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1. Introduction

1. Introduction

Almost all processes that take place in an organism are mediated by proteins with a broad diversity of
functions. The properties of a protein depend mainly on its tertiary and quaternary structure (see
chapter 2.1 Protein) while the amino acid sequence, the so-called primary structureis the base of the
folding. Proteins are designed to do their functions and are adapted to the surrounding they are acting
in. In the latter regard, hydrophilicity or hydrophobicity plays animportant role. For the expression of
soluble proteins, the amino acid chain folds in a way that charged as well as polar amino acids are
exposed to the aqueous solution and apolar uncharged amino acids are hidden or shielded from it. Vice
versa, in case of insoluble proteins like membrane proteins, it is crucial to have at least apolar regions on
the surface to be anchored in the hydrophobic part of the lipid bilayer. Platelet factor 4 (PF4) the central
protein in this thesis belongs tothe fraction of soluble proteins. In
the majority of mammalian organisms, PF4 and homologous
proteins (e.g. interleukin 8 and sequenced but so far undescribed

proteins) are found, but not in plants or bacteria.!

The homotetrameric chemokine PF4 (see figure 1.0.1) was initially
Figure 1.0.1: Cartoon of the homo-  described as a platelet-derived heparin-neutralizing factor.2 Later it

tetramer platelet factor 4 (PF4) based

on crystallographic data (PDB coder 35 found thatiit is involved in hemostasis, ># platelet coagulation
1RHP) with the four subunits colored

in blue, green, orange, and red. . . . .
’ ’ ’ interference,3* angiogenesis,3°¢ host inflammatory response

promotion,? and thatit is a chemoattractant forimmune cells like neutrophils and monocytes.?7-° PF4
gained wide interest because of its centralrole in the life-threatening, immune-driven, adverse drug
effect heparin-induced thrombocytopenia (HIT, see Figure 1.0.2),1%*which occurs in up to 3% of
patients receiving unfractioned heparin (UFH) after major surgery.!2 Here, PF4 forms complexes withthe

polyanion (PA) heparin, which is administered to avoid blood clotting during and after surgeries. By the
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complex formation, PF4 competes with antithrombin for the binding sites on the heparin chain and

neutralizesthe anticoagulatory effect of the latter.

-—> - —> Heparin
platelet factor 4  heparin PF4/heparin immune Induced
(PF4) complex complex Thrombocytopenia

Figure 1.0.2: Platelet factor 4 (PF4) with an equator of positively charged amino acids forms complexes with the
negatively charged drug heparin.'* Some patients develop antibodies or are already pre-immunized against an
epitope thatis formed when PF4 aligns on the PA strand. The resulting immune reaction induces the opposite of
whatis intended by the administration of heparin —ratherthan preventing thrombosis during surgeries, blood clots
are formed in the life-threatening adverse drug effect heparin-induced thrombocytopenia (HIT).

Some patientsdevelop antibodies directed against these multimolecular PF4/heparin complexes.’> The
antibodies that are formed after administration of heparin are mostly of the 1gG class. This type of anti-

bodies and the time of the early onset are not charac-

primary immune secondary i.
response response

teristic for a primaryimmune response where IgM is
formed first followed by IgG after two weeks (see

figure 1.0.3). The early onset of IgGis a hint towards a

antibody titer

secondary immune response meaning that the

patient's immune system has 'seen' an antigen similar time [days]

Figure 1.0.3: Classes of antibodies occurring
after first antigen contact during primary
immune response and after second contact

to whatis exposed on the PF4/heparin complexes.

response. Adapted from  Grundwissen
(immune complexes) leads to the release of further Immunologie by Schiitt and Bréker.™

PF4, formation of multimolecular complexes to which even more antibodies can bind.10.13.16 When the
immune complexes bind to platelets via the Fc-parts of the antibodies, Fcylla-receptorson the platelets
surface get cross-linked, which induces platelet activation, leading to further aggregation and formation
of blood clots.1517 Additionally, PF4 and PF4/heparin/IgG immune complexes then bind to endothelial
cells, leading to severe damage of the cells.?318-20The prevailing prothrombotic state bares an increased

risk for thrombosis. 2122
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Itis widely accepted that anti-PF4/heparin antibodies recognize an antigen exposed on PF423 at a certain
PF4/heparin molar ratio!324 at which the opposite charges of PF4 and heparin are neutralized.16:25
Epitope expression on PF4 is not limited to sulfated PA like heparins. Complexes of PF4 with DNA
containing phosphate groups and bacterial phospholipids also showed cross-reaction with PF4/heparin
antibodies,2%-28 meaning that a similar epitope is formed on the protein while the PA can be exchanged
and antibody recognition as well asimmune response persist.126-28 At the mentioned optimal ratio, PF4
tetramersare aligned on the heparin strand and forced into close approximation.® Understanding why
an endogenous protein turns immunogenic when forming a complex with a PA is of fundamental interest
in basic science as well as in the medical and pharmaceutical field. Knowing the underlying mechanism
will be helpful for the development of polyanionic drugs not baring the risk of an immune reaction

induction and may also give hints towards the general mechanism of antibody induction.

1.1 Paper| (PF4 Evolutionary Analysis)

As aforementioned, PF4 binds to bacterial surfaces. There is a cross-reaction with PF4/heparin
antibodies when PF4 binds to a bacterial surface, suggesting that it has the function of a marker for
potential pathogens.2® To explore if PF4 may also be a part of an ancient immune system against
bacteria, we investigated the binding of PF4 to bacterial surface in detail in paper| (PF4 evolutionary
analysis). We found that PF4 binds via its positively charged amino acids to the negatively charged
phospholipid lipid A, the innermost and highly conserved part of the lipopolysaccharide (LPS) of Gram
negative bacteria (see chapter 3. Bacteria).! The less lipid A was covered with outer core and O-antigen,
the more PF4 bound tothe bacterial surface. The knowledge of PF4 binding to potential pathogens like
bacteria and exerting a similar epitope on the bacterial surface like in PF4/heparin complexes, supports
the hypothesis that PF4 is part of anancient host defense mechanism.2¢ LPS is conserved in the envelope
of Gram negative bacteria. The question to be answered was whether the structures on the PF4 surface

required for the binding to lipid A are also conserved. By executing an amino acid sequence survey, we
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found indeed that the mainly positively charged amino acids contributing to the heparin binding site on

the PF4 surface or on similar proteins (e.g. PF4 like, interleukin-8 and so far uncharacterized proteins; see

figure 1.1.1) are highly conserved in
different vertebrate species (paper
| (PF4/evolution)).! PF4 being ex-
pressed in miscellaneous verte-
brates additionally supports the
idea of PF4 as an ancient host
defense mechanism. Bacteria
covered with PF4 are recognized by
sera originating from HIT patients
and known to contain anti-PF4/hep-
arin antibodies. Itis very likely that
PF4 forms a similar epitope on the
bacterialsurface and in the
PF4/heparin complex which is
recognized by the same antibodies
contained in the aforementioned

sera. This is supported by the fact

10 20 30 40 50 60
EAEEDGDLQCLCVKTTSQV RPRH TSLEVIKAGPHCPTAQLIATLI KNGR}KICLDLQAPL% KKIIKa LLES

total amino rotein
Mammals PO 23;..|46 49;..p1 Gd acid similarity F:zame
Human RPRH |[K NGR| [KKI | KK 100% PF4
Orangutan RPRH K NGR| KK I | KK 97% PF4 like
Gibbon RPRH |[K NGR| KKI | KK 100% PF4 like
Bovine NPRHl [K TGR| KK I | KR 73% PF4
Pig SPKH [ KGH| KK I | KK 72% PF4
Rabbit RPRH |[K NGR| KKV I KK 81% PF4 like
Rat HLKR K NGS KK I | KK 75% PF4
Mouse HLKHH K NGR| KKV I EK 74% PF4
Birds
Chicken HPKS| [K DGIR| QLI VKA 41% IL-8
Reptiles
Turtle PPRS| |[K DGRl [KLI I KA 42% IL-8
Amphibians
Frog HPKH| [T SGD| KR I | EK 50% n/a
Fish
Carp | GKHl [ KETKQ| KKV | EK 47% IL-8

Figure 1.1.1: Amino acids of PF4important for heparin binding are largely
conservedamong species. Alignment of the heparinbinding region (R20,
R22, H23, K46, R49, K61, K62, K65, and K66) of PF4, IL-8, and an
uncharacterized protein (n/a) and total amino acid similarity of various
species in percentages compared with human (100%) is shown. Above
the amino acid sequence of 1 PF4 monomer (70 amino acids, primary
structure without signal sequence, UniProt P02776), the crystal structure
of a PF4 tetramer (quaternarystructure, PDB code 1f9q)is depicted from
the front (left) and from the top view (right). Lysine residues of the C-
terminus (K61, K62, K65, and K66) are highlighted in green; arginine (R20,
R22, and R49), histidine (H23), and other lysine residues (K46) are
highlighted in blue. The pictures of the crystal structure of PF4 were
made using PyMOLMolecular Graphics System Version 1.3 Schrodinger
LLC.

that PF4-covered bacteria were able to induce an immune reaction.?® The finding let us speculate why

the lipid A is covalently linked with a polysaccharide chain. When PF4 easily marks bacteria via binding to

lipid A, bacteria might have covered the structure that made it vulnerable to the immune system of its

host. By the usage of several Gram negative mutants with different O-antigen chain lengths, Krystin

Krauel showed that the longer polysaccharide chain of the mutant was, the less PF4 bound to the

bacterial surface and the lower was the possibility of an immune reaction.

10



1. Introduction

1.2  Paperll(PF4/Polyanions)

At the time the work of this thesis started, it was believed that repetitive structures formed by PF4 on a
heparin chain, form an epitope to which antibodies bind inducing the adverse drug effect HIT. It was
believed that these repetitive structures might exhibit similarities with capsids of viruses and are
therefore, recognized by the immune system of some patients.® NMR studies suggested that the
complex formation is accompanied by changesin the secondary and tertiary structure of PF4.3° The NMR
measurements were done with PF4-M2, a symmetric variant of PF4. It cannot be ruled out that this
mutant with slightly different primary structure behaves differently, when forming a complex with PA
like heparin. The direct experimental proof for secondary structure changes of PF4 upon complex

formation with PA was lacking.

To investigate the structure and potential structural changes of PF4, | used circular dichroism (CD)
spectroscopy. Investigating the PF4/PA system with CD spectroscopy is advantageous in many respects.
CD spectroscopic measurements have proven to be correct for direct interpretation of structural changes
in a protein upon binding to heparin (antithrombin IlI/heparin system).3! Ingeneral, CD spectroscopy is
not very expensive with respect to protein consumption and also not very time consuming. For NMR
studies, which give more detailed information about the protein structure, the asymmetry of PF4 is a
problem. This drawback does not play a role in CD spectroscopy, because the signal thatis measured
arises from the monomer and not from the entire tetrameric protein. The PA that were tested for
complex formation with PF4 did not interfere with the measurements, as they did not exhibit a CD signal
atall or only at very high concentrations. By carrying out a deconvolution of a protein CD spectrum, itis
possible to determine its secondary structure composition. The deconvolution of a protein CD spectrum
is most reliable when the protein has a certain a-helical content. PF4 has one a-helix per monomer,
which makes it especially suitable for the usage of CD spectroscopy deconvolution. Carrying out a

deconvolution only gives secondary structure composition of a protein but from crystallographic data we

11
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know the location of the secondary structures in the PF4 molecule (PDB code: 1f9q). Their distribution is
beneficial for working with CD spectroscopy. Secondary structures like the antiparallel B-sheets are
agglomeratedinthe center of the tetramerandall four a-helices are located on the surface of the
protein. Ifthe deconvolution of the protein spectra suggests anincrease or decrease in a respective
secondary structure, the location of structural changeis known and it is possible to make an educated

guess of the amino acids involved.

In paper Il (PF4/PA) complex formation between PF4 and different PA was investigated (see table
1.2.1).28Itisbelieved that the PA wrap around the PF4, forming an interface between the equatorial ring

of positively charged amino acids and the sulfate groups of the PA.

Table 1.2.1: List of the PA investigated in paper Il (PF4/PA). left: The PA investigated regarding the degree of
polymerization. right: The PAassessed regarding degree of polymerization. (* no sulfate groups but carboxy groups,
**no sulfate groups)

PA investigated in paper Il (PF4/PA)

degree of polymerization degree of sulfation
dextransulfate high
unfractionated heparin (UFH) long : unfractionated heparin (UFH)
low molecular weight heparin (LMWH) NK 2-0, 3-0O desulfated heparin (ODSH) v
fondaparinux (pentasaccharide) short i hyaluronic acid* low
dextran**

Clinical studies revealthat three factors have an influence on the immunogenicity of PF4/PA complexes:
i. the molar PF4/PA ratio, ii. the degree of polymerization of the PA and iii. their degree of sulfation. By
assessing clinically relevant PA of varying length and degree of sulfation, using the established PF4/PA
solid phase enzyme immunoassay (EIA)3? (see chapter 4.2) and CD spectroscopy, we were able to show in
paperll (PF4/PA) that PF4 changesits secondary structure when forming an immunogenic complex with

certain PA. We thereby built the basis of a prediction system just looking at CD datato judge whethera

12
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PA has the potential to form antigenic complexes without the need for (sometimes strongly deviating)
patients sera used in the EIA. The deconvolution of the CD spectroscopic data revealedthat there is a
decrease in a-helical and B-turn content, which is balanced by a remarkable increase in the antiparallel

B-sheet content.

In case of PF4, the antiparallel B-sheet is a good measure for the overall change in the structure of PF4.
This is because it is the secondary structure that changed the most during titrationwith a PA and it is the
only secondary structure whose content increased. Additionally, it is unlikely that an antibody binds to a
disappearing structure, but rather recognizes a neoepitope, meaning a structure thatis newly
developed. Therefore, in the following, an increase in antiparallel B-sheet, changes in CD signal and

secondary structural changes of the protein have essentially the same meaning (for the PF4/PA system).

When comparing the antigenicity, meaning antibody binding measured with the PF4/PA solid phase EIA,

with the structural changes in the protein measured by CD spectroscopy it was found:

i. PF4/PA complexes showing
dextran
’
high antibody recognition 40 ¢ P s %ksulfate
I reviparin e
also showed remarkable -
@ 35¢1
= g , /
changes in the CD signal. & |chondroitin UFH antigenic
N sulfate ,, ~
£ 30F-=-=1 F-q-————————— -
.. . /’
ii. A correlation betweenthe ,
P 7’ ODSH non-antigenic
degree Of Sulfat'on and the 25 L ¢ dextran and hyaluronic acid
amount of structural 0 0.5 1 1.5 2 2.5
degree of sulfation [#/monomer]
changes as well as in degree Figure 1.2.1: Correlation between the degree of sulfationand
o ) the maximally induced antiparallel B-sheet in the PF4
of antigenicity exists. The molecule.

higher the number of negative charges per repeating unit of the PA was, the higher were the

secondary structural changesin the protein (see figure 1.2.1). Based on the empirically

13
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determined antigenicity threshold in the EIA, we were able to define an extent of changes in
the antiparallel B-sheet that has to be exceeded (>30%) to turn a PF4/PA complex antigenic.

This formed the basis of the antigenicity prediction with the help of CD spectroscopy.

In case of the degree polymerization a certain chain length had to be exceeded to observe
structural changes or antigenicity (yes/no question). A polyanionic pentamer such as
fondaparinux does not induce any change in the protein structure and the PF4/fondaparinux
complex is also not recognizedin the EIA. We propose a model in which at least two PF4
tetramers have tobe brought into close approximation to undergo structural changes to
form the neoepitope that is recognized by antibodies. The pentamer binds probably to PF4,
but it is too short to hold two PF4 tetramerstogether.

Antibody binding and secondary

A . ,
structural changes as observed by CD . 40
X
== 35 |
spectroscopy show the same g
< 30
. a A
dependence on the PF4:PA ratio (see = 25| .
& 1
: 20 :
figure 1.2.2). The course of the curve 0! 05 1 15 2
B i c(reviparin)/c(PF4)
of antigenicity and antiparallel B- 2 \ T '
—~15 ¢
sheet content is very similar. We B
2
observed a fast onset in both, anti- (‘DD' 0.5
.. . 0t}
genicity as well as an antiparallel - . . ‘ .
0 0.5 1 15 2
sheet content, which is followed by a c(reviparin)/c(PF4)

Figure 1.2.2: Structural changes observed by CD
spectroscopy (A) andantibody bindingin EIA (B) show
the same molar PF4:PAratio dependency with similar
dependent PF4:PA ratioand ends in a onset, decrease and matching peak position.

distinct peak at a certain PA

less steep decrease in both antigenicity and antiparallel B-sheet content. The raw CD signal

as well as its deconvolution tends to a native-like state againat higher PA concentration.

14
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Therefore, we conclude that the changes were reversible in most cases. Exceptions from this
behavior were the aforementioned pentamer fondaparinux, showing no changes over the
whole titration and the highly sulfated dextran sulfate where the antigenicityand the
structural changes remained even at very high PA concentrations, indicating that the
changes were irreversible.

V. Notably, the peak position of maximum antibody binding and maximum antiparallel B-sheet
matched (see figure 1.2.2) with the only exception unfractionated heparin (UFH), where a
correction factor had to be introduced to get matching peak positions for prediction of
antigenicity based on the CD measurements. We speculate this is due the polydispersity of
UFH and that the formed complexes are therefore quite heterogeneous in size, which might

lead to deviations in the read-out of the two used techniques.

After observing that PF4 binds to lipid A with a phospholipid anchor in paper|(PF4 evolutionary analysis)
and thus, finding that the binding of PF4 is not restricted to negative chargesderiving from sulfate
groups present in all heparins, pure phosphates in form of inorganic polyphosphates (polyP) were also
tested for complex formation, structural changes and antigenicity. It was found that complexes of PF4
and polyP chains also induce structural changes in the PF4 molecule and even surpassing the threshold
of 30% to be antigenic. Further, it turned out that polyP are beneficial for CD measurements as they do
not add absorption in the measured wavelength range for far-UV CD spectra like for example, heparins

do (see chapter 4.1 Circular dichroism).

1.3 Paperlll (PF4/defined Heparins)

After testing clinically relevant but relatively undefined glycosaminoglycans (GAG, see chapter 2.2
Polyanions) in terms of size distribution in paper 1l (PF4/PA), the focus was laid on highly purified,
monodisperse heparins. In paper Il (PF4/defined heparins) additional physicochemical techniques were

introduced by Martin Kreimann to characterize more in detail the complexes formed between PF4 and

15



1. Introduction

defined heparins purchased from Iduron Ltd. (Manchester/UK).33 Additionally to the heparin oligomers
(HO) consisting of 6 (HO06), 8 (HO08) und 16 (HO16) subunits, UFH and the pentamer fondaparinux
were tested with the additional methods: isothermal titration calorimetry (ITC, see chapter4.3
Isothermaltitration calorimetry) to analyze the thermodynamics of the complex formation, and atomic
force microscopy (AFM) to investigate the complex sizes as well as the occurrence of multimolecular
complexes. The relatively clear picture of clinically relevant heparins is put into perspective in paperll
(PF4/PA). The model that a certain extent of structural change has to be exceeded toturn complexes
antigenic had to be extended in case of the defined heparin oligomers. We found that the structural
changes are necessary but not sufficient to form antigenic complexes. The three required characteristics

were:

i. An increase in antiparallel B-sheet exceeding ~30% was achieved by UFH, HO16, HO08, and
HOO06, but not by fondaparinux as shown by CD spectroscopy.

ii. Multimolecular complexes have to be formed. This requirement was fulfilled by UFH, HO16,
and HOO8 as shown by AFM.

iii. A negative entropy during complex formation has to be achieved. The necessity was only

fulfilled by UFH and HO16 as shown by ITC.

