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Recently developed vaccines have produced salutary effects on
hospitalizations and deaths related to SARS-CoV-2 (COVID-19).1

Two vaccines, ChAdOx1 nCoV-19 (AstraZeneca) and
Ad26.COV2.S (Janssen/Johnson & Johnson), have been primar-
ily associated with a rare adverse reaction, vaccine-induced
immune thrombotic thrombocytopenia (VITT).2-12 VITT is charac-
terized by strong anti-platelet factor 4 (PF4) antibodies, throm-
bocytopenia, and thrombosis, and has caused significant
morbidity and mortality.13 VITT shares a key feature with another
well-studied entity, heparin-induced thrombocytopenia (HIT)14 in
that the generated antibodies recognize PF4. We embarked on
a study to further characterize anti-PF4 antibodies in patients
with VITT. Methods used in the study are provided in the sup-
plemental data file, available on the Blood Web site. Briefly, all
5 patients with VITT in our study experienced thrombocytopenia
and thrombosis and all but 1 were treated with intravenous
immunoglobulin (IVIg) (supplemental Figure 1 and “VITT patient
clinical histories” in the supplemental data file). All patients had
strong positive results in solid-phase enzyme-linked immunosor-
bent assays (ELISAs), but results from serotonin release assay
(SRA; performed in the presence of low concentrations of hepa-
rin) were variably positive between patients and within the same
patient over time (supplemental Figure 1). All 5 patients tested
positive in an assay that used PF4-treated platelets, the PF4-
dependent P-Selectin Expression Assay (PEA: 48%, 68%, 61%,
68%, and 73% in VITT patients 1 through 5, respectively. Nega-
tive control PEA values ranged from 1% to 8%; data not shown).

Techniques used for anti-PF4 antibody isolation and characteriza-
tion by mass spectrometry are schematically presented in supple-
mental Figure 2 and described in detail in the supplemental data
file. To ensure that the techniques used effectively depleted anti-
PF4 antibodies from the VITT native samples, both the native
sample and the native sample treated with PF4-heparin beads
were subjected to testing in the PF4-polyanion ELISA. Results
demonstrated little to no unbound anti-PF4 antibody in the
bead-treated native samples (supplemental Figure 3A). In all 5
patients with VITT, the majority of anti-PF4 antibodies were of the
immunoglobulin G1 (IgG1) subclass (supplemental Figure 3B),
and platelet FcgRIIa blockade with antibody IV.3 abrogated VITT
anti-PF4 antibody-mediated platelet activation (supplemental

Figure 3C). VITT anti-PF4 antibodies eluted from PF4-treated hep-
arin sepharose beads or heparin (control) beads were tested in
the PF4-polyanion ELISA (Figure 1A) and PEA (Figure 1B). Results
demonstrated that antibodies eluted from PF4-treated heparin
beads, but not control beads, bound PF4-polyanion complexes
strongly and activated platelets in the PEA, which confirmed the
specific isolation of anti-PF4 antibodies. Liquid chromatography
electrospray ionization quadrupole time-of-flight mass spectrome-
try (LC-ESI-QTOF MS) was performed on these antibody eluates.
Monoclonal anti-PF4 antibodies were seen in patients 1, 2, and 5
(Figure 1C-D,G), whereas biclonal and triclonal anti-PF4 antibod-
ies were noted in patients 3 and 4, respectively (Figure 1E-F). Of
note, anti-PF4 antibodies from all patients with VITT contained l

light chains. These monoclonal and oligoclonal antibodies,
although prominent upon evaluation of the isolated anti-PF4 anti-
body, were not evident above the patients’ IgG polyclonal back-
ground. Neither immunofixation electrophoresis (supplemental
Figure 4) nor LC-ESI-QTOF MS (supplemental Figure 5A) per-
formed on native serum from patients with VITT identified mono-
clonal or oligoclonal bands or antibodies, respectively.

Comparative studies were performed to assess anti-PF4 anti-
body clonality in a patient with spontaneous HIT (spHIT; ELISA
optical density [OD], 2.37; SRA-positive),15 which, like VITT,
develops in the absence of proximate heparin exposure, in a
patient with classical heparin-induced HIT (HIT; ELISA OD,
2.500; SRA-positive), and 3 patients with positive PF4-polyanion
ELISA but negative SRA results after heparin exposure during
cardiac surgery (false-positive [FP] ELISA antibodies [FP-HIT];
ELISA-positive with OD of 0.429 [FP-HIT1], 0.426 [FP-HIT2], and
0.802 [FP-HIT3], all SRA-negative). As expected, isolated anti-
PF4 HIT and spHIT antibodies strongly activated platelets and
bound to PF4-polyanion targets (Figure 2A-B) whereas eluates
from the 3 patients with FP-ELISA results did not activate plate-
lets and produced only minimal binding to PF4-polyanion com-
plexes (Figure 2A-B). The patient with spHIT demonstrated a
relatively abundant IgG k monoclonal anti-PF4 antibody (Figure
2C), while the patient with classical HIT had polyclonal anti-PF4
antibodies (Figure 2D). Effective depletion of anti-PF4 antibodies
from the spHIT native serum sample was confirmed before these
studies were performed. Mean PF4-polyanion ELISA OD was
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Figure 1. VITT antibodies are monoclonal or oligoclonal. (A-B) Eluates from PF4-heparin beads and control heparin beads were evaluated in PF4-polyanion ELISA for
binding to PF4-polyvinylsulfonate complexes and for platelet activation in the PEA. Means and SD (n 5 3) are shown. Control (heparin) bead studies were not per-
formed with patients 4 and 5 because of limited sample volume. (C-G) Displayed are LC-ESI-QTOF MS light chain 111 (mass to charge [m/z]) distributions from anti-
PF4 antibodies isolated from 5 patients with VITT. In the spectra, green represents the distribution of all l-containing Ig’s, red represents the 111 m/z distribution of all
k-containing Ig’s, and blue represents the 111 m/z light chain distribution of k and l light chains associated with an IgG heavy chain. The number listed above the
peaks indicates the 111 m/z ratio of the identified light chain. The x-axis shows m/z ratios, and the y-axis shows the relative abundance of the monoclonal or oligoclo-
nal antibody identified.
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2.37 (0.023 standard deviation [SD]) in the native sample and
0.10 (0.008 SD) in the anti-PF4–depleted sample, respectively
(data not shown). Anti-PF4 antibodies from 2 patients with non-
activating anti-PF4 antibodies (FP-HIT1 and FP-HIT2) were below
the level of detection by MS (Figure 2E-F), but low-level poly-
clonal antibodies were noted in FP-HIT3 (Figure 2G). Of note,
evaluation of the entire serum IgG repertoire of one of the
patients with FP-ELISA antibodies (FP-HIT1) demonstrated a

