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Vaccine-induced immune thrombotic thrombocytopenia (VITT) isarare adverse
effect of COVID-19 adenoviral vector vaccines' . VITT resembles heparin-induced

thrombocytopenia (HIT) as it is associated with platelet-activating antibodies against
platelet factor 4 (PF4)*; however, patients with VITT develop thrombocytopenia and
thrombosis without heparin exposure. The objective of this study wasto determine
the binding site on PF4 of antibodies from patients with VITT. Using alanine scanning
mutagenesis’, we determined the binding of VITT anti-PF4 antibodies (n=5) was
restricted to 8 surface amino acids, all of which were located within the heparin
binding site on PF4, and the binding was inhibited by heparin. In contrast, HIT
sampled (n=10) bound to amino acids corresponding to 2 different sites on PF4. Using
biolayer interferometry, we demonstrated VITT anti-PF4 antibodies had a stronger
binding response against PF4 and PF4/heparin complexes than HIT antibodies; albeit,
with similar dissociation rates. Qur data indicates VITT antibodies can mimic the
effect of heparin by binding to a similar site on PF4, allowing PF4 tetramers to cluster
and form immune complexes, whichin turn cause FcyRlla-dependent platelet
activation. These results provide an explanation for VITT antibody-induced platelet
activation that could contribute to thrombosis.

Vaccine-induced immune thrombotic thrombocytopenia (VITT) is a
rare, but serious adverse effect of adenoviral vector vaccines against
SARS-CoV-2 virus. The clinical picture of VITT is moderate to severe
thrombocytopenia plus arterial and/or venous thrombi, often occur-
ring in unusual locations' . These findings resemble the immuno-
logical drug-reaction heparin-induced thrombocytopenia (HIT), which
presents clinically as thrombocytopeniaand thrombosis in patients
previously exposed to heparin®. VITT most closely resembles the excep-
tionally rare spontaneous HIT, whichoccurs in the absence of heparin®’.

HIT is caused by immunoglobulin G (IgG) antibodies that bind to
neoepitopeson platelet factor4 (PF4/CXCL4),a70 amino acid cationic
protein contained within platelets®’. The neoepitopes become exposed
after heparin, alarge anionic polysaccharide, binds to a specific site
on PF4, causing PF4 tetramers to cluster together. The IgG-specific
antibodies bind to PF4/heparin forming immune complexes, which
activate platelets through FcyRlla receptors causing intense platelet
activation and release of procoagulant rich microparticles'. Other cells,
includingmonocytes, are also activated by these immune complexes,
whichamplifies the hypercoagulable state in HIT patients™. It has been
postulated that VITT has a similar pathophysiology to HIT, and several
investigators have demonstrated the presence of high levels of anti-PF4
antibodies in VITT samples’ 32, However, VITT is a unique syndrome
since it occurs without heparin exposure, and the pattern of platelet
reactivity, invitro, does not demonstrate typical heparin-dependence,
as seen with HIT.

In this report, we described the binding site and characteristics
of anti-PF4 antibodies in VITT patients that developed in response

to COVID-19 adenoviral vector vaccination. We found VITT patients
had anti-PF4 antibodies that bound to a highly restricted site on PF4
correspondingto the heparin bindingsite. These antibodies can form
platelet-activating immune complexes without heparin, potentially
causing thrombocytopenia and clotting observedin VITT.

Patient demographics

VITT samples (n =5) were referred to the McMaster Platelet Immu-
nology Laboratory for confirmatory diagnosis. All VITT patients had
received a single dose of the ChAdOx1 nCoV-19 vaccine (AstraZeneca
COVID-19 Vaccine, AstraZeneca; COVIDSHIELD, Verity Pharmaceuticals
and Serum Institute of India) and subsequently developed thrombocy-
topenia and thrombosis; mean age was 44 years (range: 35 - 72 years)
and 2/5 (40%) were female. The time from first dose of the ChAdOx1
nCoV-19 vaccine to sample collection was 14 to 40 days (mean: 28 days).
All VITT samples had antibodies against PF4 [mean optical density
(OD):2.71, range: 0.763 - 3.347).