The increase in antiparallel B-sheet was sufficient (>30%) for all tested PA except for fondaparinux.
Nonetheless, the course was different for each PA (see figure 1.3.1). For the complex formation of PF4
with UFH, the curve progression with its steep onset and flat decrease (see figure 1.3.1 A) was already
known from paper Il (PF4/PA). The curve for the complexes formed between PF4 and HO16 is very
similar but with the differences that the maximum antiparallel B-sheet is ~5% higher and that the
maximum change was observed at a lower concentration ratio (see figure 1.3.1B), suggesting a more

efficient complex formation due to the lower polydispersity. Further, the peak of maximum secondary
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structural change is much narrower for HO16. Con-
tinuing with the complexes formed between HO08
(figure 1.3.1C), the peak broadened againand its
position was shifted to a slightly higher concentration.
However, the main difference to the PA investigated
before is the reduced reversibility of the secondary
structural change. The antiparallel B-sheet content
stays nearly constant around 36% at higher PA
concentrations. As a continuation, of the stepwise
changein curve progression from the longer to the
shorter heparin oligomers, the curve of the PF4/HO06
complexes is lacking a peak and directly goes into
saturation at a certain PF4:HOO6 ratio (see figure
1.3.1D). With ~36.5%, the maximum antiparallel B-
sheet content is lower compared to the other heparin
oligomers. From the CD results it can be concluded
that not only the amount of antiparallel B-sheet has to
exceed 30%, but also these changeshave to be
reversible. The necessity of reversibility is not fulfilled
in case of the short heparin oligomers HO08and HO06

being close to the pentamer fondaparinux, not in-

UFH
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HO16

B-sheets 1][%]

HOO08

B-sheets 1|[%]

HOO06

B-sheets 1[[%)]

m
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0
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c(saccharide;/c(PF4)

Figure 1.3.1: Deconvolution of CD spectra for
PF4 titrated with:a —UFH, b—HO16,c—HOO0S,
d —HOO06, e —fondaparinux.

ducing any structural changesin the PF4 molecule (see figure 1.3.1E). In paper Il (PF4/PA) we found,

that the secondary structural changesin PF4 induced by the highly charged dextransulfate were also not

reversible. Obviously, it has to be discriminated betweenthe irreversibility of structural changesinduced
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by short PA chains and theirreversible changes of highly sulfated PA of sufficient chain length like

dextransulfate (see paperll— PF4/PA).

32'5 L antigenic

s2.0 I

21.5

[m] L

O;.g ' 4 tigeni
S5 F non antigenic
0o L *® ¢ t
' PF4 Fondaparinux HOO06 HO08 HO16 UFH

w/o heparin

Figure 1.3.2: The PF4/PAEIArevealed antibody binding above the antigenicity threshold for complexes of PF4 with
HO16 or UFH, respectively. PF4/HO08 complexes showed only insufficient antibody binding, being therefore non-
antigenic.

The requirement of multimolecular complex formation wastested by Martin Kreimann using AFM
imaging in liquid. He also carried out the ITC measurements and found that the negative entropy is
balanced by a large binding enthalpy between PF4 and the respective heparins and therefore, the
enthalpy provides the energy to induce conformational changes in PF4, which are needed for the
formation of the neoepitope recognized by the anti-PF4/heparin antibodies. By this finding, the CD
results suggesting structural changes were supported. The results were proven by EIA showing that only
complexes formed by PF4 with UFH and HO16 consistently exhibited high antibody binding (see figure

1.3.2).

1.4 Paper |V (PF4/Polyphosphates)

After showing in paper |l (PF4/PA) that PF4 exerts the same featureslike secondary structural changes
and antigenicity in complex with the polyP P75 (chain of 75 phosphates), we studied this system in more
detail in paper IV (PF4/polyP). We investigated the complex formation of PF4 of polyP with three
different chain lengths (P3, P45, and P75) and the influence of polyP on the binding of PF4 to a Gram-
negative bacterial surface. The characterizationincluded techniques that were used before (CD

spectroscopy, EIA and ITC) supplemented by a new technique (flow cytometry, see chapter: 4.4 Flow
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Cytometry). By CD spectroscopy it was found that, in

A
contrast to the short P3, the two longer polyP P45 =
3
and P75 induced secondary structural changesin the <
2
PF4 molecule. We observed slight differences in &«
curve progression betweenthe complex formation 0 25 50 75 100 125 150
B c(P)/c(PF4)
of PF4 with P45 and P75 which are not only
=)
represented in the raw CD spectra but also in the 55
deconvolution of the CD spectra (see figure 1.4.1A). g
The onset of increase in antiparallel B-sheet and the
0 25 50 75 100 125 150
peak position is nearly the same for P45 and P75. c(Pi)/c(PF4)
Figure 1.4.1: A- Deconvolution of CD spectra
Further, for both polyP, the secondary structural of PF4 in complexwith P3 (& ), P45 (L),
P75 (<) and B—antibody binding measured
changes areirreversible. Thereis only a partial by EIA.

folding back to the initial secondary structure which is slightly more pronounced for P75. Whereas the
structural changes in the protein upon complex formation with the two longer polyP are quite similar,
there are pronounced differences in antibody recognition between PF4/P45 and PF4/P75 complexes (see
figure 1.4.1B). PF4/P75 complexes show very high antibody binding with its maximum shifted to a higher
concentration compared to the peak position found by CD spectroscopy. In the case of UFH, we also
observed the shifting in peak position and discussed that this might come from the polydispersity. Here,
the same feature was observed again, but the P75 has a very low polydispersity index, so the peak shift
might have another reason. It may very well be that complexes with longer chains behave differently on
the surfaces of EIA plates. Complexes between PF4 and P45 are also antigenic (OD higher than one, see
figure 1.4.1B) but the peak position matchesthe one found by CD spectroscopy. Complexes between
PF4/P3 were not recognized by anti-PF4 heparin antibodies at any PF4:P3 ratio.

The energetic characteristics of the PF4/polyP binding interactions were assessed by ITC. The energies

exerted by the complex formation between PF4 and P3 were either too small to be measured or no
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complexes were formed at all. The latteris rather unlikely, assuming that the binding mechanism is the
same as for P45 and P75, where the binding was already proven with the techniques before. But it may
very well be that five charges exerted by the triphosphate are not sufficient to form stable complexes.
However, P45 and P75 showed characteristic negative peaks indicating an exothermic reaction. After
peak integration, data wasfitted with a One Set Sites model (included in the Origin-based analysis
software provided by MicroCal, LLC, Northampton, MA) to obtain the values of the changein enthalpy
(AH), dissociation constant (K), the stoichiometry (N), and the Gibbs free energy. As expected for a
reaction that runs spontaneously, negative values were found for the AG. Moreover, the values were
quite similar for P45 and P75. The enthalpies for the PF4/P45 and PF4/P75 calculated per mole of polyP
and per mole of PF4 were also found to be negative. When comparing the enthalpies calculated per
mole of polyP for P45 and P75 the difference matches quite nicely the difference in size. P75 is three
times longer (3.1), meaning that it provides also three times more chargesfor the electrostatic
interaction with PF4. The enthalpy differs by a slightly higher factor of 3.7 (see table 1.4.1). When
calculating the enthalpy per mole of PF4, the small difference becomes more evident. Here, the enthalpy

of the reaction between PF4 and P75 is higher than for the PF4/P45 complex.

Table 1.4.1: Thermodynamic parameters for the interaction of PF4 with P3, P45 and P75.

Enthalpy, Enthalpy,  Dissociation Stoichio- Gibbs Free  Entropy,
Complex AH? AHP constant® metry Energy, AG> ~TAS°

[kcal/mol] [kcal/mol] [M] [polyP/PF4]  [kcal/mol] [kcal/mol]
PF4/P3 n.d. n.d. n.d. n.d. n.d. n.d.
PF4/P45 -8.21+2.31 -4.0740.49 1.7*107+6.7*10® 0.51+0.1 -9.25+0.22 1.04+2.47

PF4/P75 -16.6%0.46 -7.06+0.33 8.4*10°+1.4*107 0.43%0.01 -8.2840.09 -8.36+0.55

Note: Thermodynamic parameters calculated: a) per mole of polyP chain or b) per mole of PF4 tetramer.
n.d. — not defined (energies for PF4/P3 complex formation too low to be measured)
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The stoichiometry indicated that more than one (1.3+0.25) P45 strand binds to one PF4 tetramer,
whereas approximately two PF4 molecules bind to one P75 strand (P75/PF4 = 0.6+0.01). The difference
in enthalpy, together with the difference in stoichiometry, might already by an indicator for dissimilar
mechanism in complex formation. This may also be the explanation for the different antibody binding
behavior seen before. Interestingly, a slightly higher affinity was suggested for P45 compared to P75.
After the physico-chemical characterization of the PF4/polyP complexes, we assessed the issue of PF4 as
a part of anancient host defense mechanism, extended this time by polyP, which are ubiquitously found
in pathogenic bacteria but also in platelets. Itis not unlikely that PolyP and PF4 interact. Theyare
released during platelet activationand also after bacterial death. Flow cytometry (see chapter: 4.4 Flow
cytometry) was used to show that polyP ratio dependently increases the amount of PF4 that binds to the

surface of the Gram-negative bacterium

A
L . g 25
Escherichia coli (E. coli JIM109). Therefore, T _ Lo |
89 -
215 |
FITC-labeled bacteria and biotinylated PF4 ©® 49 [
[} = ’
T“—;LE,) 05 |
were coincubated with increasing £~ 00
=]
c 0 0,0 0, 0,0 3. 2.8 & > %
. ' QO W B 6 TS e o
concentrations of polyP to obtain A
B c(polyP) [ug/ml]
12
different PF4:polyP molar ratios. P3 did 2 0 F
=
[ = St 8 |
not induce any changes, the amount of % E 6 I .
ax 47
bound PF4 remained at baseline over 2 5 %
W D 1 1 1 1 1
. E. coli
tested polyP concentrationrange of 0 to 0 o8& 31 125 350 200
Pey & w/o PF4 c(P55) [ug/ml]
40 pg/ml. In contrast, P45 and P75 in- Figure 1.4.2: Flow cytometry experiments showing A —

that the amount of PF4 bound to a bacterial surface can
be PF4:polyP ratio dependently increased by P45 ),

creased the PF4- coating of the bacterial P75 O~ ) but not by P3 (=) and B — that the phago-
cytosis of bacteria by polymorphonuclear leukocytes is
surface in a PF4:polyP ratio dependent already increased by the addition of PF4 but is further
increased when polyP is also present at a certain
manner by more than two-fold (see figure concentration. At high polyP concentrations both, the PF4
bound to the surface and the phagocytosis decrease.
1.4.2 A). The maximum binding for both (Significance levels: * - p<0.05, ** - p<0.01)
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polyP was achieved at the same concentration. Also, the dissolution of PF4 from the bacterial surface

occurred at the same high polyP concentration.

Additionally, we show that PF4 binding to the bacterial surface improves the anti-PF4/heparin antibody-
mediated phagocytosis of bacteria by polymorphonuclear leukocytes (PMNs), see figure 1.4.2 B.
Therefore, we again coincubated E. coli with PF4 and different concentrations of P75. Additionally,
PF4/P75-coated bacteria were incubated with anti-heparin antibodies and afterwards, with PMNs freshly
purified from whole blood donated on the same day. In figure 1.4.2 B it can be seen that the
phagocytosis is even more efficient when adding P75. At concentrations of P75 higher than 50 pg/ml, the

phagocytosis is againinhibited.

g&

bacterla

Figure 1.4.3: Schematic representation of the mechanism how polyP might mediate antibacterial host defense.
Activated platelets release charged PF4 which interacts with polyP increasing the amount of PF4 attached to the
bacterial surface. The formation antigenic multimolecular PF4 clusters initiates antibody formation by B-cells. These

antibodies will bind to all bacterial species forming PF4 clusters on the surface. The antibody recognition finally
facilitates phagocytosis of the bacteria by leukocytes.

Figure 1.4.3 shows a schematic representation of how polyP might contribute to the ancient host
defense mechanism. Bacteria canactivate plateletsvia direct and indirect interaction, respectively. Upon
activation, plateletsrelease alpha granules containing PF4 which binds to lipid A on the surface of Gram
negative bacteria. The binding is enhanced by polyP, which are also released from platelets upon
stronger activation from their dense granules. Due to PF4/polyP interaction, multimolecular complexes

are formed exerting more antibody binding sites on the bacterial surface which are additionally in a
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greater distance from the outer membrane. The latter might be crucial because the glycosamino chains
of the LPS mightimpede the epitope recognition by the antibody and also the recognition of the Fc part

of the antibody by granulocytes.

The highly variable O-antigen of the LPS can reach up 37 nm.3* An immunoglobulin G witha length of 8.5
nm together with a PF4 tetramer of 6 nm could be hidden in the lawn of sugar chains. In contrast,
multimolecular PF4/PA complexes in contrast can reachsizes up to about 30 nm in globular form?333 and
up to 200 nm in linear form.® Therefore, an antibody attached to a multimolecular complex would reach
out of the lawn and could be recognized by leucocytes via the Fc-part which facilitatesthe phagocytosis

of Gram negative bacteria.

1.5 PaperV (PF4/Aptamer)

We showed that PF4 binds to the phosphate groups of lipid A and to pure inorganic polyP chains.
Another class of molecules containing phosphate groups is represented by nucleic acids (DNA and RNA).
The concentration of extracellular nucleic acids in plasma rangesfrom 0 to >1000 ng/ml in healthy
individuals.3> Under pathological conditions, upon release of nucleic acids, due to cell death, tissue
damage or the breakdown of viruses and bacteria, the concentration can be locally quite high (up to 2
mg/ml)36:37 but only for alimited time, as it is cleared from plasma within 4-30 minutes.38 Concluding the
aforementioned, naturally the possibility is given, that the positively charged PF4 can interact with DNA
and RNA. Another potential contact point between PF4 and nucleic acids arises when the recently
introduced therapeutic oligonucleotides called aptamers (see chapter: 2.2.10 DNA — Protein C-aptamer)
are administered to patients.3° Here, the interaction between PF4 and nucleic acids becomes relevant in
terms of drug safety. Aptamersare designed to have a certain secondary structure to bind a target. A
DNA or RNA construct by chance forming complexes with PF4 might be on the one hand less effective

because of potential competition for the binding sites. On the other hand, the risk of the adverse drug

23



1. Introduction

effect HIT might prevent the usage of aptamers.

Indeed in paperV (PF4/aptamer) we show that
certainaptamersform complexes with PF4 and

induce anti-PF4/aptamer antibodies which cross-

ellipticity [MRDE]

react with PF4/heparin complexes. Moreover, by

CD spectroscopy we showed that the protein C- 200 220 240 260
wavelength [nm]
aptamer caused secondary structural changesin Figure 1.5.1: Changesinthe CD spectrum of native
PF4 (—) induced by the 44mer—DNA protein C
the PF4 molecule similar to those induced by aptamer (Captamer=2.5 pg/ml 0=, Captamer=5 pg/ml
=, Captamer=20 pg/ml =C—) compared with the
heparin and even higher (see figure 1.5.1). Further, maximum changes induced by UFH ( cur=69
pg/ml —#—). Note that the changes in PF4 spectra
the same amount of changes maximally induced by are rather similar, regardless whether heparin or

the aptamer was used.

heparin, were induced by much lower concentration of the protein C-aptamer. For heparin we always
observed distinct peaks of maximum changes, but for PF4 in complex with the protein C-aptamer, the
changes persisted over a quite wide range of concentrations (5 to 20 ug/ml) forming a plateau before a
refolding occurred (not shown). Concluding the results of paperV (PF4/aptamer), some aptamersnot
designed to bind to PF4 bear the risk of inducing an immune reaction similar to HIT. The handling of the
data was a bit more challenging for the complex formation of PF4 with an aptamer, asthe latterin
contrast to the PA before, exhibits its own CD spectrum. Even though the main signal of DNA and RNA s
observed in the near-UV range, there wasa minor signal in the far-UV sensitive for protein secondary
structures. By the stepwise increase of the aptamer concentration, the amplitude of its CD spectrum
became more pronounced, reachedthe amplitude of the protein and was even higher at the end of the
titration. We classified each aptamer spectrum with a maximum amplitude smaller thanthe amplitude of
the corresponding PF4 spectrum as reliable and rejected the spectra of higher concentrations (amplitude

of aptamer spectrum higher than amplitude of PF4 spectrum) from the analysis.
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1.6 PaperVI(Protamine/Heparin)

After the intensive investigation of the complex formation between PF4 and many different classes of
PA, we asked the question whether structural changes of endogenous proteins per se may be recognized
by antibodies, and whether there may be a general underlying mechanism. It was already shown that PA
like heparin can modify the immunogenicity of positively charged proteins.'® To answer the question, we
focused on protamine, a protein routinely used in post-cardiac surgery to reverse the anticoagulant
effects of heparin.*%-43 Electrostatically attached toinsulin, protamine functions as a stabilizer and also
prolongs its function.#* As for HIT where animmunization against PF4/heparin complexes is observed,
platelet-activating anti-protamine/heparin antibodies are formed in some patients.143-% The formation

of theimmune complexes leads as well to an increased risk for thrombosis and thrombocytopenia.

Protamines are small proteins that condense the DNA in mature spermatozoa.*® Asthe majority of the
amino acids contained are arginines (60-80% depending on the source specimen),*’ protamine is a
positively charged protein which is mostly purified from fish sperm (especially salmon). It is accepted
that DNA-bound protamine has no B-sheets and ana-helical content of approximately 20% in salmon or

40% in squid.*” However, for unbound protamine, an a-helical content of approximately 2-5% is

suggested which can be increased by 2,2,2-triflour-
ethanol (TFE) to 34-65%.47 Awotwe-Otooet al.
investigated protamine of five different sources and

found that the CD spectrum of all tested protamines

ellipticity [MRDE]

adopts the shape of the random coil spectrum (see

figure 4.1.1B).*8 Although their measurements are 200 220 240 260

wavelength [nm]
quite noisy and the negative band at 198 nm even

Figure 1.6.1: Upon binding to heparin the CD

seems to be cut due to high absolute absorption, it spectrum of protamine changes to lower ellip-
ticity values, indicating an unfolding of the
made changesin our experimental setup necessary to protein.
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also access the wavelengthrange below 200 nm. Therefore, the protamine was dissolved in water,
resulting in a wider accessible nm range (185 to 260 nm). It was necessary to measure below 200 nm to
resolve the negative band of protamine at 198 nm (see figure 1.6.1). As PF4, protamine also changes its
secondary structure upon binding to heparin. However, the courses of structural changesare different.
While for PF4, we observed kind of a forth-and-back reaction with maximum of structural changes in
between, there was only a one-directional reaction for protamine. When titrating protamine with

heparin, the protein unfolded the more, the higher the heparin concentration was.
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2. Proteins, Polyanions, Reagents

2.1 Proteins

"Proteins are at the center of the action in biologic processes."

Donald Voet*?

The biologic processes described in this thesis involve proteins. When heparin, a chain like polyanion
(PA), is administered to prevent blood clotting during surgery, plateletsactivate and release the protein
platelet factor 4 (PF4).5° PF4 which is the strongest heparin binder known,>! competes with other
proteins like antithrombin 111524 or thrombin>* for the binding sites on the heparin chain and decreases
the antithrombotic effect of heparin.3? Interestingly, some patients have already or develop after heparin
administration antibodies against PF4/heparin complexes. These antibodies (immunoglobulin G, IgG),
which are proteins themselves, can then trigger the adverse drug effect heparin-induced thrombocyto-
penia (HIT).>>-37HIT has been studied for several decades but relativelylittle is known about the
mechanisms leading to antigenic structures.>2 It is widely accepted that the epitopes recognized by IgG
are located on PF4, as heparin can be replaced by other PA. Investigations on the primary structure of
PF4 were done in paper | (PF4 evolutionary analysis). Special focus was given to the secondary and to the
tertiary structure in paper Il (PF4/PA), paper Il (PF4/defined heparins), paper IV (PF4/polyP), and paper V

(PF4/aptamer).

To neutralize the anticoagulant activity of heparin, protamine sulfate is administered.>°> Protamine also
forms complexes with heparin and, as mentioned above for PF4, some patientsdevelop or have already
anti-protamine-heparin antibodies.>® Aswell as for the PF4/heparin complexes, only little was known
about the complex formation between protamine sulfate and heparin. Secondary structure

investigations were done in paper VI (PS/heparin).
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Proteins are amides build-up by amino acids (AA) which are

H
0]
organic zwitterionic compounds containing two functional l 4
H,N —CG—C\
groups (an amine group (NH,) and a carboxyl group (COOH)) lll OH
and a specific side chain (R in figure 2.1). There are about 500 H,NCHRCOOH

AA known,®9 but only the 22 proteinogenic a-AA, where both
Figure 2.1: Structure of an a-amino

acid (AA) inits unionized form is shown
with an amine group (green) and a car-
boxyl group (red) attached to Cq. R
denotes for the different side chains
(residues) thatcan beatthat position,

functional groups are attachedto the a-carbon, contribute to

the formation of proteins.®1.62 The only exception to the general

formula of a-AA (figure 2.1, bottom) is proline, where due to which determine the properties of the
AA. The general formula of a-AA is
cyclization the NH,-groupis lacking. Depending on the side shown at the bottom.

chain, AAs have different properties and can therefore be grouped into several classes: a) nonpolar AA

with aliphatic R-groups — are contributing to hydrophobic interactions in proteins structures. Inthis class,

small glycine, for example, allows high flexibility of structures, whereas proline increases the rigidity of

the structures containing it. b) polar AA with uncharged R-groups — are hydrophilic and form hydrogen

bonds to other polar compounds (e.g. other AA, water). Cysteine residues often form disulfide bonds

stabilizing proteins intra- and intermolecularly. c) AA with aromatic R-groups — have on the one hand

hydrophobic side chains and on the other hand nitrogenin the tryptophan ring or a hydroxyl group of
tyrosine forming hydrogen bonds. Aromatic AA are often situated in active centers of enzymes and

catalyze reactions. d) AA with positively charged R-groups as well as e) AA with negatively charged R-

groups —include AA which are also often involved in catalytic mechanisms and contribute to the protein
structure as they often exposed on the surface of soluble proteins. f) Pyrrolysine is a special AA

considered as the 22" AA and is only present in methanogenic Archea and one Bacterium.

