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ABSTRACT

e COVID-19 pandemic has resulted in significant morbidity and
mortality worldwide. In order to prevent severe infection, mass
COVID-19 vaccination campaigns with several vaccine types are cur-

rently underway. We report pathological and immunological findings in
eight patients who developed vaccine-induced immune thrombotic throm-
bocytopenia (VITT) after administration of SARS-CoV-2 vaccine ChAdOx1
nCoV-19. We analyzed patient material using enzyme immune assays, flow
cytometry and heparin-induced platelet aggregation assay and performed
autopsies on two fatal cases. Eight patients (five females, three males) with
amedian age of 41.5 years (range, 24-53) were referred to us with suspected
thrombotic complications 6 to 20 days after ChAdOx1 nCoV-19 vaccina-
tion. All patients had thrombocytopenia at admission. Patients had a median
platelet count of 46.5x10°/L (range, 8-92). Three had a fatal outcome and five
were successfully treated. Autopsies showed arterial and venous throm-
boses in various organs and the occlusion of glomerular capillaries by hya-
line thrombi. Sera from VITT patients contain high-titer antibodies against
platelet factor 4 (PF4) (optical density [OD] 2.59+0.64). PF4 antibodies in
VITT patients induced significant increase in procoagulant markers (P-
selectin and phosphatidylserine externalization) compared to healthy volun-
teers and healthy vaccinated volunteers. The generation of procoagulant
platelets was PF4 and heparin dependent. We demonstrate the contribution
of antibody-mediated platelet activation in the pathogenesis of VITT.
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Introduction

COVID-19 infection has resulted in considerable mor-
bidity and mortality in the last 15 months." Within an
exceptionally short time, several SARS-CoV-2 vaccines
have been licensed and used worldwide.” Safety signals
have been, however, noted. Center for Disease Control
and Prevention (CDC) in the US reported in the begin-
ning of March 26 cases of venous thromboembolism, 20
cases of thrombosis and 41 ischemic strokes in individu-
als vaccinated with mRNA vaccines in the US. More than
200 cases with thrombosis among 34 million persons vac-
cinated with ChAdOx1 nCoV-19 have been reported to
the European database of suspected adverse reactions,
EudraVigilance. After the investigation of reported cases,
European Medical Association (EMA) found a link
between ChAdOx1 nCoV-19 and unusual thrombotic
events and concomitant thrombocytopenia. Although the
World Health Organization (WHO) and EMA concluded
that the benefit of vaccination with ChAdOx1 nCoV-19
outweighs the risks associated with thrombosis and
thrombocytopenia, several countries instituted restric-
tions on the use of ChAdOx1 nCoV-19. The unusual clin-
ical constellation of cerebral venous sinus thrombosis
(CVST) and thrombocytopenia is called vaccine-induced
immune thrombotic thrombocytopenia (VITT). We stud-
ied eight cases with thrombocytopenia and primarily
with suspected CVST but also other thromboembolic
complications to better understand the pathophysiology
of VITT. In this study, we identified antibody-mediated
procoagulant platelets as a novel mechanism associated
with VITT.

Methods

Study cohort and evaluation of the clinical data

Eight patients were referred to different university hospitals
with neurological or hematological symptoms after vaccination
with ChAdOx1 nCoV-19 (AstraZeneca, London, UK) between
February 1" and April 6™ 2021. Six patients admitted to university
hospitals and two patients, who were initially admitted to local
hospitals, were later transferred to university hospitals. Medical
records were used to collect treatments and outcome. Diagnosis
of thromboembolic complications was made when indicated by
clinical or laboratory findings and/or based on computed tomog-
raphy, ultrasound imaging or in case of death by autopsy.

Blood samples were collected to exclude heparin-induced
thrombocytopenia (HIT). Blood samples from non-vaccinated
healthy blood donors (n=24, 17 females, mean age 36.1+13.7
years) and from healthy vaccinated before and after the first vac-
cination with ChAdOx1 nCoV-19 (n=41, 29 females, mean age
37.3+10.9 years) served as healthy controls.