monoclonal antibody (supplemental Figure 5B) that was not iso-
lated non-specifically by our techniques. In addition, eluates
from control (heparin sepharose) beads showed no eluted IgGs,
demonstrating that PF4 bound to the beads was critical for isola-
tion of anti-PF4 antibodies (supplemental Figure 6A-D). Testing
of patient 4 at 6 weeks after acute presentation revealed persis-
tent antibodies that recognized PF4-polyanion complexes
although at lower levels compared with the acute samples
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Figure 2. Anti-PF4 antibody characterization in spHIT, HIT, and patients with ELISA-positive but non-activating anti-PF4 antibodies (FP-HIT). (A-B) Eluates from
PF4-heparin beads and control heparin beads were evaluated for platelet activation in the PEA and PF4-polyanion ELISA. Means and SD (n 5 3) are shown. (C-F) Shown
are LC-ESI-QTOF MS 111 light chain distributions from anti-PF4 antibodies isolated from patients with (C) spHIT, (D) HIT, and (E-G) FP-HIT. In the spectra, green repre-
sents the distribution of all l-containing Ig’s, red represents the distribution of all k-containing Ig’s, and blue represents the light chain distribution of k and l light
chains associated with an IgG heavy chain. The numbers listed above peaks depict the identified light chain’s m/z ratio. The x-axis shows m/z ratios, and the y-axis
depicts the relative abundance of the monoclonal or oligoclonal antibody identified.
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(Figure 1A vs supplemental Figure 7A). Similarly, although the
PEA was still positive, it was lower in the follow-up sample rela-
tive to acute serum (41% [supplemental Figure 7B] vs 68%), and
triclonal VITT antibodies were still detectable by MS but in lower
relative abundance (Figure 1F vs supplemental Figure 7C).

Murray et al16 have recently used MS for the sensitive and spe-
cific detection of monoclonal proteins in multiple myeloma and
related disorders.16,17 Using this technique, we demonstrated
that anti-PF4 antibodies in VITT are monoclonal or oligoclonal,
whereas HIT antibodies were confirmed to be polyclonal, which
is consistent with current dogma.18-20 Due to the limited number
of samples tested, it is too early to know whether l light chain
restriction seen with all 5 patients tested is characteristic of VITT
antibodies. ELISA-reactive but non-activating anti-PF4 antibodies
were either below the limit of detection by MS or polyclonal in
nature. Interestingly, anti-PF4 antibodies in spontaneous HIT,
like in VITT, were monoclonal (albeit with the k light chain in the
patient tested). Importantly, to exclude the possibility that the
techniques used to isolate anti-PF4 antibodies in this study
resulted in the selective enrichment of only those antibodies
that had the highest affinity for PF4, thereby producing an artifi-
cial oligoclonal antibody pattern by MS, we ensured that there
was a significant depletion of anti-PF4 antibodies from the
native sample after the affinity purification process. The majority
of VITT antibodies were of the IgG1 subclass, similar to anti-PF4
antibodies seen in HIT.21 Results also revealed persistent
platelet-activating and strongly ELISA-binding antibodies in both
native sera and isolated anti-PF4 antibody fractions obtained
from 2 patients at �1.5 months (patient 4) and ~ 2.5 months
(patient 1) after initial presentation, consistent with recent data
on significantly longer persistence of anti-PF4 antibodies in VITT
relative to HIT.22-24 These findings are consistent with the possi-
bility that single or very few clones producing anti-PF4 antibod-
ies in VITT are more active or persistent than multiple clones
that produce polyclonal antibodies in classical HIT. Clonal
restriction of anti-PF4 antibodies in VITT seen here is also consis-
tent with very limited epitope specificity of VITT antibodies
within the heparin-binding domain of PF4 as shown recently by
Huynh and colleagues.25

In summary, we demonstrate that VITT is caused by monoclonal
or oligoclonal anti-PF4 antibodies in contrast to HIT, where poly-
clonal antibodies are generated. In addition, monoclonal anti-
PF4 antibodies were also seen in spontaneous HIT, a condition
that like VITT, develops in the absence of proximate heparin
exposure. Studies characterizing anti-PF4 antibody–producing
cells in these syndromes should significantly enhance our under-
standing of their pathophysiology.
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