The fact that the two functional groups (NH3;, COOH), the side chain and a hydrogen (H) are attachedto
the a-carbon, makes it asymmetric or chiral (exception: glycine where R is a H) meaning that thereis no

superimposable mirror image. Chirality leads to optical activity which is also called optical rotation. Chiral
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molecules turn linear polarized light or absorb right and left circularly polarized light to different degrees
(for furtherinformation see 4.1 Circular dichroism spectroscopy). With some exceptions in bacterial
envelopes and some antibiotics, all proteins are composed of L-stereoisomers. During the reaction
between the carboxyl group of one AA and the amino group of another AA, water is released and hence,

the reactionis a dehydration (or condensation, figure 2.2).

0 ' o i ' 0
4 4 Il Y
+H3N—ca—c<++H3N—?a—c<\——‘ +H3N—(IZQ—C—I?I—(IIG—C\+ H,0
R, < R, < R, H R, O

Figure 2.2: The dehydration reaction (=condensation) between the carboxyl group of one AA and the amino group
of another AAis shown. The carboxyl group of one AAreacts with the a mine group of another AA forming a peptide
bond. Once an AAis part of a peptide chain, its side chainis called residue (R; and R;).

The backbone, of a protein is shown in figure 2.3. The a-carbons of the AAs and the peptide bond form
the corners of a plane. Thereis no rotationaround the peptide bond, due to its partial double bond cha-
racter (two resonance forms). The so-called dihedral angles ¢ and U indicate to which extent neighbo-
ring planes are twisted against each other. The end of the peptide chain with the free amine group is the
so-called N-terminus. The counterpart withthe free carboxyl group is called C-terminus. The AA se-

qguence of a protein is always given from N- to C-terminus.

N-terminus C-terminus

0 R H 0

I | I I

N C b Co " N C Co-- — COOH
NN X NN\ s
N

R H o R H

NH,— -

Figure 2.3: The backbone of a protein: with theresidues R attached to C,. The sixatoms with blue backgroundarein

thesameplane. Rotationis onlypossible around the C, atoms, because the peptide bond, as marked inred and green
letters (Figure 2.1.2), has partial double bond character. The angles describing the torsion of the planes are named
phi () and psi ().

Proteins are characterized by their primary, secondary, tertiary, and quaternary structure. Their

relationship is depicted in figure 2.4. The primary structure of a biological molecule describes the exact
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specification of the atomic composition, the chemical bounds or, for unbranched biopolymers like
proteins, the sequence of monomeric subunits. Proteins are polyamides and the primary structureis the
AA sequence. Secondary structures are characterized asthe three-dimensional form of local segments
that are stabilized by hydrogen bonds. Proteins present secondary structures such as a-helices, B-sheets,
B-turns, and random coil. The latter differs from the others as it is mostly not stabilized by hydrogen
bonds. Except for the random coil each secondary structure, has its characteristic dihedral angles (¢ and
). Several of these local structures can be present in a protein and arrange to the so-called tertiary
structure. It describes the overall shape of a protein molecule and the spatial relationship of its

secondary structures. The tertiary structure is stabilized by disulfides bonds, salt bridges, and hydrogen
primary structure - (K—K— U— 00— K—K—L—L—E—8

A4

: L i
secondary structure i f

N/
vV
tertiary structure I:> quaternary
structure

Figure 2.4: Aprotein is characterized onseveral levels. It starts with the primary structure describing the AA sequence
(shown is the C-terminal end of PF4). Stabilized mostly by hydrogen bonds, the covalently linked AA chain locally
folds to secondarystructures . Exemplarily, the C-terminal a-helix of PF4 is shown on the leftin blue and on theright
inred an AA sequence of PF4 forming B-sheets is depicted. The local secondary structures three dimensionally
arrange non-covalently to tertiary structures. One of four monomers of PF4 with a-helix in blue, B-sheet structures
inred andinbrown remaining structures (turn, random coil) are displayed. Inmanycases, several tertiary structures
attach non-covalently to form a quaternary structure. The graphic shows the complete homotetramer of PF4.
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bonds. Because the majority of proteins exists and is active in aqueous solution, the charged hydrophilic
AA aresituated on the surface and the nonpolar hydrophobic AA are not exposed to the surrounding
medium forming a hydrophobic core. This hydrophobic interactionis another force that stabilizes the
tertiarystructure. Tertiary structures can already be functional proteins like in the case of protamine
sulfate (paper V — PS/heparin). In many cases, several tertiary structures (also called subunits or
monomers) attachthrough non-covalent interactions, occasionally via disulfide bonds®3, to form a
guaternary structure (or protein complex). If the subunits of a protein complex are of the same kind, the
whole construct is called a homo-XY-mer (XY ='di' — two subunits, 'tri' — three, 'tetra'— four, etc.). Ifthe
subunits are different it is a hetero-XY-mer. Platelet factor 4 (paper I, paper 1, paper I, and paper V)

consists of four identical subunits and is therefore, a homotetramer.

The Anfinsen’s dogma or thermodynamic hypothesis postulates that for small globular proteins and
peptides the amino acid sequence determines the native structure.®* For this dogma, Christian B.
Anfinsen won the Nobel Prize in chemistry in 1972. It says that under given environmental conditions
(temperature, solvent concentration etc.) the folding of a native protein is a unique, stable and a
kinetically accessible minimum of the free energy. In contrast the Levinthal’s paradox postulated in 1969
by Cyrus Levinthal, statesthat due to the very large number of degreesof freedom in an unfolded
polypeptide chain the number of possible conformations is astronomically large, so large that even a
protein of only 100 AA would require 102° seconds to explore every possible conformation for the native
one and 102% seconds is actually longer thanthe universe exists.®> Levinthal was aware of the fact thatin
reality most of the small proteins fold spontaneously within milli- or even microseconds. A possible
explanation for the Levinthal paradox was stated by Edward Trifonov and Igor Berezovsky in 2002 who
stated that a protein is built up by structurally divers building blocks of 25 to 30 AA which they call
modules or loops.®® So-called closed loops were favored during evolution because they provided more

stability to the sequence.®’
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2.1.1Platelet Factor 4

~

|10 120 130 140 O |50 |60
EAEEDGDLQCLCVKTTSQVRPRHITSLEVIKAGPHCPTAQLIATLKNGRKICLDLQAPLY K111 KLLES

Figure 2.1.1: The PF4 tetramer based on the crystal structure (PDBcode: 1f9q) is depicted from the site (left) and in
a top view (right). Additionally the primary structure (aminoacid sequence) of a monomer without signal sequence
(Uniprotentry:P02776 —resolved by Zhang et al.®®) is shown below the images. The positivel ycharged aminoacids
formingan equator whichareimportant for heparin binding are highlighted ingreen (C-terminallysine residues: K61,
K62,K65,K66) and blue (arginines: R20, R22, R49; histidine: H23 and another lysine: K46). Thefigureis partly taken
from paper | (PF4/evolution)andwas adapted from Ziporen et al..?* The pictures were made using PyMOL Molecular
Graphics System, Version 1.3 Schrédinger, LLC.

Platelet factor 4 (PF4, CXCL4, SCYB4) is a small, homotetrameric chemokine, structurally belonging to the
CXC family, where the two N-terminal cysteines are separated by one amino acid. Two asymmetric PF4
dimers form a cylindrical tetramer. The human gene (three exons and two introns) positioned on
chromosome four®?® encodes for a protein that consists of 70 amino acids in its mature monomeric form
(101 amino acids including a hydrophobic signal peptide for transmembrane transport’®) with a
molecular weight of 7.8 kDa.”* PF4 shares 30-90% amino acid identity with other chemokines of the CXC
family. The contained four cysteines build up twointramolecular disulfide bonds. The crystal structure of
PF4 resolved by Zhang et al. in 1994,%8 shows that many of the positively charged amino acids are located
on the protein’s surface to form a positively charged equatorial ring surrounding the tetramer (see figure
2.1.1).506871-73 Fyrther can be seen that the four subunits forming the native protein are not attached
symmetrically making NMR structure investigations difficult.”* It was shown that the tetramer-dimer-

monomer equilibrium is pH dependent. Lowering the pH below 4 shifts the equilibrium towards the
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monomeric state, while the formation of dimeric and
tetrameric structuresis favored at increased pH values. The
latter is also stabilized by increasing ionic strength.”>

From figure: 2.1.2, which shows the secondary structures in
different colors (top) or the four subunits differently colored
(bottom), it canbe seen that the three B-sheets per subunit
are facing inwards and that the one a-helix per subunit is
located on the outside of the protein. Both, the lysine-C-
termini at the end of a-helices and the N-termini start and
end on the surface of the protein, respectively. The
antiparallel B-sheets contain a number of hydrophobic amino
acids. In 1955 the anti-heparin activity of PF4 was discovered*
which is based on the capability to bind to various chain-like

polyanionic molecules via the equator of positive charges.”47¢

78

PF4 is synthesized in megakaryocytes’® and stored in platelet
a-granules but also in mast cells.2° Upon injuries of blood

vessels, e.g. during surgeries, platelets get activated and

Figure 2.1.2: top — The secondary
structure cartoon representatives
including the amino acid side chains
highlighted in different colors (a-helix —
blue, B-sheet — red, turns and random
coil — brown) of the PF4 tetramer are
depicted. bottom — The four subunits
differently colored. Both images
illustrate the three inward facing B-
sheets of each subunit are facing
inwards, forming theinterface between
the subunits. Further the only a-helix
(including the C-terminus) per subunit as
well as the N-terminusislocated on the
proteins surface.

release their content into the blood stream. Once released, PF4 is involved in numerous biological

processes including hemostasis, platelet coagulation interference, and host inflammatory response

promotion.2 As a cytokine, PF4 is a chemoattractant forimmune cells like neutrophils and monocytes.?

Additionally, PF4 shows similar effects on fibroblasts mediating their migration to vascular lesions and

actively participate in the repairing by forming collagen.® Notably PF4 suppresses angiogenesis by
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inhibiting endothelial cell proliferation and migration which makes PF4 a potential clinical anti-tumor

agent because angiogenesis is essential for the growth of primary tumors.>®

2.1.2 Protamine

Protamine is a small arginine-rich and therefore cationic protein routinely used in post-cardiac surgery to
reverse the anticoagulant effects of heparin.#9-43 Byforming complexes, protamine makes heparin less
accessible for antithrombin and therefore neutralizes its function. Itis also used as a stabilizer for insulin.
Administered in a complex held together by electrostatic forces, protamine also prolongs the function of
insulin.** As for HIT where an immunization against PF4/heparin complexes is observed, platelet-
activating anti-protamine/heparin antibodies are formed in some patients.1143-% Here,aswellthe

formation of theimmune complexes leads to an increased risk for thrombosis and thrombocytopenia.

P SSSEPV PRVS GG

Figure 2.1.3: Primary structure of the protamine used to do the experiments in this thesis (paper VI — PS/heparin).
Positively charged arginines depicted in green.

Protamines are small proteins condensing DNA in mature spermatozoa.“® Depending on the specimen 60
to 80% of the contained amino acids are arginines.*” Sometimes even separate geographical populations
of the same species show differences in their primary structure and therefore also in their secondary
structure.81-83 Due to the high number of arginines, protamine is a positively charged protein which is
mostly purified from fish sperm (especially salmon) for the later use as a drug. The purification process
from fish milt consisting of at least 18 steps is rather complicated, involving organic solvents (e.g.
alcohol, acetone and picric acid).8* The peptide molecular weight of the protamine (Sigma-Aldrich,
P4020) used in this thesis was 4250 Da. Since the product was a sulfate salt with approximately 17%
sulfate by weight the overall formula weight is 5120 Da. Its primary structure is depicted in figure2.1.3.1.

DNA-bound protamine has no B-sheets and an a-helical content of approximately 20% in salmon or even
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40% in squid.*” However, for unbound protamine, an a-helical content of approximately 2-5% is

suggested which can be increased by 2,2,2-triflourethanol (TFE) to 34-65%.47
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2.2 Polyanions

The most carbohydrates found in nature occur as polysaccharides (= glycans) with high molecular
weights of more than 20 kDa.8> Glycans differ in their reoccurring monosaccharide units, length of
chains, types of bonds linking the units, and the degree of branching. They are highly negatively charged
molecules and impart high viscosity to a solution by their extended conformation. Their low

compressibility makes themideal molecules for a lubricating fluid in joints. A homopolysaccharide

consists of only one kind of monosaccharide unit. Some of them serve as storage forms of
monosaccharides used as fuels e.g. starchand glycogen. Others built up structural elements like chitin in

exoskeletons or cellulose in plants. In contrast heterosaccharides contain two or more different kinds

monosaccharide units. They serve as extracellular support of any kind of organism. The bacterial
envelope is made up of the heteropolysaccharide peptide glycan which consists of two alternating
monosaccharides (see chapter 3. Bacteria). Inanimaltissue several types of heteropolysaccharides can
be found. They form the matrix holding cells together, provide protection, hold the shape, and give
support to cells, tissues, and organs. In contrast to proteins polysaccharides have no template like mRNA.
Therefore the enzymes that catalyze their polymerization do not have a stopping point and
polysaccharides lack a defined molecular weight. To describe the spread of the molecular weights (MW)

in a polysaccharide sample, the polydispersity (PDI, equation 2.2.3), which is the ratio of the number

average MW (Mn, equation 2.2.1) and the weight average MW (MW, equation 2.2.2), is often used.

M, = % N;— number of molecules at MW M; (2.2.1)
MW = Ziz‘?—j_li g;— weight of the sample at MW M (2.2.2)

— My _ i i (2.2.3)
PDI = ” PDI— polydispersity

n
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Table 2.2.1: Glycosaminoglycans and their properties (adapted from ref.29)

approx.

Glycosaminoglycan constituent sugars sulfate
y gly! g M, [Da]

proteoglycans

lucuronic acid and
hyaluronic acid & . - 10°-107 -
glucosamine

heparin glucuronic ac@ or iduronic acid + 5-20x10° .
and glucosamine

lucuronic acid or iduronic acid
chondroitin 4-(6-) sulfate glucuronic acl . auront ! + 10-50x10° +
and galactosamine

Other PA investigatedin this thesis include deoxyribonucleic acid (DNA, see 2.2.10 DNA — Protein C-

aptamer)and polyphosphates (polyP, see 2.2.11 Polyphophates — P3, P45, P75).

2.2.1 Unfractionated Heparin (UFH)

coo 0s0, coo 0s0; coo- 0s0, coo 050,
OH 0_KOH "KOH 0, KOH OH 0_(OH OH 0, £ 050,
- (0] 0 (o] 0-
0S0; NHSO, OH NHAc OH NHAc OH NHSO,
Iduronic Glucosamine Iduronic Glucosamine Glucuronic Glucosamine Glucuronic Glucosamine
acid acid acid acid

Figure 2.2.1: The four most common disaccharide building blocks, according to Lee et al.?’, are depicted. The disac-
charide unit is composed of glucosamine and an uronic acid (iduronic acid or glucuronic acid, see also table 2.2.1)

connected via a-1,4 glucosaminyl and B-1,4 hexuronosyl linkages. As a natural product and due to the nature of
polysaccharides the chain length of heparin largely differs, resulting in a PDI of 1.3-1.4.88

As a member of the glycosaminoglycan family of carbohydrates heparin consists of a disaccharide
repeating unit thatis variably sulfated. The name heparin originatesfrom the ancient Greekword nnop
(hepar), meaning liver where it is cleared when circulating through the body.2° It was discovered in 1916
and was used in early clinical trials in the 1930 and 1940s.°° In the former times porcine mucosal heparin
and bovine lung UFH with slightly different molecular weightsand polydispersity values were available
but the latteris now hardly used after the troubles with bovine spongiform encephalopathy (BSE). The
rather high polydispersity of porcine UFH of 1.3-1.4 (M,,=12-16 kDa, M,,=17-20 kDa%890, MW, ~14
kDa®!) makes it challenging to give exact molar ratios or to calculate accurate binding and kinetic
constants.?® Heparinis a heterosaccharide (see 2.2 Polyanions) with a heterogeneous sequence,

consisting of a divers main disaccharide repeating unit of a glucuronic acid or iduronic acid alternating
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with a glucosamine (see table 2.2.1) connected via a-1,4 glycosidic linkage and B-1,4 glycosidic linkage,
respectively. On the average the disaccharide building blocks have three sulfate groups attached.®? The
anticoagulant activity of UFH depends on the existence of a specific saccharide sequence with high
affinity for antithrombin, containing a pentasaccharide in its center. This pentamer includes the rare 3,6
di-O-sulfated, 2-N-sulfated glucosamine residue, which is not present in every heparin molecule. %2
Additional to the pentameric antithrombin binding site a heparin molecule has to be sufficiently long to
also bind thrombin to further increase its anticoagulant activity. Both binding sites together are termed

C-region, where the C is standing for Choay.®3

2.2.2 Low-molecular-Weight Heparin (LMWH) — Reviparin

In the 1980s low-molecular-weight heparins (LMWH) partly

coor CH,S,0
replaced its parent compound UFH due to their enhanced 0 0
OH O, A OH
usefulness.®® LMWH consist of short GAG chains with a 050.-
3

NHSO,"

7

molecular weight less than 8 kDa. The rule is that 60% or Figure 2.2.2: The chemical
structure of the most common

more of the chains have to have a weight below 8 kDa.% The disaccharide contained in the
defined length heparins is

average molecular weight is 3.5-6 kDa which corresponds to depicted.

6-10 disaccharide units.®! Several methods are in use to depolymerize the basic product heparin to
obtain LMWH. Preparation by fractionation of UFH is not done anymore.?° The LMWH which was used in
paper |l (PF4/PA) and paper Il (PF4/defined heparin —in supporting information) was Clivarin with the
active component reviparin. Its average molecular weight is 4.4 kDa which corresponds to an average
chain length of 7 disaccharide units. It is manufactured via deaminative cleavage with nitrous acidat N-
sulfated GAG, which results in an unnatural anhydromannose residue at the reducing end of the oligo-
saccharide. By the usage of a reducing agent it is converted to anhydromannitol. Further the method
forms an unsaturated (C4—C5 double bond) uronate residue on the non-reducing end. LMWH have

several advantages compared to UFH. They can be self-administered subcutaneously and have a longer
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half-life. Due to these advantages LMWH are the most prescribed heparins in the US.?> LMWH can only
be incompletely neutralized by protamine sulfate (see chapter: 2.2 Protamine sulfate). To decrease the
risk of bleeding reduced doses are administered.®® The supply chain of LMWH is vulnerable to

contamination and adulteration.®?

2.2.3 2-0, 3-0 Desulfated Heparin (ODSH)

0S0,° coo 0s0,’ 00,
0 o B4 o) o)
(1-1,4 (a0]0)]
o] oH OH o_{oso, C o_KOH
) 0 o
c2
NHACc OH ﬂNHso3 0S0; NHSO,’
[ 050, coo 050, 0s0, |
. ) o) 0 0. 0
‘0 KOoH OH o_{oH 20 Y o (on
o) 0 o
NHAc OH NHSO," OH- NHSO,-

Figure 2.2.3: Chemical structure of ODSH adapted from ref %8. The 2-oxygen (2-0) on carbon C2 of a-L-iduronicacid
and 3-0 on carbon C3 of the D-glucosamine-N-sulfate (3,6-disulfate) are selectively removed.