VITT samples were compared to HIT patients (n=10) who had throm-
bocytopenia after receiving heparin and had a high clinical probability
score (4Tsscore >4) with detectable anti-PF4/heparin antibodies and
evidence of platelet activation invitro. HIT patients had amean age of
69 years (range: 52 - 81 years) and 5/10 (50%) were female. Nine of 10
(90%) HIT patients experienced thrombosis. The time from heparin
initiation to sample collection was 6 — 27 days (mean: 14.3 days). All
HIT samples had detectable anti-PF4/heparin antibodies (mean OD:
3.10, range: 2.329 - 3.897).
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Platelet activation profiles of VITT antibodies

Using a functional platelet activation assay [serotonin release assay
(SRA)], weshowed VITT and HIT patient samples had unique patterns
of platelet reactivity in vitro. VITT samples did not demonstrate any
heparin-dependence on platelet activation in vitro (Extended Data
Figure 1A). All VITT samples demonstrated strong, dose-dependent
PF4-mediated platelet activation with 50 pg/mL of PF4 (Extended
Data Figure 1B). Complete inhibition of platelet activation by VITT
and HIT samples was achieved with the addition of the FcyRIla-blocking
monoclonal antibody IV.3* These results indicate that VITT antibodies
require PF4 for platelet activation, which is mediated by engagement
of FcyRllareceptors consistent with the effects of animmune complex.
Incontrast, HIT samples activated platelets with two distinct profiles.
HIT patients with heparin-dependent (HD) antibodies were patients
who were exposed to heparin and their antibodies activated plate-
lets in the SRA in the presence of heparin (Extended Data Figure 1C).
HIT patients with heparin-independent (HI) antibodies were patients
who were exposed to heparin and their antibodies activated platelets
in the SRA with and without the addition of heparin. (Extended Data
Figure 1C). Al HIT samples also activated platelets with the addition
of PF4 (Extended Data Figure 1D).

Binding Site of VITT Antibodies on PF4

Previous studies have shown that the binding epitopes of HIT anti-
bodies are non-contiguous and conformation-dependent’. There-
fore, to identify the specific amino acid targets of VITT antibodies
on PF4, we used alanine scanning mutagenesis and produced 70
unique recombinant PF4 mutants, each differing by a single amino
acid®. We defined a critical binding amino acid as a corresponding
PF4 mutant that caused a greater than 50% reduction in binding
compared to wild-type PF4. We identified 8 surface amino acids that
were necessary for binding of VITT samples (R22, H23, E28, K46,
N47,K50,K62, and K66; Table 1 and Figure 1a, red colour). The PF4
mutants R22A and E28A affected the binding for all five VITT samples.
This restricted epitope is consistent with limited B-cell clonality
and suggests that the binding site of VITT antibodies is toa specific
site on PF4. We observed that 4 of the 8 amino acids that comprised
the VITT epitope (R22, H23, K46, and K66) corresponded to amino
acids on PF4 to which heparin binds (Figure 1b, brown colour)™. We
postulate binding of VITT anti-PF4 antibodies to the heparin binding
site onthe PF4 tetramer explains why the addition of heparin invitro
doesnotaugment plateletactivation;as seeninHIT; ratheritinhibits
platelet activation, presumably by displacing VITT anti-PF4 antibod-
ies. Furthermore, in a PF4 enzyme immunoassay (EIA), we showed
VITT antibody binding to PF4 wereinhibited by therapeutic concen-
trations of heparin in four of the available VITT samples (Extended
Data Figure 2). Our results explain why some VITT samples tested
in studies by Schultz et al? and Greinacher et al' were inhibited by
therapeutic doses of heparin. Our findings suggest VITT antibodies
cause platelet activation through a similar heparin-like mechanism
by stabilizing complexes of PF4, aligning the Fc-portion in close
proximity and crosslinking FcyRlla receptors on platelets, similar to
that of the monoclonal antibody, 1E12, which can activate platelets
independent of heparin®,

The VITT binding site on PF4 was then compared with that of HIT.
When all the critical amino acids from screening the 10 HIT patients
were combined, there was a total of 10 amino acids (L8, C10, C12, T16,
R22,Q40,N47,C52,153,D54,K61,K66, L67; Table 1) that were part
of the HIT epitopes, in different combinations. No single common
amino acid was critical for binding of all 10 HIT samples, likely due
to the polyclonal nature of the antibodies®. PF4 mutants L8A, C10A,
C12A,T16A, C52A, D54A, and K61A represented the most common
amino acidsto affect the binding of HIT antibodies and were common
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among 6 of the HIT samples. When displayed on the PF4 tetramer, we
identified one site on PF4 that all HIT (10/10) samples targeted (Figure 1c
and 1d, blue colour). In addition, 6 of the 10 HIT samples targeted an
additional site (Figure 1d, red colour) similar to the VITT site that was
within the heparin binding site. Unlike VITT samples, none of the HIT
samples were restricted to the heparin binding site. This is consistent
with previous observations that some HIT samples contain two types
of platelet-activating anti-PF4/heparin antibodies'. The HIT antibodies
boundtoasimilarsite as KKO,amonoclonal antibody against PF4/hepa-
rincomplexes, thus providing an explanation as to why HIT antibodies,
but not VITT antibodies, require heparin to crosslink PF4 tetramers>.

