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a b s t r a c t 

Vaccine-induced immune thrombotic thrombocytopenia (VITT; synonym, thrombosis with thrombocy- 

topenia syndrome, is associated with high-titer immunoglobulin G antibodies directed against platelet 

factor 4 (PF4). These antibodies activate platelets via platelet Fc γ IIa receptors, with platelet activation 

greatly enhanced by PF4. Here we summarize the current concepts in the pathogenesis of VITT. We first 

address parallels between heparin-induced thrombocytopenia and VITT, and provide recent findings on 

binding of PF4 to adenovirus particles and non-assembled adenovirus proteins in the 2 adenovirus vector- 

based COVID-19 vaccines, ChAdOx1 nCoV-19 and Ad26.COV2.S. Further, we discuss the potential role of 

vaccine constituents such as glycosaminoglycans, EDTA, polysorbate 80, human cell-line proteins and nu- 

cleotides as potential binding partners of PF4. The immune response towards PF4 in VITT is likely trig- 

gered by a proinflammatory milieu. Human cell-line proteins, non-assembled virus proteins, and poten- 

tially EDTA may contribute to the proinflammatory state. The transient nature of the immune response 

towards PF4 in VITT makes it likely that—as in heparin-induced thrombocytopenia —marginal zone B 

cells are key for antibody production. Once high-titer anti-PF4 antibodies have been formed 5 to 20 days 

after vaccination, they activate platelets and granulocytes. Activated granulocytes undergo NETosis and 

the released DNA also forms complexes with PF4, which fuels the Fc γ receptor-dependent cell activation 

process, ultimately leading to massive thrombin generation. Finally, we summarize our initial observa- 

tions indicating that VITT-like antibodies might also be present in rare patients with recurrent venous 

and arterial thrombotic complications, independent of vaccination. 

© 2022 Elsevier Inc. All rights reserved. 
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ntroduction 

Vaccination against severe acute respiratory syndrome 

oronavirus-2 (SARS-CoV-2) is an important countermeasure 

o fight the ongoing COVID-19 pandemic. The European Medicines

gency has approved 2 adenovirus vector-based vaccines (re-

ombinant chimpanzee adenoviral [ChAdOx1-S] vector, COVID-19 

accine AstraZeneca [Vaxzevria], and recombinant human aden- 

virus type 26 vector, COVID-19 Vaccine Janssen), both encoding

he spike glycoprotein of SARS-CoV-2. Both vaccines, ChAdOx1

CoV-19 and Ad26.COV2.S, are produced in human cell lines,

-REx-293 cells (human embryonic kidney cell, a HEK293 derivate)

nd PER.C6 TetR cells (human embryonic retinal cells), respectively

1 , 2 , 3] . 
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Beginning in March 2021, otherwise healthy individuals devel- 

ped complications starting 5 to 20 days following receipt of one

f these 2 vaccines (almost always after the first injection, in the

ase of the 2-dose regimen for ChAdOx1 nCoV-19 vaccine). Key 

eatures were cerebral venous sinus thrombosis (CVST), splanch- 

ic vein thrombosis, or other often severe thrombotic events in 

ombination with thrombocytopenia. This novel disorder, “vaccine- 

nduced immune thrombotic thrombocytopenia” (VITT; synonym, 

hrombosis with thrombocytopenia syndrome, TTS), is associated 

ith high-titer immunoglobulin G (IgG) class antibodies directed 

gainst the cationic platelet chemokine, platelet factor 4 (PF4). 

hese antibodies activate platelets via platelet Fc γ IIa receptors, 

ith platelet activation greatly enhanced by PF4. 

F4 as a label of pathogens 

PF4 opsonizes negatively-charged surfaces of microbial 

athogens, facilitating the binding of anti-PF4 antibodies [4] and 

ubsequent phagocytosis, as shown in detail for bacteria [5] .

inding of PF4 to Gram-positive and Gram-negative bacteria [6] is

hought to be charge-mediated, as heparin and other polyan- 

ons dissociate this interaction. In vivo, mice challenged with 

olymicrobial sepsis produce anti-PF4/heparin antibodies [4] . 

No adverse clinical outcomes are seen in the majority of in-

ividuals who develop an anti-PF4 response. Such antibodies are 

ven present in 5 to 6% of healthy blood donors, although typi-

ally in low titers [7] . The anti-PF4 positivity rate is even higher

n individuals with chronic periodontal disease [8] . But even in

his population, the presence of anti-PF4 antibodies is not asso- 

iated with an increased risk for cardiovascular disease or throm- 

otic complications [8] . Indirect evidence indicates that this im- 

une response is part of the innate antibody repertoire. Anti-PF4 

ntibody-producing B-cells can be found in nearly all individuals 

9] . When B-cells of healthy donors are stimulated ex vivo they

an produce anti-PF4 antibodies. Furthermore, when PF4 knockout 

ice undergo polymicrobial sepsis, they produce anti-PF4 antibod- 

es [10] (despite these mice never having previously been exposed 

o this antigen), and B cells of newborns stimulated ex vivo also

roduce anti-PF4 antibodies [10] . 