Next to its anticoagulant activity, heparin has other properties like: broad anti-inflammatory activityand
mucocatalytic activity. These other pharmacologies are clinically relevant at higher doses than needed
for anticoagulation. The risk of bleeding prevents heparin from being used as an anti-inflammatory
agent. 2-0, 3-0O desulfated heparin (ODSH) is a modified form of heparin. By the selective removal of
sulfate groups at the 2-O position on the a-L-iduronic acid and 3-O position of the D-glucosamine-N-
sulfate (see figure 2.2.3.1) ODSH has been stripped of its anticoagulation capabilities while retaining the
anti-inflammatory and mucolytic properties and has MW ranging from 8 to 14 kDa.®?:190 |ts half-life
rangesfrom 30 to 60 minutes.??1%0 The ODSH from ParinGenix inc. used in paper Il (PF4/PA) retained
more than 95% of its anti-inflammatory activity and has less than 3% anticoagulation activity (anti-factor
Xa =0.8-1.7 U/mg) of normal UFH. The anti-inflammatory properties remain due to the retaining sulfate

group at the 6-O position. ODSH inhibits complement activation and blocks the two proteases human
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leukocyte elastase and cathepsin G activity. Further ODSH is patentedto prevent platelet activationand
to treat thrombosis in the presence of PF4/heparin complex reactive antibodies®>26.28.101 The gverage

MW is 10.5 kDa and the approximate degree of sulfation is 1.0 (5 sulfate groups per pentasaccharide).

95,96,98,101

2.2.4 Heparin Oligosaccharides (HO06, HO08, HO16)

The heparin oligosaccharides (HO) that were used in paper
coo CH,S,0-
I11 (PF4/defined heparin) were purchased from Iduron Ltd. 0 o
~odlKOH J OKoH A ..
(Manchester/UK). The company preparesthe HO from high 0S0.-
3

NHSO; |

grade porcine heparin which is cleaved using bacterial he- Figure 2.2.4: The chemical structure of

the main disaccharide unit contained in

parinase and further isolated by high resolution gel the defined length heparins s depicted.
For the heparinoligosaccharides used in
filtration. As a result of the endolytic action of the hepari- paper Il (PF4/defined heparin) n either

denotes for 6, 8, or 16.
nase, the uronic acid on the non —reducing end of the

polysaccharide has a double bond between C4 and C5. According to the supplier approximately 75% of

the HO consist of the main disaccharide unit depicted in figure 2.2.4.

2.2.5 Fondaparinux

Based on the antithrombin

0S0,
- . . o)
binding site of heparin, fonda-
0s0;° OH
parinux is a synthesized penta 0 Nt OCH,
050, coo- £ oso.- o NHSO;
0 o o N—" 0
meric saccharide, which is an 0S0.-
OH N NHSO; 3
indirect, selective, and revers- 0
NHSO,- OH
ible factor Xa inhibitor and is Figure 2.2.5: The chemical structure of the synthetic pentamer

fondaparinux is shown.
subcutaneously bioavailable. It

is extensively studied as well as in use in major orthopedic surgeries and abdominal surgery. Itis at least
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as effective as low molecular weight heparin and was the first synthesized heparin that was approved for
clinical use.192.103 Fondaparinux bears a reduced risk of HIT and osteoporosis'®* but at the same time lacks

an antidot.

2.2.6 Chondroitin Sulfate

hondroitin sulfate isthe m ndant GAG found in
Chondroitin sulfate is the most abundant GAG found coo- CH,OH
0, 0.S0 (0]
cartilage, bone, heart, skin, tendon and valves. It is the OH 2.)
o 0 B-1’3 0..
major component of the extracellular matrix of many OH NHOCH,
n

connective tissues'® and is usually linked to so called core Figure 2.2.6: The chemical structure of

chondroitin sulfate with its glucuronic
proteins forming proteoglycans, which is the major acid and N-acetylgalactoseamine units
linked by B-1,3 bonds

component of the extracellular matrix. The mostly C-4 and

C-6 sulfated chain of Chondroitin sulfate consists of the alternating sugars glucuronic acid and N-
acetylgalactosamine linked by a B-1,3 linkage (see figure 2.2.6) forming an unbranched polysaccharide
chain.1% The chondroitin used in most clinical trailsis purified from bovine trachea (95%) naturally
having a molecular weight of 50-100 kDa and 10-40 kDa after extraction process. % Orally administered,
chondroitin sulfate is absorbed increasing the plasma levels over a period of more than 24 hours. 17
Further chondroitin sulfate reduces the effects of proteases, increases the synthesis of proteoglycans,

has anti-apoptotic effects and anti-inflammatory properties. 10

2.2.7 Dextran Sulfate

Dextransulfate is a sulfated variant of dextranand is
therefore an anhydroglucose-based polymer. The dextran

sulfate used in the experiments included in the thesis

R=50;orH

contained approximately 17% sulfur. This is equivalent to
Figure 2.2.7: The chemical structure of

an degree of sulfation of 2.3 sulfate groups per glycosyl gextra ndsulfate with it B-1,6 linkages is
epicted.
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residue. 95% of the linkages are of the a-1,6 type. The remaining linkages are responsible for branching
of the polymer chain.198.109 Conflicting data exists on the lengths of the branches, it is implied that s in
averagelengthis less thanthree glucose units''? but branches of more than 50 units length are also
reported.11112 The ionic strength affects the conformation of the polymer chain. In low ionic strength
solutions dextransulfate is fully extended due to the repulsion of the negative charges exerted by the
sulfate groups. In high ionic strength solutions when all charges are neutralized by counter ions, the

polymer is more closely packed.113

The degree of sulfation is an important factor for colitis induction?!4 or induction of dysplastic lesions
(carcinogenicity).11® The carcinogenic activity differs with administration of dextran sulfate of different
molecular weights, whereas the midsize polymers are worse than large and small ones (5 kDa, 40 kDa,

500 kDa) 115116

2.2.8 Hyaluronic Acid (HA)

Hyaluronic acid (hyaluronan or hyaluronate) can be found

in all tissues, especially in connective tissues and body CH,OH coor
o, a-1,4 o
fluids of vertebrates(and some bacteria).8¢ Half of the ) O OH
-] O
0O
mammalianbody’s HA is in the skin, a quarteris built in the a-1,3 NHCOCH, OH .
- (c14H21N011) n -

skeleton and joints, and the rest is equally divided between

Figure 2.2.8: The chemical structure of
the repeating dimer (left: D-N-acetyl-
glucoseamine and right: D-glucuronic
acid) of the nonsulfated glycosaminogly-
can hyaluronic acid with its alternating o-
healing applications like the synthesis of scaffolds func- 1,3 and a-1,4 glycosidic linkages and its

molecular formula are depicted.

muscles and viscera.1l” However, the lowest concentration

is found in blood serum. It has been used in several wound-

tionalized with proteins such as fibronectin to facilitate cell
migrationinto the wound.?® HA belongs to the group of glycosaminoglycans (GAG, formerly known as

acid mucopolysaccharides) which are linear and anionic, but it is quite distinct from other GAG due to
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the fact that it lacks any sulfate groups (table 2.2.1) and it is synthesized by a protein (chain growth at
the reducing end) in the cellular plasma membrane.8% In contrast to other GAGs (<50 kDa, commonly 15-
20 kDa) HA chains can be very large, their M, can reach several million (synovial fluid weight averageis
about 7x108, >15 umiif it would be straightened).2° It wasfirst determined in the laboratory of Karl
Meyer in the 1930s.11° The repeating unit of HAis a dimer composed of D-N-acetylglucosamine and D-
glucuronic acid, alternatingly connectedvia a-1,3 and a-1,4 glycosidic linkages. At extracellular pH, the
carboxyl groups of HA are fully ionized. Further, the osmotic activityis disproportionally high in relation
to its molecular weight. Therefore, it plays a major role in the distribution of water and its homeostasis.
A twist in the polysaccharide chain is induced by secondary hydrogen bonds formed along the axis, that
impart the stiffness and forms hydrophobic patches that allow the association with other HA chains and
extent the capability to bind non-specifically to membranes or other lipid structures. 120 Overall, the
stiffness of the polymer promotes an extended random coil configuration, which overlaps and forms an

entangled network at concentration levels of 0.5-1.0 mg/ml.

2.2.9 Dextran

In clinics dextranis used as an antithrombotic, to reduce

i i i in 121 [ O r -1
blood viscosity, and as a volume expander in anemia. a-?CHz a-l,}CHz
0 0
Dextran mediatesits antithrombotic effect by increasing .0 /fo OH
the surface’s electronegativity of vascular endothelium, OHa_l 3 OH
[0 ™ 7 OH | nL OH Jm

platelets, or erythrocytes and thereby reducing platelet

Figure 2.2.9: The chemical structure of
dextran with its monomer glucose
connected via a-1,6 glycoside linkages on
the straight chain anda-1,3 linkages, where
polysaccharide chain branches, is shown.

adhesion or erythrocyte aggregation. Large dextrans (MW
> 60 kDa) remainin the blood for weeks, because they are
slowly metabolized and poorly excreted by the kidney. In

paper |l (PF4/PA) complex formation between PF4 and dextranwas investigated with the help of circular
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dichroism spectroscopy. Dextranis a branched homopolysaccharide present in bacteria and yeast, first
discovered by Louis Pasteur.122 The straight chain is made up of a-1,6 linked D-glucose and the branches
start with a-1,3 glycosidic linkages. Some organisms have a-1,2 or a-1,4 branches. The polymer adopts a
random coil structure. 123 Dental plaques consist to a great extent of dextrans and are formed by bacteria
on the teeth’ssurface. The plaques are adhesive and allow the organisms to stick to the surface. 8>124

Dextransalso serve as a source of glucose for bacterial metabolism.

2.2.10 DNA- Protein C-Aptamer

Aptamers (from Latin aptus — fit, and Greek CJG-G‘A
T»T—AhT\ IC-, :G—Tl
meros — part) are small DNA or RNA constructs, c c"G’
4
A \
- -C-T-C—T-T-A-G-G 3'
designed for basic research or as therapeuticsto G G C T C T T : G : 3
c €-G-A-G A-A-T-C-C &'
AY
bind to specific target molecules. Due to T‘C,A_T,G'T T=c

nuclease degradation, the half-life of nucleic

Figure 2.2.10: The nucleotide sequence of the
acids in the blood is only 4-30 minutes.38 The protein C-aptamer including its secondary structure,
estimated by mfold DNA database (University of
Albany/NY/USA, http://mfold.rma.albany.edu/
?qg=mfold/dna-folding-form) is depicted (A -
L adenosine T—thymine, C — cytosine, G - guanidine).
In healthy individuals, the extracellular concen- The aptamer was purchased from Purimex

(Grebenstein/Germany).

clearance of DNA takesa bit longer than of RNA.

tration of nucleic acids ranges from 0 to > 1000

ng/mL.3> However, under pathological conditions like tissue damage, cell apoptosis, breakdown of
bacteria and viruses cell-free-nucleic acids can extensively increase. Another source of nucleic acids is
represented by neutrophils that form so-called NETS (neutrophil extracellular traps). Several aptamers
were investigated in paper V (PF4/aptamer). CD spectroscopic measurements on PF4/aptamer complex

formation were conducted with protein C-aptamer (figure: 2.2.10).
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2.2.11 Polyphosphates — P3, P45, P75

Inorganic polyphosphates (polyP) are ubiquitous polymers
formed by phosphate (P;) residues linked by high-energy phos-
phoanhydride bonds and one of the most ancient, conserved and
enigmatic molecules in biology.125-127 PolyP are of particular
interest in hematology because they are secreted by activated
platelets!?8-130 or mast cells'3! and accumulate in many infectious

microorganisms.'32 It has been shown that polyP are

HO--P—O-H

OH
n

Figure 2.2.11: The chemical
structure of polyphosphates,
consisting of phosphate (P)
residues linked by high-energy
phosphoanhydride bonds s
shown. For the polyP used in this
thesis, n denotes for either 3, 45,
or 75.

procoagulant, 130133134 prothrombotic, 139135 and pro-inflammatory. 130133134 polyP trigger clotting via the

contact pathway,130.13.136 gccelerate factor V activation, 13> enhance fibrin clot structure,37.138 and

accelerate factor XI back-activation by thrombin.13° The mean chain length of polyP stored in

acidocalcisomes together with calcium, ATP, ADP, and serotonin in human plateletsis 70-75 P;128 or 60-

100 P;.130 PolyP concentrationin plasma rangesfrom 10-50 uM, but due to phosphatases, polyP are

unstable and have a half-life of about 90 minutes.13>137.140 Recently, it was found that polyP act as

primordial chaperone stabilizing proteins in vivo helping them to withstand proteotoxic stress.12¢
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2.3 Reagents, Materials

Reagent, material

Supplier

Catalog number

2-0, 3-0 desulfated heparin (ODSH)
anti-human|gG, peroxidase conjugated
Arixtra® (fondaparinux)

Calcium chloride (CaCl,)
Chondroitin4-sulfate
Clivarin®1.750 (reviparin)
Covalinkmicrotiter plate

Dextran

Dextran sulfate

Escherichiacoli
Goatnormalserum
Heparin-Natrium-25000 (UFH)
heparinoligosaccharides (HO06, HO08,
HO16)

Hyaluronic acid

Hydrogen chloride (HCl)
Magnesium chloride (MgCl,)
Monosodium phosphate (NaH2POa)
OptEia™ (tetramethylbenzidine)
PerCP-Cy5.5 Streptavidin
Phosphate buffered saline PBS
Plateletfactor4 (PF4)
Potassiumchloride

Protamine sulfate

Quartz cuvette (10 mm pathlength)

Quartz cuvette (5 mm pathlength)

Sodium chloride (NaCl)
Sodium hydroxide (NaOH)
Sulphuricacid (H2S04)
Tween 20

ParinGenixInc., Weston/FL/USA
Dianova, Hamburg/Germany
GlaxoSmithKline, Durham/NC/USA
Merck, Darmstadt/Germany
Sigma-Aldrich, Munich/Germany

Abott Arzneimittel GmbH, Wiesbaden/Germany

Nunc, Langenselbold/Germany
Sigma-Aldrich, Munich/Germany
Sigma-Aldrich, Munich/Germany
Promega GmbH, Mannheim/Germany
Sigma-Aldrich, Munich/Germany
ratiopharm®, Ulm/Germany

Iduron Ltd., Manchester/UK

Sigma-Aldrich, Munich/Germany

Carl Roth GmbH, Karlsruhe/Germany
Merck, Darmstadt/Germany

Merck, Darmstadt/Germany

BD Biosciences, Heidelberg/Germany
BD Biosciences, Heidelberg/Germany
Invitrogen, Darmstadt/Germany
Chromatec, Greifswald/Germany

Th. Geyer GmbH, Renningen/Germany
Sigma-Aldrich, Munich/Germany

Hellma, Mullheim/Germany

Hellma, Mullheim/Germany

Th. Geyer GmbH, Renningen/Germany
Sigma-Aldrich, Munich/Germany

Carl Roth GmbH, Karlsruhe/Germany
AppliChem GmbH, Darmstadt/Germany

1.02382.0500
27042-10G-F

00270-100MG
D6924-1G

G6767

53747-1G
4326.1
1.05833.0250
1.06349.1000

551419

1632.1000
P4020-1G
100-1040type
100-QS
110-5-40 type
110-QS
1367.1000
S8045-1KG
X945.1

A4974,0500
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2.4 Devices and Softwares

Device

Supplier

Paradigm™ platereader
Chirascan CD spectrometer
Cytomics FC500

MicroCal iTC200

Beckman Coulter, Krefeld/Germany
Applied Photophysics Ltd., Leatherhead/UK
Beckman Coulter, Krefeld/Germany

GE Healthcare Europe GmbH, Freiburg/Germany

Software

Supplier

Circulardichroism neural network (CDNN)

Origin7SR4

Pro-Data Chirascan(Chirascan
Spectrometer Control Panel version4.2.0)

Pro-Data Viewer (version4.2.0)
SoftMax (version6.2.1)

Windows Multiple Document
Interface(WinMDI 2.8)

developed by GeraldBohm
http://gerald-boehm.de/downloads/category/3-cdnn-software

OriginLab Cooperation, Northampton/MA/USA
Applied Photophysics Ltd., Leatherhead/UK

Applied Photophysics Ltd., Leatherhead/UK
Mol ecular Devices (Gemany) GmbH, Biberachan d. Riss/GER

developed by Joe Trotter, Scripps Research Institute, San
Diego/CA/USA
http://facs.scripps.edu/software.html
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3. Bacteria

Bacteria are alarge kingdom of the Prokaryotes and were among the first life forms on our planet. They
appear in different shapes like spheres, rods, or spirals, respectively. With a few micrometersin size not
visible with the naked eye, bacteria represent a large fraction of the earth’s biomass. Itis higher than of
all plants and animals together. There are estimated 4-6*103° bacterial cells with a weight of 350-550
petagram (1 Pg = 1015 g) that areliving in nearly every habitat on earth.1*! With estimated 3.5%103%and
0.25-2.5*1030 cells most of them are living in oceanic and terrestrial subsurfaces, respectively.*! The soil
contains 2.6*102° cells (40 million per gram of soil) and the open oceanis the environment of 1.2*102°
cells. Even in fresh water there are still one million cells per milliliter. Prokaryotes also settled at extreme
places like acidic hot springs, in deep portions of the earth’s crust, and even in nuclear waste they were

found.142

The fact that bacteria also populate animals and plants and that this cohabitation is not always
symbiotic, put evolutionary pressure on both sides. Animals or plants which achieved a defense
mechanism against a pathogen had an advantage over others and were more successful in reproduction
then those which had not gained the new property. It was the same on the side of the bacteria. Once
their host had gained a kind of immunity only those cells survived that were not recognized or could
withstand the pressure that was put on them. This evolutionary raceis taking place from the very
beginning of live on earth. It started with prokaryotes adapting to their environment, continued with the
development of animals of higher complexity, and is still ongoing on a new level since the human kind is
extensively using antibiotics (e.g. MRSA). Krauel et al. found that PF4 binds to bacteria and this feature
probably makes it a part of an ancient host defense mechanism.2° As continuation of that idea we found
in paper | (PF4 evolutionary analysis) that PF4 binds to the phosphate groups of lipid A and that PF4 is
evolutionary conserved over different species (mammals, fish, amphibians, less for birds and reptiles).

Several mutants of E. coli with differently truncated lipopolysaccharide (LPS) were tested for antibody-
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binding. The mutant with the most truncated LPS was found to bind the most PF4. In the view of the
evolutionary race we speculate that the LPS-layer covering the outer membrane of Gram-negative E. coli
could be the reaction of the bacterium to the ancient defense mechanism of its host in which PF4
covered the bacteria and by changing its conformation acted like a danger signal. It might very well be

that bacteria got ‘invisible” by shielding the structure that is recognized by the immune system with LPS.

Based on the physicochemical properties of their cell walls, bacteria can be grouped into Gram-positive
and Gram-negative. With the help of Gram staining, a method first described in 1884 by the Danish
scientist Hans Christian Gram, it is possible to distinguish between the two major classes of bacteria. 43
The envelope of Gram-positive bacteria is composed of a plasma membrane and a 20-80 nm thick mesh-
like cell wall made of peptidoglycan (50-90% of envelope) separated by the periplasmic space. The Gram-
negative bacteria have two membranes, the inner plasma membrane and the outer membrane which is
covered with lipopolysaccharide. Betweenthe membranes there is a thinner layer of peptidoglycan

compared to the Gram positive bacteria (10% of envelope).

A

peptidoglycan
periplasmic space o

B 4
lasma membrane ] .QF&
P Gram negative %
cytoplasm 2 .
$ 27 .
%

—e ———

Gram positive

-

outer membrane &
lipopolysaccharide -\

e — e

Figure 3.0.1: A—schematiccomparing the envelope structure of Grampositive and Gram negative bacteria; B —Gram
stain: pink - Gram negative rods (Escherichia coli), darkblue: Gram positive cocci (Enterococcus faecalis) (s tainimage:
Dave Hanks, 09.09.2013)

The differentiation between Gram-positive and Gram-negative is due to the ability of the envelope to
retain either crystal violet stain — Gram-positive (dark blue), or toretain the counterstain by safranin or
fuchsine — Gram-negative (pink, red), figure 3.0.1. The staining procedure consists of four steps starting
with crystal violet that stains both, Gram negative and Gram positive cells. Ina second step iodine is
added which forms big complexes with the crystal violet (CV* + 1-/13- - CV-I). Adding alcohol or acetone

decolorizes both types of cell within a different time scale. It is faster for Gram negative than for Gram

49



3. Bacteria

positive. Gram negative cells lose their outer membrane and the CV-I complexes are washed away from
the thinner peptidoglycan layer. Gram positive cells get f 'n 7
dehydrated by this treatment and so the complexes are

trapped in the thicker peptidoglycan layer. The cells retain

the crystalviolet and appear deep blue. Finally a counterstain « <37 nm

is made with the positively charged safranin or the basic
fuchsine to give the Gram-positive cells a pink to red color.
Although there is a subset of bacteriathatyield a Gram- "~/ AL AT

variable pattern, the method can differentiate most of the outer

microbes by the properties of their cell wall.