In addition to clarifying the binding site of VITT antibodies, these
results provide an explanation for why some rapid HITimmunoassays
may yield false-negative results for VITTY. One rapid HIT immunoas-
say, thelateximmunoturbidimetric assay [HemosIL® HIT-Ab p¢,.;)] uses
KKO to aggregate complexes of PF4/heparin. Since all HIT samples
have antibodies that bind to the same site as KKO, the HIT samples
compete with KKO in binding the PF4/heparin complexes. In contrast,
VITT antibodies bind to a different site on PF4 than KKO, and thus do
not compete for binding.

Bindingkinetics of VITT antibodies

Thebinding response of VITT samples (n=5), HIT samples (n=10) and
healthy control samples (n =10) to PF4 and PF4/heparin were tested
using bio-layer interferometry (BLI). Binding responses are ameasure
of antigen-specific antibodies present in a given sample. When healthy
control samples (n=10) were tested withimmobilized PF4 and PF4/
heparin, the meanbinding response [nm shift + 2 standard deviations
(SD)]was 0.0059 + 0.1 nm and 0.031+ 0.11 nm, respectively. All VITT
(n=5)and HIT (n=10) samples were above the mean +2SD cut-off of 0.12
nmwithimmobilized PF4 and 0.14 nm with immobilized PF4/heparin,
indicating a positive binding result. The mean binding response (nm
shift + SD) was 1.82 + 0.88 nm for VITT patients; and 0.82 + 0.72 nm
for HIT patients (p < 0.05) with immobilized PF4. Similarly, the mean
binding response was 1.24 + 0.70 nm for VITT samples and 0.62 + 0.45
nm for HIT patients (p <0.05) with PF4/heparin complexes. Therefore,
the binding response in VITT sera was significantly higher than HIT
sera and healthy controls with both PF4 and PF4/heparin, indicating
astronger antibody response in VITT patients.

We further compared the binding response for the VITT samples to
the two groups of HIT samples, with HD (n=4) and HI (n = 6) antibod-
ies. The mean binding response for HIT patients with HD antibodies
was 0.29 + 0.18 nm and for HIT patients with Hl antibodies was 1.18
+0.73 nm against immobilized PF4 (Figure 2c). When samples were
tested againstimmobilized PF4/heparin complexes, the mean bind-
ing response was 0.30 + 0.09 nm for HIT patients with HD antibodies
and 0.83 £ 0.48 nm for HIT with Hl antibodies patients (Figure 2d).
The binding response of VITT samples was significantly higher than
HIT patients with HD antibodies and healthy controls with both PF4
and PF4/heparin (VITT vs. HIT with HD antibodies: p <0.01, VITT vs.
healthy controls: p<0.001). In contrast, binding response from VITT
samples was similar to HIT patients with Hl antibodies. VITT samples
also had a significantly higher binding response to PF4 when com-
pared to PF4/heparin (p < 0.05), consistent with an inhibitory effect
of heparin on the binding of VITT antibodies to PF4 (Extended Data
Figure 2).

To confirm the binding responses in samples were due to anti-PF4
antibodies and not due to other serum factors, total IgG was purified
fromtwo VITT samples and then tested for their ability to bind PF4 and
PF4/heparin. However, due to sample constraints, further purification
of specific VITT anti-PF4 antibodies were not performed which presents
apotential limitation for this study. The binding response of total IgG
isolated from both VITT samples against PF4 and PF4/heparin were
similar to the binding responses observed with their respective sera,



indicating that the binding responses are due to the anti-PF4 antibod-
ies (Extended Data Figure 3). In addition, two VITT, one HIT, and two
healthy control samples were re-tested in separate experiments and
demonstrated reproducibility (Extended Data Figure 4).

