – Biochemistry 

 13 

One hypothesis suggests that VITT anti-PF4 antibodies may develop 

through a sequence of events comparable to HIT antibodies, through neoepitope 

formation following PF4 interaction with polyanionic substances in the vaccine 

preparation.66,67 This could involve the interaction between PF4 and the polyanionic 

AdV-based vaccine vector via their negatively charged hexon capsid proteins in the 

bloodstream following vaccine administration.66,67 It is proposed that a small 

amount of AdV particles may enter the bloodstream through minor capillary 

damage following vaccine administration.67-69 These polyanionic AdV capsid 

proteins can bind to the cationic PF4, similar to their interaction with heparin in 

HIT, thereby exposing neoantigens on PF4 capable of stimulating an immune 

response. These PF4/AdV complexes may be transported to the lymphatic system 

by monocytes and macrophages, serving as the immunogen by stimulating the 

differentiation of pre-existing anti-PF4 B cells, leading to the formation of 

pathogenic anti-PF4 IgG antibodies.67-69  

In support of this hypothesis, multiple studies have demonstrated 

interactions and potential complex formation between PF4 and AdV-based 

vaccines. Baker et al. identified electrostatic interactions between PF4 and both 

AdV-based SARS-CoV-2 vaccines, noting that PF4 interacts more frequently with 

ChAdOx1 compared to the Ad26 capsid due to its higher electronegativity.68 

Moreover, Greinacher et al. demonstrated the co-localization of PF4 and 

ChAdOx1-S hexon particles in close proximity to anti-PF4 antibodies using various 

microscopy techniques, reinforcing the complex involvement underlying VITT 

antibody formation.67  
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However, contradictory opinions have emerged, questioning whether PF4 

actually binds to the AdV capsid, or alternative mechanisms are involved for VITT 

antibody formation. Although both AdV-based vaccines have been associated with 

VITT incidences, a study using dynamic light scattering observed aggregation 

between PF4 and the ChAdOx1-S vaccine preparations but not with 

Ad26.COV2.S.69 Moreover, no aggregates formed when PF4 was combined with 

purified virions of ChAdOx1-S or Ad26.COV2.S.69 These results suggest that PF4 

may be binding to the free protein components of the vaccine and other cofactors 

may contribute to inducing the anti-PF4 immune response.69 Therefore, these 

contradicting observations raise questions about the PF4/AdV complex formation 

found previously by Baker et al., compelling us to investigate this interaction more 

thoroughly across both AdV-based SARS-CoV-2 vaccine platforms. 

Understanding these mechanisms is crucial for guiding the design of safer AdV-

based therapeutic strategies and developing targeted interventions to mitigate the 

risk of such thrombotic complications. 

 Beyond neoepitope formation, contributing factors that could lead to 

excessive inflammation and potentially facilitate pathogenic anti-PF4 antibody 

production have also been proposed. These factors are primarily attributed to the 

excipients and production-related impurities of the vaccines. Proteomic analysis via 

mass spectrometry has revealed substantial amount of human cell line proteins in 

ChAdOx1-S, with levels varying from 44 – 70% across different lots,69 in contrast 

to 0.26 – 0.96% found in Ad26.COV2.S.70 These impurities include heat-shock 

proteins, which are recognized by the immune system as signals of cellular stress 

or damage and may contribute to platelet activation at the site of vaccine injection.69 
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Two stabilizers used in these vaccines may also contribute to the inflammatory 

response. Ethylenediaminetetraacetic acid in ChAdOx1-S can increase vascular 

permeability, potentially leading to lead to dermal vessel leakage and therefore 

facilitating the spread of proinflammatory factors, such as cytokines.67,69 However, 

considering that VITT typically manifests between 5 to 30 days post-vaccination—

a period during which the vaccine excipients are likely no longer in circulation,57 

these components are unlikely to contribute to VITT pathogenesis.71 Therefore, we 

are considering whether other contributors, such as a hyperinflammatory state and 

proinflammatory cytokines, may play a role in VITT severity and antibody 

generation in addition to the neoepitope formation.  

1.7 Cytokine involvement in thrombotic disorders 

It is clear that the development of VITT antibodies and the associated 

thrombotic pathogenesis depends on the activation of the adaptive immune system 

through intricate signaling interactions with the innate immune system. Cytokines, 

as pivotal mediators of immune responses,72 could play a crucial role in modulating 

the inflammatory environment that facilitates the development of anti-PF4 

antibodies and induces the severe clotting characteristic seen in VITT patients. 

Understanding the cytokine profiles of VITT patients may provide deeper insights 

into the pathogenesis of VITT. 

Cytokines are elaborate cell-secreted factors that bridge the innate and 

adaptive immune systems.72 They can be secreted by both immune and non-

immune cells and act on the secreting cell itself, on nearby cells, or on distant cells 

through the bloodstream, via cytokine-specific receptors on the cell surface.72 These 
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inducible molecules can mediate various cellular processes depending on the 

situation, such as the expansion and maturation of lymphocytes, development of 

antibodies, and activation of endothelial cells and innate immune cells like 

macrophages and neutrophils.72 

1.7.1 Implication of proinflammatory cytokines in venous thrombosis 

Inflammation and coagulation are closely interconnected processes crucial 

for hemostatic regulation, with the balance between host defense and tissue function 

restoration being regulated by proinflammatory and anti-inflammatory/regulatory 

cytokines.72 However, production of excessive proinflammatory cytokines or 

insufficient regulatory cytokines can create a heightened inflammatory response, 

leading to tissue damage and exacerbating disease severity.73  

The role of proinflammatory cytokines in venous thromboembolism (VTE) 

has been extensively explored in previous studies.74,75 These cytokines mediate 

various acute phase responses, thereby promoting the development of a stable clot. 

For example, interleukin (IL)-1β and IL-6 induce the activation of endothelial cells 

to upregulate adhesion molecules, promoting the migration of immune cells to the 

site of thrombosis.74,75 IL-1α and soluble CD40 ligand (sCD40L)76 induce the 

activation of platelets to promote degranulation and secretion of PF4, thereby 

promoting thrombus formation by decreasing the anticoagulant efficiency of 

heparan sulfate.74 Elevated levels of IL-6 and IL-8,74,75 in particular, have been 

consistently found in patients with VTE, such as deep vein thrombosis (DVT),74,75 

actively participating in the pathogenesis of the disease. This established role of 
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cytokines in VTE prompts further exploration of their involvement in VITT 

severity and pathogenesis. 

However, despite extensive studies on cytokines associated with various 

types of VTE, the role of the proinflammatory environment contributing to VITT 

severity and pathogenesis has not been thoroughly investigated. In the existing 

literature, cytokine profiling has only performed on one VITT patient who 

experienced stroke following ChAdOx1-S vaccination.77 She was found to have 

significantly elevated levels of proinflammatory cytokines IL-1β, MCP-1, IL-5, and 

IP-10 in comparison to stroke patients without VITT.77 However, VITT 

pathogenesis may also mirror that of HIT, being induced by a loss of immune 

regulation rather than hyper-inflammation.78 In a cytokine profile study involving 

10 HIT patients, lower levels of regulatory cytokine IL-10 and transforming growth 

factor (TGF)-β1 were observed in compared to healthy controls without heparin-

exposure, suggesting the contribution of immune dysregulation towards HIT 

pathogenesis.78  

Beyond tissue injuries, heparin exposure and AdV-based vaccination have 

also been shown to affect cytokine profiles, therefore should be controlled for in 

cytokine analysis. Heparin functions as an anti-inflammatory agent by binding to 

cytokines such as IL-6,79,80 IL-12,81 and IFN-γ,80 thereby reducing their availability 

for activation of signaling pathways. It also directly inhibits the production of these 

cytokines by suppressing the expression of the inflammatory transcription factor 

NF-κB, thereby mitigating inflammation.80 In contrast, vaccination of rhesus 

monkeys with chimpanzee adenovirus serotype 155 vaccines consistently promotes 

an IFN-associated signature,82 characterized by elevated levels of interferon 
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gamma-induced protein 10 (IP-10) and monokine induced by gamma interferon 

(MIG) seven days post-vaccination.82 Similarly, vaccination with the Ad26 vector 

induces a robust IFN response, increasing cytokines such as IFN-γ and IP-10,83 

along with inflammatory-related cytokines IL-1RA and IL-6.83  

Although it is no longer possible to determine whether these cytokine 

elevations precede VITT or are a consequence of it, identifying the cytokine 

environment of VITT patients can enhance our understanding of VITT 

pathogenesis, gaining insights into the potential mechanisms driving the severity of 

this disorder. 

1.7.2 Cytokine involvement in B-cell activation and antibodies development  

Beyond a shared inflammatory environment, which may be present in both 

HIT and VITT patients during anti-PF4 development, the oligoclonal feature of 

VITT antibodies61 and the distinctive clotting profile of VITT patients15 raised the 

question: what supports such a unique development? As cytokines act as essential 

cofactors in antibody production and the differentiation of naïve B cells into plasma 

cells,84 the cytokine profiles of VITT patients may provide insight into this process. 

Since the mechanisms underlying the rapid development of IgG anti-PF4 antibodies 

in VITT remain unknown, we investigated cytokines that might be involved in T-

dependent and T-independent B cell response pathways. By analyzing the cytokine 

profiles, we aim to depict the specific immune responses that contribute to the 

pathogenesis and severity of VITT. 

During T-dependent B cell activation, cytokines IL-4, IL-6, and IL-21 play 

crucial roles in the stimulation, survival, and differentiation of B cells. IL-4 
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provides costimulatory signals that initiate T-dependent (TD) response by inducing 

the growth of B cells engaged by T helper cells.85 IL-21 promotes the survival of 

high-affinity B cells by increasing the expression of anti-apoptotic proteins during 

the somatic hypermutation and affinity maturation of activated B cells.86 

Additionally, IL-21 directly promotes the differentiation of activated B cells into 

plasma cells.84 IL-6 further supports this process indirectly by inducing the 

expression of IL-21,87 creating a supportive environment that enhances B cell 

differentiation and antibody production. 

On the other hand, T-independent (TI) B cell activation can be further 

divided into TI-1 and TI-2 responses. TI-1 antigens, such as bacterial LPS, can 

induce polyclonal B cell activation through engagement of pattern recognition 

receptors. TI-2 antigens, in contrast, are typically highly repetitive structures that 

can interact with and cross-link numerous B-cell surface receptors, driving an 

oligoclonal B cell response similar to those seen in VITT.88 This TI-2 type 

activation is further enhanced by cytokines such as IL-2,89 IL-5,89 and IL-21,90 

which are produced by dendritic cells or natural killer cells.89,90 However, instead 

of IgG development, TI-2 response is most commonly associated with strong IgM 

production in the context of bacterial infections, often triggered by bacterial surface 

polysaccharides and polymerized flagellin.88  

2.0. RESEARCH OUTLINE 

2.1. Aim 

This work aims to identify key elements associated with the pathogenesis 

of VITT: 1) the possible complex formation between PF4 and AdV-based SARS-
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CoV-2 vaccines, which could lead to the development of the VITT immunogen; 

and 2) the correlation of cytokines with anti-PF4 antibody development and disease 

severity. 

2.2. Rationale 

The mechanisms underlying VITT pathogenesis remain widely debated. 

Theories suggest that these antibodies may form through a sequence of events 

similar to HIT, where PF4 interacts with polyanionic hexons of the adenoviral 

vector, much like its interaction with heparin in HIT.66,67 This interaction forms 

neoepitopes on the surface of PF4, which act as immunogens to induce anti-PF4 

antibody formation.66,67 However, conflicting evidence exists regarding the role of 

AdV-based vaccines in the formation of VITT antibodies from PF4 

interactions.68,69,91 Some studies suggest that ChAdOx1-S can bind to PF4,68 while 

Ad26.COV2.S does not,69,91 despite both vaccines have led to the development of 

VITT and pathogenic anti-PF4 antibodies.19,20 This raises the question of whether 

the PF4 interaction is truly responsible for antibody formation, or if another 

mechanism triggered by vaccine administration is at play. Additionally, the 

cytokine profile of VITT patients has not been extensively studied, even though 

cytokines are known to play roles in both antibody formation and venous 

thrombosis,74,75,84  which are key characteristics of VITT. Therefore, the potential 

correlation of cytokine activity to VITT antibody development and disease severity 

warrants further investigation. Comparison to HIT pathology which could yield 

further insights in the developments of both pathologies. Such insights are essential 

for the continued use of the AdV platform in future vaccine development, given 
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their stability and suitability for storage at higher temperatures,30 which is beneficial 

for countries lacking ultra-low temperature storage facilities.  