............................. 3 nm
To follow the idea of PF4 as an ancient host defense

mechanism and because it was found that PF4 binds to lipid core

A,126 the innermost part of the lipopolysaccharide (LPS), see
figure 3.0.2. Lipid A is a glucosamine disaccharide decorated
with multiple fatty acids that build the anchor of the LPS in
the outer membrane of Gram-negative bacteria (see figure
3.0.1). The glucosamine residues are phosphorylated and therefore negatively charged. Lipid A is the
most conserved part of the LPS!44 and is the main responsible for the toxicity of Gram-negative bacteria.

Directlyattachedto lipid A is the core region consisting of sugars such as 3-deoxy-D-mannooctulosonic

acid, also known as keto-deoxyoctulosonate = KDO(figure  Figure 3.0.2: Schematic of lipopoly
saccharide (LPS). The anchor of LPS in the

3.0.2—inner core, orange structures)#> and heptoses outer membrane is lipid A. Lipid A consists
of a phosphorylated glucosamine disac-
(inner core green structures). The inner core of many charide to which several fatty acids are

attached. The core region consists of sugars
like KDO (orange), heptoses (green) of the
inner core and hexoses in the outer core
(blue). The O antigen is attached to the
third hexose of the inner core and is a
repetitive glycan polymer.

bacteria is also phosphorylated and can contain other non-

carbohydrate components such as amino acids and
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ethanolamine substituents. Attachedto the last heptose of the inner core, the outer core consists of
hexose residues, such as D-glucose, D-mannose, D-galactose, which can also branch forming side chains.
The outermost and also most variable part of the LPS, the O antigen, O polysaccharide or O side-chain of
bacteria, is usually linked to the third hexose of the outer core. For different E. coli strains, over 160
different O antigen structures were found.14® As the O antigenis exposed on the surface it is the target of
host antibodies. The length of the polysaccharide chain also differs between the species and canreach at
maximum 37 nm.34 There are also species without or truncated O side-chains, their LPS is called rough.

Whereas bacteria with full length LPS are called smooth.

A member of the Gram-negative bacteria was used to investigate the PF4-binding to bacterial surfaces
(Escherichia coli JIM109). The strain was chosen due to the fact thatit is very well characterized. It was
UV-inactivated and additionally fluorescein isothiocyante (FITC) labeled to allow discrimination between
the microbes and the differently labeled PF4/polyP complexes in flow cytometry. FITC is a fluorescent
tracer. The fluorescein functionalized with an isothiocyanate reactive group makes it reactive towards

nucleophiles (amine, sulfhydryl groups e.g. of proteins).
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3.1 Escherichia coli(E. coli JM109-FITC)

domain Bacteria

kingdom Eubacteria

phylum Proteobacteria

class Gammaproteobacteria

order Entrerobacteriales

family Enterobacteriaceae

genus Escherichia Figure 3.1.1: transmission electron micrograph of
species Escherichia coli Escherichia coli (E.coli) with projecting pili,

negatively stained to enhance contrast

Escherichia coli (E. coli; Promega)is a rod-shaped, Gram-negative, facultative anaerobic bacterium which
are together with Streptococcus the first bacterial genera to colonize the lower intestine of warm-
blooded organisms.147.148 There are harmless and even beneficial strains that are part of the normal
microflora of the gut which prevent potentially pathogenic bacteria from establishing (e.g Salmonella
typhimurium)42:150 or provide their host with nutrition for instance vitamin K,.131 E. coliis the most
widely studied prokaryotic organism. The E. coli strain K12 subtype JM109 is a special laboratory strain
for the selection of plasmids with inserts (white-blue selection).2>? In contrast to the wild type it cannot

settle the human intestine and is not viable outside the lab.

3.2 FITC Labeling

Bacteria were culturedin Todd-Hewitt broth supplemented with 0.5% yeast extract until the exponential
phase at 37°C.1>3 After washing with PBS they were exposed to UV radiation for two hours on behalf of
inactivation. For the labeling 1M 100 pl NaHCO; with a pH of 9 was added to 1 ml of bacteria solution
containing 1*10° cells and then 50 ul fluorescein isothiocyanate (FITC) which was dissolved in

dimethysulfoxide (DMSO) to a final concentration of 7.4 mg/ml wasadded. Incubation was carried out
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for one hour while stirring. Removal of free dye was gained by three washing steps including the
resuspension of the bacteria with 10 ml PBS and subsequent centrifugation (4000 rpm, 6 minutes, RT).

The final resuspension was adjusted to have the desired number of cells per milliliter.
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4. Experimental techniques

4.1 Circular Dichroism (CD) Spectroscopy

A B
quartz glass .
cuvette 8o
LCP  RCP |[S&° I~
S S 0

200 220 240 260
wavelength [nm]

Figure 4.1.1: Schematic of the principle of circular dichroism spectroscopy: The differential absorption of left (LCP)
andrightcircularly polarizedlight (RCP) when it passes through an opticallyactive solution (e.g. proteins insolution)
is depicted in A. Although differential absorptionis measured, for historical reasons itis mostly expressedin ellipticity
[milli degrees]. The sensitivity of far-UV CD spectroscopy for secondary structures isillustrated in B. Each secondary
structure exhibits a characteristic CD spectrum. The proteinin B depicts platel et factor 4 with the differently colored
secondary structures: a-helix —blue, B-sheets —red, random structures and turns - brown).

The majority of naturally occurring chemical compounds, such as proteins, nucleic acids, hormones, and
vitamins exhibit optical activity. There are only very few natural products that are not optically active.
Due to the fact that a mirrorimage of a compound can have harmful effects on an organism, there was
quite early the need for measuring the chiral and optical purity in drug and food related industries. That
is why chiroptical measurements were already carried out in the mid-nineteenth century and therefore,

these were among the first physical constants measured.1>4

Circular dichroism (CD) spectroscopy is a non-destructive tool to study the structure of proteins in
solution, which is very economic in terms of sample consumption. Depending on the properties of the
protein to investigate, only 15 ug of protein can be sufficient torun an experiment. Far-Uv CD
spectroscopy is very accurate whenrelative changesin secondary structure of proteins have to be
measured. It is used to study the influence of the environment, for example by the subsequent change of
pH, heat or concentration of denaturants. The work in this thesis focuses on the structural changes of

proteins due to interaction with polyanions (PA). The procedure is very similar to that used for the

54



4. Experimentaltechniques

denaturing of proteins where certain chemicals are titratedtothe protein. The only difference is that the
denaturantis substituted by different PAs. To obtain optimal results, the usage of dilute or non-absor-
bing buffers is crucial. Normally, buffers do not exhibit a CD signal but they show absorbance in the

lower nanometer range which makes it challenging to detect anything below 200 nm.

The specific characteristic which makes CD spectroscopy suitable for the investigation of protein struc-
tures or structural changes of a protein, is the unique CD spectrum each secondary structure exhibits
(figure 4.1.1B). Determining the secondary structure content from CD spectra (deconvolution) is based
on the assumption that the CD spectrum of a protein (6,) canbe represented by a linear combination of
its secondary structural elements (i, their fraction g;) which also includes a noise term and the contribu-
tion of aromatic chromophores and prosthetic groups (equation 4.1.1).155.156 G, is the ellipticity at each it"

secondary structural element.

0, = 2. Sy; +noise (X g=1,¢ =0) (4.1.2)

By the usage of softwares that compares the measured spectrum with a database of spectra with known
secondary structure composition, it is possible to estimate the fraction of a-helix, -turns, random coil,

antiparallel and parallel B-sheet structures in the investigated protein.

CD spectroscopy is the wavelength dependent differential absorption (AA(A)) of left (LCP) and right

circularly polarized (RCP) light.

Circular dichroism = AA(A) = A(D) ,cp — A gep (4.1.2)

The different extent of absorption of the left and right circularly polarized rays can be quantitatively

described by the Beer-Lambert law.
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4, = logy (j—) =g xcxd (4.1.3)

where /,is the intensity of the incoming light and /; is the intensity of light transmitted throughthe cell.
The recorded absorption is proportional to the concentration ¢ [mol x L'1], the path length d [cm], and
the molar absorption coefficient €, [L x cm™1 x L'1]. In CD spectroscopy, alternatingly LCP and RCP light of
the same 1o (d=0 > I,cp,0 =Ircp,0) is sent into the sample and the intensities /zcp and /,cp are measured after
transmission through the sample. The combination of the equations 4.1.2 and 4.1.3 brings the insight
that a reference beam is not necessary, due to the fact that (/) does not appear in the final equation

(4.1.4)anymore. Therefore, most of the devices are of single-beam type (figure 4.1.2).

AA(A) = log o (ﬁ) —log4, (I:;p) = loglo(ﬂ) (4.1.4)

Ircp

high intensity white monochromatic  photoelastic optically active
light source  unpolarized linearly polarized modulator sample

light light 45°
LCP RCP
monochromator
I and linear M \@bf@)‘\ &@J’@\ detector

polarizer

Figure 4.1.2: Schematicof a CD spectrometer: white unpolarized light from a high intensity light sourceis resolved
into a narrow spectral band by a monochromator and converted into plane-polarized light by a polarizer. When
passing a photoelastic modulator (PEM) the monochromatic plane-polarized light is alternatingly converted into right
circularly polarized light (RCP) and left circularly polarized light (LCP). During transmission through an optically active
sample one of the light beams (RCP or LCP) is absorbed to a greater extent. A detector, usually a photomultiplier,
converts the signal into an electrical signal which is then converted into ellipticity values.
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Usually, AA is measured, but for historical reasons, measurementsare mostly reportedin (milli)degrees
of ellipticity (8). Geometrically, the ellipticity of an ellipse is the angle described by the following

equation:

Er —E
tand = —* (4.1.5)
Ex +E,

where Egand E, are the magnitudes of the transmitted electric field vectors of RCP and LCP light. The
result of two electric field vectors rotating in opposite directions but with same magnitude and phase is
plane polarized light. The red vector in figure 4.1.3 — A just oscillates up and downwards in one plane.
When, due to absorption, one of the components (LCP or RCP light) is less intense, as shown in figure
4.1.3- B, the resulting vector (red) describes an ellipse. To describe the ellipticity, one can either
measure or calculate the angle 8 that is formed by semi-minor and semi-major axis and positioned

opposite the semi-minor.

Figure 4.1.3: A—Plane polarized light can beresolved as LCP and RCP light of same amplitude and phase —the el ectric
vector oscillates in a plane. B—If one of the intensities is lower, e.g. due to absorption, the el ectric vector will follow
an elliptical path —elliptically polarized light. The semi-majoraxis and semi-minor axis of an ellipse forma triangle.
The angle opposite the semi-minor is the angle 8 which is also called ellipticity.

The circular dichroism effect is in general very small leading to a small tan8, whichis therefore approxi-
mated as 6 in radians. Based on the knowledge that intensity or irradiance (/) of light is proportional to

the square of the electricfield vector, the ellipticity becomes:
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1/2 _,1/2

, Ipcp 1 4.1.6
6(radians) = S5—55% HLI%D (4.1.6)

RCP "'LCP

By several steps of substitution, simplification, and exponential expanding (Taylor series), one obtains an

equation by which the values of AA and 0 canbe simply interconverted.

6= 32982 x AA(2) [mdeg] (4.1.7)

Changes in the secondary structure of PF4 (papers: I1, 111, IV, V)and PS (paper: VI) upon interaction with
PAs were studied by recording far UV CD spectra (PF4: 200—-260 nm, PS: 185-260 nm) using a Chirascan
CD spectrometer. The different wavelength rangesfor PF4 and PS are due their different solvents. PF4
was dissolved in phosphate buffered saline (PBS: NaCl [139 mmol/L], KCl [2.7 mmol/L], Na,HPO,x2 H,0
[10 mmol/L], KH,PO,4 [2 mmol/L], pH 7.4) and PS in ultrapure water from the in-house water purification
system (Satorius Arium pro VF). Salts in buffers contribute absorption to the system and set certain limits
concerning the lower nm-range. For optimal CD results, the usage of very dilute buffers or wateris re-
commended. In case of PS this recommendation was followed. Water was used to solve PS and it was
possible to measure the CD signal down to 190 nm in a cuvette with5 mm pathlength. In case of PF4 the
solvent constitution was set to match physiologic ion strength. Therefore the measurement with the
same path length of 5 mm were limited to approximatelyto 200 nm in the lower nm range. The initial
PF4 concentration was set to 40 pg/mL (1.25 pumol/L, cuvette pathlength = 10 mm) and 80 pg/mL (2.5
umol/L, 5 mm), respectively or for PS to 60 pg/mL for PS (12 umol/L, 5 mm). The formation of the
complexes wascarried out at 20°C directly within the CD quartz cuvette from Hellma. Each measurement
started with a pure protein in solution. Afterward, increasing amounts of a certain PA were sequentially
added to the cuvette leading to PF4/PA or PS/UFH mixtures of defined ratio. To reduce the noise, 5-20
CD spectra were first recorded for each protein:PA ratio and later averaged. Additionally, buffer

baselines, baselines of each PA concentration step (without PF4 in the solution) were recorded.

58



4. Experimentaltechniques
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Figure 4.1.4: Comparison of the background corrected (baseline subtracted) CD spectra [mdeg] of the native proteins
plateletfactor4 [80 ug/mL] (—)and protamine sulfate [60 pg/mL] (=) with their respective buffers PBS (---- ) and
water (--=+). Comparedto protein spectra, UFH (— ) inthe highest used concentration (147 ug/mL), does not exhibit
a strong CD signal butis nevertheless subtracted in the data processing. All measurements were carried out in
cuvettes with a path length of 5 mm.

figure 4.1.4 shows a comparison of the CD spectra of native PF4 and PS. Furthermore, the corresponding
baselines by which the proteins are corrected are shown. It is important to highlight that even the
highest concentration of heparin which wasused, exhibited a signal (=) that was much lower thanthe

ones of the proteins (PF4 —, PS —).

While titrating heparins, which in fact do not exhibit or only a very low CD signal in the accessed range,
they add absorption to the measured protein/PA system. This sets limitations for the heparin
concentrations that are measurable at a certainsetup (combination of cuvette size/path length and
protein concentration). The problem of elevated noise at the lower end of the measured wavelength
range (200-205 nm in case of the PF4/UFH system, 190 -205 nm for the PS/UFH system) gets more and
more evident the higher the heparin concentration gets. To a certain extent this effect is balanced
automatically by the CD spectrometer itself by amplifying the power at the sensor to increaseits
sensitivity. Itis also advantageousto increase the number of repetitions per protein:PA in order to

reduce the noise of the final averaged CD spectrum.

For the data analysis, the raw spectra of the protein (6,,,tein, €quation 4.1.8), the raw spectra of the

protein/PA complexes (6o tein/pa, €quation 4.1.9) and the raw PA baseline spectra (6r4, equation
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4.1.10) were normalized with respect to the corresponding buffer baseline (baseline subtraction). For the

measurements, PF4 was diluted in PBS and PS was solved in water.

enorm (Cprotein) = H(Cprotein) - H(buffer) [mdeg] (4-1-8)
enorm(cprotein/PA) = H(Cprotein/PA) — 6(buffer) [mdeg] (4.1.9)
enorm(CPA) = 0(cpy) — H(buffer) [mdeg] (4.1.10)

Further, the baseline corrected protein/PA complexes (Gnorm(cpmtein/m)) were corrected for the
buffer subtracted PA baselines (6, ,7m (Cp4), €quation 4.1.11). After this step, the 6 values for the
protein/PA complexes are corrected for the absorption exhibited by the quartz cuvette and the buffer

and for the spectrum that the PA contributed.

Hnormll (Cprotein/PA) = enorm (Cprotein/PA) - Qnorm (CPA) [mdeg] (4-1-11)

In the next step 8pyoteinnorm aNd Oprotein/panormir Values are normalized with respect to path length
[cm], protein concentration Cpotein [MOl X L1]and number of amino acids (AA,/otin) to obtain the wave-

length-dependent mean residue delta epsilon 8,,rpr [degrees x cm? x dmol!] or [degreesx M-t x m1].

0 . (Qnorm(cprotein) [mdeg] (4.1.12)
MRDE path length [Cm] X Cprotein [mOI/L] X AAprotein
€ (c in/ ) [mdeg]
QMRDE — normll \*protein/PA (4.1'13)

path length [Cm] X Cprotein [mOI/L] X AAprotein

Two different programs were used for the data acquisition with the Chirascan CD spectrometer (Applied
Photophysics Ltd., Leatherhead/UK) i) Pro-Data Chirascan (Chirascan Spectrometer Control Panel version
4.2.0)was used to set all the experimental parameters(e.g., wavelengthrange, shutter, time-per-point

etc.)and ii) Pro-Data Viewer version 4.2.0 by Applied Photophysics Ltd. was used to visualize and save
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the data. Data preparationintroduced in equations 4.1.8-4.1.13, baseline subtraction and normalization

were conducted with the help of a home-made Exceltemplate.

To estimate the secondary structure content of PF4, deconvolution of CD-spectra was carried out using
CDNN software version 2.1 (Circular Dichroism Neural Networks) using a database of 33 reference
proteins.’>” The program was written by Gerald Bohm in the 90's (latest version 1999) and is based on a
method called "neural networks". The system is organizedinto input (CD wavelengths), output (secon-
dary structure information), and hidden layers linked by neurons (nodes), "connections between the
neurons are assigned numerical weights (usually via a propagation algorithm) and then trained. "8 The
system is trained by feeding it with sets of known proteins (information). The learning process includes
the assignment of weights to connected information, iterations between input and output layer and
assignment of random weights. The output weights are residual errors and iterations are made until the
errors are minimized. The output is a function of the input. For the transfer between the layers, CDNN is
using alinear transfer function. The secondary structure determination based on CD data is superior
when investigating the conformation of well-folded globular proteins. Absolute values of a-helices can
be determined with a precision of 5% and B-sheets and B-turns better than 10%. The overall precision
increases to around 1% when structural changes in a protein (relative changes) are investigated.!>®
Although a certainamount of a-helices is needed, the quality of the analysis of the structure decreases

for proteins with a majority of pure a-helices.?>>

For PS, no secondary structure estimation was done due to the fact that the protein does not meet the
criteria for deconvolution. PS does not contain any a-helix*® or only few (2% or 5%, respectively)*’, but a

certain fraction of a-helix is needed to get reliable results from the deconvolution. %>

From table 4.1.1it can be seen that the measured range for PF4 was mostly 198 — 260 nm and not 200 —

260 nm. The reason for that is that initially the recommendation was followed to smooth the data prior
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to deconvolution. The smoothing procedure is based on a moving average which produces minor arte-
facts in the first values (low nm values). To overcome this minor issue, two more CD values (199 nm &
198 nm) were measured. Those two values are then the ones that are distorted by the smoothing proce-
dure but are outside the range (200 — 260 nm) used for the deconvolution. There are two exceptions in
the table where the measured nm-range was extended. The first exception is PF4/UFH, where the range
was 198-470 nm to also cover the near UV-range to gain some insight about the tertiary structure beha-
vior of PF4. In contrast to the far UV-range, where mainly the protein backbone (peptide bond) acts as a
chromophore, in the near UV-range aromatic amino acids are the chromophores of interest. If changes
in the tertiary structure are connected with structural rearrangementsin the vicinity of aromaticamino
acids (Tryptophan, Tyrosine, Phenylalanine), their absorption properties change. This can be monitored
by near UV CD spectroscopy. The aromatic amino acid with the highest absorption coefficient is Trypto-
phan (€ = 5600 M-1cm™ at 280 nm) followed by Tyrosine (€ = 1400 M-1cm- at 274 nm) and Phenylalanine
(e =200 M1cm- at 258 nm) has the lowest. PF4 has only one Tyrosine per monomer positioned next to
the C-terminal Lysines and changes in the absorption were not observed. The second exception is the
PF4/aptamer measurement where the range was 200 — 350 nm to cover the features of the protein C

aptamer which has a pronounced positive band at 275 nm (see figure 4.1.5).

circular dichroism [mdeg]