With polyclonal antibodies interacting with an antigen, the dissocia-
tionrate, whichis concentration-independent, can be measured. The
mean dissociationrate (k,;s™ +SD) was 6.32x10°+0.0077 s for VITT
samples; 2.34 x 107 £ 0.0041s™ for HIT patients with HD antibodies;
and 9.65 x107* £ 0.0016 s for HIT patients with Hl antibodies with
immobilized PF4 (Figure 2e). Similarly, the mean dissociation rate
(kyies 1+ SD) was 3.47 x 1072+ 0.0029 s for VITT patients; 4.56 x10™* +
0.0002s ' for HIT patients with HD antibodies; and 1.07 102+ 0.0018
s for HIT patients with Hl antibodies with immobilized PF4/heparin
(Figure 2f). There was no statistically significant difference in the dis-
sociation rates of the VITT and the two HIT groups with both PF4 and
PF4/heparin (PF4: VITT vs. HIT patients with HD antibodies p=0.482,
VITT vs. HIT patients with Hl antibodies p = 0.220; and for PF4/hepa-
rin, VITT vs. HIT patients with HD antibodies p = 0.104; VITT vs. HIT
patients with Hlantibodies p=0.160). The low dissociation rates likely
allow for sufficient binding and formation of immune complexes to
induce platelet activation by crosslinking FcyRlIlareceptors onplatelets.
As human samples are polyclonal, affinity could not be determined,
however, binding responses and dissociation rates demonstrate the
strength of the immune response and the avidity of the polyclonal
samples, respectively.

Monoclonal antibodies against PF4, such as KKO™ and 1E12" facilitate
the formation of ultra-large complexes of PF4 on the platelet surface.
Previous studies using antibodies from HIT patients' and monoclonal
antibodies that resemble HIT antibodies® have demonstrated that
the higher affinity of Hl antibodies in some HIT patients can cluster
PF4 tetramers and create platelet-activating immune complexes, in
the absence of heparin. Similarly, we showed that anti-PF4 antibodies
from VITT patients have comparable binding response and avidity
to the antibodies from HIT patients, especially HIT patients with HI
antibodies, implying they can cluster PF4 tetramers and create the
same ultra-large platelet-activating immune complexes (Extended
DataFigure5).

Ithas been observed that 50% of HIT samples testedin the SRA, cause
plateletactivation in vitro without the addition of heparin?2, As such,
the HIT samples were separated into 2 groups, those HD antibodies
and those with Hl antibodies. The distinguishing factor that defines
anti-PF4 antibodies from VITT patientsis that these patients, unlike HIT
patients, have not been exposed to heparin and their anti-PF4 antibod-
ies are restricted to the heparin binding site.

Inthis report, we demonstrated anti-PF4 antibodiesin VITT patients
caninduce platelet activation via FcyRlla receptors in the presence
of PF4, without heparin. However, other serum factors could also
contribute to platelet activation. Previous studies have demonstrated
antibodies from VITT patients were able to activate platelets and
cause platelet aggregation in the presence of adenoviral particles
in a dose-dependent manner*?*, Thus, it is possible platelet activa-
tion caused by anti-PF4 antibodies in VITT patients may not be the
only factor leading to the development of thrombotic events. HIT is
also propagated by various pro-thrombotic mechanisms that could
alsobe important in VITT, including Fc-receptor polymorphisms®,
monocyte-activation and tissue factor production?, and procoagulant
microparticle generation™.

This study offers an explanation for VITT-mediated platelet activa-
tion. VITT patients in our study demonstrated similar antibody char-
acteristics that bound PF4 at the same site as heparin. VITT antibodies
form immune complexes without the addition of heparin or other
co-factors, activate platelets and potentially other cells via FcyRIla
receptors whichin turn, could initiate coagulation at multiple points
causing thrombocytopenia and thrombosis.
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B Heparin
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C HIT D HIT

E

HIT with HD abs EAEEDGDEQELEVKTTSQVRPRHITSLEVIKAGPHCPTAGLIATLKNGRKICEDEQAPLYKKIIKKLLES
HIT with HIl abs EAEEDGDEGELEVKTESQVRPRHITSLEVIKAGPHCPTAGLIATLKNGRKIGEBLQAPLYRKIIKKLLES

VITT EAEEDGDLQCLCVKTTSQVRPRHITSLEVIKAGPHCPTAQLIATLKNGRKICLDLQAPLYKKIIKKLLES

Fig.1|PF4 amino acids critical for binding antibodies using alanine HIT samples, colored inred, which aligns within the heparin binding site on
scanning mutagenesis. A) VITT samples (n=5) showed the binding site PF4.E) The amino acids thatare predicted to be part of the binding sites for
(colouredinred)aligns within B) the heparin binding site on PF4 (coloured in VITTand HD and Hl antibodies in HIT are highlighted on the primary sequence
brown). C) For HIT samples (n=10), one main binding site was identified for all of PF4. HD abs =Heparin-dependent antibodies; Hl abs = Heparin-independent