2.3. Hypothesis 

VITT takes place concurrently with the following events: 

1. PF4 interacts with both ChAdOx1-S and Ad26.COV2.S AdV-based SARS-

CoV-2 vaccines. 

2. VITT occurs during a state of elevated proinflammatory cytokine 

production, which correlates with the formation of anti-PF4 antibodies and 

disease severity. 

2.4. Objectives 

(i) Evaluate the interactions between PF4 and AdV-based SARS-CoV2 vaccines 

To assess the interaction between PF4 and both ChAdOx1 and 

Ad26.COV2.S vaccines, we employed two optical techniques: Surface Plasmon 

Resonance (SPR) and Biolayer Interferometry (BLI). Both BLI and SPR are optical 

detection techniques designed to assess the interaction dynamics between two 

molecules: a ligand and an analyte.92 The ligand is immobilized on the detection 

sensor—on a sensor chip for SPR, and on the sensor tip for BLI—while the analyte 

is present in the assay buffer.92 BLI employs optical fibers to measure differences 

in reflected light frequencies between a reference biolayer and a layer for molecule 

attachment, with the thickness of the biofilm altered by molecule attachment or 

binding.92 The interference pattern generated by the two reflected light frequencies 

with the incident light is displayed as the relative displacement intensity (nm).92 In 

contrast, SPR operates as a flow-based method, directing the analyte in the buffer 
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phase over the immobilized ligand on the sensor.92 In this technology, a conductive 

gold film on the sensor becomes excited by incidence light at a specific angle.93 

When the analyte binds to the ligand attached to the sensor surface, the local 

refractive index at the interface between the gold film and the assay buffer changes 

proportionally to the change in mass at the sensor surface.93 This shift in refractive 

index is detected as a change in the resonance angle, which is measured in response 

units (RU).93 Although both BLI and SPR are effective for detailed kinetic studies, 

with BLI offering high throughput screening, SPR provides superior sensitivity and 

reproducibility, particularly for low molecular weight analytes.94 BLI's limitations, 

such as upward drifts in dissociation curves due to sample evaporation,95 affect the 

accuracy of high-affinity interaction analysis and further highlight the performance 

gap. Additionally, experimental variability between the two technologies has 

limited the correlation between interaction parameters obtained by the two 

technologies.96 To confirm the interaction, both PF4 and AdV-based vaccines were 

alternatively used as the analyte and the ligand in interaction analyses using both 

optical techniques, aiming to observe a reversible interaction when the roles of 

ligand and analyte are switched. As an additional control, we introduced another 

Janssen AdV-based vaccine against the ZIKA virus (Ad26.ZIKV), which shares the 

same vector as their SARS-CoV-2 vaccine.21 Despite being in clinical trials and 

having limited distribution compared to SARS-CoV-2 vaccines, there have been no 

reports of VITT following its administration.21,97   

(ii) Investigate cytokines involvement in VITT by determining whether they: 

- Associate with the development of VITT antibodies.  
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- Demonstrate specificity to VITT antibody development or are implicated in 

other anti-PF4 antibody-mediated disorders. 

- Correlate with the disease severity of VITT.  

To investigate whether a proinflammatory environment contributes to anti-

PF4 formation and disease severity in VITT, a comprehensive 48-plex cytokine 

analysis was performed on patient serum to detect circulating cytokine levels. This 

analysis included cytokines involved in various functions such as inflammation, 

immune regulation, colony stimulation, and antibody production, aiming to survey 

the overall cytokine environment in VITT patients, providing insights into 

processes that may underlie antibody production and disease progression. To 

explore the posted questions, we conducted three main comparisons of cytokine 

levels between: 1) VITT patients (VITTpos) who had CVST (VITTpos_CVST) and 

those who had thrombosis at other sites of the body (VITTpos_other); 2) VITTpos 

patients and those who experienced similar clinical symptoms following vaccine 

administration but did not test positive for anti-PF4 antibodies (VITTneg); and 3) 

VITTpos patients and HIT patients (HITpos), which are both anti-PF4 antibody-

mediated disorders.  

3.0 MATERIALS AND METHODS 

3.1 Interaction analysis  

3.1.1 BLI interaction assays 

Experiments were performed using an Octet-QK Red 96 (FortéBio, USA) 

that was maintained at 25°C. Samples were agitated at 1000 revolutions per minute 

to address potential diffusion limitations of the analyte. The sensors were pre-
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soaked for 10 min in 200 μL/well of the assay buffer, while the experiments were 

run with 200 μL/well of analyte buffer. Two negative controls were included in 

each experiment to eliminate nonspecific binding: assay buffer in place of ligand 

and analyte, respectively; and assay buffer in place of the ligand only.  

Streptavidin sensors (SA, Sartorious, Göttingen, Germany) were used when 

the PF4 acts as the ligand. The sensors were hydrated before establishing the initial 

baseline for 60 seconds. Increasing concentrations of biotinylated PF4 (bPF4) was 

loaded onto the sensors for 800 seconds before establishing the second baseline in 

the assay buffer for 600 seconds. The loaded sensors were then exposed to SARS-

CoV-2 AdV-based vaccines for 1200 seconds at their stock concentrations 

(ChAdOx1-S: 1.2E12 VP/mL; Ad26.COV2.S: 1E11 VP/mL) to observe maximum 

interaction levels, if such interactions exist. The sensors were then submerged in 

assay running buffer for 1800 seconds while the dissociation rates were measured. 

Amine coupling sensors (AR2G, Sartorious, Göttingen, Germany) were 

used when PF4 serves as the analyte. After establishing the initial baseline for 60s 

in UltraPure Distilled Water (UPW, Invitrogen, MA, USA), the carboxy-terminated 

surface was activated with 40mM of 1-Ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC, Sartorious, Göttingen, Germany) and 20mM of 

N-hydroxysulfosuccinimide (s-NHS, Sartorious, Göttingen, Germany) in UPW for 

300 sec to generate reactive NHS esters. 1.2E12 VP/mL of vaccines diluted in 

sodium acetate (pH 4.0; Sartorious, Göttingen, Germany) were loaded onto the 

sensors for 1200 seconds. The unreacted ester ends were then quenched in 1M 

ethanolamine (pH 8.5; Sartorious, Göttingen, Germany) for 300 seconds before 

establishing the second baseline for 120 seconds. Association with 7.5 μg/mL of 
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PF4 was measured for 900 seconds, before which the dissociation was measured 

for 1800 seconds. These experimental steps are represented in the resulting 

sensorgrams as ligand association with the analyte (association), and analyte 

dissociation (dissociation) from the ligand. The ligand loading step is indicated in 

the sensorgram when no association between the ligand and the analyte is detected. 

To demonstrate the sensitivity differences between BLI and SPR, 20 µg/mL 

of anti-hexon (Thermo Fisher Scientific, USA) diluted in sodium acetate (pH 6.0; 

Sartorius, Göttingen, Germany) was loaded onto the sensors for 720 seconds. After 

quenching and reestablishing the baseline in vaccine formulation buffer, as 

previously described, 1.2E12 VP/mL of ChAdOx1-S was loaded onto the sensors 

for 1200 seconds, followed by a baseline reestablishment for 300 seconds. 

Enrichment with 20 µg/mL of anti-hexon was then measured for 1200 seconds, and 

the dissociation was measured for 1800 seconds. 

3.1.2 SPR interaction assays  

Experiments were performed with the BIAcore T200 system. C1 sensor 

chips were used in a sandwiched setup when PF4 acts as the analyte. 400 – 600 RU 

of anti-hexon (ChAdOx1-S: Thermo Fisher Scientific, USA; Ad26.COV2.S and 

Ad26.ZIKV: Janssen, Netherlands) and monoclonal anti-PF4 (KKO) were 

immobilized onto the sensor chip using amine coupling. Immobilizations were 

carried out using HBS-EP and antibodies were diluted in acetate 4.5 buffer. Anti-

hexon (Thermo Fisher Scientific, USA) was immobilized without being charged 

with vaccines to create a reference flow cell. For interaction analysis, vaccines were 

first injected for anti-hexon capturing. 100 – 130 RU of vaccine particles were 
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typically captured. For control experiments, a blank flow cell served as the 

background reference, whereas for vaccine interactions, the background reference 

was PF4 binding to anti-hexon, which was used to capture the vaccines onto the 

chip. Hence, their interaction responses may not be directly correlated.  

CM4 sensor chips were used when the PF4 acts as the ligand. 7000 RU of 

streptavidin was immobilized onto the sensor chip using amine coupling in acetate 

4.5 buffer. A reference flow cell was prepared by charging 20 RU of biotin, while 

the experimental cell was created by charging 400 – 500 RU of bPF4. Using the 

multicycle kinetics analysis protocol, serial dilutions of PF4, vaccines, or positive 

controls were prepared in HBS-EP buffer and flown over the captured ligands at 75 

μL/min with an association time of 60 seconds and a dissociation time of 600 

seconds. A reference cell was created by adding biotin alone to mimic the 

background binding situation with the analyte in the experimental cell. 

The flow cells were regenerated with 3M sodium chloride (NaCl) for 50 

seconds at a flow rate of 50 μL/min, followed by a stabilization period of 120 

seconds at the end of each cycle. NaCl was used for regeneration to avoid rupturing 

the particles, which triggers potential DNA-PF4 binding. 

These experimental steps are represented in the resulting sensorgrams as 

analyte association (association) and dissociation (dissociation) from the ligand.  

3.1.3 Data acquisition and statistical analysis  

BLI data were acquired by the ForteBio Data Acquisition 9.0 Software 

version 9.0 and analyzed using the 1:1 homogenous analyte binding model with the 

ForteBio Data Analysis 9.0. Reference values from the control wells were 
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subtracted from the sample wells and all results were aligned to the baseline. The 

binding profile between each ligand and analyte was described in terms of 

wavelength shift (nm). The kinetic constants were calculated automatically by the 

data analysis software.  

SPR data were collected by the BIAcore T200 Control Software, version 

2.0, and binding affinities and maximum binding responses were determined by the 

BIAcore T200 Evaluation Software, version 1.0 via steady state approximation 10 

seconds before injection stops. Values from the reference flow cell were subtracted 

from all experimental flow cells and all results were aligned to the response unit at 

baseline (t = 0). The binding profile between each ligand and analyte was described 

in terms of RU.  

Binding affinities for the interactions were established through curve fitting 

of binding responses at each analyte concentration after equilibrium is stabilized. 

This nonlinear regression analysis leverages equilibrium binding data rather than 

kinetic model fitting, as the viral vectors have been shown to possess numerous 

binding sites across the viral capsid, predominantly within the interhexon spaces, 

complicating kinetic modeling.68 Therefore, binding affinities are investigated 

instead of analyzing specific kinetic rates, such as association rate constant (kon) 

and dissociation rate constant  (koff) parameters, to model the dynamic behavior of 

this interaction. 



M.Sc Thesis – Y. Zhang; McMaster University – Biochemistry 

 28 

3.2 Cytokine profiling 

3.2.1 Study design 

To identify cytokines whose levels are unique to VITT, we compared them 

against several control groups: post-vaccination individuals whose vaccines 

received are nonspecific, and individuals with thrombotic thrombocytopenia 

syndrome (TTS) post-vaccination or heparin administration but not diagnosed with 

VITT or HIT serologically,  

Serum samples were sent to the McMaster Immunology laboratory for 

diagnostic testing based on a clinical suspicion of either HIT or VITT during the 

initial symptom onset, forming the sample pool for this study. The suspected VITT 

cohort was subdivided into two groups according to laboratory serological results:  

those with platelet-activating anti-PF4 antibodies (VITTpos, n = 19) and those 

without (VITTneg, n = 11). Additionally, the VITTpos patients were categorized 

based on the presence of CVST into VITTpos_CVST (n = 10) for those 

experiencing CVST, and VITTpos_other (n = 9) for those experiencing thrombosis 

at other sites. A group of suspected HIT patients who were later diagnosed with 

platelet-activating anti-PF4/heparin antibodies (HITpos, n = 19) was also collected. 

However, the clinical diagnosis of these patients is unknown due to limited access 

to patient information. 

3.2.2 Patient population 

Patient characteristics are summarized in Table 1. Serum samples from 

suspected VITT patients were collected between 5 – 61 days post-vaccination with 

either the ChAdOx1-S or Ad26.COV2.S vaccines. The timing of serum collection 
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relative to heparin administration for the suspected HIT patients is unknown. The 

patient cohorts consist of a mix of genders and ages, with no statistically significant 

differences in these characteristics between the cohorts. However, platelet count 

data were unavailable for four patients in the VITTpos cohort. 

3.2.3 Cytokine level testing 

Serum samples from both the suspected VITT and HIT cohorts were 

analyzed for cytokine levels using a 48-panel Luminex assay conducted by Eve 

Technologies (Canada).  

