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Abstract

Background

COVID-19 vaccines have been associated with a rare thrombotic and thrombocytopenic
reaction, Vaccine-induced immune thrombotic thrombocytopenia (VITT) characterized by
platelet-activating anti-PF4 antibodies. This study sought to assess clonality of VITT antibodies
and evaluate their characteristics in antigen-based and functional platelet studies.

Methods

Anti-PF4 antibodies were isolated from five patients with VITT secondary to ChAdOx1 nCoV-19
(n=1) or Ad26.COV2.S (n=4) vaccination. For comparative studies with heparin-induced
thrombocytopenia (HIT), anti-PF4 antibodies were isolated from one patient with spontaneous
HIT, another with “classical” HIT, and two patients with non-pathogenic (non-platelet activating)
anti-PF4 antibodies. Isolated antibodies were subject to ELISA and functional testing, and mass
spectrometric evaluation for clonality determination.

Results

All five VITT patients had oligoclonal anti-PF4 antibodies (3 monoclonal, one bi- and one tri-
clonal antibodies), while HIT anti-PF4 antibodies were polyclonal. Notably, like VITT antibodies,
anti-PF4 antibodies from a spontaneous HIT patient were monoclonal. The techniques
employed did not detect non-pathogenic anti-PF4 antibodies. The ChAdOx1 nCoV-19-
associated VITT patient made an excellent recovery with heparin treatment. In vitro studies
demonstrated strong inhibition of VITT antibody-induced platelet activation with therapeutic
concentrations of heparin in this and one Ad26.COV2.S-associated VITT patient. Oligoclonal
VITT antibodies with persistent platelet-activating potential were detected at 6 and 10 weeks
after acute presentation in two patients tested. Two of the 5 VITT patients had recurrence of
thrombocytopenia and one patient had focal seizures several weeks after acute presentation.
Conclusion

Oligoclonal anti-PF4 antibodies mediate VITT. Heparin use in VITT needs to be further studied.
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Introduction

COVID-19 has caused significant challenges to health worldwide and has exacted a high toll on
morbidity and mortality’. Several vaccines have shown high efficacy in clinical studies and have
produced salutary effects on hospitalizations and deaths?. Two vaccines, ChAdOx1 nCoV-19
(AstraZeneca) and Ad26.COV2.S (Janssen/Johnson & Johnson) have been associated with
very rare adverse reactions variably called Vaccine-induced immune thrombotic
thrombocytopenia (VITT) and Thrombosis and Thrombocytopenia syndrome (TTS),
respectively®>?°. In this report, both syndromes are referred to as VITT, in line with expert
recommendations'®. VITT is characterized by strong anti-PF4 antibodies, thrombocytopenia,
and thrombosis in almost all patients. Mortality rates are high at 22% in the largest study to
date?’, and even higher in others®5. While VITT shares a key feature with another well-studied
entity, Heparin-induced Thrombocytopenia (HIT)?? in that the generated antibodies recognize
PF4, some differences have been noted. VITT antibodies are characterized by extremely high
antibody optical densities in solid-phase PF4/Polyanion enzyme-linked immunosorbent assays
(ELISAs), and interestingly, many antibodies do not activate heparin-treated platelets but rather
require PF4-treated platelets for consistent detection in functional testing®'52%23, Clinically,
thrombosis occurs in ~20-60% of patients with HIT,?* while platelet-activating anti-PF4
antibodies in the vaccine setting almost always cause thrombosis, with only rare exceptions
noted to date®°.

Given this unique set of laboratory and clinical features, we embarked on a study to
characterize pathogenic anti-PF4 antibodies in VITT patients. Results presented in this report
show that in contrast to HIT where polyclonal anti-PF4 antibodies are seen, VITT patients
produce monoclonal/oligoclonal anti-PF4 antibodies.