samples as showninblue and D) an additional binding site in 6/10 (60%) of the antibodies. Images are modified from PDB 1RHP.
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Fig.2|Associationand dissociation of antibodies against PF4 and PF4/
heparinusing biolayer interferometry (BLI). Representative VITT, HIT, and
healthy control antibody binding A) biotinylated PF4 and B) biotinylated PF4/
heparinimmobilized on streptavidin biosensors. Binding responses with C)
PF4 and D) PF4/heparin and dissociation rates (k) withE) PF4 and F) PF4/
heparin of samples from VITT patients (n=5), HIT patients (n=10), and healthy
controls (n=10) are also shown. HIT patients with HD antibodies (n=4) are
typical HIT patients and HIT patients with Hlantibodies (n=6) are HIT patients

who have heparin-independent platelet activationin the SRA. Results show
that VITT samples have higher binding responses to both PF4 and PF4/heparin
than HIT patientswith HD antibodies (PF4: p=0.0017, PF4/heparin: p=0.0090)
and healthy control samples. HD abs = Heparin-dependent antibodies;
Hlabs=Heparin-independent antibodies. Values are shown as amean binding
response (nm) + SD and mean dissociation rates k,;(s") + SD. Statistical analysis
by two-tailed Mann-Whitney test, * p<0.05, **p<0.01, ***p<0.001, ****p<0.0005.
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Table 1| PF4 amino acids identified by alanine scanning
mutagenesis for binding VITT (n =5) and HIT (n =10)

antibodies

Important PF4 amino acids for VITT antibodies

PF4 Mutant Mean loss of binding Range Number of
compared to wild-type (%,n=5) VITT samples
PF4(%,n=5) affected

R22A 79.9 51.8-917 5/5

H23A 68.0 26.7-715 3/5

E28A 68.5 48.4 - 881 5/5

K46A 72.6 17.5-84.2 4/5

N47A 54.3 31.6-66.4 5/5

K50A 82.2 11.6-90.5 4/5

K62A 58.8 15.3-77.3 3/5

K66A 541 2.2-88.8 4/5

Important PF4 amino acids for HIT antibodies

PF4 Mutant Mean loss of binding Range Number of
compared to wild-type (%, n=10) HIT samples
PF4(%,n=10) affected

L8A 48.6 12.4-76.0 6/10

C10A 49.4 5.0-73.3 6/10

C12A 457 4.8-74.7 7/10

T16A AN 40-78.4 6/10

R22A 36.2 1.3-63.0 5/10

Q40A 355 2.2-755 3/10

N47A 31.4 3.9-801 3/10

C52A 55.8 25.0-73.3 8/10

L53A 51.3 36.1-74.8 5/10

D54A 471 0.8-76.0 6/10

K61A 474 1.7-82.2 6/10

K66A 404 51-89.6 5/10

L67A 48.5 6.4-85.8 5/10
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Methods

Study Participants

Participants included patients diagnosed with VITT (n = 5), patients
diagnosed with HIT (n=10), and healthy volunteers (n=10). VITT diag-
nosiswasbased on 4 criteria: recent AstraZeneca vaccination, positive
foranti-PF4 IgG antibodies, positive inthe PF4-enhanced SRA, and no
prior exposure to heparin. HIT diagnosis was confirmed using the 4Ts
score where all HIT patients had a clinical score of >4, patients had a
positive commercially available PF4 enhanced heparin-dependent
IgG/A/M-specific enzyme immunoassay [EIA, Immucor, WI, USA, opti-
cal density (OD) >0.45], and a positive serotonin-release assay (SRA, >
20%*C-serotoninrelease)?”. This study was approved by the Hamilton
Integrated Research Ethics Board (HiREB) and informed written consent
was obtained from all participants.

Platelet Activation Assays

Platelet activation assays were performed in the presence of heparin
using the serotonin-release assay (SRA), and including a modifica-
tion in which increasing doses of exogenous PF4 were added, rather
than heparin (PF4-SRA).”"*® Some assays were performed with high
concentrations of unfractionated heparin (100 IU/mL), or with Fc
receptor-blocking monoclonal antibody (IV.3).