_1 5 L 1
200 250 300 350
wavelength / nm

Figure 4.1.5: CD spectrum of the protein C aptamer at a concentration of 40 pg/ml (2.9x10° mol/L) showing two
pronounced bands at 245 nmand 275 nm
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Table 4.1.1: List of the polyanions used in the papers I1, Ill, IV, and V. Their maximum concentration in complex
with PF4 inthe publicationand the measured maximum concentration in brackets is shown. Further the measured
wavelength rangeis listed. ¥ —PF4 concentration [40 ug/mL/1.25x10° mol/L] or ¥2—PF4 concentration [80 ug/mL;
2.5x10°mol/L]; ¥3~ Dueto their high polydispersity the concentration of the PAs, is given in[monomer mol /L]. *
—In caseof heparin the wavelength range was broader to alsocoverthe near-UV range. *>—In case of the protein
C aptamer to visualize the features of DNAin the higher nanometer range. *¢— According to the supplier Iduron
their fractionated heparins (HO06, HO08, HO16) have a PDI very close to one.

polyanions (PA) N PDI  cmax (PA) wavelength

[ug/mL] [mol/L] range [nm]

Unfractionated heparin*! >18 1.4 107 (146.6) 3.46x104*3  198-260/470*4
Reviparin (LMWH)*2 5.7 106.7 (206)  3.45x104*3  198-260
Fondaparinux*?2 5 1 119.2 (230) 6.9x10°5 199-260
Dextran sulfate*2 45-100 111.1(311) 2.83x10%4*3  199-260
PF4/PA
(paper 1) Dextran*! 67 1.43 160 (160) 2.4x103%  198-260
Chondroitin sulfate*?2 107.7 (159) 2.83x104*3  198-260
2-0, 3-O desulfated heparin*2 106.7 (348) 3.94x104*3  198-260
Hyaluronic acid*2 7223- 116.1(138)  5.98x104*  199-260
8667
Unfractionated heparin*? >18 1.4 46.6 (146.6) 1.51x10%*3  198-260/470*4
Fondaparinux*?2 5 1 44.7 (230) 2.59x10°5 198-260
PF4/defined
. HOO06 (=heparin 6-mer)*2 6 1%6 40 (100) 2.25x10°% 198-260
heparins
(paper 111) HOO8 (<heparin 8-mer)*2 8 1% 46.6(46.6)  1.94x105  198-260
HO16 (sheparin 16-mer)*2 16 1%  46.6(46.6)  1.0x10°S 198-260
P3 (=polyP 3-mer)*? 3 200 (200) 5 44x10% 198260
PF4/polyP P45 (=polyP 45-mer)*2 45 300 (300) 1.34x104 198-260
(paper V)
P75 (=polyP 75-mer)*2 75 300 (300) 5.45x10% 198-260
PF4/aptamer
(paper V) Protein Captamer*! 44 1 80 (160) 5.92x106 198-260/350*5
PS/UFH
(paper VI) Unfractionated heparin*! >18 1.4 25 (160) 8.1x105*3 185-260
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4.2 Enzyme lmmunoassay (EIA)
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Figure 4.2.1: Schematic of the solid phase PF4/PA EIA, A —either PF4 alone or preformed PF4/PA complexes are
immobilized on the surface of a microtiter plate, after washing B—the complexes are incubated with HIT sera known
to contain PF4/heparin Abs, after a second washing step C—the PF4/heparin/Ab complexes areincubated with an

enzyme-coupled secondary antibody, after the third and last washing step D —the PF4/heparin/Ab/secondary Ab
complexes are incubated with the substrate for the enzyme thatis coupled to the secondary Ab

The enzyme immunoassay (EIA) is a useful diagnostic tool based on the specific reactivity of an antibody
against anantigen. The assay used here is a so-called solid phase EIA where a potential antigen (Ag) is non-
covalently immobilized on a surface (figure 4.2.1Figure-A), the respective Ab binds to the Ag (figure 4.2.1-
B) and a secondary Ab binds tothe first Ab (figure 4.2.1-C). The signal amplification and visualization comes
from the enzyme that is coupled tothe secondary Ab. The more Ab is bound to the Ag, the more enzymes

can convert their substrate (hydrogen peroxide, H,0,) that is provided in the last step (figure 4.2.1-D).

The PF4/PA enzyme immunoassay (EIA) used in papers I, I, 1V, and V was carried out with human sera of
patients known to contain anti-PF4/heparin IgG. This was verified by PF4/heparin EIA and heparin-induced
platelet activation (HIPA) test, as described with some modifications.32 PF4 (20 pug/ml) was incubated (60
min, RT) with rising concentrations of the PAs (Table) in coating buffer (0.05 M NaH,PQ,, 0.1% NaNs) to
enable complex formation. The aim was to test the antigenicity of PF/PA complexes of different molar
ratios (PF4:PA) as investigated in CD spectroscopy. The wells of a Covalink microtiter plate were coated at
4°C overnight with 100 pl of the corresponding complex solution. On the next day, the plates were washed
five times (200 pL of 0.15 M NaCl, 0.1% Tween 20, pH 7.5) and incubated (60 min, RT) with 100 pl patient

serum (1:200 or 1:1000 in 0.05 M NaH,PQ,, 0.15 M NaCl, 7.5% goat normal serum, pH 7.5). Plates were
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washed five times and incubated with 100 ul peroxidase-conjugated anti-human IgG (1:20000, Dianova,
Hamburg, Germany). Peroxidases are a family of enzymes that mostly have H,0, assubstrate and catalyze

the following reaction:

H,0,+ (2e~ + 2H*) - 2H,0 (4.2.1)

Afterward, plates were washed five times and incubated (10 min, RT) with 100 pl with a 1:1 mixture of
reagent A containing hydrogen peroxide and reagent B containing 3.3’, 5.5’ tetramethylbenzidine (TMB)
in >25% methanol included in the OptEIA™ substrate reagent set. Whereas hydrogen peroxide is the
electrondonor (e in equation4.2.1), TMB is the proton donor of the reaction (H*in equation 4.2.1). During

the reaction TMB is converted into a diimine, which changes the solution from colorless to blue (figure

4.2.2).

-2H*
il Lo el oo
+2H*

Figure 4.2.2: Conversion from colorless 3.3, 5.5 tetramethylbenzdine (left, TMB) to blue 3.3, 5.5 tetramethylben-
zidine diimine (right). When sulfuricacid is added and the pH shifts to lower values, TMB diimine’s color changes to
yellow.

The color change can already be read out, but the reaction would continue while measuring. Depending
on the speed at which the absorption is recorded, this could lead to systematic errors between the first
and the last sample. For this reason the reactionis normally stopped. Inthis case, this was done by adding
100 pl of 1 M sulfuric acid (H,SO,). Due to the pH shift, the diimine changes its color from blue to yellow.

The absorbance is finally measured at 450 nm.

The optical read out of the EIA bases on Beer-Lambert law (equation: 4.1.1). Here d denotes the filling
level of the wells in the microtiter plate, (the value is the same for every sample as equal amounts of TMB

and H,S0, were filled in every well) and A denotes absorption coefficient of the converted and stopped
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solution. The concentration ¢ of TMB diimine differs from sample to sample as it is the product of the

peroxidase.

Table 4.2.1: Listed are the polyanions tested in the EIA in the publications included in this thesis. Shown are their
maximum concentration in the complex (ug/mLand M) and the sera that were used to test the complexes for
antigenicity. *' Due to the high polydispersity of the PAs, the concentration is given in [monomer mol/L]

polyanions max. concentration patientsseralD
ug/mL M
Unfractionated heparin 56 1.81x104*1  17922,19660, 26690, 30235
Reviparin (LMWH) 56 1.81x10%4*1  17922,19660, 30235
Fondaparinux 56 1.73x10°> 17922, 19660,30235
PF4/PA (paper I1)
Dextran sulfate 48 1.22x104*1  17922,19660, 30235
Chondroitin sulfate 56 2.25x104*1 19660, 30235
2-0, 3-0 desulfated heparin 56 2.07x104*1  17922,19660, 26690,30235
Unfractionated heparin 30 9.71x105*1  17922,19660, 26690, 30325
Fondaparinux 30 1.73x10° 17922, 19660, 30325
PF4/defined
heparins (paper HOO6 (= heparin 6-mer) 15 8.33x106 17922, 19660, 30325
1)
HOO08 (= heparin 8-mer) 11.7 4.88x10%® 17922,19660, 30325
HO16 (= heparin 16-mer) 11.7 2.52x10% 17922, 19660, 30325
P3 (= polyP 3-mer) 16 4.35x105 17922, 19660, 30325
PF4/polyP (paper
|V) /p Y (p P P45 (= polyP 45-mer) 16 7.15x10% 17922,19660, 30325
P75 (= polyP 75-mer) 16 2.22x10% 17922, 19660, 30325
PF4/aptamer
(paper V) Protein Captamer 80 5.92x10°%

The absorption measurementswere carried out with a Beckman Coulter Paradigm™ plate reader. The
software to control the device and save the data was SoftMax (version 6.2.1).
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4.3 Isothermal Titration Calorimetry (ITC)
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Figure 4.3.1: Schematic shows the principle of power compensation isothermal titration calorimetry. In A the general
setting of calorimeter is depicted. There are two cells: i) a reference cell filled with buffer or water to which a constant
power is supplied to heatitand ii)anactive cell filled with sample. Here power is supplied to the sample cell feedback
heater thatis proportional to AT:. An injection needle with an attached stirrer dipsinto thesamplecell adding the
titrant. Both cells are isolated by an adiabatic shield and an adiabaticjacket. InB top graphanideal thermogram with
huge peaks in the beginning which lower when more and more binding sites are saturated is shown. In B bottom
graph —the peaks areintegrated (plotted as dots) and fitted to gainseveral information about thereaction:i). the Ka
fromtheslope, ii) the stoichiometry from the point of inflection or iii) the mechanism/enthalpy can be read from the
difference in energy between the initial and final molar ratio.

Isothermal titration calorimetry (ITC) is a commonly used technique to study thermodynamic parameters
of interactionsin solution and first described as a method for the simultaneous determination of
equilibrium constant (K.,) and enthalpy (AH) nearly 50 years ago.1>%1% Great advantage of ITCis that it is
a label free technique and the interaction partners do not need to be immobilized to any matrix or
surface. ITCis suitable for different classes of molecules (e.g. proteins, nucleic acids or lipids) and for a
wide range of applications (e.g. complex formation, enzyme kinetics or effects of molecular structure
changes on binding mechanism). In a single experiment, several thermodynamic parameterssuch as the
affinity of the binding partners(Kj), the stoichiometry of the reaction (n) or enthalpy (AH) and entropy
(AS) can be determined with very high precision. Modern ITC instruments allow the measurement of
heat effects as small as 0.1 pcal, binding constants as large as 108-10° M-%, or heat ratesas small as 0.1

ucal/sec, making it possible to determine reaction rates in the range of 1012 mol/sec.16? Like the iTC200
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used to generate the results in this thesis, the first commercially available titration calorimeter was
produced by MicroCal.1%2 Anisothermal titration calorimeter consists of two cells, a reference cell and a
sample cell (figure 4.3.1 A). Both cells are of same size and made of same efficient thermal conducting
material (Hastelloy™). The cells are surrounded by an adiabatic jacket. A syringe with a stirrer at the tip
is used toinject a ligand (or titrant), here polyP and heparin, respectively, to the sample molecule in the
cell (PF4). Modern ITCinstruments like the used iTC200 are used in a titration mode. Here a defined
number of incrementalinjections are made in a defined interval. The heat change (release or absorption)
during an ITC experiment is measured indirectly via the power (ucal/sec) that is applied to maintain
isothermal conditions between reference and sample cell. For example, if heat is released during
titration, indicating that the investigated reactionis exothermic, the temperature in the sample cell is
higher than in the reference cell after an injection. The power that is applied to the sample cell heater
drops until isothermal conditions are recovered. This power drop reflectsin a negative peakin the
thermogram (figure 4.3.1 B—top graph). The ligand concentration in the syringe has to be set such that
there are several peaks of same height (same amount of heat s released/absorbed) in the beginning and
atthe end of the experiment to obtain two baselines. As more and more binding sites are saturated, the

amount of heat thatis released/absorbed decreases with every further injection of ligand.

As shown in the bottom graph of figure 4.3.1-B, AH is obtained by integrating the peaks and calculating
the difference between initial and final baseline. By applying a fit with a matching model (e.g. 1:1
binding) the stoichiometry (n) of the reaction can be obtained from the point of inflection of the binding

isotherm. From the slope of the same isotherm, the K, (and then Kj) can be assessed.

Kp=— [M] (4.3.1)

Based on the obtained K,, the Gibbs free energy, AG can be calculated by the following equation, where

RT [Jmol1] is the product of the molar gasconstant, R and the absolute temperature, T.
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AG = —RTInK, [ﬁ] (4.3.2)

The changein entropy (AS) and enthalpy (AH) contribute to the Gibbs free energy (AG) as shown in
following equation.

AG = AH — TAS mOl (4.3.3)

il = ]~ [+~

The change in entropy gives information about the mechanism of the reaction, indicating whether con-
formational changes and/or changes in hydrophobic interaction occur. According to the second law of
thermodynamics, AG is always negative in an open system. The formation of many polyanion/polycation
complexes is majorly driven by an increase of global entropy due to the release of counterions. 163-165 The
Gibbs free energyis a thermodynamic potential. For AG<0 a reaction starts spontaneously and is favor-
able. A system is in equilibrium when AG=0, neither forward nor backward reactionis favored. Processes
with AG>0 are disfavored and do not start spontaneously. The enthalpy is a measure for the heat of
binding. A change in enthalpy (AH) indicates alterationsin electrostaticinteractions, hydrogen bonding,
and van der Waals bonding. For AH > 0 heat is absorbed during the reaction, the reactionis endotherm.

When heat is released during a reaction it is an exothermic reactionand AH < 0.

All ITC measurements were conducted witha MicroCal iTC200 purchased from GE Healthcare Life
Sciences. Due to its small reaction chamber of only 200 pl, it is quite economic in terms of the amount of
protein needed per experiment. The supplier mentions that the smallest amount needed is 10 pg of
protein to run anexperiment. In order to obtain a good signal-to-noise ratio, the PF4 solution filled in the
reaction cell had a concentration of 1.48x10> M which corresponds to an amount of 95 ug PF4 per
experiment to fill the cell. However, there s also a funnel that needs to be filled. Totally 118 pg(3.7x107

mol) PF4 was used per run.
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The ITCwas used in paper IV (PF4/polyP) and by Martin Kreimann in paper Il (PF4/defined heparins).
Experiments were carried out at 25°C. Prior to the experiment, the protein and the polyphosphates
(polyP) were first solved in PBS (pH 7.4). The purchased polyP were reportedto be essentially salt-free.
To avoid buffer missmatch PF4 was additionally dialyzed against PBS overnight. PF4 [1.48x10-> M] was
filled into the sample cell, PBS into the reference cell and the syringe was loaded with polyP (P3 [1.41x
103 M], P45 [2.64x10* M], P75 [1.36x10* M]) and heparin, respectively. The measurement was started
by injecting 0.4 ul polyP, followed by 18 injections of 2 plwhile stirring at 1000 RPM. Time between two
injections was set to 240 seconds, whereasthe feedback was low, the filter period was set to five
seconds and the reference power to 6 volts. Control measurements involved the titration of PBS into

PBS, PBS into PF4 solution, and polyP into PBS.

In the data analysis, the area under each peak was integrated to obtain the amount of heat released
during each injection. Data wasthen normalized for the concentrations and plotted against the molar
ratio of polyP to PF4. Calorimetric data were fitted by nonlinear regression using a single-site model to
getthe changein enthalpy (AH), stoichiometry (N), changein entropy (AS), Gibbs free energy (AG) and
the dissociation constant (K) using MicroCal-enabled Origin 7 SR4 software (OriginLab Cooperation,
Northampton, USA) supplied with the instrument. Equilibrium affinity constant (K,) was calculated as the
reciprocal of K,4. According to the supplier, measuring affinities in the sub-millimolar to picomolar range

is possible. The reported thermodynamic parametersare values of triplicate measurements.
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4.4 Flow Cytometry
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Figure 4.4.1: Schematic of the flow cytometry principle: particles (e.g. cells) mostly fluorescently labeled are a-
lignedina liquid stream and scatter light when they pass a laser beam. The scattered light and the fluorescence
exhibited by excited fluorophores arerecorded by detectors positionedin lineand orthogonal to the laser beam.
Dichroic mirrors deflect the specific wavelengths (depicted as different colors) to the corresponding detector.

Flow cytometryis atechnique used to simultaneously analyze multiple physical and chemical charac-
teristics of single cells or particles. The sample of interest is mostly labeled with fluorescent markers,
suspended in solution and forced through a nozzle in a liquid stream. The liquid stream passes a laser
beam and each particle scattersthe light in characteristic manner. There is one detectorin line with the
laser that records the whole spectrum of forward scattered (FSC) light which is a measure for the
volume/size of the particle. Another detector records the whole spectrum of sideward scattered (SSC)
light which depends on the complexity of the particle. When measuring cells it is often called granularity.
Additionally, there might be one or more detectors recording filtered SSC light emitted from fluoro-
phores. Dichroic mirrors are used to select certain wavelengthranges. In the analysis, the different data
sets are plotted against each other to differentiate populations and group specimen with same proper-

ties.
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Flow cytometrywas used in paper | (PF4 evolutionary analysis, by Krystin Krauel) and paper IV (PF4/poly,
by myself) to investigate the influence of heparin and polyP on the binding of PF4 to bacterial surfaces
(figureFigure). For the latter (paper IV, PF4/polyP) a well characterized lab stem, Gram-negative

Escherichia coli (E. coli J]M109), was chosen.

4.4.1 PF4 binding to Gram-negative bacterial Surface
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Figure 4.4.1.1: The setup whichwas used to analyze theinfluence of polyP on PF4 binding (PF4 partly biotinylated)
to bacteriais depicted. FITC labeled and UV deactivated bacteria were incubated with PF4 and different amounts of
polyP. After washing the bacteria/PF4/polyP complexes were incubated with Cy5.5 labeled streptavidin to detect the
PF4 on the bacterialsurface. After another washing step, analysiswas carried out wi th the help of flow cytometry.

For the influence of polyP on PF4 binding to bacterial surfaces (figure 4.4.1.1), UV deactivated and
fluorescein (FITC) labeled bacteria were incubated with partly biotinylated PF4 and different amounts of
polyP to get different PF4:polyP ratios. UV deactivated and FITC labeled Gram-negative E. coli was
incubated (30 minutes, 4°C, shaking) with biotinylated PF4 (20 ug/ml, diluted in PBS) together with
different concentrations (0-40 pg/ml) of polyP. After washing by adding 3 mL PBS to the 100 pl
bacteria:PF4:polyP solution and centrifugation (3000 g, 5 min, 4°C), bacteria were incubated (30 minutes,
4°C) with Streptavidin-PE Cy5.5 (BD Biosciences) and washed as before. PF4 binding to the bacteria was
recorded by flow cytometry (Cytomics FC 500, Beckman Coulter). Afterward raw data were exported to
carryout the analysis with Windows Multiple Document Interface software (WinMDI 2.8, plots shown in

figure 4.4.1.2).
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Figure 4.4.1.2: Depicted is the analysis of one PF4/polyP molar ratio measuredin flow cytometry. A—As a measure
of size the forward scatter (FS) against sideward scatter (SS) that gives information about granularity of cells. Each
event recorded is represented as a point. B—TheSS is plotted against the fluorescein (FITC) channel to discriminate
intactlabeled bacteria from destroyedbutalso labeled bacterial particles. Cell debris is excluded by setting a region
(green frame) aroundthe fluorescein labeled bacteria. By gating on the regionR1 onlyevents (FITC-labeled bacteria)
located intheframe will be used in further analysis. Here data is visualized as a heatmap. C—SS is plotted against
the Cy5.5 channel and quadrants are set to visualize the |abeled PF4 as well as to discriminate bacteria with or without
PF4 attached. Here 99.8% of the bacteria were covered with PF4. D—A histogram plotting the gated events together
with the geometric mean of the fluorescence intensity (GMFI) for Cy5.5 is shown, giving infor mation about the
amount of PF4 attached to the bacterial surface. For the final values plotted in the publication the percentage of
labeled bacteria is multiplied by GMFI of the Cy5.5 to obtain the binding activity.