Methods
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Patient Samples

Blood samples were obtained from patients suspected of thrombotic thrombocytopenia after
vaccination with ChAdOx1 nCoV-19 (one patient), Ad26.COV2.S (four patients) and from
patients with “classical” HIT (HIT that developed after heparin exposure) , spontaneous
(autoimmune) HIT and patients with non-pathogenic anti-PF4 antibodies. Samples were drawn
during acute presentation from Patients 2-5, and ~10 weeks post-acute presentation from
Patient 1. A follow up sample from Patient 4, ~6 weeks after acute presentation was also
obtained. HIT patient samples were obtained at the time of acute presentation. Participants
consented to publication of the research work. Research studies were approved by the
Institutional Review Board of Mayo Clinic, Rochester, MN.

Anti-PF4 antibody isolation

Heparin Sepharose beads (200mcL, Cytiva Lifesciences) were thoroughly washed with
phosphate buffered saline, pH 7.4 (PBS) and incubated with 200ug of recombinant PF4 (Protein
Foundry) or an equal volume of PBS (control condition). After incubation for 1hr, beads were
incubated further with 0.5mL of patient sample (serum/plasma) for 1Thour. Beads were then
thoroughly washed with PBS and elution from the beads was performed with 0.5 mL 2M NaCl.
The eluate was dialyzed against PBS before being evaluated by ELISA, PF4-dependent P-
selectin Expression Assay (PEA) and mass spectrometric studies as noted below.

ELISA and Functional platelet studies

ELISA plates (Thermo Scientific) were incubated with recombinant PF4 (Protein Foundry; 10
pug/mL) alone, PF4 and Polyvinyl sulfonate (PVS, Polysciences; 9 uyg/mL) or PF4 and
Unfractionated heparin (Sigma Aldrich; 0.4U/mL). Plates were washed with PBS 0.1% Tween
and blocked with Superblock T20 (Thermo Scientific). Eluate samples were tested at a 1:10
dilution while serum/plasma samples were tested at the standard 1:50 dilution. Goat anti-human

IgG fc antibody (Jackson Immunoresearch) and pNPP (Sigma Aldrich) were used for
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colorimetric detection. Optical density was recorded at 405 nm. The PF4-dependent p-selectin
expression assay (PEA) was performed as previously described?.

Liquid Chromatography Electrospray lonization Quadrupole time-of-flight mass spectrometry
(LC-ESI-QTOF MS)

This technique was performed as described elsewhere®-2, Briefly, Immunoglobulins (Igs) from
patient serum/plasma or eluates from PF4-Heparin beads/Control Heparin beads were first
immunoenriched using camelid-derived nanobodies directed towards the constant region of IgG
heavy chain, kappa, or lambda light chains, reduced, and subjected to liquid chromatography for
separation of immunoglobulins prior to ESI-QTOF-MS. A detailed description of the methods is
included in the Supplemental Methods section.

Immunofixation Electrophoresis

Serum IFE was performed using Hydrasys 9IF gels (Sebia, Paris, France) following
manufacturer’'s recommendations.

Results

VITT patient presentation and course

Supplementary Appendix and Fig S1 provide details of the 5 VITT patients described in this
report. Briefly, all five patients presented with thrombocytopenia and thrombosis. All except
Patient 1 were treated with IVIg. Patient 1 was treated with dexamethasone and unfractionated
heparin, followed by enoxaparin during bridging to phenprocoumon which was associated with a
steady and sustained increase in platelet count. All patients received corticosteroids. Patients 2-
5 also received parenteral direct thrombin inhibitors briefly followed by direct oral
anticoagulants. While IVIg was effective in increasing platelet counts in the four treated patients,
two patients, Patient 2 and 4 had recurrence of thrombocytopenia. Redosing of 1VIg was
ineffective when it was attempted in Patient 2, and thrombocytopenia was protracted in this
patient requiring >2 months for platelet counts to reach 150,000x 10%L. Patient 1 experienced

focal seizures ~3 months after initial presentation and was noted to have CVST, not identified
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on initial admission. All patients had strong positive results in solid phase ELISA, but serotonin
release assay (SRA) results were inconsistent (Fig S1).