Epitope mapping of antibody-binding to PF4 from VITT and HIT
patients using alanine scanning mutagenesis
The full-length DNA coding sequence of human PF4 was cloned into
the pET22b expression vector using restriction sites Ndel and Hindlll
(GenScript, Piscataway, NJ, USA). The PF4 mutants were expressed and
purified as previously described>?. Briefly, PF4 mutants were designed
where non-alanine amino acids in wild-type PF4 were mutated to alanine
and the alanine amino acids in wild-type PF4 were mutated to valine.
PF4 mutants wereintroduced into Escherichia coli ArcticExpress (DE3)
cells (Agilent Technologies, Santa Clara, CA, USA). Overexpression of’
PF4 mutant cultures were grown at 37 °C to mid-exponential phase
beforeinduction with 0.5 mMisopropyl 3-D-1-thiogalactopyranoside
(IPTG) and grown at 37 °Cfor 3 hours. E. colicells for each wild-type PF4
or PF4 mutant were lysed by sonication in 20 mM sodium phosphate,
pH7.2,400 mMsodium chloride, 1.4 mM 3-mercaptoethanol, 5% (v/v)
glycerol, 1% (v/v) Triton X-100 (Thermo Fisher Scientific, Waltham, MA,
USA), and 0.5% (w/v) sodium deoxycholate (Sigma-Aldrich, St. Louis,
MO, USA) with2 mM MgCl,, 10 pg/mL DNasel (Sigma-Aldrich, St. Louis,
MO, USA) and EDTA-free protease inhibitor cocktail (Roche, Basel,
Switzerland). The supernatant was then cleared by centrifugation at
40,000 x g for 40 minutes at 4 °C and applied onto a HiTrap Q HP col-
umn (CytivaLife Sciences, Marlborough, MAM, USA) equilibrated with
20 mM sodium phosphate, pH 7.2,400 mM sodium chloride, 1.4 mM
B-mercaptoethanol, and 5% (v/v) glycerol. The flow-through of the QHP
columnwas then stored at4 °C, overnight. The following day, the serum
was diluted 2-fold toyield asodium chloride concentration of 200 mM
with 20 mM sodium phosphate, pH 7.2, 1.4 mM -mercaptoethanol,
and 5% (v/v) glycerol, syringe-filtered with a 0.2 uM filter (Acrodisc,
Pall) and loaded onto a HiTrap Heparin HP column (Cytiva Life Sci-
ences, Marlborough, MAM, USA). Contaminants were eluted with 0.5M
sodium chloride and PF4 was eluted with a linear gradient from 0.5
to 2 M sodium chloride. Fractions containing pure wild-type or PF4
mutants were pooled, concentrated and buffer-exchanged to phos-
phate buffered saline (PBS) and 1.5 M sodium chloride. The concen-
tration of PF4 was determined using a bicinchoninic acid (BCA) assay
(Thermo Fisher Scientific, Waltham, MA, USA). Protein expressionand
purity was assessed for each PF4 mutant using 4-18% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Measuring the effect of the 70 amino acids on the binding of anti-PF4/
heparin antibodies in patient samples was analyzed similar to what
has been previously described®. The binding of anti-PF4/heparin

antibodies to wild-type PF4 and PF4 mutants was measured using a
modified PF4/heparin IgG-specific EIA*". 384-well NUNC Maxisorp
plates (Thermo Fisher Scientific, Waltham, MA, USA) were coated with
10 pg/mL streptavidin and 11 U/mL biotinylated-heparin and blocked
with phosphate buffered saline (PBS) supplemented with 3% bovine
serum albumin (BSA) for 2hours atambient temperature. Wild-type PF4
or PF4 mutants at 5 pg/mL was then added and incubated for 1 hour at
ambient temperature. Diluted patient samples (1/50 preparedin1% BSA
inPBS) intechnical duplicates were added to the plates and incubated
for 1hour at room temperature. After washing, alkaline-phosphatase
conjugated goat anti-human IgG (y-chain-specific,Jackson ImmunoRe-
search Laboratories, Inc, Westgrove, PA, USA) was added ata1:3,000
dilution and incubated for 1 hour at ambient temperature. Addition
of 1 mg/mL p-nitrophenylphosphate (PNPP, Sigma-Aldrich, St. Louis,
MO, USA) substrate dissolved in 1 M diethanolamine buffer (pH 9.6)
was added for detection. The optical density (OD) was measured at
405nm and 490 nm (as areference) using a BioTek 800TS microplate
reader (BioTek, Winooski, VT, USA) to assess binding of antibodies to
wild-type PF4 and PF4 mutants. Results werereported as a percentage
of loss of binding relative to wild-type PF4 binding.