The binding activity plotted in the publications is product of geometric mean fluorescence intensity

(GMFI) of the fluorophore Cy5.5 and the percentage of labeled bacteria (equation 4.4.1).

binding activity = GMFI(Cy5.5) * %(labeled bacteria) (4.4.1)

4.4.2 Phagocytosis of PF4-marked Bacteria by polymorphonuclear
Leukocytes (PMNs)

For the phagocytosis assay?62¢, FITClabeled UV-deactivated Gram-negative E. coli were coincubated with
PF4 (200 pg/ml)and P75 (0 to 200 ug/ml) in different PF4:polyP molar ratios (figure 4.4.2.1 A). Human
sera known to contain anti-PF4/heparin IgG were heat-inactivated (45 minutes, 56°C) and four times pre-
adsorbed with non-PF4 coatedE. coli (30 minutes, 4°C). PF4/polyP coated bacteria were incubated with
the pretreatedsera (figure 4.4.2.1B). These opsonized bacteria were coincubated with whole blood

cells, obtained from hirudinized blood of healthy volunteers (10 minutes, 37°C, figure 4.4.2.1 C-1). The
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sample is transferred from the water bath to ice to stop the phagocytosis of the bacteria by the
polymorhonuclear leukocytes (PMNs). A 0.4% trypan blue solution (Sigma-Aldrich) is added to quench
the fluorescence of non-phagocytosed FITC-labeled bacteria (5 minutes, on ice, figure 4.4.2.1 C-2). After
washing FACS lysing solution (BD Biosciences) is added to destroy red blood cells as they did not
contribute to phagocytosis (7 minutes, RT, figure 4.4.2.1 C-3). After washing, to stain the DNA of the
remaining cells a propidium iodide solution (Fluka BioChemica) is added (10 minutes, on ice, figure
4.4.2.1C-4). The mean fluorescence intensity (MFI) of FITC-positive PMNs was recorded as a measure for
bacterial phagocytosis.
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Figure 4.4.2.1: Schematic of the phagocytosis assay. A—FITClabeled bacteria are coincubated with polyPand PF4 in
different PF4:P75 molar ratios. B — PF4/P75-abeled bacteria are incubated with sera known to contain anti-
PF4/heparin antibodies. C-1 —For phagocytosis, whole blood cellsareincubated with PF4/P75/1gG-label ed bacteria.
C-2 — Trypan blue is added to quench the fluorescence of unphagocytosed FITC-labeled bacteria. C-3 —Red blood
cellsareremoved by the addition of a lysing solution and washing. C-4 —The DNA of theremaining cells is stained by
the addition of propidiumiodide. D — PMNs with stained DNA containing FITC-labeled bacteria and quenched
unphagocytosed bacteria are transferred to be analyzed by flow cytometry (E).
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5. Abstract

The central aim of this thesis wasthe investigation of protein/polyanion interaction using circular
dichroism (CD) spectroscopy, enzyme immune assay (EIA), isothermal titration calorimetry (ITC) and flow
cytometry (FC). A further aim was to understand why an endogenous protein becomes immunogenic
when forming a complex. The focus was on the protein platelet factor (PF4), which gained wide interest
in the clinical field, due toits role in the life-threatening, immune-driven, adverse drug effect heparin-
induced thrombocytopenia (HIT). PF4 is a small homotetrameric chemokine with several basic amino
acids on its surface, forming a positively chargedring. The antibodies that are formed during HIT
recognize an epitope exposed on PF4, when it is in a complex with heparin at a certain molar ratioat

which, PF4 tetramersare aligned on the heparin and forced into close approximation.

The main results and conclusions of the thesis are summarized below:

5.1 Evolutionary Conservationof PF4 (Paper | — PF4/Evolution)

By carrying out an amino acid sequence survey we found that the positively charged amino acids
contributing to the heparin binding site on the surface of PF4 and related proteins are highly conserved

in all vertebrates, including fish species.

PF4 interacts with the phospholipid lipid A, the innermost part of the lipopolysaccharide (LPS) of Gram
negative bacteria. We showed that the shorter the sugar chain of the O antigen, outer and inner core of
the LPS were the more PF4 was binding. The interaction of PF4 with lipid A is inhibited by heparin,
suggesting that the amino acids known to contribute to heparin binding are also involved in binding to

lipid A.
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5.2 PF4Interaction with Polyanions (PA) of varying Length and Degree of
Sulfation (Paper I1— PF4/PA)

CD spectroscopy was found to be a powerful technique to monitor structural changes of PF4 caused by
binding to various clinically relevant polyanions. Therefore PF4 was titrated with different PA to
investigate the dependencies: i. impact of the PF4:PA molar ratio, ii. degree of polymerization of the PA
and iii. degree of sulfation of the PA. In all cases, exposure of HIT-relevant epitope(s) was only observed
for PA that also induced changes in secondary structure of PF4. A comparison of results of an immune
assay with CD spectroscopic data showed that the extent of complex antigenicity correlates well with the
magnitude of changes in PF4 secondary structure, and that the structural changes of PF4 have to exceed
a certainthreshold to achieve PF4/PA complex antigenicity. These findings allowed us to calculate

expectationintervals for complex antigenicity solely using CD spectroscopic data.

To our knowledge, this wasthe first demonstration that the capability of drugs to induce antigenicity of
PF4 can be assessed without the necessity of in vivo studies or the use of antibodies obtained from

immunized patients specific for the antigens.

The antigenicity of PF4 in complex is not restricted to negative charges originating from sulfate groups,
PA with phosphate groups are also capable (binding to phospholipids). We investigated inorganic
polyphosphates (polyP) with a chain length of 75 P; and showed that the induced secondary structural
changes are even higher compared to the changesinduced by the different heparins and that the

PF4/P75 complexes are antigenic as well.

5.3 PF4 Interaction with defined oligomeric Heparins (Paper |l - PF4/defined
Heparins)

We tested highly purified, monodisperse heparins. In contrast tothe clinically relevant but relatively
undefined (high polydispersity index) glycosamino glycans reportedin paper |l (PF4/PA). The defined

heparins induced higher secondary structural changes.
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Here we showed for the first time that strong conformational changes during PF4/PA complex formation
are necessary but not sufficient for to the expression of the anti-PF4/heparin antibody binding site. Also,
the size of the complexes is not the only prerequisite for anti-PF4/heparin antibody binding (tested by
atomic force microscopy). By ITC we found that antigenicityis only induced if the PF4/PA complex has a

high binding enthalpy and the complex formation leads to a negative change in entropy.

5.4 PF4/Polyphosphates (polyP) Complex Antigenicity and Interaction with
Escherichia coli (E. coli, Paper IV — PF4/polyP)

PolyP with chain lengths of 45 P; and 75 P; induced remarkable secondary structural changes in the PF4
molecule, thereby exposing the epitope recognized by anti-PF4/heparin antibodies. The induced
conformational changes were similar to the changes induced by the defined heparins. Againa high

binding enthalpy was observed but here in connection with a positive change in entropy.

Further we showed that polyP (245 P;) enhance PF4 binding to the surface of Gram negative E. coli at
intermediate concentrationand disrupt the binding at elevated polyP concentrations. The increased
amounts of PF4 on the bacterial surface also improved the binding of anti-PF4/heparin antibodies and

thereby the phagocytosis of the bacteria by polymorphonuclear leucocytes.

5.5 Nucleic acid based Aptamersinduce structural Changesin the PF4 Molecule
(PaperV —PF4/Aptamer)

Nucleic acids are another class of molecules containing phosphate groups. Especially after cell damage
their extracellular concentration can be locally quite high (>2 mg/ml). We found that certainaptamers
form complexes with PF4 and thereby inducing anti-PF4/aptamer antibodies which cross-react with
PF4/heparin complexes. Moreover by CD spectroscopy we showed that the protein C-aptamer caused
similar secondary structural changes of PF4 like heparin, but already at much lower concentration. The
maximally induced changes by the protein-C aptamer were even higher and persisted over a broader

concentrationrange.
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5.6 Protaminelnteraction with Heparin (Paper VI — PS/Heparin)

After the intensive investigation of the complex formation between PF4 and many different classes of PA
we assessed another protein for structural changes upon complex formation with heparin. Protamine
(PS) a protein in routinely used in post-cardiac surgery to reverse the anticoagulant effects of heparin

was found to unfold but not to refold with increasing concentration of PA in solution.

5.7 Conclusion and Outlook

When starting this thesis, it was believed that repetitive structures formed by PF4 on a heparin chain
mold the epitope recognized by antibodies inducing HIT. These repetitive structures might exhibit
similarities with viral capsids and are therefore recognized by the immune system of some patients. We
found that induced by the close approximation PF4 changesits conformation, thereby exposing a

neoepitope.

The conserved positively charged amino acids of the heparin binding site and the involvement of these
amino acids in the binding to lipid A confirm our hypothesis of PF4 as part of an ancient immune-
mediated host defense mechanism. As possible consequence of the “primitive mechanism of defense”
the highly variable O-antigens of LPS might have significantly contributed to an efficient escape
mechanism by hiding the structures that made the bacteria vulnerable. In turn polyP might be an
adaption of the host improve pathogen recognition by PF4 and further by antibodies inducing

phagocytosis of the PF4-marked objects.

Although shown only for PF4 and PS, our findings might be applicable to other proteins that also express
epitopes upon changesin their secondary structure. Our physicochemical methods may further be
applied: i. to drug development for the prediction of antigenicityinduced by polyanionic drugs, ii. to
guide the development of synthetic heparins and other polyanion based drugs, e.g. aptamers, that do

not lead to HIT and iii. to provide relevant aspects for other biological functions of heparins.
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THROMBOSIS AND HEMOSTASIS

Platelet factor 4 binding to lipid A of Gram-negative bacteria exposes

PF4/heparin-like epitopes

*Krystin Krauel,'2 *Claudia Weber,® Sven Brandt,? Ulrich Zahringer,* Uwe Mamat,* tAndreas Greinacher,' and

1Sven Hammerschmidt?

TInstitut fir Immunologie und Transfusionsmedizin; 2Zentrum fiir Innovationskompetenz-Humorale Immunreaktionen bei kardiovaskuléren Erkrankungen; and
3Abteilung Genetik der Mikroorganismen, Interfakultéres Institut fir Genetik und Funktionelle Genomforschung, Ernst-Moritz-Arndt-Universitat, Greifswald,
Germany; and “Abteilung fiir Molekulare Infektiologie, Forschungszentrum Borstel, Leibniz-Zentrum fir Medizin und Biowissenschaften, Borstel, Germany

The positively charged chemokine plate-
let factor 4 (PF4) forms immunogenic
complexes with heparin and other polyan-
ions. Resulting antibodies can induce the
adverse drug effect heparin-induced
thrombocytopenia. PF4 also binds to bac-
teria, thereby exposing the same neoanti-
gen(s) as with heparin. In this study, we
identified the negatively charged lipopoly-
saccharide (LPS) as the PF4 binding struc-
ture on Gram-negative bacteria. We dem-
onstrate by flow cytometry that mutant

bacteria with progressively truncated LPS
structures show increasingly enhanced
PF4 binding activity. PF4 bound stron-
gest to mutants lacking the O-antigen and
core structure of LPS, but still exposing
lipid A on their surfaces. Strikingly, PF4
bound more efficiently to bisphosphory-
lated lipid A than to monophosphorylated
lipid A, suggesting that phosphate resi-
dues of lipid A mediate PF4 binding. Inter-
actions of PF4 with Gram-negative bacte-
ria, where only the lipid A part of LPS is

exposed, induce epitopes on PF4 resem-
bling those on PF4/heparin complexes as
shown by binding of human anti-PF4/
heparin antibodies. As both the lipid A on
the surface of Gram-negative bacteria and
the amino acids of PF4 contributing to
polyanion binding are highly conserved,
our results further support the hypoth-
esis that neoepitope formation on PF4
after binding to bacteria is an ancient
host defense mechanism. (Blood. 2012;
120(16):3345-3352)

Introduction

Besides their pivotal role in hemostasis, platelets are involved in
host defense against pathogens and in modulation of immune
reactions. This function of platelets occurs either indirectly through
their interaction with endothelial cells and leukocytes'? or directly
by secretion of antimicrobial substances from platelet storage
granules and lysosomes.**

Recently, we have shown that the chemokine platelet factor 4
(PF4), which is stored within platelet a-granules, plays a role in
bacterial host defense by inducing a humoral immune response
to PF4-coated bacteria.’ During bacterial infections, platelets
are activated®’ and release positively charged PF4, which can
bind in a charge-dependent manner to the bacterial surface,
thereby inducing neoepitopes. The formation of antigenic PF4
clusters is probably the result of neutralization of the positive
charge of PF4 by polyanions,® which allows narrowing of the
distance between single PF4 tetramers down to 3 to 5 nm. This
creates linear, ridge-like complexes and exposes new antigenic
epitopes on PF4.? Antibodies to PF4/polyanion complexes bind
to PF4 on the bacterial surface, leading to opsonization and
increased phagocytosis of PF4-coated bacteria.> As PF4 is
capable of binding to a large variety of bacteria, the antibody
response to PF4/polyanion complexes constitutes a very broad
reactive defense mechanism and could represent an evolutionary
interface between innate and specific immunity. Antibodies
induced by PF4 clusters would be an example of antibodies with
a limited target antigen repertoire that nevertheless could result

in binding to a large variety of bacteria when these bacteria are
coated with PF4.°

In medicine, research on the immune reaction to PF4/polyanion
complexes to date has primarily focused on its role in causing an
adverse reaction to the anticoagulant heparin as PF4 forms
immunogenic complexes with heparin on platelet surfaces. Anti-
PF4/polyanion antibodies bind to these PF4/heparin complex-
coated platelets and induce Fc-receptor—dependent platelet activa-
tion,'*!" leading to intravascular consumption of platelets, associated
potentiation of in vivo thrombin generation, and the prothrombotic
syndrome, heparin-induced thrombocytopenia (HIT).

We and others have recently demonstrated the prevalence of
anti-PF4/heparin antibodies of the IgM class in up to 20% and of
the IgG class in up to 6% of the general population and in a slightly
lower number of normal blood donors.>'> These antibodies are
highly significantly associated with periodontitis, one of the
most prevalent human infections, often associated with transient
bacteremia.'* The major bacterial species in periodontitis are the
Gram-negative bacteria Aggregatibacter actinomycetemcomitans
and Porphyromonas gingivalis."* Both bacteria bind PF4 and
consequently expose epitopes recognized by anti-PF4/heparin
antibodies."?

The outer leaflet of the outer membrane of Gram-negative
bacteria is mainly composed of negatively charged lipopolysaccha-
ride (LPS), interspersed with proteins (Figure 1).!> LPS, a complex
glycolipid, is anchored in the outer membrane by the highly

Submitted June 5, 2012; accepted August 15, 2012. Prepublished online as
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conserved lipid A. The central core oligosaccharide is linked to
lipid A and can be divided into an inner core composed of heptoses
and 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo), and an outer core
consisting of hexoses, followed by the most variable part of the
LPS molecule, the O-specific polysaccharide chain.'®

In this study, we have identified the phosphate groups of the
highly conserved lipid A as the binding site for PF4 on the surface
of Gram-negative bacteria. In accordance with our hypothesis that
opsonization of bacteria by PF4 might represent an ancient host
defense mechanism, we found the anion binding site of PF4 and
PF4-like proteins conserved among different vertebrate species.

Methods

Bacterial strains

Bacterial strains used in this study are listed in Table 1. Escherichia coli
K-12 wild-type strain BW30270 and E coli K-12 mutant strains'”'8 were
kindly provided by R. W. Woodard (University of Michigan, Ann Arbor,
MI). Salmonella enterica sv Typhimurium SL3770 waa* and the isogenic
Salmonella LPS mutants were obtained from K. E. Sanderson (Salmonella
Genetic Stock Center, Calgary, AB). Bacteria were cultured at 37°C to the
exponential growth phase (Agy of 0.7-1.2) in Todd-Hewitt broth supple-
mented with 0.5% yeast extract (Roth)."?

Table 1. Bacterial strains used in this study

o P Phospholipid
oK

p

=
mZ>AW=ImM= aAm-<4CcoO

)

LPS and derivatives

LPS-biotin was purchased from InvivoGen. Lipid A substituted with 2 Kdo
residues (Kdo,-lipid A) and lipid A were isolated from E coli F515
(Re chemotype). Separation and purification of lipid A from Kdo was
performed as described.?’ LPS isolated from E coli 055:B5, mono-(4'-P)-
phosphoryl lipid A (MPLA) isolated from E coli F583 (Rd mutant) and Kdo
were purchased from Sigma-Aldrich.

Purification of PF4 and PF4 biotinylation

Human PF4 was isolated from platelets (Chromatec) and biotinylated as
described.® The concentration of biotinylated PF4 was determined by a
bicinchoninic acid protein assay kit using BSA as standard (Sigma-Aldrich).

Binding of LPS to immobilized PF4 and binding of PF4 to
immobilized LPS derivatives

To investigate binding of LPS to immobilized PF4, wells of a microtiter
plate (MaxiSorp, Nunc) were coated with PF4 (10 pg/mL), BSA, or buffer
(carbonate-bicarbonate buffer, pH 9.6; Medicago) at 4°C overnight. In the
reverse approach, wells (PolySorp, Nunc) were coated with LPS, Kdo,-
lipid A, lipid A (bisphosphorylated), MPLA (monophosphorylated), or Kdo
in carbonate-bicarbonate buffer pH 9.6 (each with 50 pg/mL, 4°C, over-
night). Before the incubation with increasing concentrations of LPS-biotin
(0.6, 1.3, 2.5, 5.0, 10, 20, and 40 pg/mL; 60 minutes, room temperature),
PF4-biotin (0.06, 0.13, 0.25, 0.5, 1.0, 2.0, and 4.0 pg/mL; 60 minutes), or

Strain

Characteristic Source or reference

S enterica sv Typhimurium wild-type strain

SL3770 waa*, smooth LPS (S-form) SGSC#225
S enterica sv Typhimurium mutant strains

SL3749 waal 446, lacking LPS O-antigen ligase SGSC#228

SL3750 waaJ417, lacking LPS glucosyltransferase Il SGSC#229

SL3748 waal432, lacking LPS galactosyltransferase | SGSC#227

SL3769 waaG471, lacking LPS glucosyltransferase | SGSC#231

SL3789 waaF511, lacking LPS heptosyltransferase Il SGSC#230

SL1102 hldE543, lacking LPS heptosyltransferase | SGSC#258
E coli K-12 wild-type strain

BW30270 waa', rough LPS (R-form) CGSC#7925
E coli K-12 mutant strains

KPM53 waaC, lacking LPS heptosyltransferase | Mamat et al'®

KPM121 waaA, defective in Kdo transferase of LPS biosynthesis Mamat et al'?

SGSC indicates Salmonella Genetic Stock Center; and CGSC, E coli Genetic Stock Center.
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buffer as a control, microtiter plates were washed 5 times with PBS + 0.1%
Tween and blocked with PBS + 0.1% Tween + 2% BSA (60 minutes,
room temperature). Plates were washed and incubated with peroxidase-
conjugated streptavidin (1:4000, 60 minutes, room temperature; Jackson
ImmunoResearch Laboratories). After final washing steps, tetramethylben-
zidine was added to the wells, the reaction was stopped with 1M H,SO,, and
absorbance was measured at 450 nm. In addition, binding of PF4-biotin
(2 pg/mL) to immobilized lipid A was measured in the presence of
increasing concentrations (0.5, 1, 2, 4, and 8 pg/mL) of bacterial permeabil-
ity increasing protein (BPI; Alpha Diagnostic International), polymyxin B
sulfate (Sigma-Aldrich), or buffer.

PF4 binding to bacterial LPS mutants

E coli BW30270, KPMS53, and KPM121, and S enterica sv Typhimurium
strains SL3770, SL3749, SL3750, SL3748, SL3769, SL3789, and SL1102
(Table 1) were incubated (30 minutes, 4°C) with PF4-biotin, 20 pg/mL; or
buffer, washed with PBS/0.05% BSA (3000g, 5 minutes, 4°C) and
incubated (30 minutes, 4°C) with peridinin chlorophyll protein-Cy5.5
conjugated streptavidin (BD Biosciences). Bacteria were washed and fixed
with 1% paraformaldehyde (20 minutes, 4°C). PF4 binding was analyzed
by flow cytometry (Cytomics FC 500, Beckman Coulter). The geometric
mean fluorescence intensity multiplied by the percentage of labeled bacteria
constituted binding activity.

In inhibition assays, PF4-biotin (40 pg/mL) was preincubated (30 min-
utes, 4°C) with 200 pg/mL LPS, Kdo, Kdo,-lipid A, lipid A, MPLA, or
buffer before assessing PF4 binding to the E coli AwaaA mutant KPM121
by flow cytometric analysis.

Furthermore, E coli strains BW30270, KPM53 and KPM121 (Table 1)
were pretreated (15 minutes, 37°C) with pronase E (100 pg/mL; Merck),
trypsin (100 pg/mL; Sigma-Aldrich), or buffer, washed 3 times with PBS,
pH 7.4 (3700g, 6 minutes, room temperature), incubated (30 minutes, 4°C)
with PF4-biotin (20 pg/mL) or buffer and analyzed for PF4 binding.
Activity of pronase E and trypsin was controlled by reduction of E coli
Antigen 43.