Antibody binding to PF4 antigen targets and platelet activation

Patient samples were tested in an ELISA format to evaluate if VITT antibodies recognize
uncomplexed PF4 and PF4 complexed with the polyanions, polyvinyl sulfonate, and heparin, the
latter forming the basis of currently used HIT diagnostic assays. In contrast to HIT antibodies,
antibodies from VITT patients recognized uncomplexed PF4, in addition to recognizing
complexes of PF4 with polyanions (Fig 1A). In fact, the optical density was highest with
uncomplexed PF4 relative to complexed PF4 across all VITT patients. The PEA demonstrated
VITT sample mediated platelet activation in all five patients, including Patient 1 whose sample
was drawn >2 months after initial presentation (Fig 1B).

Isolated anti-PF4 antibodies are platelet activating and are non-uniformly inhibited by
heparin.

Techniques used in these studies are schematically presented in Fig 2A-B and described in the
Methods section. VITT anti-PF4 antibodies eluted from PF4-heparin or heparin (control) beads
were first validated in the PF4/polyanion ELISA (Fig 3A) and PEA (Fig 3B). Results
demonstrated that antibodies eluted from PF4-heparin treated beads bound PF4/polyanion
complexes strongly and activated platelets in the PEA. No anti-PF4 antibodies/platelet-
activating antibodies were noted in eluates from heparin-sepharose beads not treated with PF4
(Fig 3A-B). Given the excellent platelet recovery during heparin therapy in Patient 1 without the
need for IVIg, we evaluated the ability of therapeutic concentrations of heparin to inhibit VITT
anti-PF4 ab mediated platelet activation (Fig 3C). Notably, heparin inhibited platelet activation
induced by Patient 1 and Patient 5 but not Patients 2-4, at therapeutic concentrations.

VITT anti-PF4 antibody clonality assessment

LC-ESI-QTOF mass spectrometry was performed on the eluates from PF4-heparin and control

beads. Results demonstrated monoclonal anti-PF4 antibodies in Patients 1, 2 and 5 (Fig 4A-B
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and 4E), while biclonal and triclonal anti-PF4 antibodies were noted in Patients 3 and 4,
respectively (Fig 4B-C). Of note, the monoclonal antibody seen in Patient 1 was lower in
abundance compared to the other VITT patients relative to background which was not surprising
as the sample was drawn ~10 weeks after acute presentation (Fig 4A). Anti-PF4 antibodies
from all VITT patients had the lambda light chain. These oligoclonal antibodies, while obvious
upon evaluation of the isolated anti-PF4 antibody, were not detectable upon evaluation of whole
serum IgG from the patient: Immunofixation electrophoresis, performed on samples from
patients 1 and 2, did not identify monoclonal or oligoclonal bands (Fig S2). Similarly, Fig S3A
shows that the monoclonal antibody from Patient 2 is barely appreciable above the polyclonal
background.

Antibody clonality in Spontaneous HIT, Classical HIT and Patients with non-pathogenic
anti-PF4 antibodies

Studies were performed to assess antibody clonality in a patient who developed spontaneous
HIT (autoimmune, aHIT with ELISA OD of 2.782 and SRA-positive)?® which, like VITT, develops
in the absence of proximate heparin treatment, as well as a patient with classical heparin-
induced HIT (ELISA OD of 2.500 and SRA-positive) and two patients who did not have HIT but
developed non-pathogenic antibodies after heparin exposure during cardiac surgery (Non-
pathogenic HIT, NP-HIT; ELISA-positive with OD of 0.429 [NP-HIT1] and 0.426 [NP-HIT2], both
SRA-negative). First, Anti-PF4 antibody isolation was performed as described above and
isolated antibodies were tested in PEA and ELISA. HIT and aHIT antibodies strongly activated
platelets, as expected in the PEA (Fig 5A. For reference MFI from a strong platelet agonist,
Thrombin receptor activating peptide, TRAP was ~4000). As expected, bead eluates from the
two patients with non-pathogenic anti-PF4 antibodies did not activate platelets (Fig 5A). Testing
in the PF4/polyanion ELISA demonstrated strong binding of HIT and aHIT antibodies, and
modest binding of NP-HIT antibodies in PF4-heparin bead eluates vs heparin (control) bead