Heparininhibition of VITT anti-PF4 antibodies

Microtitre well plates (96 wells, Nunc Maxisorp, Rochester, NY, USA)
were coated overnightat4 °Cwith100 pL/well of PF4 (60 pg/mL) diluted
in 50 mM carbonate-bicarbonate buffer (pH 9.6). The plates were then
blocked with 200 pL/well of 3% bovine serum albumin (BSA) prepared
in PBS atroomtemperature for 2 hours. VITT samples (n=4) that were
available were diluted 1/50 with 1% BSA in PBS and pre-incubated with
increasing concentrations of unfractionated heparin (UFH, final concen-
tration of 0.1,0.5,1,5,and 100 IU/mL; Pfizer Inc., New York, NY, USA) for 1
hourat roomtemperature. The blocking solution was removed from the
microtitre well plates and the VITT samples and heparin mixtures (100
pL/well) intechnical duplicates were added to the plates and incubated
for 1hour at room temperature. The plates were washed twice with
PBS/0.05% Tween 20 and thrice with PBS. Bound humanIgG antibodies
were detected with 100 pL/well of alkaline phosphatase conjugated goat
anti-human IgG (y-chain-specific, 1/2000, Jackson ImmunoResearch
Laboratories, Inc, Westgrove, PA, USA) antibody prepared in 1% BSA
in PBS. Plates were washed as before and followed with the addition of
100 pL substrate (4-nitrophenylphosphate disodium salt hexahydrate
in diethanolamine (MilliporeSigma, St. Louis, MO, USA). The optical
density wasread at 405nm and 490 nm (as areference) measured using
aBioTek 800TS microplate reader (BioTek, Winooski, VT, USA).

Total IgG Antibody Purification

TotalIgG fromtwo VITT patient samples were purified for further analysis
of bindingkinetics. A volume of 2 mL protein G-coated Sepharose beads
(Thermo Fisher Scientific, Waltham, MA, USA) were washed three times
with PBS at room temperature, 300 x g for 5 min. Patient samples were
heat-inactivated at 56 °Cfor 30 min. VITT patient samples were three times
diluted inPBS. The samples were then transferred to protein G Sepharose
beads and incubated at room temperature for 1 hour before extensive
rinsing with30 mL PBS. Total IgG was eluted from the protein G Sepharose
beadswith 0.1Mglycine, pH 2.7 and neutralized by Tris buffer, pH 8.0.

Bindingkinetics of VITT and HIT antibodies using biolayer
interferometry (BLI)

Wild-type PF4 was labelled with biotin as previously described. Briefly,
wild-type PF4 and PF4 mutants were incubated with 5X the volume of
Heparin Sepharose 6 Fast Flow affinity chromatography media (Cytiva
Life Sciences, Marlborough, MAM, USA) for 1 hour with shaking at ambi-
enttemperature. EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific,
Waltham, MA, USA) was added to the PF4 and heparin Sepharose mixture
in20 molar excess and allowed toreact for 1 hour with shaking at ambient
temperature. The biotinylated wild-type PF4 or PF4 mutants were eluted
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fromthe heparinSepharose using PBS and 2Msodium chloride. Absorb-
anceat 280 nmwas measured using aspectrophotometer (EppendorfAG,
Hamburg, Germany) and used to calculate the concentration. Biotinyla-
tion of PF4 was checked using a streptavidin-coated anti-PF4/heparin EIA.

BLI experiments were performed using the Octet-QK Red 96
(FortéBio, Menlo Park, CA, USA). Samples or buffer were dispensed
into 96-well black flat-bottom microtiter plates (Greiner Bio-one,
Kremsmiinster, Austria) diluted in PBS supplemented with 1% (v/v)
BSA atavolume of 200 pL per well with an operating temperature main-
tained at 23 °C. Streptavidin-coated biosensor tips (FortéBio, Menlo
Park, CA, USA) were hydrated with 1% BSA in PBS (Sigma-Aldrich, St.
Louis, MO, USA) to establish abaseline prior to antigen immobilization
for 60 seconds. Biotinylated recombinant PF4 (final concentration
7.5pg/mL)alone or complexed with 0.1251U/mL unfractionated hepa-
rin (LEO Pharma, Ballerup, Denmark) were then immobilized on the
biosensor tips for 1,200 seconds at 1,000 rpm followed by a baseline
re-establishment for 1,800 seconds at 1,000 rpm. Antigen-coated sen-
sorswerethenreacted with heat-inactivated patient samples or purified
total IgG at a1/32 dilution in duplicate for 780 seconds at 1,000 rpm
followed by a dissociation step for 3,000 seconds at 1,000 rpm. Data
were analyzed using Octet® User Software version 3.1 using the 2:1
heterogenous ligand binding model. Reference values from control
wells with buffer alone were subtracted and all results were aligned to
the measured baseline. The binding profile response of each sample
was expressed as the average wavelength/spectral shiftinnanometers.