Cytokines being accessed include: Epidermal growth factor (EGF), 

fibroblast growth factor (FGF)-2, fms-like tyrosine kinase 3 ligand (Flt-3 ligand), 

platelet-derived growth factor (PDGF)-AA, PDGF-AB/BB, vascular endothelial 

growth factor (VEGF)-A, TGF-α, G-CSF, GM-CSF, M-CSF, Eotaxin, fractalkine, 

growth regulated oncogene α (GROα), IL-8, monocyte chemotactic protein (MCP)-

1, MCP-3, Macrophage-Derived chemokine (MDC), monokine induced by 

interferon-gamma (MIG), macrophage inflammatory protein (MIP)-1α, MIP-1β, 

regulated-on-activation normal T-cell expressed and secreted (RANTES), IL-2, IL-

3, IL-5, IL-6, IL-7, IL-9, IL-12 (p40), IL-12 (p70), IL-15, IL-1α, IL-1β, interferon 

gamma-induced protein (IP)-10, IL-17A, IL-17E/IL-25, IL-17F, IL-18, IL-22, 

tumor necrosis factor (TNF)-α, TNF-β, IFN-α2, IFNγ, soluble CD40 ligand 

(sCD40L), IL-4, IL-10, IL-13, IL-27, IL-1 receptor antagonist (IL-1RA).  

3.2.4 Statistical analysis 

Patient characteristics assessments were performed using Python (version 

3.12.0). Patient sex distribution was then analyzed by the Fisher's Exact Test, 
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whereas age was assessed using independent two-sample t-test and presented as 

mean ± standard deviations (SD). All cytokine level analyses were conducted using 

Log2-transformed fluorescence intensity (FI) values obtained from Luminex 

assays.98 As fluorescence responses falling outside the range of the standard curve 

cannot be assigned specific concentration values and can only be extrapolated, these 

values are denoted as out of range. For comparison purposes, we work directly with 

detected fluorescence responses rather than converting them to concentration 

values. This approach is beneficial because fluorescence can detect low signals 

without needing to assign an appropriate level of detection, making it more 

effective for testing differences in analyte expression.98 

Experimental groups were compared using a moderated t-test via the limma 

package,99 and corrected using Benjamini-Hochberg (BH) method to modulate 

false discovery rate.100 An adjusted p-value of < 0.05 was considered statistically 

significant. The results were visualized using GraphPad Prism (version 10.0.3).  

4.0 RESULTS 

4.1 Interaction analysis of AdV-based vaccines and PF4 

4.1.1 Biolayer interferometry (BLI) 

The interaction between PF4 and AdV-based vaccines was first assessed 

using BLI, with bPF4 acting as the ligand (Figure 1). For binding experiments, 

increasing concentrations of bPF4 were immobilized onto streptavidin sensors to 

determine its association with the AdV-based vaccines. The stock concentrations 

of the vaccines were used, allowing for the detection of the highest PF4 binding 

signal if such an interaction exists. However, no interaction was observed between 
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PF4 and any of the vaccines at any bPF4 concentrations. Even at the highest 

concentration of PF4 used (2500 nM), the binding response between PF4 and 

ChAdOx1-S was 0.4129 nm, and for Ad26.COV2.S, it was less than 0 nm, 

indicating continued dissociation of bPF4. These binding responses are negligible 

compared to the positive control of polyclonal anti-PF4, which shows a binding 

response of 2.36 nm at the KD of 97.42 nM (Figure 2). However, they are 

comparable to the negative control of anti-hexon, which targets the adenoviral 

hexon capsid protein and showed a response of 0.1526 nm at 750 nM of 

immobilized bPF4. 

For the inversed setup with PF4 serves as the analyte, activated amine 

coupling sensors are intended to be loaded with AdV-based vaccines to interact 

with increasing concentrations of PF4 (Figure 3). Unlike the previous setup, where 

the vaccines did not exhibit detectable background binding to the streptavidin 

sensor, PF4 showed a prominent affinity to the amine coupling sensor surface with 

a binding response of 1.533 nm. This substantial nonspecific binding overshadowed 

any potential interaction between PF4 and ChAdOx1-S, which showed a binding 

response of 1.506 nm.  

4.1.2 Surface plasmon resonance (SPR) 

The interaction between PF4 and AdV-based vaccines was then assessed 

using SPR, with bPF4 acting as the ligand (Figure 4). For binding experiments, 

bPF4 were immobilized onto streptavidin-coated CM4 sensors to determine its 

association with increasing concentrations of AdV-based vaccines. These binding 
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responses were then normalized to account for the background interactions between 

the vaccines and the streptavidin-coated sensor surface. 

Prior to normalization, we observed high interactions between the three 

vaccines and immobilized bPF4, with interaction responses increasing with rising 

vaccine concentrations. (Supplementary Figures 1 – 3). The bPF4 binding 

responses were 463.2 RU for ChAdOx1-S, 3054 RU for Ad26.COV2.S, and 2979 

RU for Ad26.ZIKV at 4.8E10 VP/mL. However, we also found prominent 

background interactions between all three vaccines and the streptavidin-coated 

CM4 chip, with binding responses reaching 1116 RU for ChAdOx1-S, 3035 RU 

for Ad26.COV2.S, and 2963 RU for Ad26.ZIKV at 4.8E10 VP/mL (Supplementary 

Figures 1 – 3). Notably, the background interaction between ChAdOx1-S and the 

streptavidin-coated CM4 chip surface was higher than its interaction with bPF4. 

Therefore, after normalizing for background binding, ChAdOx1-S displayed 

increasingly negative interaction responses with rising vaccine concentrations, 

while Ad26.COV2.S and Ad26.ZIKV showed minimal interaction responses of 

12.44 RU and 11.09 RU at their respective KD, or EC50 values. 

These binding observed between bPF4 and the Ad26-based vaccines were 

minimal compared to the positive control of anti-PF4 antibodies to immobilized 

bPF4, which showed an EC50 value of 102.3 RU after normalizing for background 

binding to the streptavidin-coated sensor surface (Figure 5). However, these values 

were higher than the negative control of anti-hexon to immobilized bPF4, which 

showed a binding response of less than 1 RU (Figure 5). 

Next, PF4 was used as the analyte to measure its association with sensor-

immobilized AdV-based vaccines (Figure 6). For binding experiments, the vaccines 
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were immobilized onto anti-hexon coated C1 sensors to determine their association 

with increasing concentrations of PF4. These binding responses have been 

normalized to account for the background interaction between PF4 and the anti-

hexon-coated sensor surface. 

We observed high binding responses between PF4 and all three vaccines, 

with EC50 values of 670.5 RU, 625.5 RU, and 376.7 RU for ChAdOx1-S, 

Ad26.COV2.S, and Ad26.ZIKV, respectively. While the interaction between 

immobilized anti-PF4 and PF4 exhibited an EC50 of 60.0 RU, these PF4/vaccine 

binding responses exceeded that of the positive control by several folds (Figure 7). 

Despite the overall high binding responses, all three vaccines exhibited 

lower binding affinity than the positive control anti-PF4 to PF4 interaction. The KD 

for anti-PF4 to PF4 was 197.5 nM, whereas ChAdOx1-S, Ad26.COV2.S, and 

Ad26.ZIKV exhibited KD of 272.1 nM, 308.2 nM, and 259.4 nM, respectively. 

Notably, PF4 also exhibited a high binding response to the immobilized anti-hexon 

(439.7 RU), which serves as a negative control, though the binding affinity was 

relatively low (KD = 966.9 nM). 

To highlight the sensitivity differences between SPR and BLI, we adapted 

the SPR experimental setup for BLI to evaluate whether BLI could detect small 

molecular binding (anti-hexon) after capturing a much larger molecule (ChAdOx1-

S). The specificity of anti-hexon for ChAdOx1-S was confirmed by a loading 

response of 1.476 nm when ChAdOx1-S was loaded onto the sensor-immobilized 

anti-hexon (Supplementary Figure 4). However, a minimal binding response shift 

of 0.0913 nm was observed during anti-hexon enrichment with the captured 

ChAdOx1-S, indicating that only background binding activity was detectable. 
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4.2 Cytokine profiling 

4.2.1 No significant association between cytokine levels and VITT antibodies 

development 

We investigated the association between cytokine levels and the 

development of VITT antibodies. This was done by comparing the serum cytokine 

levels of two patient cohorts suspected of VITT following AdV-based vaccination: 

those serologically diagnosed with anti-PF4 antibodies (VITTpos) and those 

without (VITTneg) (Figure 9). 

Our analysis found no significant association between cytokine levels and 

the development of VITT antibodies, as none of the tested cytokines exhibited 

significant differences between the VITTpos and VITTneg cohorts.  

However, although not statistically significant, two cytokines showed 

notable variation between the two cohorts. Specifically, IL-6 level was elevated in 

the VITTneg compared to VITTpos cohort, with median levels of 575.8 FI and 140 

FI, respectively. This elevation is approaching statistical significance (p = 0.056).  

Conversely, although the median IL-10 levels were similar between the 

VITTpos and VITTneg patients (75.5 FI and 78.5 FI, respectively), the VITTpos 

cohort exhibited a broad distribution of IL-10 levels compared to the VITTneg 

cohort, with ranges of 11 – 592 FI for VITTpos and 31-146.5 FI for VITTneg. 

4.2.2 HIT patients exhibit an elevated inflammatory state compared to VITT 

patients 

Given the similar clinical characteristics of VITT and HIT, and that both 

disorders are mediated by anti-PF4 antibodies, we explored whether the cytokine 



M.Sc Thesis – Y. Zhang; McMaster University – Biochemistry 

 35 

profiles of VITT and HIT patients share common features. This investigation aimed 

to determine if the development of pathogenic antibodies in anti-PF4 antibody-

mediated disorders occurs within a similar cytokine environment. 

To evaluate this, we compared the serum cytokine levels of patients 

diagnosed with VITT (VITTpos) and HIT (HITpos), based on the presence of 

platelet-activating anti-PF4 antibodies (Figure 10). Our analysis revealed 

significant differences in the cytokine profiles between the two cohorts. 

Specifically, the HITpos cohort showed significantly higher levels of inflammatory 

cytokines, including eotaxin (p = 0.037), IL-6 (p = 0.003), IL-8 (p = 0.007), IL-15 

(p = 0.031), IL-18 (p = 0.0009), IL-27 (p = 0.04), IP-10 (p = 6.56E-07), MIG (p = 

0.037), sCD40L (p = 0.002), and regulatory cytokines IL-1RA (p = 0.031) and IL-

10 (p = 0.025), compared to the VITTpos cohort. 

4.2.3 VITT disease severity correlates with a heightened inflammatory state 

As VITT patients with CVST exhibit the highest mortality rate among all 

VITT patients, we selected VITT patients with CVST to represent those with the 

most severe disease manifestations. Therefore, we compared the cytokine levels 

between two cohorts serologically diagnosed with platelet-activating anti-PF4 

antibodies: VITT-positive patients with CVST (VITTpos_CVST) and those with 

thrombotic events in other sites (VITTpos_other) (Figure 8). Our goal was to 

investigate whether an elevated proinflammatory cytokine environment is more 

prevalent in VITT patients with CVST compared to those without it, thereby 

associating this elevated inflammation with the severity of VITT. 
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Analysis revealed that IL-8 levels were significantly elevated in the 

VITTpos_CVST cohort compared to the VITTpos_other cohort (p = 0.0003), with 

median IL-8 levels of 216 FI and 49 FI, respectively. This indicates a heightened 

proinflammatory state in the most severely affected VITT patients. 

Conversely, although IL-6 levels were also consistently elevated in 

VTE,74,75 there were no statistically significant differences in IL-6 levels between 

the two cohorts (p = 0.946), with median levels of 232 FI and 120.5 FI, respectively. 

Moreover, IL-6 levels exhibited a wide distribution across both patient cohorts, 

with ranges of 24.5 – 695.5 FI in the VITTpos_CVST cohort and 36.5 – 767.5 FI 

in the VITTpos_other cohort. These results indicate considerable variability in the 

inflammatory response among VITT patients. 

