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RESEARCH LETTER

The COVID-19 vaccine ChAdOx1-S is not contaminated with

sulfated glycosaminoglycans

1 | INTRODUCTION

Vaccination against severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) is one of the most important measures to fight
the coronavirus 2019 (COVID-19) pandemic. One of the vaccines,
ChAdOx1-S (AstraZeneca), is a recombinant, replication-deficient
chimpanzee adenovirus encoding the SARS-CoV-2 spike glycopro-
tein. The vector is propagated in T-REx-293 human embryonic kid-
ney (HEK) cells, a genetically modified derivative of the HEK 293
cell line. Hundreds of cases of unusual thrombotic events in com-
bination with thrombocytopenia after vaccination with ChAdOx1-S
have been observed.?* This so-called vaccine-induced immune
thrombotic thrombocytopenia (VITT; also known as thrombotic
thrombocytopenia syndrome [TTS]) resembles a subtype of autoim-
mune heparin-induced thrombocytopenia (aHIT) known as “sponta-
neous HIT syndrome.” Its pathogenesis remains unclear and many
potential mechanisms have been discussed.® It is unequivocally ac-
cepted that VITT is associated with high titers of 1gG class antibod-
ies directed against the cationic platelet chemokine, platelet factor
4 (PF4; CXCL4).” These antibodies potently activate platelets via
platelet Fcylla receptors with platelet activation greatly enhanced
by PF4.%8

PF4 is a positively charged, compact homotetrameric globular
protein, which binds to a wide array of polyanions, especially sul-
fated glycosaminoglycans (GAG) like heparins, heparan sulfates,
and chondroitin sulfates, and other polyanions like polyphosphates
and nucleic acids.” 2 Recently, we have shown that constituents of
the vaccine form complexes with PF4.” These complexes contain
adenoviral hexon proteins as shown by staining with a monoclonal
anti-hexon antibody. However, it is unresolved whether additional
molecules are involved in PF4 complex formation. Potential bind-
ing partners are sulfated GAG® from the T-REx-293 HEK cells. It is
technically challenging to detect low concentrations of GAGs in a
complex matrix such as a vaccine, which contains many proteins. We
report the experimental approach by which we excluded relevant

amounts of contaminating GAG in the vaccine.
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2 | METHODS

2.1 | Anticoagulant activity

The anticoagulant activity of ChAdOx1-S was determined by mixing
40 pl vaccine with 400 pl citrated pool human plasma and measuring
the activated thromboplastin time (APTT; Actin FS, Siemens) and the
anti-factor Xa (aFXa) activity (Coamatic Heparin, Chromogenix) on a
CS5100 (Siemens Healthcare).

2.2 | ChAdOXx1-S vaccine sample preparation for
'H nuclear magnetic resonance spectroscopy

By collecting the residues of three batches of multiple-dose vials of
the ChAdOx1-S vaccine, a sample of 30 ml was obtained. First, we
incubated the vaccine with 0.4 mg/ml proteinase K (recombinant,
PCR grade; Thermo Fisher Scientific No. EO0491) in the presence
of 2 mM Ca?" and 4 M urea at 37°C for 2 h to digest the proteins in
the vaccine. The enzymatically digested vaccine was dialyzed (MW
cut-off 1 kDa) for 72 h to remove the digested small peptides and
additives and then lyophilized. To remove the proteinase K, the dried
sample was fractionated by strong-anion exchange chromatography
(SAX) at pH 8.9 corresponding to the isolectric point of the enzyme.
The basic pH resulted in loss of charge of (the otherwise positively
charged) proteinase K. The sample was dissolved in 1 ml of ammo-
nium acetate buffer (0.05 M, pH 8.9; start buffer) and applied to
a Mono Q™ 5/50 SAX column (Cytiva Europe GmbH) equilibrated
with the start buffer and eluted with a linear NaCl gradient at a flow
rate of 2.0 ml/min. After running the start buffer for 15 min (includ-
ing 1 min for V) to elute the unbound proteinase K, the NaCl con-
centration was continuously increased by 0.075 mol/L per minute
until 3.0 mol/L NaCl was reached after 40 min. By preliminary exper-
iments with proteinase K and chondroitin sulfate (Carl Roth, Cat. No.
5197.1) as exemplary low-sulfated GAG, we determined the elution
fractions containing protein or GAG, respectively. After fractiona-
tion of the vaccine, those fractions that according to the pilot experi-
ments with spiked vaccine potentially contained GAG were pooled,
dialyzed (MW cut-off 1 kDa), concentrated by evaporation under
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reduced pressure, and lyophilized in the vial used for the nuclear
magnetic resonsonance (NMR) analysis (to avoid any loss of GAG).

After dissolving in 500 ul D,O, the sample was analyzed by NMR.