Our current understanding is that the anti-PF4 antibody re- 

ponse is likely an evolutionary conserved immune defense mech- 

nism. PF4 binds to bacterial pathogens, and the innate anti-PF4 

ntibody repertoire labels these pathogens by opsonization. This 

elps to bridge the interval between initial infection and the time

eeded for the adaptive immune system to produce specific anti- 

odies targeting these bacteria. 

onformational changes in PF4 

It is important to mention that PF4 undergoes conformational 

hanges in secondary structure after binding to bacteria. Other- 

ise, anti-PF4 antibodies would constantly bind to (unmodificed) 

F4 on platelets and endothelial cells, inducing platelet and leuko- 

yte activation and chronic inflammation. 

We have shown in detail that PF4 undergoes conforma- 

ional change when binding to certain strongly negatively-charged 

olecules [11 , 12] . The negative charge allows the fusion of the

ositive charge cloud of 2 or more PF4 molecules. This provides the

nergy to induce conformational changes within PF4. These confor- 

ational changes expose neoepitope(s) to which anti-PF4 antibod- 

es bind [12 , 13] . In other words, formation of a single charge cloud

round several PF4 molecules squeezes PF4 into an altered confor- 
ation. t  
F4 binding to adenovirus 

PF4 also binds to adenovirus [14 , 15] . Baker et al. 2021 [16] de-

ermined the structure of the ChAdOx1 viral vector and demon- 

trated an electrostatic interaction mechanism with PF4. They con- 

rmed binding of PF4 to adenovirus using a technique known 

s plasmon resonance. Using highly purified preparations of the 

denovirus-derived vaccine vectors, Ad26, Ad5, and ChAdOx1, they 

howed binding of PF4 to all 3 adenovirus types, although with

lightly different affinities. However, whether the binding of PF4 

o adenovirus results in a structural change of PF4 is currently 

nresolved. The major capsid protein hexon provides most of the 

egative charge, and interestingly, the hexon protein of ChAdOx1 

s more negatively charged than the hexon proteins of the other

denoviruses tested. A major strength of this study is that the

iophysical assessment and Brownian dynamics simulation iden- 

ified potential binding sites of PF4 on the virus surface ( Fig. 1 ).

n this study, binding of PF4 to adenovirus occured with low affin-

ty (Kd 300 nmol) [16] . This is much lower than the interaction

orces of PF4 with polyanions exposing the epitope to which an-

ibodies characteristic for heparin-induced thrombocytopenia (HIT) 

ind [12] . A further observation of this study is that PF4 bound

ith higher affinity to Ad26, although ChAdOx1 exposes more neg- 

tive charges. These findings raise the possibility that—besides the 

irus—additional binding partners (ligands) may be required to in- 

uce immunogenicity of PF4. These findings will potentially lead 

o modifications of the structure of adenoviral proteins to develop 

denoviral vectors with a reduced risk of inducing anti-PF4 anti- 

odies. 

Besides hexon proteins on the viral surface, Michalik et al. 2022

dentified free hexon proteins in both vaccines [17] implicated in 

ausing VITT. In addition, super-resolution microscopy of the PF4 

omplexes with the ChAdOx1 vaccine support the notion that com- 

lex formation of PF4 and vaccine constituents requires more than 

irus/PF4 interaction. 

As shown in Fig. 2 , PF4 (green) and ChAdOx1 hexon protein

magenta) form multimolecular complexes to which the affinity- 

urified anti-PF4 antibodies from VITT patients (cyan) bind. How- 

ver, some parts of the complexes of PF4 did not stain for the

exon protein, also indicating that potentially additional vaccine 

onstituents are essential for complex formation. 

As in HIT the epitope(s) to which anti-PF4 antibodies bind re-

uire(s) strong negative charges; thus, characterization of the bind- 

ng epitope(s) of VITT antibodies is of great interest to understand

he interactions on a molecular level. 

he binding site of VITT antibodies on PF4 

Huynh et al. 2021 [18] used alanine scanning mutagenesis to 

ystematically modify single amino acids in the PF4 molecule. The 

esulting constructs allowed them to identify amino acids critical 

or anti-PF4 antibody binding. They showed that anti-PF4 antibod- 

es identified in VITT patients bind to a different epitope than anti-

F4 antibodies found in HIT patients. The anti-PF4 antibodies in 

ITT recognize amino acids that are also relevant for heparin bind-

ng to PF4. This has major implications for the treatment of VITT.

s heparin often inhibits the binding of VITT antibodies, it could

ct as an antidote by blocking antibody/antigen binding. 