eluates suggesting that anti-PF4 antibodies were present in all eluates tested (Fig 5B). Mass
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spectrometric evaluation of PF4-heparin bead eluate from the aHIT patient demonstrated a
strong IgG kappa monoclonal anti-PF4 antibody (Fig 5C). Consistent with current dogma, the
HIT patient’s anti-PF4 antibodies were polyclonal (Fig 5D), despite which very strong platelet
activation was seen (Fig 5A). Anti-PF4 antibodies from the two patients with non-activating anti-
PF4 antibodies were below level of detection in mass spectrometry (Fig 5E-F). Of note,
evaluation of the entire serum IgG repertoire of one of the patients with non-pathogenic HIT
antibodies demonstrated a monoclonal antibody (Fig S3B) that was not pulled down non-
specifically by our anti-PF4 isolation techniques. In addition, eluates from control (heparin
sepharose) beads evaluated by mass spectrometry showed no eluted immunoglobulins,
showing that PF4 bound to beads was critical for isolation of anti-PF4 antibodies (Fig S4A-D).
VITT antibodies are persistent

Patient 4 provided follow-up samples ~6 weeks after initial presentation. Testing revealed
persistent antibodies that recognized uncomplexed PF4 and PF4-polyanion complexes,
although at lower levels compared to the acute samples (compare Fig S5A to Fig 1A).
Similarly, while still platelet-activating, p-selectin expression was lower in the follow-up sample
relative to the acute serum (compare Fig S5B to Fig 1B). Tri-clonal HIT antibodies were still
detectable by mass spectrometry, but in lower abundance (compare Y axis in Fig S5C to Fig
4D).

Discussion:

Murray et al have recently used mass spectrometry for the sensitive and specific detection of
monoclonal proteins in multiple myeloma and related disorders.®®?' In this study, we isolated
anti-PF4 antibodies using heparin-PF4 beads and coupled it to mass spectrometry to assess
antibody clonality. To exclude the possibility that the techniques used to isolate anti-PF4
antibodies resulted in the selective enrichment of only those antibodies that had the highest
affinity for PF4 that were then visualized as oligoclonal antibodies by mass spectrometry, we

tested samples from a patient with classical HIT where current dogma suggest polyclonality of
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anti-PF4 antibodies®?-34. Isolated anti-PF4 antibodies from HIT strongly activated platelets and
were confirmed to be polyclonal. A sensitive technique such as mass spectrometry may
potentially detect irrelevant antibodies such as those seen in patients with PF4/polyanion
ELISA-positive, SRA-negative anti-PF4 antibodies. Thus, we also evaluated samples from two
patients who developed non-pathogenic anti-PF4 antibodies after heparin exposure. Results
demonstrated that anti-PF4 antibodies from these patients were below the limit of detection,
suggesting high specificity of the techniques used. Therefore, the finding of mono- and
oligoclonal antibodies in VITT and spontaneous HIT patients is likely not an artifact of the novel
application of this technique in this field. Unlike chronic monoclonal gammopathies like multiple
myeloma where antibody levels increase over months/years, VITT/spontaneous HIT is an acute
event. Thus, it was not surprising that levels of monoclonal/oligoclonal antibodies were not high
enough to be detected upon testing of the patient’s entire IgG repertoire: It was critical to couple
anti-PF4 antibody isolation to downstream mass spectrometry for proper recognition of antibody
clonality.

The observation of monoclonal/oligoclonal anti-PF4 antibodies in ChAdOx1 nCoV-19-
associated and Ad26.COV2.S-associated VITT points to both disorders being similar. All five
patients’ monoclonal/oligoclonal antibodies had exclusively lambda light chains. Based on the
limited number of samples, it is too early to know if lambda light chain restriction is characteristic
of this syndrome, and it is unclear how this may impact disease pathophysiology. Like VITT, the
spontaneous HIT patient who developed thrombosis and thrombocytopenia after an infectious
prodrome in the absence of heparin exposure and was found to have monoclonal anti-PF4
antibodies (although with kappa light chain). Recent research suggests that healthy subjects
possess preexisting inactive PF4/heparin-specific B cells,®® and it is conceivable that single/few
preexisting anti-PF4 B cell clones are activated after proinflammatory stimuli such as
vaccination, orthopedic surgery, or infections causing VITT/spontaneous HIT. These