2.3 | H NMR spectroscopy

The *H NMR spectra were recorded at 300 K on a Fourier transform-
NMR (FT-NMR) spectrometer Avance Il by Bruker BioSpin AG. The
instrument operates at a frequency of 600.13 MHz and is equipped
with a cryogenically cooled triple resonance probehead. All samples
were dissolved in 500 ul D,O before measurement (Sigma Aldrich). As
internal standard, the sodium salt of trimethylsilyl propionic acid-d4
(TMSP) was used. One-dimensional *H NMR experiments were per-
formed using excitation sculpting water suppression (zg30esgp) with
128 scans. A spectral width of 16 ppm, a repetition delay of 2 s, and
an acquisition time of 2 s were used. The spectra were recorded,
processed, and analyzed using the TopSpin 4.1.1 software (Bruker
BioSpin AG). Sensitivity was controlled by spiking the sample with

heparan sulfate.

3 | RESULTS AND DISCUSSION

Addition of the vaccine to normal plasma neither prolonged the
APTT nor resulted in any measurable aFXa activity (n = 3). Both re-
sults make it unlikely that ChAdOx1-S contains larger amounts of
sulfated GAG interacting with clotting factors.

To directly detect/exclude GAG, we performed *H-NMR analy-
sis. NMR detection of GAG is highly specific but rather insensitive.'*
In addition, proteins show signals in the same range and thus impair
GAG detection. Commercially available kits to detect GAG have a
limit of detection of 5 ug/ml, which is too high for the purpose of
our study. We aimed for a detection limit of <1.0 pg/ml to be suffi-
ciently sensitive to detect GAG in concentrations relevant for form-
ing immunogenic complexes with PF4, for which typically 2-3 pug/ml
GAG are required.'* We overcame these problems by using 30 ml
of the vaccine as start volume and by eliminating the proteins by
proteinase K digestion. The digested vaccine was dialyzed with a
1 kDa exclusion membrane to remove peptides and small-molecule
excipients including the disaccharide sucrose and subsequently ly-
ophilized. Removal of the saccharide sucrose and potentially other
small oligosaccharides was aimed to avoid any NMR signals, which
are irrelevant for complex formation with PF4, as previous studies
have clearly shown that GAG consisting of less than five saccharide
units barely interact with PF4 in a way that is causing conforma-
tional changes.'® We took advantage of the alkaline isoelectric point
of proteinase K to separate it from potentially present GAG by per-
forming SAX at pH 8.9. These experimental conditions at the isoelec-
tic point of the protein additionally avoided any complex formation
between the protein and negatively charged GAG and thereby the
loss of GAG. Finally, we concentrated the original vaccine sample
60-fold. By this procedure, we reached a sensitivity of detecting

Key Points

1. Platelet factor 4 (PF4) forms complexes with constitu-
ents of ChAdOx1-S. Identification of the binding part-
ners of PF4 is important for improving vaccine safety.

2. No sulfated glycosaminoglycans are detectable in
ChAdOx1-S.

less than 0.83 pg/ml of the exemplary GAG heparan sulfate in the
vaccine as judged by the signal of the positive control with spiked
heparan sulfate (blue line in Figure 1). According to previous studies
on detecting GAG contaminants,® the NMR spectrum was analyzed
at around 2 ppm, the shift range of GAG-specific acetyl signals. The
spectrum of the vaccine sample did not show any acetyl signal that
would indicate the presence of GAG (Figure 1).

In principle, treatment of vaccines with enzymes degrading GAG
would reduce any risk of GAG-PF4 complex formation. However, one
issue is that treatment of such a complex protein-rich vaccine does not
ensure that all the enzymes (several heparanases and chondroitinases)
are active. In addition, it has to be considered that such enzymes might
cause problems of adverse immune reactions if they cannot be com-
pletely removed from the vaccine during the final production steps.

In conclusion, we found no evidence for the presence of >0.5 ug/
ml sulfated glycosaminoglycans with a molecular weight >1 kDa in
ChAdOx1-S. These data support that the search for PF4 interaction
partners in the vaccine should focus on other vaccine constituents
beside the hexon protein, which we’” and Baker et al.® have already
demonstrated to be part of PF4 complexes.
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FIGURE 1 A, Analysis of the 'H nuclear magnetic resonsonance (NMR) spectrum of ChAdOx1-S regarding presence of sulfated
glycosaminoglycans (GAG). The gray shaded area of the spectrum in the left panel, shown in magnification in the right panel, is the
informative segment of the NMR spectrum for detection of GAG. To detect any GAG, an overlay of *H-NMR spectra was analyzed in the
aliphatic region (i.e., low-shift ppm range, left panel), specifically at around 2 ppm (right panel). The spectrum of heparan sulfate (25 ug

in 500 ul D, 0, red spectrum) as positive control showed the methyl proton resonance of the typical GAG acetyl group at 2.05 ppm. The
processed and 60-fold concentrated vaccine sample (green spectrum) did not show any signal indicative of GAG-specific acetyl groups. After
spiking the vaccine with heparan sulfate corresponding to a concentration in the vaccine of 0.83 pug/ml, this signal was clearly visible (blue
spectrum). The overall spectra of heparan sulfate, the vaccine and the spiked vaccine are shown in (B). B, *H NMR spectra of ChAdOx1-S
after protein digestion, strong-anion exchange chromatography (SAX)-Ch purification, and 60-fold concentration (green); vaccine
supplemented with 25 ug heparan sulfate (blue), and 25 ug heparan sulfate (red)
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