An additional tool to characterize binding sites are monoclonal 

ntibodies, which compete with the patient-derived anti-PF4 an- 

ibodies for the same binding site. Vayne et al. 2022 [19] charac-

erized the antibody 1E12, the first VITT-like monoclonal antibody. 

E12 is a chimeric anti-PF4 antibody with a human Fc fragment

hat fully mimics the effects of human VITT antibodies. In sum-

ary, the binding epitopes of VITT antibodies largely overlap with 

he binding site of heparin on PF4 and with the binding site of
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Fig. 1. PF4 binds to adenovirus. 

(A) The ChAdOx1 nCoV-19 vaccine preparation binds PF4. Brownian dynamics simulations show frequent interactions (red spots) between the PF4 tetramer and the ChAdOx1 

surface (grey). (B) this interaction is inhibited in the presence of the polyanion fondaparinux. Taken from [16] . 

Fig. 2. Super-resolution imaging of PF4 vaccine complexes with VITT anti-PF4 antibodies. 

3D structured illumination microscopy (3D-SIM) shows binding of ChAdOx1 nCoV-19 components (hexon polypeptide in magenta) to complexes of VITT IgG (cyan) bound to 

PF4 (green). Arrowheads indicate localization of VITT IgG on PF4-hexon complexes. The scale bar indicates 200 nm. 
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he monoclonal antibody, 1E12. Therefore, the antibody 1E12 will

ecome an important tool for further experiments to better under-

tand the pathogenesis of VITT in animal models, and to distin-

uish between antibody binding profiles of different anti-PF4 dis-

rders, such as HIT and VITT. 

ITT antibodies are not cross-reactive anti-spike protein antibodies 

VITT antibodies activate platelets through their Fc γ IIa receptors.

ntibodies activating platelets through Fc γ IIa receptors have also

een identified in COVID-19 patients. These findings raised con-

erns that vaccination-induced antibodies against the SARS-CoV-2 

pike protein may cross-react with PF4, especially as in silico pre-

iction tools and 3D modeling showed similarities of the heparin-
inding site of PF4 (to which VITT antibodies bind) with an epitope

n the spike protein. To exclude this possibility, we purified anti-

F4 antibodies from patients with VITT and tested them against

ecombinant SARS-CoV-2 spike protein. In parallel, using a cohort

f 222 PCR-confirmed COVID-19 patients, we assessed for a po-

ential association between platelet-activating anti-PF4 antibodies 

ith adverse outcomes such as thrombocytopenia and thrombotic

omplications in COVID-19 patients. None of the affinity-purified

nti-PF4 antibodies from 14 VITT patients cross-reacted with the

ARS-CoV-2 spike protein, and the presence of anti-PF4 antibod-

es in COVID-19 patients was not associated with greater frequency

f adverse outcomes, especially thrombocytopenia and thrombo- 

is. Others have confirmed the lack of correlation between anti-

F4 and anti-SARS-CoV-2 antibodies [20] . In addition, compelling
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egative data are provided by VITT patients, as they do not de-

elop thrombocytopenia or thrombosis when vaccinated with an 

RNA vaccine that induces the spike protein while their platelet- 

ctivating anti-PF4 antibodies were still circulating [21] . In addi-

ion, at least one VITT patient acquired a SARS-CoV-2 infection af-

er VITT and in this patient, no increase in anti-PF4 antibody titers

as observed [22] . 

he search for other non-hexon binding partners of PF4 

As stated above, beyond the hexon polypeptide, PF4 likely re- 

uires additional vaccine constituents to form multimolecular com- 

lexes and to undergo a conformational change that triggers gen- 

ration of high-affinity anti-PF4 antibodies. 

Glycosaminoglycans: As HIT is induced by a complex of PF4 and

lycosaminoglycans (GAG), sulfated GAG [23] from the T-REx-293 

EK cells are important candidate binding partners of PF4. It is

echnically challenging to detect low concentrations of GAGs in a 

omplex matrix such as a vaccine, which contains many proteins. 

lban et al. 2021 [24] overcame this technical challenge by us-

ng 30 mL of the vaccine as starting volume and by digesting the

roteins with proteinase K. Then, they removed the digested pep- 

ides and small-molecule excipients, including the disaccharide su- 

rose by dialysis (1Kd exclusion), and subsequently concentrated 

he processed vaccine 60-fold by lyophilization. By this procedure, 

hey excluded that more than 0.5 μg/mL of GAG with a molecu-

ar weight > 1 kDa are present in the vaccine. This is sufficiently

ensitive to detect GAG in concentrations relevant for forming im- 

unogenic complexes with PF4, for which typically 2-3 μg/mL GAG 

re required [13] . 