5.0 DISCUSSION 

VITT is a rare, life-threatening thrombotic disorder observed following 

administration of ChAdOx1-S and Ad26.COV2.S AdV-based SARS-CoV-2 

vaccines. It is characterized by thrombocytopenia accompanied by thrombosis at 

various sites, with notably high incidences of CVST and SVT.18,67 The pathogenic 

mechanism of VITT involves anti-PF4 antibodies that can activate platelets via 

FcγRIIa-mediated signalling in the presence of PF4 and initiate thrombi 

development.61 The genesis of these pathogenic anti-PF4 antibodies is hypothesized 

to mimic HIT; another drug mediated disorder with a heightened risk of thrombosis, 

wherein a polyanionic molecule (such as the anticoagulant heparin) forms immune 

complexes with PF4, triggering antibody production.68 In VITT, the 

electronegatively charged AdV molecules are proposed to bind PF4, forming 
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similar immune complexes as PF4/heparin.68 In addition to the PF4/AdV 

immunogen, vaccine excipients are implicated in creating an inflammatory 

environment conducive to antibody formation.67,69 However, conflicting evidence 

were presented regarding both theories.57,69 Some question the binding capability 

of PF4 with vaccine particles,69 while others highlight that vaccine excipients are 

unlikely to present at the time symptoms appear.57 This raises doubts about the 

actual contribution of PF4/AdV complexes and excipient-induced inflammatory 

conditions to anti-PF4 antibody formation. 

Given the mounting conflicting evidence against both theories, this study 

aims to consolidate the binding interactions between PF4 and AdV-based vaccines 

using two optical techniques to evaluate their potential for complex formation. 

Additionally, we investigated whether cytokines contribute to an inflammatory 

environment that correlates with disease severity and the formation of anti-PF4 

antibodies in VITT. 

As the use of AdV-based therapies continues to expand, it is crucial to 

address their potential induction of thrombotic conditions like VITT. Beyond 

SARS-CoV-2 vaccination, AdV platforms have been used in various therapeutic 

applications due to their high transduction efficiency for diverse host cell types, 

large packaging capacity for genetic material, and non-integration into the host 

genome.30 These advantages have made AdV valuable in gene therapy, cancer 

treatment, and vaccines against infectious diseases such as Ebola, human 

immunodeficiency virus, and malaria.30 Additionally, their lower manufacturing 

costs and stability at higher temperatures make them more accessible to developing 
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countries, which often lack the financial resources and ultralow temperature storage 

facilities required for mRNA vaccines.30,101 

Therefore, understanding their potential interactions to endogenous proteins 

like PF4 and the immune responses triggered by AdV-based vaccination is essential 

for preventing thrombotic consequences associated with these therapeutic 

applications.  

5.1 Interaction analysis between PF4 and AdV-based vaccines 

5.1.1 BLI is unsuitable for illustrating reversible binding between PF4 and AdV-

based vaccines 

In experiments where bPF4 served as the ligand, we immobilized increasing 

concentrations of bPF4 on streptavidin-coated BLI sensors and tested its association 

with the AdV-based vaccines. We found no significant interaction between PF4 and 

any of the ChAdOx1-S, Ad26.COV2.S, or Ad26.ZIKV vaccines, with the 

interaction response aligning with that of the negative control of anti-hexon 

antibodies (Figure 1). Additionally, there was no background interaction between 

the vaccines and the streptavidin sensor surface, indicating that the lack of binding 

was not due to background interference masking the true PF4/AdV interaction. 

These results suggest that bPF4 does not bind to these vaccines under the tested 

conditions in BLI. However, considering the small molecular weight of PF4 (31.2 

kDa), a potential issue arises. The biotinylation process, even with the use of a 

medium-length spacer arm sulfo-NHS-LC-biotin,65 may have disrupted PF4's 

critical binding sites with the AdV-based vaccines, which could potentially explain 

the absence of observed interaction.  
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Ideally, to confirm the lack of interaction observed when using bPF4 as a 

ligand, the vaccine particles should be biotinylated and immobilized on streptavidin 

sensors to use PF4 as an analyte for interaction measurements. However, due to 

limited vaccine volumes, we were unable to perform biotinylation on the vaccines. 

We instead used amine coupling sensors, which allowed us to immobilize the 

vaccines directly onto the sensors. This approach aimed to preserve the integrity of 

the binding sites and provide a more direct measurement of the interactions between 

PF4 and the AdV-based vaccines. 

Using amine coupling sensors, the vaccines were immobilized on the 

sensors to test their association with non-biotinylated PF4 acting as the analyte. In 

this setup, although binding was detected between ChAdOx1-S and PF4, we 

observed even higher background binding between PF4 and the amine coupling 

sensor surface. This significant background interaction likely masked the true 

PF4/AdV interaction response, if one exists, thereby undermining the reliability of 

the assay in accurately assessing the specific interactions. Moreover, if substantial 

binding between PF4 and ChAdOx1-S did exist, it would likely be more 

pronounced than the background interaction observed. Consequently, the use of 

amine coupling sensors proved unsuitable for accurately measuring interactions 

between PF4 and AdV-based vaccines, raising questions about the underlying 

causes of the observed background binding. 

This prominent interaction between PF4 and the amine coupling sensor was 

unexpected, given that the sensor surface should remain neutral throughout the 

cross-coupling process, theoretically preventing electrostatic interaction with the 

cationic PF4. For amine coupling sensors, cross-coupling is achieved by activating 
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the sensor's surface-coated carboxyl groups. Activation through s-NHS and EDC 

forms reactive NHS ester intermediates that facilitate the crosslinking with primary 

amine groups on the ligand. At physiological pH, these intermediates do not ionize 

and should be neutrally charged. After quenching with ethanolamine to block any 

remaining unreacted sites, the resulting amide product on the sensor surface should 

also remain neutrally charged (Supplementary Figure 2). This neutrality would 

theoretically prevent electrostatic interactions between PF4 and the quenched 

groups, or any remaining unquenched groups, on the sensor surface. However, 

beyond this equatorial ring of cationic amino acids, there are various amino acids 

distributed around the surface of PF4 capable of forming hydrogen bonds with the 

hydroxyl or amide groups on the quenched molecule. These residues include the 

amide groups of asparagine and glutamine, as well as the hydroxyl groups of serine 

and threonine.102 Nevertheless, the binding of PF4 to the amine coupling surface 

suggests a propensity for PF4 to interact with chemical groups during the amine-

coupling process, warranting further investigations. 

Although PF4 showed no binding to AdV when acting as a ligand, its high 

background interaction with the amine sensor surface when acting as an analyte 

question whether BLI can consistently detect true PF4/AdV binding. These findings 

suggest that alternative experimental techniques may be necessary to accurately 

evaluate these interactions. 



M.Sc Thesis – Y. Zhang; McMaster University – Biochemistry 

 41 

5.1.2 SPR demonstrated binding only between PF4 and the Ad26-based vaccines 

when bPF4 acts as the ligand 

We used SPR to further explore the interaction between PF4 and AdV-based 

vaccines. SPR employs a continuous flow system, which reduces mass transport 

limitations and offers greater sensitivity than BLI, especially for interactions with 

low molecular weight molecules. In contrast, the lack of a flow system in BLI can 

lead to sample evaporation and drifts in interaction curves, as immobilized ligands 

cannot be constantly exposed to fresh analyte, resulting in reduced sensitivity.95 

Published literature reports the sensitivity of SPR and BLI to reach 0.01 pg/mm² 

and 10 pg/mm², respectively, indicating that SPR is capable of detecting much 

smaller changes in mass per square millimeter of the sensor surface.103 

With bPF4 acting as the ligand using a streptavidin-coated CM4 sensor, 

we found positive binding responses between PF4 and both Ad26-based vaccines 

(Ad26.COV2.S and Ad26.ZIKV), but not with ChAdOx1-S (Figure 3). The lack 

of interaction observed between PF4 and ChAdOx1-S is likely due to its high 

background interaction with the reference cell containing a biotin-coated 

streptavidin surface (Supplementary Figure 1). Specifically, ChAdOx1-S appears 

to have a higher affinity for the sensor surface compared to bPF4, as the binding 

response to bPF4 becomes increasingly negative with rising ChAdOx1-S 

concentrations. Moreover, although we observed a positive binding response that 

increased with rising concentrations of Ad26-based vaccines, these vaccines also 

exhibited significant background binding to the sensor surface.  

These differences in binding profiles of ChAdOx1 and Ad26-based 

vaccines to the sensor surface stem from the unique sequences of the AdV protein 
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components, including fiber, hexon, and penton proteins, classified based on their 

serotype.104 The hypervariable regions (HVRs) within these proteins influence their 

interaction with host cells and other biomolecules.105,106 Hexon proteins, the most 

abundant part of the adenovirus capsid, feature HVRs that help evade neutralizing 

antibodies generated from previous infections or vaccinations by altering antigenic 

sequences.105,106 Conversely, penton and fiber proteins facilitate viral attachment to 

host receptors, which vary across different cell types and serotypes.107 Thus, the 

variability in surface chemistry among serotypes significantly affects their 

biomolecular interactions, including those with bPF4 and the sensor surface, 

resulting in the varied binding profiles observed in experiments with ChAdOx1-S 

versus Ad26-based vaccines. However, we cannot rule out the possibility that 

certain excipients in the vaccine preparations, differing between ChAdOx1-based 

and Ad26-based vaccines, may also contribute to the interactions observed with the 

sensor surface. 

As none of the vaccines exhibited binding to the streptavidin sensor surface 

in BLI, the high background interaction observed with the CM4 chip may be 

attributed to its dextran coating, suggesting that CM4 sensor chip is not suitable for 

measuring interactions between PF4 and AdV-based vaccines. Dextran is a three-

dimensional network of polysaccharide chains, which significantly increases the 

surface area available for ligand immobilization, allowing for a higher density of 

immobilized molecules and enhancing the sensitivity of the SPR assay. The dextran 

itself does not impart an overall charge to the molecule, making it unlikely to 

participate in electrostatic interactions with the vaccines. However, due to its 

hydrophilic nature, dextran may form hydrogen bonds with surface proteins on the 



M.Sc Thesis – Y. Zhang; McMaster University – Biochemistry 

 43 

adenoviral capsid, potentially creating background interactions with the vaccines. 

Therefore, a different type of sensor chip without a dextran layer is needed to 

accurately measure the interactions between PF4 and AdV-based vaccines in SPR.  

5.1.3 SPR demonstrated binding between PF4 and all three vaccines when PF4 is 

used as the analyte 

Given that the dextran layer likely induced high hydrophilic background 

binding on the CM4 chip, we employed a C1 chip that lacks a dextran layer to 

mitigate this issue. In this setup, PF4 served as the analyte to interact with AdV-

based vaccines captured on the sensor via sensor-immobilized anti-hexon 

antibodies. Significant PF4 binding was observed across all three AdV-based 

vaccines. Specifically, the SARS-CoV-2 vaccines (ChAdOx1-S and Ad26.COV2.S) 

demonstrated higher EC50 binding response at KD values compared to Ad26.ZIKV, 

with ChAdOx1-S exhibiting higher binding affinities than Ad26.COV2.S. These 

results correlate with the differing incidence rates of VITT, with ChAdOx1-S 

inducing the highest rates.19,20 

Notably, the SARS-CoV-2 vaccines exhibited more than a 20-fold higher 

EC50 despite a 1.5-fold lower binding affinity compared to the positive control 

(anti-PF4). This discrepancy suggests that while the strength of individual binding 

events does not surpass that of antigen-antibody interactions, the overall PF4/AdV 

interaction is extensive. Previous studies have demonstrated that PF4 can bind to 

multiple sites within the interhexon spaces, located between either two or three 

hexons, on the adenoviral capsids of both ChAdOx1 and Ad26.68 Therefore, each 

vaccine particle functions as a multivalent ligand with a large surface area, capable 
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of interacting with numerous PF4 molecules. This multivalent nature results in a 

higher perceived binding response compared to anti-PF4, which has only two 

analyte binding sites. Additionally, the simultaneous binding of multiple PF4 

molecules makes it unlikely that all will dissociate at once, resulting in a stronger 

overall measured interaction, even if the individual interactions are weaker. 

Consequently, despite showing only a 1.5x lower binding affinity compared to the 

anti-PF4 positive control, the individual interactions between PF4 and the vaccines 

are likely weaker, though this cannot be fully validated with our current experiment, 

as only avidity was measured. Despite the high perceived binding, however, further 

investigation is needed to determine whether these PF4/AdV complexes alone can 

trigger an immune response strong enough to induce antibody production under 

physiological conditions. 

Our findings are consistent with those of Baker et al., demonstrating 

interactions between both ChAdOx1 and Ad26-based vaccines with PF4.68 

However, the binding responses we observed were significantly higher than those 

reported in the published literature.68 This substantial binding may be attributed to 

differences in our experimental setup. Specifically, the use of anti-hexon antibodies 

to capture viral vectors in our experiment likely increased the exposed surface area 

of the viral particles, allowing for more extensive interactions with PF4. As SPR 

measures the mass of bound molecules, this extensive interaction with the large 

exposed AdV surface area can lead to a significant increase in the overall RU 

detected, resulting in a higher apparent binding response. In contrast to our anti-

hexon capturing method, which provides an assessment of the specific interaction 

between PF4 and the vaccine viral particles, Baker et al. immobilized the entire 
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vaccine preparation, including excipients, directly onto the sensor chip via amine 

coupling. This approach could introduce confounding factors onto the chip surface, 

potentially reducing the number of viral particles immobilized and, consequently, 

the binding response with PF4. This is especially relevant for ChAdOx1-S, given 

the substantial amounts of production-related host cell proteins and significant 

variability in impurity concentrations across batches.69,70 However, it is important 

to note that we cannot rule out the possibility that the anti-PF4 immunogen may 

form through interactions between PF4 and vaccine excipients. Further 

investigation is needed to fully understand the role of vaccine components in PF4 

interactions and VITT pathogenesis.  