In addition, sera from 29 COVID-19 patients who had serial
HIT immunoglobulin G (IgG)-enzyme immune assay (EIA)
measurements during hospitalization were also included in the
study (seven females, mean age 65.3x14.1 years). Clinical data
from the ICU COVID-19 patients and a VIT I-patient (case #7)

were reported in previous studies.*

Bead-based multiplex assay for detection of COVID-19
antibodies

COVID-19 antibodies were measured with a multiplex assay
(NMI, Reutlingen, Germany) with the FLEXMAP 3D® system
(Luminex Corporation, Austin, USA).?
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Testing for anti-PF4/heparin antibodies

A commercially available EIA was used in accordance with the
manufacturer’s instructions (Hyphen Biomed, Neuville-sur-Oise,
France). The ability of sera to activate platelets was tested using
the functional assay heparin-induced platelet aggregation assay
(HIPA) as previously described.® For more details, see the Online
Supplementary Appendix.

Serological characterization of PF4 antibody

Antibody binding to PF4 and the receptor binding domain of
Spike protein (Spike-RBD and S2 domain) was analyzed using an
in-house EIA.

Assessment of antibody-mediated procoagulant
platelets

Patients’ sera were incubated with washed platelets (7.5x10°)
for 1.5 h* under different conditions at room temperature.
Platelets were then stained with Annexin V-FITC and CD62-APC
(Immunotools, Friesoythe Germany) and directly analyzed by
flow cytometry (FC). For more details see the Omnline
Supplementary Appendix.

Ethics statement

The study was conducted in accordance with the Declaration
of Helsinki. The study protocol was approved by the
Institutional Review Board of the University of Tuebingen
(236/2021BO2, 224/2021BO2) and analysis of sera from
ChAdOx1 nCoV-19 vaccinated individuals were performed at
the University of Ulm (99/21).

Statistical analyses

The statistical analysis was performed using GraphPad Prism,
Version 7.0 (GraphPad, La Jolla, USA). Since potential daily vari-
ations in FC measurements might result in bias in data analysis,
test results were normalized to two healthy donors tested in par-
allel at the same time point. Data in the text are presented as
median (range), mean * standard deviation (SD) or numbers (n
in %).

Data sharing statement
Data may be requested for academic collaboration from the
corresponding author.

Results

Clinical and laboratory features of vaccine-induced
immune thrombotic thrombocytopenia

Eight patients (five females, three males) with a median
age of 41.5 years (range, 24-53) were referred with sus-
pected thrombotic complications after ChAdOx1 nCoV-
19 vaccination. Demographic data are summarized in
Table 1. The patients were admitted to hospital 6 to 20
days after ChAdOx1 nCoV-19 vaccination. All patients
had thrombocytopenia at admission with a median
platelet count of 46.5x10°/L (range, 8-92). D-dimer was
available in five patients, which was 9 pg/mL or higher.
Thrombosis was detected in six patients at admission and
two developed thrombosis during hospitalization (Figure
1). Thrombotic events included cerebral venous sinus
thrombosis (five patients), pulmonary embolism (four
patients), deep vein thrombosis (one patient), and throm-
bosis in other organs (three patients). Three of eight
patients had more than one thrombotic event. Three
patients presented initially with bleeding signs with easy
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bruising and petechiae, which might be an early sign of
VITT. One patient underwent a successful thrombus
removal by endovascular rheolysis. Three of eight patients
died (on day 6 [case #1], day 10 [case #2] and day 7 [case
#3] of hospitalization). All surviving patients received anti-
coagulation. Four patients received intravenous
immunoglobulin (IVIG) combined with non-heparin anti-
coagulation.

Pathological findings
Autopsy was performed in two of three deceased
patients. Autopsy of case #2 showed complete throm-

botic obstruction of the straight, sagittal and transversal
cerebral sinuses, subarachnoidal hemorrhage, cerebral
edema and bilateral pulmonary embolism in mid-sized
arteries and obstruction of glomerular arterioles and
capillaries by hyaline microthrombi containing fibrin
and platelets (Figure 2A and B). Autopsy of case #3
showed massive cerebral hemorrhage and cerebral
edema, bilateral pulmonary thromboembolism and
obstruction of glomeruli by hyaline microthrombi
(Figure 2C to G). Histology of the bone marrow was
normal in both cases without any hint of increased
thrombopoesis.