EDTA: EDTA is negatively charged. By NMR we found EDTA 

n the PF4 preparation used for the anti-PF4 antibody enzyme- 

mmunoassay (EIA). We therefore tested whether the anti-PF4 anti- 

odies in VITT patient sera potentially bind to PF4 in the presence

f EDTA. However, neither increasing concentrations of EDTA, nor 

ompetitive binding of EDTA using ferric chloride (very high affin- 

ty to EDTA and thereby inhibiting competitively EDTA binding to 

F4) had any effects on VITT antibody binding to PF4. 

Nucleic acids : Nucleic acids such as DNA, RNA, and aptamers in-

eract with PF4 and induce conformational changes to which anti- 

F4 antibodies bind. In addition, PF4/aptamer complexes induced 

nti-PF4 antibodies in a mouse model [25] . The vaccine of course

ontains virions with adenoviral DNA. Whether it also contains 

NA from the cell line in which the virus is propagated is unre-

olved, but unlikely as the vaccine is treated with DNAses during

roduction. 

Polysorbate 80 : It has been proposed by Choi [26] that polysor-

ate 80, which is an excipient of both adenovirus vector vaccines

ut not present in RNA-based SARS-CoV-2 vaccines, could play 

n important role in VITT pathogenesis. Polysorbate 80 is a com-

only used non-ionic surfactant and drug stabilizer that is known 

o efficiently home to brain endothelial cells and cross the blood-

rain barrier when complexed with nanoparticles [27] . However, 

olysorbate 80 is also used as a solubilizing agent in intravenous

ormulations of several drugs, e.g., the antiarrhythmic drug amio- 

arone, or some influenza vaccines. To date, no signs of an in-

reased risk for delayed thrombotic complications have been ob- 

erved by pharmacovigilance systems worldwide with these drugs; 

hus polysorbate 80 seems an unlikely candidate. 

Proteins : Both vaccines contain proteins derived from the cell 

ine in which the adenovirus vector is propagated [28 , 17] . The to-

al protein concentration of the ChAdOx1 nCoV-19 vaccine is ap- 

roximately 3.4-times higher than that of the Ad26.COV2.S vaccine 

mean: 102 ng/μL vs 29.8 ng/μL). In addition, the protein pattern

f ChAdOx1 nCoV-19 is more complex than the protein pattern of

d26.COV2.S, and mass spectrometric analysis identified a much 
igher proportion (44.5 %-59.2 % vs only 0.26 %-0.96 %) and num-

er (NChAdOx1 nCoV-19 = 1571 ± 31 vs NAd26.COV2.S = 59 ±14; 2-

ided t-test P -value = 8.709 × 10 −6 ) of host cell-derived human pro-

eins. However, none of the top 10 most abundant human proteins

n ChAdOx1 nCoV-19 was detected in Ad26.COV2.S; Table . Aden- 

viral proteins comprised 40.8% to 55.5% (ChAdOx1 nCoV-19) and 

9.04% to 99.74% (Ad26.COV2.S) of total ion intensity (parameter 

o measure protein content by proteomics). Thus, one vaccine dose 

500 μL) of ChAdOx1 nCoV-19 contains 19.1 to 33.8 μg host cell-

erived human proteins, whereas the Ad26.COV2.S vaccine con- 

ains only 0.04 to 0.19 μg host cell-derived human proteins. 

In ChAdOx1 nCoV-19, 23.3 to 26.3 μg chimpanzee adenovirus 

roteins were found, and in Ad26.COV2.S, 10.2 to 19.2 μg aden-

viral proteins were found per vaccination dose, which exceeds 

he amount of viral proteins in assembled virions. Approximately 

 × 10 10 virions per vaccine dose weigh about 12.5 μg, and thus

oth vaccines contain unassembled virus proteins, mostly hexon 

roteins. In agreement with this notion, viral proteins were still 

bserved in the supernatant of ChAdOx1 nCoV-19 after ultracen- 

rifugation [17] . 

In summary, PF4 binds to adenovirus vectors, which is mainly 

ediated by hexon proteins. Also, the free hexon proteins in both

accines are involved in PF4 complex formation (see Fig. 2 , super

esolution microscopy). But it is unclear whether additional bind- 

ng partners are involved in complex formation. In the meantime, 

t has been shown that GAG are likely not involved, as their con-

entration in ChAdOx1 is rather low (if any GAG are present at all).

 role for polysorbate 80 is unlikely. The highly complex protein

atterns of the vaccines, especially of ChAdOx1, make it very diffi-

ult to exclude that one of the more than 20 0 0 proteins identified

n the ChAdOx1 vaccine may facilitate interaction with PF4. An ar-

ument against a major role of proteins in the vaccine in complex

ormation with PF4, however, is the little overlap in the proteins of

oth vaccines ( Table ). 