On the other hand, the higher PF4 binding with the Ad26.COV2.S compared 

to Ad26.ZIKV imply that specific vaccine excipients or features of the vaccine 

particles themselves contribute to the interaction with PF4. Given that no studies 

have investigated the levels of production-related impurities in Ad26.ZIKV, we are 

unable to determine whether differences in impurity levels correlate with the 

variability in PF4 binding. Unique components of each vaccine, however, such as 

the expression of the inserted gene on the vector surface, may also play a role in the 

observed interaction differences. These unique antigens or structural features 

specific to each vaccine formulation should be further investigated for their 

potential contribution to PF4 binding, as they could influence the vaccine's 

immunogenic profile and its interaction with PF4. Therefore, understanding the 

surface chemistry between different Ad serotypes as well as the unique components 

within each vaccine are essential for designing AdV-based therapies that minimize 

unintended interactions, thus reducing the risk of adverse events such as VITT. 
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However, a limitation is that the vaccine viral particles were not purified from the 

vaccine preparations. Therefore, the binding observed might be between PF4 and 

the anti-hexon captured viral particles or free hexons, with the amount of free hexon 

captured depending on their concentration in each vaccine. Consequently, we 

cannot rule out that the differences in binding response observed between the 

vaccines are due to variations in free hexon concentrations in these vaccine 

preparations. Moreover, since Ad26.ZIKV has not been linked to any VITT cases, 

it suggests there may be a threshold of PF4 interaction that does not trigger immune 

activation. However, whether the PF4/Ad26.ZIKV interaction should be considered 

the true negative control for these experiments requires further investigation.  

Interestingly, we also observed PF4 interacting with the negative control 

(anti-hexon). Compared to the positive control (anti-PF4), PF4 binding to anti-

hexon exhibited an EC50 more than 8-fold higher, while the binding affinity was 

4.8-fold lower. As hexon is the targeted analyte of anti-hexon, the binding of PF4 

to anti-hexon could suggest a structural similarity between PF4 and hexon, resulting 

in a cross-reactivity between PF4 and anti-hexon. However, given the high KD, this 

interaction is neither stable nor specific, resulting in a transient interaction. This 

potential structural similarity between PF4 and hexon warrants further investigation 

to understand its implications in VITT antibody development, such that whether 

anti-hexon antibodies produced by AdV-based vaccine recipients can cross-react 

with endogenous PF4 under physiological conditions. Such cross-reactivity may 

create a platform for antibody development against PF4, potentially facilitated by 

the formation of PF4/AdV complexes. 
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While this interaction is clearly detected in SPR, potential reasons for its 

absence in BLI may involve both the experimental setup and the inherent sensitivity 

limitations of BLI. Brownian dynamics simulations demonstrated that PF4 

frequently contacts the AdV capsid surface, especially between hexons, where 

negative charge is concentrated.68 This interaction is driven by both electrostatic 

and shape complementarity, allowing PF4 to "sink" into the interhexon space, 

stabilizing the interaction within the socket-like structure.68 When using BLI with 

biotinylated PF4 immobilized to associate with the vaccines, PF4 is restricted from 

freely rolling on the surface and can only bind to one face of the AdV particle. This 

restricts PF4 from accessing the interhexon spaces and fully coating the AdV 

surface, as it is able to do in the current SPR setup, thereby limiting its interaction 

with the viral particles and resulting in a significantly lower binding response.  

On the other hand, we cannot fully replicate the current SPR setup using 

BLI to determine if the interaction is detectable via the same experimental setup. 

We previously demonstrated that BLI is unable to effectively distinguish between 

PF4’s background binding to the amine coupling sensor and its binding to AdV, 

which prevents us from using PF4 as the analyte on BLI sensors. To further 

demonstrate BLI's sensitivity limitations, we adapted the current SPR setup for BLI, 

substituting anti-hexon for PF4 as the analyte. This approach allowed us to evaluate 

whether BLI could detect the binding of a small molecule, in this case, the positive 

control anti-hexon, after the significantly larger AdV molecule had already been 

bound to the sensor. We found that while ChAdOx1-S loading to immobilized anti-

hexon produced a strong response of 1.476 nm, confirming specific interaction, the 

secondary signal from the anti-hexon analyte showed minimal binding at 0.0913 
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nm (Supplementary Figure 2). This minimal signal suggests that BLI loses 

sensitivity in detecting smaller molecules after a larger one is bound. In contrast, 

SPR maintained high sensitivity and a strong binding response under the same 

conditions, highlighting the sensitivity limitations of BLI in this context. 

5.1.3 Limitations  

One consideration in these interaction analyses is that specific plasma PF4 

concentrations during the acute phase of VITT have not been thoroughly 

investigated in previous literature. The PF4 concentrations used in our study mimic 

those employed in the experiments by Baker et al., which aimed to establish binding 

during a hyperinflammatory phase with extensive platelet activation. Although the 

KD values of PF4 to vaccine binding determined by SPR fall within the PF4 

concentration range we used, suggesting the possibility of PF4/AdV complexes 

acting as immunogens for anti-PF4 development, it remains unknown whether 

plasma PF4 concentrations following vaccination can reach such levels. Therefore, 

further investigation is needed to determine if stable complex formation can occur 

for the vaccines under physiological conditions, specifically focusing on plasma 

PF4 concentrations during the acute phase of VITT. 

5.2 Cytokine profiling of VITT patients 

5.2.1 No significant correlations found between cytokine levels and antibody 

production in VITT 

We compared cytokine profiles between suspected VITT patients who were 

serologically diagnosed with VITT by the presence of platelet-activating anti-PF4 

antibodies (VITTpos) and those without these antibodies (VITTneg) to explore the 
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relationship between cytokine levels and VITT anti-PF4 antibody development. 

Our analysis did not reveal statistically significant differences in the levels of any 

cytokines tested between these cohorts (p > 0.05). Therefore, despite the presence 

of anti-PF4 antibodies, there is a lack of significant differences in B cell activating 

cytokines between the two cohorts. Although cytokines are essential for antibody 

production, their involvement in the development of VITT anti-PF4 antibodies was 

not detectable in our current patient cohorts. Alternatively, the relevant cytokines 

may not have been included in the panel of cytokines we tested in this study. 

Another possibility for the lack of cytokine differences is that both cohorts 

are experiencing elevated levels of B-cell stimulating cytokines and exhibit 

antibody development, but with antibodies directed against different antigens. This 

could result from a pancellular activation of B cells caused by the vaccination-

induced inflammatory state, driving the development of anti-PF4 antibodies in 

VITT patients, while inducing antibodies with other antigen specificities in 

VITTneg patients. Given that VITT is a subset of thrombotic thrombocytopenia 

syndrome following vaccination, classified based on the presence of anti-PF4 

antibodies,12 VITTneg patients are categorized as VITT-negative based  solely due 

to the absence of anti-PF4 antibodies. Since antibodies against antigens other than 

PF4 are not tested in suspected VITT patients, this classification does not exclude 

the presence of other immune-mediated antibodies that could contribute to 

thrombotic events in VITTneg patients. Further investigations are necessary to 

explore the involvement of a broader spectrum of antibodies with different antigen 

specificities in suspected VITT patients to better understand the immune 
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mechanisms underlying thrombotic complications following AdV-based 

vaccination. 

Although not statistically significant, the variation in IL-6 and IL-10 

distributions between the VITTpos and VITTneg cohorts, could offer insights into 

the differing pathogenic mechanisms underlying the two conditions. Specifically, 

we observed higher median levels of IL-6 in the VITTneg cohort, with this 

elevation approaching statistical significance (p = 0.056). In contrast, the VITTpos 

cohort exhibited a broad distribution of IL-10 levels, with both the maximum and 

minimum value extending four times beyond those of the VITTneg cohort.  

IL-6 is produced by various immune and non-immune cells during the acute 

phase response to infection or tissue injury.108 It contributes to an inflammatory, 

procoagulant state by inducing cytotoxic T-cell activation, enhancing vascular 

permeability and angiogenesis, and promoting monocyte tissue factor 

expression.108 Previous studies have established IL-6 as a biomarker for viral 

infections, with significantly elevated levels observed in natural adenoviral 

infections and AdV-based vaccinations,82,83,109 including those using Ad26 and 

chimpanzee AdV serotype 155-based vectors.82,83 This heightened IL-6 response in 

VITTneg individuals indicates an inflammatory environment unique to these 

patients, potentially correlating with thrombus formation.  

Interestingly, the VITTneg cohort shares IL-6 elevation with another 

antibody-mediated thrombotic disorder known as MGUS (Monoclonal 

Gammopathy of Undetermined Significance).110 MGUS is characterized by the 

clonal proliferation of monoclonal plasma cells that produce persistent pathogenic 

antibodies.111 These antibodies can trigger recurrent thrombosis and are associated 
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with a chronic inflammatory state,112 with IgG and IgA MGUS being linked to 

thrombotic events in both the arterial and venous systems.113 Recent reports have 

identified VITT-like platelet-activating anti-PF4 antibodies in two MGUS 

patients,114-116 resulting in recurrent thrombosis and thrombocytopenia without 

prior heparin exposure.114-116 Although the underlying factors that trigger the 

development of MGUS antibodies are not fully understood, a state of pancellular 

activation induced by vaccination could potentially activate pre-existing MGUS B 

cell clone in vaccinated individuals. Depending on the antigen specificity of the B 

cell, this activation could lead to the production of pro-thrombotic antibodies that 

are not necessarily PF4-specific. However, while MGUS antibodies are associated 

with an increased risk of thrombosis,112 the percentage of patients who actually 

develop thrombosis is relatively low (8% in a three-year period).117 Whether AdV-

based vaccinations can induce B cell activation in a broader population but only 

cause thrombosis in certain individuals with an exaggerated reaction—such as 

VITTneg patients with elevated IL-6 levels—remains to be investigated.  

On the other hand, the implications of the varied IL-10 levels among 

VITTpos patients are more complex. IL-10 functions in a context-dependent 

manner, exhibiting both protective and pathogenic effects.118 Primarily known for 

its ability to suppress excessive pro-inflammatory responses, IL-10 helps mitigate 

tissue damage and maintain tissue homeostasis.118 Paradoxically, elevated IL-10 

levels are associated with increased autoantibody production in certain conditions, 

though the exact mechanisms are not fully understood.118 Dysregulation of IL-10 

has been implicated in the pathology of multiple antibody-mediated autoimmune 

disorders, including HIT and MGUS.78,119 
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Our lab has previously demonstrated that HIT patients produce significantly 

lower levels of IL-10 compared to healthy controls.78 This aligns with findings from 

Pouplard et al., who identified gene polymorphisms in the IL-10 promoter that 

result in lower IL-10 production in HIT patients,120 potentially contributing to HIT 

immunogenesis by failing to adequately regulate the pro-inflammatory immune 

response.120 Conversely, elevated IL-10 levels have been linked to the disease 

progression of MGUS.119 Abnormal MGUS plasma cells may progress to malignant 

multiple myeloma (MM) if they continue to proliferate excessively.121 Serum IL-

10 levels in healthy controls are significantly lower than in MGUS patients, while 

MGUS patients have lower IL-10 levels than MM patients.119 This suggests a 

potential role for IL-10 in the progression from MGUS to MM, promoting the 

proliferation of the malignant plasma cell.119,121 Given that both elevation and 

reduction of IL-10 levels have been linked to immune dysregulation and pathology 

in various autoimmune disorders, the large variation in IL-10 levels among 

VITTpos patients may indicate a loss of regulatory control. This dysregulation 

results in individual differences in IL-10 responses despite being induced by the 

same pathogenic antibody. Consequently, depending on individual IL-10 levels, it 

may either promote anti-PF4 antibody development and facilitate plasma cell 

proliferation or lead to an uncontrolled heightened inflammatory state, both 

contributing to thrombus formation.  

This cytokine pattern of broad IL-10 level distribution versus elevated IL-6 

levels reveals distinct inflammatory and regulatory processes in the VITTpos and 

VITTneg cohort, suggesting that the pathogenetic mechanisms leading to 

thrombosis may differ between the cohorts in ways that extend beyond the mere 
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presence or absence of anti-PF4 antibodies. Whether widespread cellular activation 

is involved in the immune responses following vaccination, contributing to these 

varied conditions, would require further investigation. 