Table 1. Demographic and clinical data of cases with vaccine induced immune thrombotic thrombocytopenia.

1 47 f 7 CVST none 10 >35 128 1.30 23
2 48 f 6 CVST, PE na. 40 na. na. 1.16 22.9
3 24 m 10 bleeding, heterozygous 22 na. 109 1.20 42
multiple FVL mutation
thrombosis
4 53 m 9 DVT, PE none 8 >35 126 1.01 25
5 47 f 7 CVST none 56 9 263 1.25 35
6 32 m 20 PE none 71 n.a. n.a. na. na.
7 36 f 17 CVST none 92 13 na. 1.19 22
8 29 f 7 CVST contra-ception 53 32 274 1.00 23

CVST: indicates cerebral venous sinus thrombosis; DVT: deep vein thrombosis; FVL: Factor V Leiden; n.a.: not available; PE, pulmonary embolism; PLT: platelet.

Figure 1. Imaging example of three
illustrative cases. Imaging exam-
ples of case #1 (A to C), case #8 (D
to F) and case #4 (G and H). In case
#1, non-enhanced computed tomog-
raphy imaging (A) showed a
parenchymal and subdural hemor-
rhage (arrows in A), causing a mid-
line shift (arrowheads in A). Digital
subtraction angiography was per-
formed (B) showing thrombosis of
the right sigmoid and transverse
sinus, superior sagittal sinus (arrows
in B), and straight sinus.
Angiography after mechanical
recanalization (C) shows the recanal-
ized cerebral sinuses (superior sagit-
tal sinus marked with arrows). In
case #8, cerebral imaging 7 days
after vaccination was unremarkable
(curved reconstruction of the left
transverse and sigmoid sinus shown
in the right upper corner of D and F).
She worsened, which led to a repeat-
ed cerebral imaging, showing a large
intraparenchymal hemorrhage in the
left temporal lobe (arrow in E), caus-
ing midline shift (arrowhead in E),
caused by a thrombosis of the trans-
verse and sigmoid sinus (arrows in
F), as well as of the adjacent tentori-
al veins. In case #4, a thrombus in
the right pulmonary artery was
observed (arrows in E; coronal recon-
struction shown in the right lower
corner of G). Further imaging also
revealed thrombi in the femoral
veins on both sides (arrows in H).




Immunoglobulin G binding profile of sera from vaccine-
induced immune thrombotic thrombocytopenia

High-titer PF4/heparin antibodies were detected in all
sera (eight of eight, 100%) using the IgG PF4/heparin EIA.
Interestingly, binding of all sera was inhibited in the pres-
ence of high concentration of heparin (mean optical densi-
ty [OD] of IgG antibodies against PF4/heparin complexes:
2.591+0.642 versus 0.176+0.073, respectively, P<0.0001,
Figure 3A). No correlation was found between the
PF4/heparin antibodies and the detected COVID-19 anti-
bodies in VITT patients and in vaccinated controls (Online
Supplementary Figure S1A to D [I-IV]). Among non-vaccinat-
ed controls only one subject (4%) had a PF4/heparin anti-
bodies in EIA (data not shown).

We next investigated the PF4-seroconversion after vacci-
nation with ChAdOx1 nCoV-19, as well as during severe
SARS-CoV-2 infection (Figure 3B). We found that four of
41 (9.8%) vaccinated healthy individuals and four of 25
(16%) patients with severe COVID-19 seroconverted with
IgG antibodies against PF4/heparin complexes within 14
days (Figure 3B). Next, we tested IgG binding to platelets
by FC. An increase in IgG binding to test platelets was
observed (fold increase [FI] in mean fluorescence [MEF]