VITT seems to be 3 times more frequent after the ChAdOx1 vac-

ine compared the Ad26.COV2.S vaccine [29 , 30] . As described be-

ow, the human cell line proteins and the free virus proteins may

ontribute indirectly to the immune response in VITT by inducing 

n inflammatory reaction, which is likely more pronounced when 

ore cell line proteins and unassembled virus proteins are in the

accine preparation. 

he dilemma of epitope spreading in strong (auto-)antibody 

esponses 

The usual straightforward approach to identify the binding 

artner of PF4, which is causing the conformational change in- 

ucing the immune reaction, is to incubate PF4 in the presence

nd absence of different potential binding partners and measure 

hether anti-PF4 antibodies bind to putative complexes. This ap- 

roach, however, cannot be used in VITT because the antibodies 

ecame autoantibodies that cluster PF4 by themselves [18] and do 

ot require any cofactor which might initially have been required 

o trigger the immune response. 

Broadened reactivity of antibodies in a boosted immune re- 

ponse is a hallmark of certain disorders besides VITT. For example,

utoimmune heparin-induced thrombocytopenia (aHIT) features 

eparin-dependent reactivity that extends to include heparin- 

ndependent reactivity [31 , 32] . Similarly, post-transfusion purpura 

33] reflects a strong alloimmune response that progresses to in- 

lude autoreactive properties [33] . 

eexposure to COVID-19 vaccines 

In adverse immune reactions against drugs, recurrence of symp- 

oms during re-exposure of the suspected compound is often con- 



A. Greinacher, L. Schönborn and F. Siegerist et al. / Seminars in Hematology 59 (2022) 97–107 101 

Table 

Proteins identified in ChAdOx1 nCoV-19 and Ad26.COV2.S (more details and proteome data of both vaccines are given in [17] ). 
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idered proof of causality. In this regard, the observation that 34

ITT patients of the German cohort and 40 VITT patients of the

K cohort received their second vaccination shot with mRNA vac- 

ines without signs of thrombosis or decreasing platelet counts 

s relevant [34 , 35 , 36] . This observation is strong in vivo evidence

hat the mRNA vaccines do not contain or induce cofactor(s) re-

uired for anti-PF4 antibody-mediated prothrombotic activation 

f platelets; especially as in the German cohort, several patients

till had circulating platelet-activating anti-PF4 antibodies in their 

lasma at the time of the second shot mRNA vaccination. How-

ver, Lacy et al. 2021 [36] recently described 5 patients (1 with

onfirmed and 4 with possible VITT) who received a second vacci-

ation dose with ChAdOx1 nCoV-19. These patients showed no re- 

apse of VITT or any adverse reaction. Whether platelet-activating 

ntibodies were still detectable at the time of second vaccina-

ion with ChAdOx1 was not analyzed. However, it is also known

rom HIT that a brief re-exposure to heparin is well tolerated in

ost patients when platelet-activating anti-PF4 HIT antibodies are 

o longer present at the time of re-exposure [37] . Therefore, safe

e-exposure with the vaccines does not exclude that the vaccine

ontains the factor(s) complexing with PF4 that initially triggered 

ITT. 

How could uneventful re-exposure with the ChAdOx1 vaccine 

e explained in VITT patients? By analogy with HIT, the anti-PF4

esponse in VITT likely also requires an inflammatory co-signal. In 

IT, this was shown in a prospective trial comparing patients with

inor and major trauma who received the same dose and duration

f heparin; however, the anti-PF4 response was nearly exclusively 

estricted to patients undergoing major trauma surgery [38] . There-

ore, if the proinflammatory signal is less pronounced with second 

accination, it is plausible that a resulting anti-PF4 response would 

e induced much less often. In this regard, it is highly interest-

ng that by clinical observation the acute reactions of the immune

ystem during the first 24 to 48 hours after the second vaccina-

ion shot with the ChAdOx1 vaccine seem to be much less pro-

ounced compared to the acute reactions after the first vaccination 

hot. 

nduction of the anti-PF4 immune response requires a 

roinflammatory milieu 

In analogy to HIT, we have suggested that VITT proceeds via a

-step mechanism. Initially, shortly after vaccination, PF4 antigens 

re formed (likely by a minor conformational change in PF4) along

ith a proinflammatory danger signal (a trigger for B-cell activa- 

ion). Subsequently, between days 5 and 14, high-titer anti-PF4 an- 

ibodies appear that activate platelets [28] via Fc γ IIa receptors. 

The proinflammatory signal clinically manifests as typical reac- 

ions towards vaccination within the first 24 to 48 hours, which

nclude fever, chills, and headache. These acute reactions are likely 

nduced by proteins in the vaccine, especially the non-assembled 

exon proteins (see above), which can bind to innate immune cell

eceptors [39] , inducing inflammation. 