5.2.2 VITT and HIT anti-PF4 antibodies are associated with distinct cytokine 

profiles 

We next compared the cytokine profiles of patients serologically diagnosed 

with VITT (VITTpos) and HIT (HITpos). As the pathology of both disorders are 

mediated by anti-PF4 antibodies, our aim was to determine whether they share 

similar cytokine profiles, suggesting that anti-PF4 antibody development in both 

conditions may be influenced by comparable cytokine environments. 

Our analysis found significantly elevated levels of several inflammatory 

cytokines in HITpos patients, suggesting that the heightened inflammatory state 

observed may be linked to their condition and the presence of HIT-specific anti-

PF4 antibodies. Although VITT and HIT share clinical features including 

thrombocytopenia and potential thrombosis, the nature and extent of these 

conditions differ. VITT patients exhibit a tendency toward SVT and CVST, with 

95% likelihood of developing thrombosis, while HIT patients predominantly 

experience PE and DVT, with a lower thrombotic rate of 35%.122 The differing 

cytokine environments may be linked to their specific anti-PF4 antibodies, 

potentially shaping these distinct clinical characteristics of these disorders despite 

their similarities. However, since we lack cytokine data from before the 

development of anti-PF4 antibodies, the elevated cytokine levels observed may 

have pre-existed, potentially playing a role in mediating the development of anti-
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PF4 antibodies and contributing to the distinct cytokine environments in VITT and 

HIT. Alternatively, the differences in anti-PF4 antibody-mediated pathologies 

between these disorders could have led to the observed variations in cytokine 

profiles.  

When examining the specific proinflammatory cytokines significantly 

elevated in HIT patients, several indicators suggest that HIT may be more skewed 

toward a TD B cell response compared to VITT. IL-6 and IL-27 both play critical 

roles in T follicular helper cell differentiation and germinal center formation,87,123 

while CD40L, expressed on the surface of T helper cells, provides the essential 

costimulatory signal for B cell activation.76 These observations suggest that anti-

PF4 antibody formation in HIT may rely more heavily on T-cell involvement than 

in VITT, pointing to potentially distinct mechanisms underlying anti-PF4 antibody 

development in these two conditions.  

However, it should be noted that sCD40L is produced not only by activated 

T cells but also by platelets,76 hence the severity of thrombocytopenic conditions 

likely affects the circulating levels of this cytokine. Compared to HIT, which has 

median platelet counts ranging from 50 - 80×109/L,52 VITT is characterized by 

more severe thrombocytopenia, with median nadir platelet counts around 

25×109/L.15,17,57 This greater extent of platelet consumption and depletion in VITT 

patients may further reduce the availability of sCD40L, resulting in lower levels of 

sCD40L observed. Further investigation is needed to fully understand the nature of 

these two disorders, potentially by comparing their cytokine profiles to those of 

well-characterized TI and TD immune responses. 
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Interestingly, HITpos patients also exhibited significantly higher levels of 

the regulatory cytokines IL-1RA (p = 0.031) and IL-10 (p = 0.025) compared to 

VITTpos patients, alongside increased levels of inflammatory cytokines. These 

elevated regulatory cytokines might be a response to the heightened inflammatory 

state observed in HIT, rather than a direct reflection of effective immune regulation. 

IL-1RA is a receptor antagonist for the IL-1 receptor, regulating 

inflammatory responses by competing with IL-1α and IL-1β for receptor binding 

without triggering any intracellular signaling.124 It is primarily secreted by activated 

monocytes and neutrophils in response to proinflammatory stimuli, including IL-1, 

IL-6, and the regulatory cytokine IL-10.124 The elevated levels of IL-1RA observed 

in HIT patients are likely the body's countermeasure to excessive inflammation, 

serving to mitigate the heightened inflammatory response.  

In contrast, as previously noted, our lab identified reduced IL-10 production 

in HIT patients compared to healthy individuals.78 Specifically, we observed that 

peripheral blood mononuclear cells (PBMCs) from HIT patients, when stimulated 

with PF4-heparin complexes, produced lower levels of IL-10 than PBMCs from 

healthy controls.78 Instead of focusing on cytokine production by PBMCs in 

response to stimulation, this study directly measured cytokine levels in patient sera. 

Serum cytokine levels can vary significantly from those produced by PBMCs in 

controlled conditions, reflecting the difference between circulating cytokine 

concentrations and the cellular capacity to produce cytokines.125 One contributing 

factor to this difference is the production of IL-10 by various cells beyond 

mononuclear cells, including granulocytes such as mast cells and neutrophils.118 

The elevated IL-10 levels observed in HIT serum may suggest a broader regulatory 
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mechanism at play, with contributions from multiple cell types involved in immune 

modulation. 

However, it is also important to consider the distinct pre-existing cytokine 

environments in VITT and HIT patients prior to their exposure to AdV-based 

vaccines or heparin. VITT patients are generally healthy individuals who received 

AdV-based SARS-CoV-2 vaccines, with likely normal baseline levels of 

inflammatory cytokines before becoming ill. In contrast, HIT patients often receive 

heparin during hospitalization for surgeries due to their pre-existing health 

conditions.126-128 These include chronic conditions that are associated with 

prolonged inflammatory symptoms and elevated baseline levels of 

proinflammatory cytokines, such as coronary artery disease that requires 

cardiopulmonary bypass or osteoarthritis necessitating knee replacements.126-128 

Additionally, surgeries themselves generate damage-associated molecular patterns 

from damaged or stressed cells, activating PRRs on immune cells, which further 

amplifies the release of inflammatory cytokines.108 Therefore, depending on their 

individual medical conditions, suspected HIT patients are likely to exhibit varying 

degrees of elevated proinflammatory cytokines, potentially higher than the baseline 

levels observed in VITT patients, and unrelated to their anti-PF4 antibody-

associated conditions. Without information on these patients' medical conditions 

prior to developing HIT, we are unable to determine how much of the elevated 

inflammatory state is due to pre-existing conditions versus being specifically 

associated with HIT-related anti-PF4 antibodies. 
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5.2.3 VITT patients with CVST exhibit higher levels of IL-8 compared to those 

without CVST. 

To determine whether a proinflammatory environment is associated with 

the severity of VITT, we compared VITT patients with CVST (VITT_CVST), who 

have a 2.7-fold higher risk of mortality among VITT patients,15-17,57 to those 

experiencing thrombosis in other parts of the body (VITT_other). We found 

significantly elevated levels of IL-8 in the CVST patients, with their median IL-8 

expression five-fold higher compared to the other VITT patients (p = 0.0003; Figure 

8). This observation indicates that CVST is associated with a more inflammatory 

environment, with IL-8 levels potentially correlating with the severity of VITT and 

a supportive environment for enhanced B cell response. However, since no 

cytokines were found to correlate with VITT anti-PF4 antibody production (refer 

to Section 5.2.1), these findings suggest that while elevated IL-8 may exacerbate 

disease severity, it does not necessarily play a significant role in the formation of 

VITT antibodies. 

IL-8 is a proinflammatory cytokine produced by various cell types, 

including neutrophils, monocytes, and endothelial cells,129 and is known to be 

involved in the pathology of VTE.74,75 As a potent activator and attractant for 

neutrophils, IL-8 induces neutrophil activation through a process called NETosis, 

triggering the release of decondensed DNA coated with histones and various 

bactericidal proteins known as neutrophil extracellular traps (NETs).130 NETosis 

has been implicated in the pathology of thrombotic conditions, including VITT and 

HIT,67,131,132 due to its pivotal role in thrombus development by trapping platelets 

and facilitating fibrin deposition.133,134 Studies have found that both HIT and VITT 
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anti-PF4 antibody immune complexes can directly engage with FcγRIIa receptors 

on neutrophils, triggering their activation and the release of NETs.133,134 Moreover, 

recent evidence has implicated NETosis in the development of CVST in VITT 

patients, with high concentrations of NETosis markers found in tissue sections 

obtained from VITT patients who developed CVST.56,67,135 The elevated IL-8 levels 

observed in VITT_CVST patients in this study further support the involvement of 

NETosis in thrombus formation at this location. Although it is no longer possible 

to determine whether the initiation of IL-8 elevation is a cause or consequences of 

CVST development in these patients, IL-8 released by neutrophils following 

activation can act in an autocrine fashion, inducing more NETosis and contributing 

to clot formation.136 This process is likely to be more pronounced in an environment 

with elevated IL-8, highlighting its role in enhancing the pro-thrombotic 

environment in CVST patients with VITT. Given that CVST is associated with 

higher mortality and more severe pathology in VITT, the elevated IL-8 levels and 

increased extent of NETosis aligns with the clinical picture of these patients.  

Aside from the involvement of NETosis, Huynh et al. identified that VITT 

antibodies that exhibit a two-site binding profile on PF4 have a stronger association 

with the occurrence of CVST compared with those that exhibit a single-site binding 

affinity.137 This distinction is evident as patients with two-site affinity antibodies 

have a much higher incidence rate of CVST (50.0%) than patients with one-site 

affinity antibodies (5.9%).137 Although IL-8 does not play a significant role in 

directly inducing B cell activation or plasma cell formation, the proinflammatory 

environment created by elevated IL-8 levels might contribute to the formation of 

these CVST-related antibodies. 
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Interestingly, although elevated IL-6 and IL-8 levels have been consistently 

observed in VTE patients, we did not see this elevation in our VITT_CVST patient 

cohort. This difference may be specific to CVST versus more common forms of 

VTE (PE, DVT, and SVT).74,75,138 However, a retrospective analysis of CVST 

inflammatory markers has identified elevated IL-6 levels in CVST patients, with 

levels positively correlating with disease severity.139 The risk factors for CVST in 

these studies included pregnancy, anemia, and both bacterial and viral infections. 

These differing findings suggest that CVST development in VITT may involve 

unique underlying mechanisms characterized by a distinct inflammatory profile. 

5.2.4 Limitations 

The cytokine study faced several limitations. Firstly, the rarity of VITT 

samples, particularly those with CVST, led to a small sample size that may not fully 

represent the entire landscape of these conditions. As VITT is unlikely to reoccur 

in the foreseeing future with the discontinuation of AdV-based SARS-CoV-2 

vaccines, acquiring additional samples is improbable. Specifically, we only 

obtained samples from one VITTneg patient with CVST compared to ten patients 

with CVST in the VITTpos cohort. This reflects the clinical reality where CVST 

occurrence in VITTneg patients is extremely rare, though it results in an unequal 

distribution in our cohorts.140 

Moreover, without access to the medical records of HIT patients, we are 

unable to determine their underlying medical conditions and, therefore, cannot fully 

explain the reasons for their cytokine distribution. Different pre-existing health 

conditions may influence baseline cytokine levels, making it difficult to discern 
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whether the elevated cytokine levels are due to HIT or their pre-existing health 

conditions. Additionally, the small sample size of HIT patients may not be 

representative of the entire cohort and could include outlier cases that contribute to 

the elevated inflammatory cytokine levels observed in these patients. 

6.0 CONCLUSIONS 

In this study, we investigated the interactions between PF4 and AdV-based 

vaccines, as well as the cytokine profiles of VITT patients. Our focus was on 

understanding the potential interaction of PF4/AdV-based vaccine complexes in 

forming the immunogen for VITT anti-PF4 antibodies, and the association of a 

hyperinflammatory state to VITT severity and antibody production, aiming to 

elucidate their correlation to the development of VITT pathogenesis. 

Of the four experimental setups employed across two optical technologies 

(BLI, SPR) to measure the interaction between PF4 and AdV-based vaccines, only 

one setup using the more sensitive technology, SPR, detected this interaction. While 

the interaction response was substantial compared to the positive control, 

suggesting the potential for PF4/AdV complex formation following vaccination, 

this finding was not corroborated by other experimental setups or technologies. 

Given the higher sensitivity of SPR, the absence of interaction detected in BLI 

suggests that the interactions between PF4 and AdV-based vaccines are weak. It 

remains unknown whether additional contributing factors may exacerbate or 

stabilize this complex formation, enabling this complex to function as an 

immunogen under physiological conditions. 
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Further studies are required to validate these interactions using technologies 

that share similar detection sensitivity, in order to detect the interaction consistently 

if one exists, across different detection methods. Additionally, employing fluid 

phase detection methods that do not rely on immobilization can prevent potential 

blocking of critical molecular interaction sites, thereby providing a more accurate 

assessment of the interactions. 