Dataacquisition, statistical analysis, and reproducibility
Differences between datawere tested for statistical significance using the
paired or unpaired t-testand the Mann-Whitney test. P-values are reported
as2-tailedand ap-value of <0.05 was considered to be statistically signifi-
cant. Allstatistical analyses were conducted using GraphPad Prism (version
9.1.0, GraphPad Software, San Diego, USA). Experiments were repeated
with technical duplicatesindependently two times with similar results.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The datasets generated duringand/or analysed during the current study
are not publicly available to allow for commercialization of research
findings but are available from the corresponding author on reason-
ablerequest.
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Extended DataFig.1|Plateletactivation (% serotoninrelease) of samples
from A) VITT patients (n =5, red lines) and C) HIT patients (n =10, blue line)
inthestandard SRA with added heparin® and the same B) VITT and D) HIT
samplesinthe PF4-enhanced SRA?*' with added PF4. Results demonstrated
thatinthestandard SRA, the HIT samples activated platelets with (n=4) or

without (n=6) heparin or withadded PF4; while the VITT samples only
activated platelets with the addition of PF4. Experiment was repeated with
technical duplicatesindependently two times with similar results. All platelet
activation wasinhibited by the addition of IV.3 monoclonal antibody that binds
the FcyRIlareceptorson platelets.



Article

Optical Density

(405nm) o

0 1 1 1 1 1 1
0 0.1 0.5 1 5 100
Heparin (IU/mL)
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increasing heparin concentrations. VITT samples (n=4) were tested with samples available for testing. Results are displayed as amean of the technical
increasing concentrations of heparintoinvestigateitseffecton VITT replicates. Anoptical density (OD) >0.45is considered positive for anti-PF4
antibodies to PF4. Experiment was repeated with technical duplicates antibodies.

independently two times with similar results. VITT antibody binding was



12

Association

Dissociation

10—

Binding
Response

(hm) |

T T T T T
0 1000 2000 3000
Time (s)
b Association Dissociation
10 -
Binding
Response
(nm)  o_
6

Extended DataFig. 3 | Biolayerinterferometry (BLI) curves comparing
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(n=2)were measured withthe Octet RED96 instrument. Experiment was
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independently three times with similar results. Binding response against

shiftinnm. Binding response for each antigenand sample was reproducible on
separate assays. Red pointsrepresent VITT samples. Blue points represent the
HIT sample. Black points represent healthy controlsamples.



PF4 protein N Fc Rlla receptor

© ’
RN
Y Y'Y

Yy

a b c d
VITT antibody Immune Receptor Platelet
and PF4 protein complex cross-linking activation
binding formation

Extended DataFig.5|Proposed mechanismof VITT antibodies binding to
and clustering PF4 tetramers, independent of heparin, and forming
platelet-activatingimmune complexes. We postulate that A) VITT
antibodies bind its antigen, PF4 whichin turn can B) cluster PF4 tetramers and
create platelet-activatingimmune complexes, in the absence of heparin. The
immune complexes canbe found on the platelet surface and in solution,
resultingin the aligning and close proximity of the Fc-portion of these
antibodies which then are able C) cross-link FcyRIlareceptors and D) lead to
plateletactivation.



natureresearch

Last updated by author(s): Jun 13, 2021

Ishac Nazy (nazyi@memaster.ca)

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Please do not complete any field with "not applicable" or n/a. Refer to the help text for what text to use if an item is not relevant to your study.
For final submission: please carefully check your responses for accuracy; you will not be able to make changes later.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed

& The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

| Astatement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX O OO0

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

OO0 X X 00 X

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O O

D Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Biolayer interferometry (BLI) data was collected using the Octet® User Software version 3.1

Data analysis All statistical analyses were conducted using GraphPad Prism (version 9.1.0, GraphPad Software)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers, We strongly encourage code deposition in a community repository (e.g. GitHub), See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

The datasets generated during and/or analysed during the current study are not publicly available to allow for commercialization of research findings but are
available from the corresponding author (Dr. Ishac Nazy) on reasonable request.

=
V)
@
)




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

X Life sciences [ | Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed. The sample sizes used in the study are sufficient as both vaccine-induced thrombotic
thrombocytopenia and heparin-induced thrombocytopenia are rare disorders and it is difficult to acquire clinically defined patient samples.
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Data exclusions No datasets were excluded.

Replication All assays were run with technical duplicates. Each assay had the same control sample run alongside all test subjects. Two heparin-induced
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initiation to sera collection was 6 — 27 days (mean 14.3 days).

Recruitment Sera from patients with vaccine-induced thrombotic thrombocytopenia and heparin-induced thrombocytopenia were
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