In addition, proteins originating from the human kidney- 

erived production cell line (T-REx HEK-293) can disseminate into 

he blood, where they are recognized by preformed (natural) IgG 

ntibodies [40] . It is known that many normal individuals have

uch antibodies that recognize intracellular proteins, and that func- 

ion to remove degraded cell components from the circulation. 

inding of these natural antibodies to the host cell line proteins in

he vaccine presumably results in the formation of immune com- 

lexes. Fig. 3 shows immunoblots of IgG antibodies binding to pro-

eins in the ChAdOx1 vaccine. All individuals tested have these an-

ibodies in their serum with stronger reactivities in vaccinated in- 

ividuals compared to non-vaccinated individuals. This indirectly 
ndicates that the immune system was boosted by vaccination to 

roduce these antibodies. 

Together, free virus proteins, human cell line proteins and 

otentially also some adenovirus entering the lymphatic system 

nd/or the bloodstream together contribute to clinical symptoms 

ithin 8 to 24 hours following vaccination. These symptoms are 

eminiscent of systemic inflammation (fever, chills, large joint 

rthralgia, occasionally skin lesions, probably reflecting a similar 

rocess as in serum sickness or serum sickness-like illness) [41] .

uch symptoms have also been observed as acute vasculitis-like re- 

ction when a column used for immunoadsorption leaked protein 

 with bound antibodies [42] . This inflammatory response could 

rovide an important co-signal that stimulates antibody production 

y preformed B-cells capable of producing anti-PF4 antibodies, as 

s known to occur in the pathogenesis of classic HIT [25 , 9] . 

For the ChAdOx1 vaccine, this inflammatory co-signal is en- 

anced by EDTA in the vaccine. Fig. 4 shows the detection of EDTA

n the ChAdOx1 vaccine by NMR. EDTA in the vaccine increases

apillary leakage at the inoculation site, likely by endothelial (VE)- 

adherin disassembly [43] . This facilitates entry of proteins found 

n the vaccine into the bloodstream. Induction of increased capil- 

ary leakage has been shown for the ChAdOx1 vaccine by 2 animal

odels, a mouse model with intradermal injection of the vaccine 

28] and a zebrafish model with intramuscular injection of the vac-

ine [17] . 

he anti-PF4 immune response in VITT is a secondary but transient 

mmune response 

In all VITT patients of the Greifswald cohort with available

ata, the onset of clinical symptoms of VITT occurred in the typ-

cal time window between days 5 and 20 after vaccination, with

ery high anti-PF4/heparin IgG EIA optical density (OD) values. 

igh-titer anti-PF4 antibodies occurring as early as 5 days after 

accination cannot be explained by a primary immune response. 

s in HIT [44] , the immune response in VITT therefore shows

eatures characteristic of a secondary immune response. Whether 

rior exposure to pathogens that trigger a primary anti-PF4 im- 

une response (as in HIT) [4] , is fundamental to explaining the

ITT immune response, is currently unresolved. However, after a 

trong secondary immune response, antibodies typically persist for 

onths and years, especially if induced as a secondary response 

o vaccination. This is clearly not the case in the majority of pa-

ients with VITT [22] . The temporal decline in anti-PF4 IgG anti-

ody levels after development of VITT is similar to the antibody

ynamics in HIT [45] . However, the time to seroreversion seems to

ake somewhat longer than in HIT, likely because initial antibody 

evels are unusually high during acute VITT [46] . The rapid decline

f platelet-activating antibody levels indicates that the immune re- 

ponse in VITT does not follow the typical “classic” antibody re- 

ponse pattern. 

Given the many similarities between VITT and HIT, findings ob- 

ained by a mouse model of HIT might be of special relevance also

or VITT. In this mouse model, the anti-PF4 immune response has

een attributed to marginal zone B cells [9] , a B-cell subpopula-

ion known to provide a first-line of defense by rapidly produc-

ng IgM and class-switched IgG antibodies in response to infections 

y blood-borne viruses and encapsulated bacteria. The clinical ob- 

ervations on the timing of VITT suggest that marginal zone B-

ells are also likely candidates for producing anti-PF4 antibodies in 

ITT. In addition, Nicolai et al [47] . have demonstrated in a mouse

odel that ChAdOx1 binds to platelets after intravenous injec- 

ion, and the virus-covered platelets interact with B-lymphocytes 

n the marginal zone of the spleen. This also implies that platelets

ould represent antigen presenting cells in VITT. Beyond VITT, co- 

resentation of platelet antigens together with virus antigens bears 
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Fig. 3. Binding of human antibodies to ChAdOx1 nCoV-19 vaccine components. 

Binding of IgG antibodies to the vaccine was determined with a LI-COR fluorescence detection system after Western blotting using sera from non-vaccinated and vacci- 

nated healthy individuals (each n = 7) and VITT patients (n = 7) at a serum dilution of 1:40. PageRuler Prestained Protein Ladder was used (Invitrogen/Thermo Fisher) as a 

molecular mass standard and for the negative control lane no serum was used to assess unspecific binding of the secondary antibody. The binding of antibodies to vaccine 

components was determined by immunoblotting using a LI-COR Odyssey CLx imaging system (LI-COR, Lincoln, NE, USA) for quantitation of signal intensities according to 

the manufacturers protocol. 