R,
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intensity compared to healthy controls [FI of MFI]:
4.39+1.15 wvs. 1+£1.10, P=0.026, Figure 4, Online
Supplementary Figure S2A). 1gG binding to platelets was
inhibited by heparin at high concentrations (FI of MFI IgG
binding: 1.51+0.66, P=0.016), but not at low concentra-
tions (FI of MFI of IgG binding: 3.60+2.01, P=0.688). Only
one serum showed increased binding to platelets in the
presence of PF4 and the vaccine ChAdOx1 nCoV-19 (case
#4, Figure 4). Spike-RBD did not induce a significant
change in IgG binding in VITT patients (Figure 5A). Similar
results were observed when S2 protein was added (Figure
5B). IgG binding was also observed when sera from
ChAdOx1 nCoV-19 vaccinated volunteers with IgG PF4
antibodies were tested (Online Supplementary Figure 2B).
However, severe COVID-19 patients with IgG PF4 anti-
bodies showed no increase in IgG binding (Online
Supplementary Figure S2C).

The impact of Spike-RBD on the binding of anti-PF4
antibodies

Compared to healthy controls, sera from VITT patients
showed strong binding to PF4 in the in-house EIA (OD IgG
antibodies against PF4: 1.03+0.04 vs. 0.110+0.002, respec-

Figure 2. Histopathological findings in
case #2 and case #3. (A) Case #2: occlu-
sion of glomerular capillary loops by hya-
line thrombi. Hematoxylin-Eosin (H&E)
staining, original magnification 200x. (B)
Deposition of platelets in glomerular ves-
sels documented by CD42b staining,
immunoperoxidase staining, magnifica-
tion 200x. (C) Case #3: occlusion of
glomerular capillary loops by hyaline
thrombi with fibrin deposits highlighted in
red, Masson’s trichrome stain, magnifica-
tion 200x. (D) Immunostaining for CD61
and (E) fibrin demonstrate the massive
intravascular deposits of fibrin and
platelets, immunoperoxidase staining,
maghnification 200x. (F) Thrombotic occlu-
sions of submucosal vessels in the urinary
bladder with hemorrhage. H&E staining,
magnification 40x. (F) Thrombotic occlu-
sion of medium-sized pulmonary vessels.
H&E stining, magnification 40x. (G) Insert
shows platelet deposits in pulmonary cap-
illaries stained for CD61, immunoperoxi-
dase staining, magnification 400x.
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immune assay (EIA) in patients with vaccine-induced immune thrombotic thrombocytopenia (VITT) with and without 100 1U/mL heparin. All VITT patients showed an
enhanced binding which was significantly inhibited at high dose of heparin (100 IU/mL). (B) PF4-seroconversion after vaccination and severe SARS-CoV2 infection
was followed up. IgG PF4/heparin antibody binding results in healthy volunteers before and after vaccination and COVID-19 patients in intensive care units showed
four vaccinated volunteers displaying a positive EIA result after 7-14 days post-vaccination (red empty diamonds). OD: optical density.
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tively, P<0.0001, Figure 5A). On the other hand, sera from
VITT patients showed slight but not significant binding to
Spike-RBD (Online Supplementary Figure S2D). Most impor-
tantly, in the presence of PF4 the IgG binding was reduced
when the concentration of RBD is increased above 6.5
ug/mL (Figure 5A). However, sera from VITT patients did
not show significant binding to S2 protein with and with-
out PF4 (Figure 5B; Online Supplementary Figure S2E).

Platelet activation in the heparin-induced platelet
aggregation assay assay

In order to investigate the ability of patients’ sera to
activate platelets, the HIPA assay was used with several

A ns
e |

*

*

modifications. Sera were incubated with washed
platelets in the presence of i) buffer, ii) 0.2 IU/mL
LMWH, iii) 100 IU/mL UFH, iv) an Fcy receptor Ila
(FcyRIIA)-blocking monoclonal antibody (mAb IV.3), v)
30mg/mL IVIG, vi) 25 ug/mL PF4, vii) 50 ug/mL Spike-
RBD, viii) PF4/Spike-RBD complexes, ix) PF4+RBD or x)
ChAdOx1 nCoV-19. Conditions with PF4 and RBD were
also repeated in the presence of high concentration of
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aggregation S minutes [min], no range 5-10 min [min*],
Figure 6A), but not in sera from vaccinated individuals
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with anti-PF4 antibodies, who did not develop any clini-
cal sign of thromboembolic complications, without side
effects (Online Supplementary Figure S3A). Moreover, only
one of the sera from patients with severe COVID-19
who were tested positive in PF4/heparin EIA showed