hypotheses should be addressed in future studies.
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The natural history of VITT antibodies is not yet known. While most VITT patients tested in this
study had samples obtained during their acute episode, studies were performed on Patients 1
and 4 ten and six weeks after acute presentation, respectively. Results revealed persistent
platelet activating and strongly ELISA binding antibodies in both native sera and isolated anti-
PF4 antibody fractions in both patients. Patient 4’s recovery was complicated by a recurrence of
thrombocytopenia, and Patient 1 had focal seizures ~3 months after acute presentation. A third
patient, Patient 2 also had recurrence of thrombocytopenia with a nadir of 101 x 10%/L ~30 days
after acute presentation which persisted at <150,000 x 10%L for another ~70 days despite 1VIg

re-dosing.

Recent studies demonstrate that several VITT patients experience refractoriness to maximal
therapy (including 1VIg) or relapse requiring additional treatments such as therapeutic plasma
exchange (TPE) and rituximab?'-3¢. Of note, 17 patients (8% of those classified as having
definite/probable VITT) in the most extensive VITT study to date required TPE, which was
associated with a 90% survival rate suggesting a salutary effect of this intervention?'. In fact, the
recently released National Institute for Health and Care excellence guideline on VITT notes that
relapses after initial response to treatment can happen quickly and makes recommendations for
monthly monitoring for at least 6 months after which monitoring can be performed quarterly if no
relapses were detected®’. Persistent oligoclonal anti-PF4 antibodies that develop in VITT, as
shown in this study, may bind strongly to PF4 targets®, mediate severe thrombosis and
thrombocytopenia and cause refractoriness to 1VIg. Together, these factors may explain the
high mortality of >20% seen in VITT patients?', relative to ~10% seen in HIT*®,

Therapeutic concentrations of heparin were able to significantly inhibit anti-PF4-mediated
platelet activation in two of our five VITT patients. Of note, one of these two patients developed
VITT after ChAdOx1 nCoV-19 vaccination and received heparin at acute presentation for ~two

weeks following by enoxaparin for an additional week and had a prompt and durable recovery of
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platelet counts from a presenting count of 30 x 10%L. A role for dexamethasone in mediating this
recovery was deemed unlikely due to the very short period of administration (4 days). This data
on inhibition of VITT antibodies by heparin is consistent with a recent report that demonstrates
that ChAdOx1 nCoV-19-associated VITT antibodies bind PF4 within its heparin-binding site3.
However, anti-PF4 antibodies from only one of four Ad26.COV2.S-associated patients were
inhibited by heparin in functional testing suggesting that anti-PF4 antibodies in these patients
may recognize additional PF4 epitopes, outside the heparin binding domain. Current clinical
guidance recommends against use of heparin in all patients with VITT*. Our data suggest that
this guidance may need to be reassessed. In fact, in a recent report?!, 23% of patients (n=50)
with definite/probable VITT received heparin which did not appear to be deleterious, although
numbers were too small to draw conclusions on efficacy. Additional case reports appear to
confirm the lack of adverse effect of heparin therapy in VITT patients''. Thus, heparin could be
an additional therapeutic modality particularly in severely afflicted patients refractory to currently
used therapies. We also demonstrate aberrant characteristics of VITT antibodies relative to
those seen in HIT. First, VITT antibodies have a very high level of binding to PF4-Polyanion
complexes as evidenced by extremely high ELISA optical densities. Second, they bind
uncomplexed PF4, and third, VITT antibodies only sometimes activate heparin-treated platelets
(as in the SRA), but consistently activate PF4-treated platelets. This body of data is consistent

with those recently reported by other groups®'20-23,

In summary, this study demonstrates that VITT patients produce strong, persistent platelet-

activating mono- and oligoclonal anti-PF4 antibodies and suggests that long-term follow up of
these patients may be indicated. Efforts towards early identification of VITT patients who may
require more aggressive treatment should be undertaken, and the role of heparin treatment in

this syndrome should be investigated.
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Figure Legends

Figure 1. VITT antibodies recognize uncomplexed PF4 and activate PF4-treated platelets.
(A) Antibody binding to PF4 alone (“uncomplexed”; white), PF4/Polyvinylsulfonate (light gray),
or PF4/Unfractionated heparin (dark gray) targets were evaluated by ELISA. (B) Activation of
VITT patient antibodies in the PF4-dependent P-selectin Expression Assay (PEA) was

examined. Normal Control (NC), HIT Patient (HIT). Means and SD (n=3) are presented.