Fig. 4. 1 H-NMR spectrum of ChAdOx1 nCoV-19 vaccine. 

Analysis of ChAdOx1 nCoV-19 vaccine confirmed the solution composition and showed the NMR signals of sucrose, ethanol, and histidine. EDTA was detected (approx. 0.1 

mM). TRIS was not found in the vaccine. X-axis: NMR chemical shift signals in ppm relative to internal standard TSP; y-axis: relative signal intensity. 



104 A. Greinacher, L. Schönborn and F. Siegerist et al. / Seminars in Hematology 59 (2022) 97–107 

a

b  

p

i

t

a

s

c

c  

s

c

t  

s

V

p

i  

b  

s

m

b  

n

[  

p

t  

r

o

I

h

[

a  

p  

f

s  

r  

k  

t

l  

e  

t  

t  

m  

i  

c

A

a

o

C  

c

p

v

I

[

P

p

t

c

t

a

κ
t

F

h

c

l

t

i

i

a

S

d  

e  

t

r  

v

p

b

S  

s

b

t

t

a

c  

a

p  

p

p

b  

p

S

g

a

i

b

w  

P

c  

e

P

f

a

l  

f

w

f

i  

p

T  

p

v

b

treatment. 
 strongly enhanced risk for induction of anti-platelet autoanti- 

odies. In fact, we have found that approximately 30% of VITT

atients also produce glycoprotein-specific anti-platelet antibod- 

es, which are detectable in their serum (unpublished observa- 

ions). 

However, in a subgroup of VITT patients, persisting platelet- 

ctivating anti-PF4 antibodies [21] beyond 6 months have been ob- 

erved [48] . Whether this persisting immune response involves B 

ells other than marginal zone B-cells is unresolved. 

Multimolecular complexes containing PF4 also activate the 

omplement system [49 , 50] . Complement bound to PF4 aggregates

ubsequently allows binding of the complexes to B-cells via their 

omplement receptor [49] . So far, it remains unexplored whether 

he complement system might has also a role in the immune re-

ponse towards PF4 in VITT. 

ITT antibodies activate platelets and leukocytes via Fc γ IIa receptors 

Once B cells are triggered to produce anti-PF4 antibodies, it 

resumably takes between 5 and 10 days until anti-PF4 antibod- 

es are formed (although it may taken several more days or weeks

efore clinical manifestations lead to diagnosis of VITT). As a re-

ult, antibodies of different biological relevance are produced. In 

ore than 5 % of vaccinated individuals, low-titer anti-PF4 anti- 

odies are found, which do not activate platelets, and which are

ot associated with thrombocytopenia or thrombotic complications 

51] . In contrast, in all VITT patients investigated in our laboratory,

latelet-activating anti-PF4 antibodies were present [52] . These an- 

ibodies induce platelet activation mediated by the platelet Fc γ IIa

eceptors. This can be blocked in vitro by high concentrations 

f IVIG and an Fc receptor-specific monoclonal antibody (MoAb 

V.3). Even more convincingly, administration of high-dose IVIG in- 

ibits platelet activation by these antibodies (ex vivo experiments) 

53 , 46 , 54] . 

Activated platelets expose phosphatidylserine, which is the cat- 

lytic surface for thrombin generation [55] . At the same time,

latelets release PF4. PF4 binds to chondroitin sulfates on the sur-

ace of granulocytes and granulocytes become activated when sub- 

equently the anti-PF4 antibodies bind and cross-link their Fc γ IIa

eceptors. This results in the release of nuclear DNA in a process

nown as NETosis [56 , 28] . To these DNA neutrophil extracellular

raps (NETs), PF4 first binds, and then anti-PF4 antibodies.This al- 

ows for the formation of large immune complexes, causing a self-

nhancing cycle of cell activation [57] , further fueling the VITT pro-

hrombotic response ( Fig. 5 ). The in vitro experiments indicating

his mechanism have been elegantly confirmed in vivo in a mouse

odel [58] . In addition, markers of NETosis are strongly elevated

n VITT patients and NETs are found in the thrombi extracted from

erebral sinus veins of VITT patients [28] . 

nti-PF4 antibodies are a cause of unusual thromboses beyond VITT 

Elucidating the pathogenesis of VITT has demonstrated that 

nti-PF4 antibodies can cause unusual thrombosis. Several recent 

bservations indicate that these antibodies are not specific for 

OVID-19 vaccination or for adenoviral vector vaccines at all. A re-

ently described case of VITT after vaccination against the human 

apillomavirus (Gardasil) is especially interesting. The patient de- 

eloped the typical clinical picture of VITT with anti-PF4/heparin 

gG antibodies and PF4-dependent, platelet-activating antibodies 

59] . 