Supplementary Figure S3B). Interestingly, the reaction was
weaker in the presence of low molecular weight heparin
(median time to aggregate: 5 min, 5-10 min [range] vs. 30
min, 5->45min [range], Figure 6A). All reactions were
inhibited by a high dose of heparin (P=0.008, Figure 6A).
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Figure 6. Antibody-mediated platelet activation and generation of procoagulant platelets. Results of the platelet activation assay (HIPA) with modifications in the
vaccine-induced immune thrombotic thrombocytopenia (VITT) patients. Each dot represents the median of four different donors. (A) All VITT patients presented
platelet (PLT) activation with buffer alone, which was significantly increased by PF4 but inhibited with high dose of heparin. Procoagulant platelets (CD62P/phos-
phatidylserine [PS] positive) in different settings were analyzed via Annexin V-FITC and CD62p-APC antibody staining. (B) Where indicated, platelets were treated with
PF4, 0.2 U/mL and 100 IU/mL heparin, RBD and ChAdOx1 nCoV-19A. Data are presented as mean + standard deviation of the measured fold increase compared
to control. ns: not significant; *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. The number of sera tested is reported in each graph. Dotted lines represent
the cutoffs determined testing sera from healthy donors. Fl: fold increase.
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strong platelet activation (median time to platelet aggre-
gation 5 min, 5-5 min [range], Figure 6A). Most impor-
tantly, platelet activation was completely inhibited by
the mAb IV.3 that blocks the FcyRlla and by high doses
of IgG (>45 min, no aggregation, Figure 6A). No signifi-
cant change was found when PF4/RBD complexes were
added. Antibody-mediated platelet activation was inhib-
ited when low molecular weight heparin (LMWH) was
added at low concentrations by testing three sera. When
sera from VITT patients were diluted, specific binding
was observed to PF4 while no reaction in the buffer was
found (Figure 7A).

cutoff+
354
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40-
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Supplementary Figure S4). In contrast, the platelet popula-
tion was almost non-affected after incubation with sera
from vaccinated controls (Online Supplementary Figure
S5A). Interestingly, the generation of procoagulant
platelets was reduced by 0.2 ITU/mL LMWH (FI CD62p/PS
positive PLT: 13.32+11.50, P=0.016, Figure 6B) and com-
pletely inhibited by high concentration of UFH in VITT
patients (FI CD62p/PS positive PLT: 1.92+0.96, P=0.008,
Figure 6B, Online Supplementary Figure S4). These reactions
were also inhibited by the FcyRIIA blocking with mAb
IV.3 as well as by high concentrations of IgG (FI
CDG62p/PS positive PLT: 1.04+0.22, P=0.031 and FI
CD62p/PS positive PLT: 7.88+5.56, P= 0.031, respectively,
Figure 6B). No significant increase of procoagulant
platelets was also observed in presence of PF4 (FI
CD62p/PS positive PLT: 37.07+23.73, P=0.078) and in the
presence of Spike-RBD alone (FI CD62p/PS positive PLT:
22.02+17.09, P=0.195). While an increased generation of
procoagulant platelets was observed after the incubation
of sera from severe COVID-19 patients, no significant
change was observed when sera from vaccinated individ-
uals with anti-PF4 antibodies were tested (Online
Supplementary Figure S5A and B).

In order to identify the target antigen of the platelet acti-
vating antibodies, the HIPA and FC analyses were repeat-
ed at different titrations of sera from VITT patients.
Interestingly, diluted sera (from 1:64) were able to activate
platelets and induce a procoagulant phenotype only in the
presence of PF4 (Figure 7A and B, respectively).