Figure 2. Strategy for anti-PF4 antibody isolation and clonality assessment. (A) Patient
sera were incubated with PF4-heparin sepharose beads or heparin (control) sepharose beads.
Antibodies were eluted by high salt concentration and dialyzed. This eluate was subject to mass
spectrometric analysis. (B) Immunoglobulins (Igs) eluted from PF4-heparin sepharose or
heparin sepharose beads were (1) Isolated using camelid nanobodies (gray) specific for kappa
light chains (red), lambda light chains (green), or gamma heavy chains (black). IgG-associated
light chains immunoenriched with anti-gamma heavy chain antibodies are shown in blue (right).
Isolated Igs were then (2) reduced and (3) analyzed using liquid chromatography-electrospray
ionization-quadrupole time-of-flight mass spectrometry (LC-ESI-QTOF) to determine the
antibody repertoire present. In the spectra, green represents the light chain mass to charge
(m/z) distribution of all lambda containing Igs, red represents the light chain (m/z) distribution of
all kappa containing Igs, and blue represents the light chain (m/z) distribution of kappa and
lambda light chains associated with an IgG heavy chain. Spectra are overlaid to confirm the
type of light chain and antibody isotype. In this example, the anti-PF4 antibody is biclonal, with

one IgG lambda and one IgG kappa monoclonal antibody.

Figure 3. Eluted antibodies recognize PF4, activate platelets and are variably heparin-

inhibitable. Eluates from PF4-heparin beads and control heparin beads were evaluated in the
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ELISA plated with PF4/Polyvinylsulfonate complexes (A) and for platelet activation in the PEA
(B). Impact of unfractionated heparin (UFH) at 0.3U/mL and 0.7U/mL on VITT anti-PF4 antibody
mediated platelet activation is shown in (C). Means and SD (n=3) are presented in (A) and (B),
while results from a single experiment are presented in (C). Control (heparin) bead studies were

not performed with Patients 4 and 5 (in A and B) due to limited sample volume.

Figure 4. VITT patients produce oligoclonal anti-PF4 antibodies. Displayed are LC-ESI-
QTOF MS light chain +11 (m/z, mass to charge) distributions from anti-PF4 antibodies isolated
from five patients with VITT. In the spectra, green represents the distribution of all lambda
containing immunoglobulins (lgs), red represents the +11 m/z distribution of all kappa containing
Igs, and blue represents the +11 m/z light chain distribution of kappa and lambda light chains
associated with an IgG heavy chain. The number listed above peaks indicate the +11
mass/charge (m/z) ratio of the identified light chain. The X-axis shows mass/charge ratios and

Y-axis depicts the relative abundance of the monoclonal/oligoclonal antibody identified.

Figure 5. Anti-PF4 antibody characterization in aHIT, HIT and patients with non-
pathogenic (NP) HIT antibodies. Eluates from PF4-heparin beads and control heparin beads
were evaluated for platelet activation in the PEA (A) and PF4/Polyanion ELISA (B). Means and
SD (n=3) are presented in (A) and (B). C-F: Displayed are LC-ESI-QTOF MS +11 light chain
distributions from anti-PF4 antibodies isolated from patients with aHIT (C), HIT (D) and NP-HIT
(E-F). In the spectra, green represents the distribution of all lambda containing immunoglobulins
(Igs), red represents the distribution of all kappa containing Igs, and blue represents the light
chain distribution of kappa and lambda light chains associated with an I9G heavy chain. The
number listed above peaks depicts the mass/charge (m/z) ratio of the identified light chain. The
X-axis shows mass/charge ratios and Y-axis depicts the relative abundance of the

monoclonal/oligoclonal antibody identified.
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