Our cytokine analysis revealed significantly elevated levels of IL-8 in VITT 

patients with CVST, suggesting a link between disease severity and an amplified 

proinflammatory response in these patients. The differences in the cytokine 

environment between VITT and HIT also suggest that distinct mechanisms may be 

associated with the specific anti-PF4 antibodies of each disorder, despite their 

shared clinical characteristics. However, it remains unclear whether the heightened 

inflammatory state is a contributor to or a consequence of anti-PF4-mediated 

pathology, or to what extent pre-existing health conditions contribute to the 

elevated inflammation observed in HIT patients. Moreover, as we found no 

cytokine correlation with VITT anti-PF4 antibody production, it suggests that while 

an inflammatory state is correlated with disease severity and supports antibody 

development, it does not necessarily play a significant role in the formation of anti-

PF4 antibodies following AdV-based vaccination. Nonetheless, since cytokines are 

essential for antibody production, their role in the development of anti-PF4 

antibodies may simply not be detectable with the current patient cohorts, warranting 

further investigation. 
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Overall, weak interactions exist between PF4 and AdV-based vaccines. 

Further exploration is needed to determine whether these complexes can act as 

immunogens for inducing anti-PF4 antibody development under physiological 

conditions. While an elevated inflammatory state is associated with VITT severity, 

we did not find a correlation between inflammation and anti-PF4 antibody 

development in our patient cohorts. Moreover, despite both VITT and HIT being 

anti-PF4 mediated disorders, they exhibit distinct cytokine environments, which 

may be linked to the specific conditions and the presence of anti-PF4 antibodies 

unique to each disorder. Understanding the interactions between AdV-based 

vaccines and endogenous proteins like PF4, as well as the immune responses 

triggered by these vaccines, are critical for preventing thrombotic consequences 

associated with these therapeutic applications and ensuring the continued use of 

AdV-based therapeutics in the future. 
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8.0 FIGURES 

a) 
 

 
b) 

 

c) 

 
Figure 1. BLI interaction analysis of AdV-based vaccines with immobilized 
bPF4 using streptavidin sensors. Sensorgrams representing the binding responses 
of a) ChAdOx1-S, b) Ad26.COV2.S, and c) Ad26.ZIKV against increasing 
concentrations of bPF4. In each experiment, bPF4 is immobilized on streptavidin 
sensors for association with the AdV-based vaccines at their respective stock 
concentrations (ChAdOx1-S: 1.2E12 VP/mL; Ad26-based vaccines: 1.0E11 
VP/mL). Due to limited volume, Ad26.ZIKV was used to interact with a single 
concentration of bPF4 (312.5 nM). The loading of PF4 is shown here to illustrate 
that binding to the vaccines is absent regardless of ligand concentration. Each 
vaccine binding experiment was conducted in its respective vaccine buffer. Results 
have been normalized to their respective reference cell.  
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a)   

b) 

 
Figure 2. BLI control experiments with immobilized bPF4 using streptavidin 
sensors. Sensorgrams representing the binding responses of bPF4 against 
increasing concentrations of a) the positive control polyclonal anti-PF4 and b) the 
negative control anti-hexon. In each experiment, 10 µg/mL of bPF4 is immobilized 
on streptavidin sensors for association with the antibodies. The binding affinity 
between PF4 and anti-PF4 was calculated using steady-state approximation based 
on the equilibrium binding response at each antibody concentration. Results have 
been normalized to their respective reference cell.  
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a) 
 

 
b) Ligand Analyte Binding response (nm) 

ChAdOx1-S PF4 1.506 

ChAdOx1-S  N/A -0.0162 

N/A PF4 1.533 
 

Figure 3. BLI interaction analysis of PF4 with immobilized Adv-based 
vaccines using amine coupling sensors. a) Sensorgram representing the binding 
responses of three experiments: PF4 association with sensor-immobilized 
ChAdOx1-S (red); assay running buffer with sensor-immobilized ChAdOx1-S 
(blue); and PF4 association with an empty amine coupling sensor surface (green). 
The loading step is shown here to illustrate that PF4 binds to the sensor regardless 
of whether ChAdOx1-S is loaded onto the sensor. The binding responses for each 
experiment are detailed in b). Immobilized ChAdOx1-S to assay running buffer is 
denoted as not applicable (N/A) due to the absence of analyte, and PF4 to the empty 
sensor surface is also denoted as N/A due to the absence of ligand. All experiments 
were conducted in the formulation buffer of ChAdOx1-S. Results have been 
normalized to the reference cell. 
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a)  

b)    

c)   

Figure 4. SPR interaction analysis of Adv-based vaccines and immobilized 
bPF4 using streptavidin-coated CM4 sensors. Sensorgrams representing the 
binding responses of bPF4 against increasing concentrations of a) ChAdOx1-S, b) 
Ad26.COV2.S, and c) Ad26.ZIKV. Their respective KD and maximal binding 
capacity (Bmax) were calculated using steady-state approximation based on the 
equilibrium binding response at each vaccine concentration. The estimated KD for 
the interaction between Ad26.ZIKV and PF4 is higher than the stock concentration 
of Ad26.ZIKV; therefore, an extrapolated KD is provided instead. In each 
experiment, approximately 500 RU of bPF4 is immobilized on a streptavidin-
coated CM4 sensor chip for association with the vaccines, at a flow rate of 75 
μL/min. All results have been normalized to the biotin-coated streptavidin reference 
flow cell. 
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Figure 5. SPR control experiments with immobilized bPF4 using streptavidin-
coated CM4 sensors. Sensorgrams representing the binding responses of bPF4 
against increasing concentrations of a) the positive control polyclonal anti-PF4 and 
b) the negative control anti-hexon. In each experiment, approximately 500RU of 
bPF4 is immobilized on streptavidin-coated CM4 sensor for association with the 
antibodies. The KD and Bmax between PF4 and anti-PF4 was calculated using 
steady-state approximation based on the equilibrium binding response at each 
antibody concentration. All results have been normalized to the biotin-coated 
streptavidin reference flow cell. 
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a)  

b)  

c)  

d)  

Figure 6. SPR interaction analysis of PF4 and immobilized AdV-based 
vaccines using anti-hexon coated amine coupling C1 sensors. Sensorgrams 
representing the binding responses of bPF4 against increasing concentrations of a) 
ChAdOx1-S, b) Ad26.COV2.S, and c) Ad26.ZIKV. Their respective KD and Bmax 
were calculated using steady-state approximation based on the equilibrium binding 
response at each vaccine concentration and presented in d). In each experiment, 
approximately 100 – 130 RU of vaccines were immobilized onto the anti-hexon 
coated C1 sensor for association with PF4, at a flow rate of 75 μL/min. All results 
have been normalized to the anti-hexon coated reference flow cell. 
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a)  

b)  

Figure 7. SPR control experiments with PF4 in the flow phase using amine 
coupling C1 sensors. Sensorgrams representing the binding responses of PF4 at 
increasing concentrations to sensor-immobilized a) positive control, polyclonal 
anti-PF4, and b) negative control, anti-hexon. In each experiment, approximately 
500RU of control antibodies were immobilized on C1 sensor for association with 
PF4, at a flow rate of 75 μL/min. The KD and Bmax between PF4 and the antibodies 
were calculated using steady-state approximation based on the equilibrium binding 
response at each antibody concentration. All results have been normalized to a 
blank reference flow cell. 
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a)  b) 

 

Figure 8. Cytokine level distributions in sera of VITTpos patient with and 
without CVST. Log2 distributions of patient sera fluorescence response for a) IL-
8 and b) IL-6. The box-and-whisker plot represents the upper and lower quartiles 
and the median. Dark blue indicates VITTpos patients without CVST, and light 
blue indicates VITTpos patients with CVST. Each dot represents an individual 
patient. Patient sera were collected during the acute phase of their condition. 
Adjusted p-values were obtained from pairwise T-tests for a 48-cytokine panel, 
with BH adjustment. Asterisks indicate statistically significant differences 
between the patient cohorts (* p < 0.05; ** p < 0.01; *** p < 0.001). 
 
 
a) 

 

b) 

 
Figure 9. Cytokine level distributions of VITTpos and VITTneg patients. 
Log2 distributions of patient sera fluorescence response for a) IL-6 and b) IL-10. 
The box-and-whisker plots represent the upper and lower quartiles and the 
median. Blue indicates patients diagnosed with VITT, and green indicates patients 
suspected of having VITT following vaccination but tested negative for anti-PF4 
antibodies. Each dot represents an individual patient. Patient sera were collected 
during the acute phase of their condition. Adjusted p-values were obtained from 
pairwise T-tests for a 48-cytokine panel, with BH adjustment.  
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a)  b) 

 
c)  d) 

 
Figure 10. Cytokine level distributions of VITTpos and HITpos patients. 
Distributions of patient sera fluorescence responses for a) IL-6, b) IL-8, c) IP-10, 
and d) IL-1RA. Each plot includes the log2 distribution of raw data comparing 
cytokine levels of VITTpos to HITpos patients. The box-and-whisker plots 
display the upper and lower quartiles and the median. Blue represents patients 
diagnosed with VITT, and purple represents the HITpos patients. Each dot 
signifies an individual patient. Patient sera were collected during the acute phase 
of their condition. Adjusted p-values were obtained from pairwise T-tests for a 
48-cytokine panel, with BH adjustment  
(* p < 0.05; ** p < 0.01; *** p < 0.001).  
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9.0 TABLES 

Table 1. Cytokine profiling patient characteristics  

Characteristics 
Suspected VITT Suspected HIT 

Positive Negative Positive 

n 19 11 19 

Age (yr) 
51.2 

(28.4-69.2) 

53.6 

(40.3-68.6) 

60.1 

(35.0-71.8) 

Sex (% male) 42.1 63.6 47.4 

Arterial clot 10.5 0 

Not available  

CVST (%) 52.6 9.1 

DVT (%) 15.8 31.6 

PE (%) 26.3 21.1 

SVT (%) 15.8 5.3 

Platelet count (x109L) 
72.8  

(9-301) 

178.1 

(60-372) 
Results expressed as means and range. 
Platelet count was not available for 4 VITTpos patients. 
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10.0 SUPPLEMENTARY FIGURES 

a)  

b)  

Supplementary Figure 1. Background interaction of ChAdOx1-S to 
streptavidin-coated reference cell using CM4 sensors in SPR. Sensorgrams 
representing the binding responses of ChAdOx1-S at increasing concentrations 
against a) a streptavidin-coated flow cell and b) a bPF4-loaded streptavidin flow 
cell.  While a) shows the background interaction between ChAdOx1-S and the 
reference cell, b) presents the raw data of ChAdOx1-S binding to ~500RU of 
immobilized bPF4 without normalizing to the reference shown in a).  
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a)  

c)  

Supplementary Figure 2. Background interaction of Ad26.COV2.S to 
streptavidin-coated reference cell using CM4 sensors in SPR. Sensorgrams 
representing the binding responses of Ad26.COV2.S at increasing concentrations 
against a) a streptavidin-coated flow cell and b) a bPF4-loaded streptavidin flow 
cell.  While a) shows the background interaction between Ad26.COV2.S and the 
reference cell, b) presents the raw data of Ad26.COV2.S binding to ~500RU of 
immobilized bPF4 without normalizing to the reference shown in a).  
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a) 

 
c) 

 
Supplementary Figure 3. Background interaction of Ad26.ZIKV to 
streptavidin-coated reference cell using CM4 sensors in SPR. Sensorgrams 
representing the binding responses of Ad26.ZIKV at increasing concentrations 
against a) a streptavidin-coated flow cell and b) a bPF4-loaded streptavidin flow 
cell.  While a) shows the background interaction between Ad26.ZIKV and the 
reference cell, b) presents the raw data of Ad26.ZIKV binding to ~500RU of 
immobilized bPF4 without normalizing to the reference shown in a).  
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Supplementary Figure 4. BLI interaction analysis of anti-hexon detection of 
ChAdOx1-S captured on amine-coupled sensors. Sensorgram illustrating the 
binding response of 20 µg/mL of anti-hexon associating with 1.2E12 VP/mL of 
ChAdOx1-S that is captured on the sensor via immobilized anti-hexon (red); and 
the lack of anti-hexon detection for the sensor-captured ChAdOx1-S (blue). All 
experiments were conducted in the formulation buffer of ChAdOx1-S. Results have 
been normalized to the reference cell. 
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Supplementary Figure 5. Amine coupling reaction mechanism. The chemical 
reaction scheme for cross-coupling a ligand containing a primary amine to the 
amine coupling sensor surface.141 The process begins with the activation of 
carboxyl groups by EDC and NHS, resulting in an NHS-stabilized activated 
carboxyl group. An electrophilic attack from the ligand primary amine establishes 
an amide bond between the ligand and the sensor surface. Any remaining free esters 
are quenched with ethanolamine, preventing further reactions with the analyte. 
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11.0 SUPPLEMENTARY TABLES 