Another study [60] reported a patient with a persisting 

F4-reactive monoclonal IgG paraprotein that directly activated 

latelets via their Fc γ IIa receptors in association with chronic 

hrombocytopenia and recurrent thrombosis. The patient had a 

hronic hypercoagulability state with a strong correlation between 
he degree of thrombocytopenia and elevated D-dimer levels. Also, 

 previous case of spontaneous HIT syndrome associated with IgG- 

paraprotein has been reported [61] . Based on these anecdotes, 

he spectrum of anti-PF4 mediated hypercoagulability states, with 

c receptor-mediated platelet activation, can be expanded beyond 

eparin or vaccine exposure to include association with mono- 

lonal proteins. Potentially, anti-PF4 antibodies are also the under- 

ying cause in other patients with recurrent venous and arterial 

hromboses. Better understanding of the pathogenesis and improv- 

ng laboratory methods to detect these antibodies might allow the 

dentification of other patients who suffer from (recurrent) venous 

nd arterial thrombotic complications. 

ARS-CoV-2 spike proteins and platelets 

Platelets are known to interact and sequester viruses such as 

engue [62] , HIV [63] , and influenza [64] . Recently Koupenova

t al. [65] demonstrated that platelets can also interact with, at-

ach to, and sequester SARS-CoV-2 in vitro and SARS-CoV-2 de- 

ived proteins in vivo in COVID-19 patients. Although there is con-

incing evidence showing systemic entry of SARS-CoV-2 leads to 

latelet-driven immunothrombosis, vascular coagulopathy, throm- 

oembolism and thrombocytopenia, the exact interacting ligand of 

ARS-CoV-2 on platelets largely remains unknown [66] . It has been

uggested that in VITT patients vaccinated with adenoviral vector- 

ased COVID-19 vaccines, alternative splice events can lead to C- 

erminal truncated soluble spike protein variants that may enter 

he bloodstream and potentially initiate adverse reactions [67] . To 

ddress this theoretical mechanism, we performed immunofluores- 

ent microscopy of platelets in the blood smears of VITT patients

nd from vaccinated healthy individuals to identify potential spike 

rotein associated with platelets ( Fig. 6 ). In these preliminary ex-

eriments, we found signs of strongly activated platelets in VITT 

atients as indicated by reorganization of the platelet cytoskeleton, 

ut we were unable to detect the presence of SARS-CoV-2 spike

rotein. 

ummary 

Fig. 5 summarizes the the current understanding of the patho- 

enesis of VITT. The scheme includes recent laboratory data but 

lso considers data obtained in HIT. PF4 interacts with constituents 

n the vaccine, especially non-assembled hexon proteins, and also 

inds to the adenovirus vector. This results in complex formation 

ith PF4. It is known from HIT that multimolecular complexes of

F4 bind natural IgM, leading to deposition of complement. These 

omplexes bind to the complement receptor of B cells, with B cells

xpressing the B cell receptors specific for PF4 becoming activated. 

lease note that this part of the scheme remains hypothetical. 

Once high-titer anti-PF4 antibodies are formed, they bind PF4, 

orming immune complexes which activate platelets, monocytes 

nd (through activated platelets) also granulocytes. It is highly 

ikely that the antibodies also bind to PF4 bound to heparin sul-

ate on endothelial cells. This causes activation of endothelial cells, 

hich release von Willebrand factor strings. These von Willebrand 

actor strings again bind PF4 and subsequently anti-PF4 antibod- 

es. This results in further activation of platelets and via activated

latelets to activation of granulocytes. Granulocytes undergo NE- 

osis which release DNA. PF4 binds to DNA, forming larger com-

lexes to which anti-PF4 antibodies bind, further enhancing acti- 

ation. Anticoagulation to block thrombin and high-dose IVIG to 

lock Fc γ receptor-mediated cell activation are the mainstays of 



A. Greinacher, L. Schönborn and F. Siegerist et al. / Seminars in Hematology 59 (2022) 97–107 105 

Fig. 5. Summary of pathogenesis of VITT. 

The initial mechanisms underlying B-cell activation are still hypothetical and are derived from the known mechanisms in HIT. For a more detailed description please see the 

“summary section” of the manuscript. Figure is a modified version of a figure on pathogenesis of VITT in [68] . 

Fig. 6. Confocal immunofluorescence microscopy images of platelets from blood smears 

(A) COVID-19 vaccinated healthy individual and from (B) VITT patient labeled for spike protein (green) and platelet myosin (magenta). The inset graphs show the fluorescence 

intensities (in grayscale) of both spike protein and myosin from line profiles (dotted line). The arrowhead (B) points at filopodia-like projection, a typically activated platelet 

morphology in acute VITT patients. 
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