Discussion

The increasing number of reports on rare thrombotic
events after SARS-CoV-2 vaccination draw public atten-
tion and led to concerns regarding the safety of this vac-
cine due to the uncertainty of the origin of these undesired
reactions.”” In order to understand the pathophysiology of
this phenomenon, the so-called VITT, we analyzed sera
from eight patients. Our mostly young, generally fit
cohort of patients, presented acutely with atypical throm-
bosis, primarily, but not exclusively involving the cerebral
venous sinuses, an extremely rare manifestation of throm-
bosis in the general population. All cases developed symp-
toms within 6-20 days after the ChAdOx1 nCoV-19 vac-
cination showing a temporal relationship between vacci-
nation and symptoms. The main findings in these cases
were thrombocytopenia, high D-dimer, low fibrinogen,
and high-titer IgG antibodies against PF4 that can induce
procoagulant platelet phenotype.

After intensive laboratory investigations of the VITT
cases, we were able to identify the serological profile of
the pathological antibodies. In a small cohort of vaccinat-
ed volunteers, approximately 10% of the individuals
developed IgG antibodies against PF4/polyanion complex-
es within 14 days after the first vaccination; none of them
had been exposed to heparin in the past 100 days. We
observed that IgG binding to PF4 in these sera as well as
in VITT sera can be inhibited by heparin but also by
increasing the concentration of Spike-RBD. These data
may suggest that these antibodies are specific for confor-
mational changes in PF4 that might be induced by nega-
tively charged structures. Of note, no significant IgG bind-
ing to platelets was observed in the presence of the vac-
cine ChAdOx1 nCoV-19. Accordingly, it is very unlikely

that the vector (pCDNA4) may be responsible for the high
PF4-seroconversion rate in vaccinated individuals.
Comparable data were reported by Greinacher et al” and
Schultz et al’ in two very recent reports that appeared
while our manuscript was in preparation. In addition to
their observations, we were also able to demonstrate that
sera from VITT patients directly induce procoagulant
platelets, suggesting a possible mechanism for thrombotic
events seen in patients with VITT. This is further corrob-
orated by the pathological studies in two of our patients.
Despite the distinct immediate causes of death in these
two fatal cases, namely fatal cerebral sinus thrombosis
and intracerebral hemorrhage, the two autopsy reports
showed striking similarities. In addition to arterial, arteri-
olar and venous thrombosis in various organs and pul-
monary thromboembolism, both cases showed a striking
occlusion of multiple glomeruli and afferent arterioles by
hyaline thrombi composed of fibrin and platelets, but
lacking erythrocytes. The kidney morphology bears
resemblance to thrombotic microangiopathy, but we
failed to identify erythrocyte fragmentation, a key feature
of thrombotic microangiopathy.” Both patients, however,
had normal kidney function (highest creatinine level 0.5
mg/dL in case #2 and 0.8 mg/dL in case#3) until briefly
before death, indicating rapid pre-terminal development
of glomerular microthrombosis. White thrombi have been
associated with antibody-mediated platelet activation.""

Our data indicate that IgG antibodies against PF4
increase the generation of procoagulant platelets in VITT.
However, we cannot exclude other co-factor(s) that could
also induce thromboembolic complications in vivo. We
report on VITT after ChAdOx1 nCoV-19, which is the
only SARS-CoV-2 vaccine that includes a simian aden-
ovirus. Disturbances of platelets have been described in
association with the intravenous administration of aden-
ovirus gene therapy vectors although it is unclear how
that might relate to isolated thrombocytopenia as an
adverse event of the vaccine.®

Finally, the observed clinical and laboratory features of
the VITT are exceptional and rare. Therefore, the value of
the COVID-19 vaccination to provide critical protection
should be considered higher compared to the significant
health risk of COVID-19. With the better recognition of
this rare complication and the availability of efficient ther-
apies, the risk-benefit ratio of ChAdOx1 nCoV-19 might
be further reconsidered.

Conclusion

Although the incidence of VITT after ChAdOx1 nCoV-
19 vaccination is very low, the mortality rate is high
(37.5% in our case series). Since a global vaccination cam-
paign is underway and large numbers of people will be
vaccinated, an increase in the number of people with this
side effect is to be expected, highlighting the importance
of a better understanding of the pathophysiology of VITT.
In this study, we present immunological and pathological
findings in patients with VITT. Furthermore, we show the
contribution of antibody-mediated platelet activation in
the pathogenesis of VITT.
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