Cytokines (FI), 
median (range) VITTpos VITTneg +P-value 

EGF 152 (9-2932) 199.5 (9.5-1423) 0.864 
Eotaxin 35.5 (13-870) 258.5 (19-1815) 0.256 
FGF-2 23 (13-96) 24.5 (14-429.5) 0.420 
FLT-3L 77 (24.5-285.5) 136 (56.5-351) 0.256 
Fractalkine 18 (8.5-337.5) 25.5 (11.5-243.5) 0.864 
G-CSF 36 (15-73.5) 59 (14-124) 0.256 
GM-CSF 32 (18-434) 26 (14-60) 0.277 
GROα 97 (12-452) 112.25 (17-454) 0.927 
IFNα2 14 (9-83) 16 (8-355) 0.256 
IFNγ 36 (22-221) 42.25 (25-632) 0.235 
IL-1α 32 (14-140) 29.5 (16-135) 0.865 
IL-1β 25 (17.5-194.5) 26 (13-616) 0.420 
IL-1RA 102 (31-1956) 101 (34-913) 0.864 
IL-2 29.5 (13-194.5) 37.5 (14-484) 0.256 
IL-3 12 (9-25) 13 (10-29) 0.865 
IL-4 32 (19-81.5) 46.25 (18-170) 0.256 
IL-5 35 (11-189) 56 (14.5-684) 0.264 
IL-6 120.5 (24.5-767.5) 575.75 (114-1636) 0.056 
IL-7 44 (14.5-115) 105.5 (16.5-651.5) 0.256 
IL-8 120 (26-420.5) 110 (23.5-412) 0.961 
IL-9 71 (15-233) 41 (12-575) 0.865 
IL-10 75 (11-592) 78.5 (31-146.5) 0.864 
IL-12p40 26 (12-61) 27 (15.5-250) 0.265 
IL-12p70 15 (6-32) 24.5 (12-427) 0.111 
IL-13 25 (15-167.5) 27.25 (17-259) 0.408 
IL-15 49 (28-84.5) 58.25 (32-338.5) 0.376 
IL-17A 28.5 (12.5-132.5) 28.25 (10.5-527) 0.467 
IL-17E/IL-25 27 (20-95) 39.75 (17-598.5) 0.217 
IL-17F 54.5 (17-646) 49 (13-763.5) 0.754 
IL-18 193 (77-345.5) 253.5 (89-552) 0.264 
IL-22 59 (35-306.5) 51.25 (37-340) 0.783 
IL-27 346 (17-5045) 962.25 (150-4702) 0.376 
IP-10 257.5 (34.5-2656) 664.25 (71-4083) 0.235 
M-CSF 102.5 (40-852) 89 (43-411) 0.864 
MCP-1 2349 (33-5550.5) 3146.75 (737-9508) 0.376 
MCP-3 26.5 (18.5-196.5) 31.5 (17.5-406) 0.256 
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MDC 9816 (2012-17404) 6907 (1001.5-10367) 0.256 
MIG 1512.5 (391-8358) 2521.5 (734-17548) 0.256 
MIP-1α 27 (17.5-84) 27.5 (16-341.5) 0.264 
MIP-1β 751 (30-3953.5) 368.75 (151-1761) 0.449 
PDGF-AA 1395 (342-8389) 2430 (147.5-7867.5) 0.783 
PDGF-AB/BB 1710 (500-7593.5) 3058.5 (228-8545) 0.864 
RANTES 18693.5 (258-24487) 15127 (1953-21250) 0.864 
sCD40L 28.5 (15-299) 52.5 (14-739) 0.313 
TGFα 100 (34-794) 73 (22-686) 0.864 
TNFα 40 (18-235) 43.25 (31-304) 0.399 
TNFβ 44 (28-276.5) 46 (22.5-362) 0.626 
VEGF-A 375 (44-2143.5) 526.5 (42-2255) 0.467 

Supplementary Table 1. Comparison of serum cytokine levels in fluorescence 
intensity of suspected VITT patients with and without anti-PF4 antibodies 
during the acute phase. 
+ P-values for comparing cytokine levels between the VITTpos and VITTneg 
cohorts. Comparisons were performed using the modified T-test implemented with 
the illma package and corrected for false discovery rate due to multiple comparisons 
using the BH-adjustment.  
 

 

 

 

 

 

 

 

 

 

 

 



M.Sc Thesis – Y. Zhang; McMaster University – Biochemistry 

  80 

Cytokines (FI), 
median (range) VITTpos HITpos +P-value 

EGF 152 (9-2932) 40 (6-1090) 0.133 
Eotaxin 35.5 (13-870) 204.5 (43-1022) 0.037* 
FGF-2 23 (13-96) 32.25 (14-191) 0.766 
FLT-3L 77 (24.5-285.5) 82.25 (14-755) 0.938 
Fractalkine 18 (8.5-337.5) 29.75 (11.5-119) 0.999 
G-CSF 36 (15-73.5) 33.5 (15-122.5) 0.935 
GM-CSF 32 (18-434) 52 (13-189) 0.999 
GROα 97 (12-452) 166 (25-1075) 0.353 
IFNα2 14 (9-83) 17 (8-57) 0.981 
IFNγ 36 (22-221) 30.5 (13-142) 0.935 
IL-1α 32 (14-140) 36.5 (12.5-68) 0.835 
IL-1β 25 (17.5-194.5) 32.25 (12-99) 0.999 
IL-1RA 102 (31-1956) 338.25 (37-3346) 0.031* 
IL-2 29.5 (13-194.5) 32 (14-133) 0.999 
IL-3 12 (9-25) 10.75 (8-27) 0.834 
IL-4 32 (19-81.5) 26.25 (13.5-87) 0.727 
IL-5 35 (11-189) 43.5 (12-479) 0.431 
IL-6 120.5 (24.5-767.5) 398.5 (92-4177) 0.003** 
IL-7 44 (14.5-115) 39.75 (12-227) 0.834 
IL-8 120 (26-420.5) 274 (65-921.5) 0.007** 
IL-9 71 (15-233) 28 (10.5-226.5) 0.063 
IL-10 75 (11-592) 137.5 (51-1795) 0.025* 
IL-12p40 26 (12-61) 21.75 (12-116.5) 0.766 
IL-12p70 15 (6-32) 13 (8.5-46) 0.507 
IL-13 25 (15-167.5) 23 (12-63) 0.835 
IL-15 49 (28-84.5) 81.25 (29-169.5) 0.031* 
IL-17A 28.5 (12.5-132.5) 31.75 (7.5-154.5) 0.999 
IL-17E/IL-25 27 (20-95) 34.75 (17-115) 0.834 
IL-17F 54.5 (17-646) 39.75 (17-569) 0.999 
IL-18 193 (77-345.5) 460.25 (144-1098) 0.0009*** 
IL-22 59 (35-306.5) 49.25 (26.5-107) 0.418 
IL-27 346 (17-5045) 1757 (123-12294.5) 0.041* 
IP-10 257.5 (34.5-2656) 2503.5 (213-6351) 6.56E-7*** 
M-CSF 102.5 (40-852) 92.75 (29-188) 0.315 
MCP-1 2349 (33-5550.5) 3210 (801-6709) 0.688 
MCP-3 26.5 (18.5-196.5) 26.25 (15-84.5) 0.948 
MDC 9816 (2012-17404) 5438 (339-13447.5) 0.076 
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MIG 1512.5 (391-8358) 4038 (417-16298) 0.037* 
MIP-1α 27 (17.5-84) 26.5 (17-86.5) 0.999 
MIP-1β 751 (30-3953.5) 1255 (114-6757) 0.520 
PDGF-AA 1395 (342-8389) 1207.75 (574-4232) 0.834 
PDGF-AB/BB 1710 (500-7593.5) 2958.5 (423-6908) 0.727 
RANTES 18693.5 (258-24487) 16082 (5910-23143) 0.999 
sCD40L 28.5 (15-299) 136 (16-2212) 0.002** 
TGFα 100 (34-794) 128.25 (28-396) 0.999 
TNFα 40 (18-235) 80 (22.5-143) 0.063 
TNFβ 44 (28-276.5) 40.5 (20-72) 0.761 
VEGF-A 375 (44-2143.5) 257 (29-1893) 0.706 

Supplementary Table 2. Comparison of serum cytokine levels in fluorescence 
intensity of VITT and HIT patients.  
+ P-values for comparing cytokine levels between the VITTpos and HITpos cohorts. 
Comparisons were performed using the modified T-test implemented with the illma 
package and corrected for false discovery rate due to multiple comparisons using 
the BH-adjustment.  
* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001. 
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Cytokines (FI), 
median (range) VITTpos_other VITTpos_CVST +P-values 

EGF 93 (9-1730) 292.5 (29-2932) 0.376 
Eotaxin 83 (13-574) 34.25 (14-870) 0.978 
FGF-2 21 (13.5-94) 24.25 (13-96) 0.946 
FLT-3L 105 (24.5-200) 71.75 (42.5-285.5) 0.931 
Fractalkine 20 (16-112) 14.5 (8.5-337.5) 0.889 
G-CSF 51 (16.5-73.5) 35.5 (15-61) 0.702 
GM-CSF 21 (19-61) 60 (18-434) 0.239 
GROα 90 (12-302.5) 118 (18-452) 0.889 
IFNα2 16 (11-51) 13 (9-83) 0.931 
IFNγ 37 (24-69.5) 35 (22-221) 0.931 
IL-1α 26 (14-140) 36.25 (29-83) 0.783 
IL-1β 25 (17.5-194.5) 25 (17.5-69) 0.801 
IL-1RA 94 (31-275.5) 121 (50-1956) 0.376 
IL-2 29.5 (17-194.5) 28.75 (13-60) 0.832 
IL-3 13 (11-25) 12 (9-14) 0.702 
IL-4 24 (19-81.5) 33 (21-51) 0.931 
IL-5 29 (22-119) 35.5 (11-189) 0.946 
IL-6 120.5 (36.5-767.5) 134.25 (24.5-695.5) 0.946 
IL-7 25.5 (14.5-115) 46 (17-101) 0.832 
IL-8 49 (26-120) 212 (101-420.5) 0.0004*** 
IL-9 33 (15-233) 85.5 (21-213) 0.702 
IL-10 55 (11-332) 75.5 (23-592) 0.783 
IL-12p40 27 (13-61) 17.25 (12-48) 0.530 
IL-12p70 15 (12-30) 16.25 (6-32) 0.931 
IL-13 23 (15-53) 26 (21-167.5) 0.702 
IL-15 56 (28-79) 46 (29-84.5) 0.832 
IL-17A 19.5 (17-132.5) 31.5 (12.5-93) 0.946 
IL-17E/IL-25 27 (22-95) 27.25 (20-43) 0.889 
IL-17F 64 (17-243) 52.25 (25-646) 0.832 
IL-18 178 (77-279) 195.5 (77-345.5) 0.946 
IL-22 52 (35-93) 61 (44-306.5) 0.702 
IL-27 263 (23.5-4229) 442.5 (17-5045) 0.889 
IP-10 282.5 (44-1338) 212.25 (34.5-2656) 0.946 
M-CSF 101 (42-852) 104.75 (40-502) 0.889 
MCP-1 1975 (33-5550.5) 2654.75 (528-5539.5) 0.865 
MCP-3 25.5 (18.5-50) 27.75 (18.5-196.5) 0.873 
MDC 10476 (4548-13381) 8601 (2012-17404) 0.980 
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MIG 1680 (391-8358) 1495.75 (711-3569) 0.946 
MIP-1α 27 (18-84) 27.5 (17.5-37) 0.832 
MIP-1β 751 (30-3252) 748 (251-3953.5) 0.889 
PDGF-AA 795 (342-2432) 2497 (792-8389) 0.243 
PDGF-AB/BB 1308 (585-3090) 4414.25 (500-7593.5) 0.239 
RANTES 17574 (258-19225) 21411.75 (8300-24487) 0.702 
sCD40L 26.5 (18-299) 30.5 (15-73) 0.946 
TGFα 84 (34-223) 106.25 (54-794) 0.376 
TNFα 34 (23-92) 44.25 (18-235) 0.931 
TNFβ 41.5 (28-47) 53.5 (30-276.5) 0.376 
VEGF-A 165.5 (44-833) 578.5 (158.5-2143.5) 0.310 

Supplementary Table 3. Serum cytokine levels in fluorescence intensity of 
VITT patients with CVST compared to those with thrombosis in other sites 
during the acute phase. 
+ P-values for comparing cytokine levels between the VITTpos_other and 
VITTpos_CVST cohorts. Comparisons were performed using the modified T-test 
implemented with the illma package and corrected for false discovery rate due to 
multiple comparisons using the BH-adjustment.  
* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001. 
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