Anti-PF4/heparin antibody binding to PF4-coated bacterial
LPS mutants

Binding of human anti-PF4/heparin antibodies to bacteria was assessed by
adsorption and elution experiments as described.” In brief, LPS mutant
strains E coli KPM53 and KPMI121 were incubated with PF4 (20 g/
5 X 107 bacteria, 30 minutes, 4°C) or buffer (PBS, pH 7.4), washed (3000g,
5 minutes, 4°C) and incubated (30 minutes, 4°C) with diluted human serum
of patients known to contain anti-PF4/heparin IgG antibodies (n = 3 per
strain), and washed again to remove unbound antibodies. Bound antibodies
were eluted with glycine buffer (0.1M, pH 2.7; 5 minutes, room tempera-
ture), bacteria removed by centrifugation, and supernatants (eluates:
containing the antibodies) neutralized with Tris buffer (IM, pH 9).
Untreated sera and eluates were tested by PF4/heparin IgG ELISA?!
including inhibition by unfractionated heparin (100 IU/mL; Braun) and
binding to PF4 alone. In addition, heparin-induced platelet activation test
was performed as described?? to test the ability of eluates to activate
platelets.

Phagocytosis assay

Phagocytosis assays were performed as described® with the following
modifications. The E coli K12 wild-type strain BW30270 and its isogenic
AwaaA mutant KPM121 were self-labeled with FITC by adding 100mM
NaHCOj;, pH 9, and incubating with 370 pg/mL FITC dissolved in DMSO
(60 minutes, 37°C; AppliChem). Bacteria were washed 3 times with
PBS/0.05% BSA (3000g, 5 minutes, 4°C) and incubated with PF4
(20 pg/5 X 107 bacteria, 30 minutes, 4°C). The washed samples (3000g,
5 minutes, 4°C) were incubated (30 minutes, 4°C) with human serum (1:50)
of patients known to contain anti-PF4/heparin IgG antibodies (n = 4 per
strain). The sera had been preadsorbed with each of both strains (non-PF4-
coated; 15 minutes, 4°C; 4 times). Bacteria were washed again to remove

PF4 INTERACTIONWITHLIPIDA 3347

2.5 7 Coating with
- PF4
204 —*BsA

~&— Buffer

LPS binding (ODs)

LPS-Biotin (ug/mL)

Figure 2. LPS binds dose-dependently to PF4. Binding of biotinylated LPS
(0.6, 1.3, 2.5, 5.0, 10, 20, and 40 pg/mL) to immobilized PF4 (10 ug/mL) was
detected with peroxidase-conjugated streptavidin, followed by the addition of tetram-
ethylbenzidine. Binding of PF4 to BSA or buffer (each with 10 pg/mL) served as
controls to exclude nonspecific binding of LPS-biotin to proteins or to the plastic
surface. Data are mean OD4so + SD of 3 independent experiments.

unbound antibodies. Finally, the whole blood phagocytosis assay was
performed as described’ using pretreated bacteria.

PF4 amino acid sequence survey

For the bioinformatics analysis, different resources, including the Universal
Protein Resource (UniProt, http://www.uniprot.org), the National Center
for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov), and
the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING,
http://string-db.org/), were used. The survey was started with BLAST?
searches, and the complete human PF4 amino acid sequence was used for
protein sequence comparisons against the genome sequence databases
available for other species. Although the databases generally mirror
cach other, additional sequences were provided by the databases of NCBI
and STRING. The multiple sequence alignment was performed using
ClustalW2 (www.ebi.ac.uk).

Statistical analysis

Data are plotted as mean * SD. We compared samples of bacterial binding
studies, affinity purification experiments, and phagocytosis assay by paired
Student 7 test. Differences between samples of ELISA data were calculated
by paired ¢ test, except for PF4 binding to bisphosphorylated lipid A
compared with MPLA, which was analyzed by ANOVA test. P < .05 was
considered statistically significant.

Results
Identification of the PF4 binding site on LPS

A negatively charged microbial component has been suggested to
recruit PF4 to the Gram-negative bacterial cell surface. As PF4
binding is a general characteristic for Gram-negative bacteria, a
conserved surface structure, such as LPS (Figure 1), may be
involved in binding of PF4. To test this hypothesis, binding of LPS
to immobilized PF4 was investigated. The results show that LPS
binds dose-dependently to PF4 (Figure 2). To decipher in more
detail the PF4 binding part in LPS, we performed PF4 binding
assays using different mutants of S enterica sv Typhimurium with
gradually truncated LPS structures. Surprisingly, the wild-type
strain SL3770 with smooth (S)-form LPS (waa™) showed a low
degree of PF4 binding (geometric mean fluorescence intensity
[GMFI], 8.5 = 2.9; Figure 3A). However, PF4 binding capacity
increased step-wise in mutants with increasing truncations of the
LPS outer and inner core oligosaccharides. The first mutant which
was able to recruit PF4 in significant amounts was S enterica sv
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Figure 3. Bacterial mutants with progressively tr ted LPS backb show
increasing PF4 binding activity. S enterica sv Typhimurium wild-type strain SL3770
waa*, the isogenic LPS mutants SL3749 waal446, SL3750 waaJ417, SL3748
waal432, SL3769 waaG471, SL3789 waaF511, and SL1102 hidE543 (A), the E coli
K-12 wild-type strain BW30270, and the LPS mutants KPM53 (AwaaC) and KPM121
(AwaaA; B) were incubated with biotinylated PF4 (20 ng/mL). PF4 binding was
detected with peridinin chlorophyll protein-Cy5.5 conjugated streptavidin using flow
cytometry and expressed as geometric mean fluorescence intensity (GMFI) multi-
plied by the percentage of labeled bacteria. Data represent mean = SD of at least
3 independent experiments (S enterica sv Typhimurium wild-type and mutants,
n = 3; E coli BW30270, n = 5; E coli KPM53, n = 5; and E coli KPM121, n = 3).
**P < .01 versus wild-type. ***P < .001 versus wild-type.

Typhimurium SL3750 (waaJ417), lacking the O-antigen and GlclI
of the LPS outer core (GMFI, 768.2 = 243.1 vs rfat GMFI,
8.5 = 2.9; P = .0056). Further deletions of consecutive sugars of
the outer and inner core to the level of Kdo,-lipid A, as represented
by S enterica sv Typhimurium SL1102 (hlidE543; GMFI,
4587.3 = 754.3; P = .0005), gradually increased PF4 binding
(Figure 3A).

To test whether lipid A alone is sufficient for PF4 binding, we
switched to E coli KPM121 (AwaaA), which predominantly ex-
presses the nonglycosylated, tetra-acylated lipid A precursor lipid
IV4.'7 Compared with S enterica sv Typhimurium SL3770, E coli
K-12 wild-type strain BW30270 showed at least some PF4 binding
(Figure 3B; GMFI, 445.0 = 359.0). (It is noteworthy that the E coli
K-12 is a strain with rough-type LPS, which lacks the O16-antigen
because of an IS5 insertion mutation in the wbbL gene for a
rhamnosyltransferase involved in O-antigen synthesis,* whereas
S enterica sv Typhimurium SL3770 expresses the S-form of LPS.)
In accordance with the results obtained for the S enterica sv
Typhimurium mutants, the E coli K-12 AwaaC mutant KPM53
with 2 Kdo residues attached to lipid A (corresponding to the
hldE543 mutant of S enterica sv Typhimurium SL1102) showed
increased PF4 binding compared with the wild-type (GMFI,
4738.5 = 1304.6, P = .0001). When the 2 Kdo residues were also
deleted in the E coli AwaaC mutant KPMI121 (now exposing
predominantly the tetraacylated lipid A precursor lipid I1V,), PF4
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binding further increased (GMFI, 7581.3 * 1285.5; P = .0241;
Figure 3B). This suggests that lipid A is a major PF4 binding
partner on the surface of Gram-negative bacteria.

Phosphate groups of lipid A mediate PF4 binding

To assess whether PF4 directly interacts with lipid A, we analyzed
binding of PF4 to isolated lipid A and Kdo,-lipid A. The binding
experiments demonstrated that PF4 binds directly and in a dose-
dependent manner to lipid A (Figure 4A). To show specificity, we
coincubated lipid A with either BPI or polymyxin. These lipid A
binding compounds inhibit binding of PF4 to lipid A in a
dose-dependent manner, starting at 0.5 pg/mL and reaching signifi-
cance at a concentration of 4 pg/mL (P = .0096) and 1 pg/mL
(P = .0192), respectively (Figure 4B). PF4 bound to immobilized
lipid A, but not to immobilized LPS or Kdo,-lipid A, probably
because of steric hindrance (Figure 4A). This is consistent with the
higher PF4 binding activity to nonglycosylated lipid IV, of E coli
KPM121 compared with E coli KPM53 with 2 Kdo residues
attached to lipid A (Kdo,-lipid A; P = .0241; Figure 3B). PF4 did
not bind to immobilized Kdo (Figure 4A).

However, when the experiments were performed with soluble
lipid A, soluble Kdo,-lipid A, and soluble LPS, all inhibited
PF4 binding to E coli KPM121 (GMFI, 143.2 = 17.5; P = .0002,
56.4 = 8.2; P=.0002 and GMFI, 242.6 = 74.8; P = .0022,
respectively, vs buffer GMFI, 6071.8 £ 139.0; Figure 4C). As
expected, soluble Kdo did not inhibit PF4 binding to E coli
KPMI121 (GMFI, 6213.5*82.9 vs buffer GMEFI,
6095.0 * 435.9; P = .6763; Figure 4C).

The lipid A backbone [4'-P-B-D-GlcpN-(1—6)-a-D-GlcpN-
1’-P] carries 2 phosphate groups in positions 4" and 1'. These
negatively charged phosphate groups are important for PF4 bind-
ing, as binding of PF4 to immobilized MPLA (monophosphory-
lated) was significantly lower than to its native (bisphosphorylated)
lipid A counterpart (Figure 4A; P < .0001). Concordantly, soluble
MPLA had reduced inhibitory effects on PF4 binding to E coli
KPM121 compared with lipid A (GMFI, 893.9 * 240.2 vs GMFI,
143.2 = 17.5; P = .0320; Figure 4C).

Surface exposed proteins play no major role in PF4 binding

Besides LPS, negatively charged proteins decorate the bacterial
surface. Possible binding of PF4 to proteins unmasked by the lack
of LPS was not changed by treatment of E coli BW30270, KPM53,
and KPMI121 with proteolytic enzymes. Pretreatment of the
wild-type strain (BW30270), the waaC mutant (KPMS53), and the
waaA mutant (KPM121) with pronase E or trypsin did not alter
PF4 binding (P > .2 for all comparisons; data not shown).

PF4 bound to lipid A of Gram-negative bacteria exposes
PF4/heparin-like epitopes

To test whether anti-PF4/heparin antibodies recognize PF4 bound
to lipid A of Gram-negative bacteria, we used LPS mutant strains
only displaying lipid A and Kdo (E coli KPMS53), or lipid IV,
without Kdo (E coli KPM121) in adsorption and elution experi-
ments. Affinity-purified IgG antibodies eluted from PF4-coated
E coli strains KPM53 and KPMI121 reacted with PF4/heparin
complexes in the PF4/heparin-ELISA (Figure 5A), suggesting that
PF4 bound to lipid A on bacterial surfaces exposes epitopes, which
are also present in PF4/heparin complexes. In contrast, no antibod-
ies with PF4/heparin specificity were eluted from native bacteria
(not preincubated with PF4; Figure 5A). As further controls, the
affinity-purified antibodies did not react with PF4 alone, and the
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Figure 4. PF4 interaction with isolated lipid A relies on the phosphate groups.
(A) PF4 binds dose-dependently to lipid A but not to LPS, Kdo,-lipid A, or to Kdo
alone. Binding of PF4 to MPLA (mono-(4'-P)-phosphoryl lipid) is reduced compared
with binding to bisphosphorylated lipid A (Lipid A). Binding of biotinylated PF4
(0.06, 0.13, 0.25, 0.5, 1, 2, and 4 pn.g/mL) to immobilized LPS, Lipid A, Kdo,-lipid A,
MLPA, or Kdo (50 pg/mL) was detected with peroxidase-conjugated streptavidin
followed by addition of tetramethylbenzidine. Data are mean OD + SD of 3 indepen-
dent experiments. (B) Binding of PF4 to Lipid A is inhibited by BPI or polymyxin
B sulfate. Binding of biotinylated PF4 (2 jug/mL) in the presence of BPI or polymyxin
(0.5, 1, 2, 4, and 8 pg/mL each) or buffer to immobilized Lipid A (50 pg/mL) was
detected with peroxidase-conjugated streptavidin followed by addition of tetramethyl-
benzidine. Data are mean OD =+ SD of 3 independent experiments. *P < .05 versus
PF4-biotin + buffer. **P < .01 versus PF4-biotin + buffer. (C) Preincubation of PF4
with LPS, lipid A, Kdoy-lipid A, but not Kdo alone, inhibits PF4 binding to the E coli
KPM121 displaying only lipid IV on its surface, whereas the inhibitory effect of MPLA
is reduced. PF4-biotin (40 ng/mL) was preincubated with Kdo, LPS, Kdo,-lipid A,
Lipid A, MPLA (each with 200 ng/mL), or buffer before assessing PF4 binding to
E coli KPM121 by flow cytometry. The results are expressed as geometric mean
fluorescence intensity (GMFI) multiplied by the percentage of labeled bacteria. Data
represent mean * SD of 3 independent experiments. **P < .01 versus PF4-biotin
preincubated with buffer. ***P < .001 versus PF4-biotin preincubated with buffer.

addition of excess of heparin (disrupting PF4/heparin complexes)
abrogated binding of eluted anti-PF4/heparin antibodies in the
PF4/heparin ELISA, indicating the specificity of antibodies eluted
from PF4-coated bacteria for PF4/heparin complexes.

The affinity purified (using PF4-coated E coli K-12 mutants
KPMS53 and KPM121) anti-PF4/heparin antibodies also activated
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platelets at low (0.2 IU/mL) but not at high heparin concentra-
tions (100 IU/mL) in a functional assay for platelet activating
anti-PF4/heparin antibodies (heparin-induced platelet activa-
tion; 3 of 3 sera, each).

To assess the impact of exposed lipid A on opsonization,
bacterial mutants lacking LPS and wild-type bacteria were pre-
treated with PF4 and anti-PF4/heparin antibodies, and phagocyto-
sis of these bacteria by polymorphonuclear leukocytes was mea-
sured by flow cytometry. E coli K-12 mutant KPM 121 was more
efficiently phagocytosed than its isogenic wild-type strain BW30270
(MFI, 18267.4 = 1449.3 vs wild-type MFI, 6118.5 * 1449.3;
P = .0054), demonstrating that the enhanced opsonization resulted
in increased phagocytosis (Figure 5B).

Amino acids of PF4 important for polyanion binding are highly
conserved among species

Finally, we analyzed the presence of PF4 and PF4-related proteins
among vertebrate species in a PF4 amino acid sequence survey. The
genomes encoding PF4, PF4-like protein, IL-8, or an uncharacter-
ized protein with high similarities to human PF4 showed highly
conserved amino acid residues among species, which represent
essential motifs of the heparin binding site in human PF4 (Figure
6). These are lysine residues of the C-terminus (K61, K62, K65,
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Figure 5. PF4-coated E coli LPS mutants are recognized by anti-PF4/heparin
IgG from sera of patients with HIT. (A) PF4-coated E coli LPS mutants AwaaC
(KPM53) or AwaaA (KPM121) were incubated with sera of 3 patients with HIT known
to contain anti-PF4/heparin antibodies, and bound IgG was affinity purified. Symbols
represent reactivities of IgG antibodies eluted from PF4-coated E coli KPM53
(squares) or KPM121 (triangles); means are presented as horizontal lines. Binding of
the purified antibodies to PF4/heparin complexes (first column) was inhibited by
excess heparin (100 IU/mL unfractionated heparin [UFH], column 2), which disrupts
PF4/heparin complexes. Antibodies did not react with PF4 alone (column 3).
PF4-untreated bacteria served as control for unspecific binding of the antibodies to
bacteria alone (column 4). (B) E coli K12 wild-type strain BW30270 and its isogenic
AwaaA mutant KPM121 were labeled with FITC and preincubated with PF4 and
additionally with heat-inactivated human serum containing anti-PF4/heparin 1gG
(preadsorbed with bacteria alone). After preincubation, the bacteria were subjected to
phagocytosis. The figure shows the MFI multiplied by the percentage of FITC-positive
polymorphonuclear leukocytes (PMNs) as a measure for bacterial phagocytosis.
Data are mean * SD of 4 different sera.
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Figure 6. Amino acids of PF4 important for heparin
binding are largely cc ved g sp Align-
ment of the heparin binding region (R20, R22, H23, K46,
R49, K61, K62, K65, and K66) of PF4, IL-8, and an
uncharacterized protein (n/a) and total amino acid similar-
ity of various species in percentages compared with
human (100%) is shown. Above the amino acid sequence
of 1 PF4 monomer (70 amino acids, primary structure
without signal sequence, UniProt P02776), the crystal
structure of a PF4 tetramer (quaternary structure, PDB
code 1f9q) is depicted from the front (left) and from the
top view (right). Lysine residues of the C-terminus (K61,
K62, K65, and K66) are highlighted in green; arginine
(R20, R22, and R49), histidine (H23), and other lysine
residues (K46) are highlighted in blue. The pictures of the
crystal structure of PF4 were made using PyMOL Molecu-
lar Graphics System Version 1.3 Schrédinger LLC.

60

PRHJTSLEVIKAGPHCPTAQUIAT KICLDLQAPLY KKIIKK LLES

b1 P total amino  protein
Mammals = " _acid similarity _name
Human NGR| KK I | KK 100% PF4
Orangutan N G KK I | KK 97% PF4 like
Gibbon N G I | | 100% PF4 like
Bovine T GIR KKI I KR 73% PF4
Pig K G KK I | KK 72% PF4
Rabbit NGR| KKV I KK 81% PF4 like
Rat NGS| KK I | KK 75% PF4
Mouse NGR| KKV I EK 74% PF4
Birds
Chicken DGIR| QLI VKA 41% IL-8
Reptiles
Turtle DGR| KL I I KA 42% IL-8
Amphibians
Frog SGD| KR I | EK 50% n/a
Fish
Carp ETKQ|] KKV | EK 47% IL-8

and K66), arginine residues (R20, R22, and R49), histidine residues
(H23), and lysine residue (K46).25? Even in the case of amino acid
substitutions, one cationic amino acid is often replaced by another
positively charged amino acid (Figure 6).

Discussion

In this study, we identify the negatively charged phosphate
groups in lipid A as the major binding sites for PF4 on
Gram-negative bacteria and further demonstrate that PF4 bound
to lipid A exposes epitopes on PF4 that can be recognized
by human anti-PF4/heparin antibodies. The core- and
O-polysaccharide structures of LPS appear to be dispensable as
they rather protect from PF4 binding, most likely because of
steric hindrance of the lipid A moiety.

The lipid A part of LPS is highly conserved among Gram-
negative bacteria.’® Similarly, the PF4 residues that mediate
PF4-binding to polyanions are conserved throughout vertebrate
species, as shown by our comparative analyses of PF4 and PF4
analogues (Figure 6). This is in accordance with our hypothesis that
PF4 may label bacteria for destruction by the immune system. By
exposing the same neoepitope after binding to a variety of bacteria,
PF4 allows an antibody with one specificity to opsonize a large
variety of bacterial species.” We further speculate that this antibac-
terial defense mechanism may have developed at an early stage of
evolution.

Recently, Sachais et al showed, with a monoclonal antibody
(KKO), which recognizes PF4/heparin complexes, that these
antibodies are able to induce clustering of PF4, even in the absence

of polyanions.?' In the present study, we show that PF4 binding to
bacteria can be reduced depending on the composition of the
polysaccharides of LPS. Some bacteria bind PF4 only weakly and
could thereby escape the PF4/polyanion antibody-mediated de-
fense mechanism. In this regard, it could be advantageous for the
infected host if high-affinity anti-PF4/polyanion antibodies recog-
nize PF4, even on pathogens that bind PF4 only weakly and then
induce clustering of PF4 to augment binding of additional antibod-
ies. This would help to opsonize also bacteria, which bind PF4 less
efficiently (eg, by altering their LPS polysaccharide chain and to
resist infection).

We identified lipid A of LPS as the binding site for PF4 by
exploiting different LPS mutants of S enterica sv Typhimurium,
which differ in their sizes of the saccharide portion, including
O-chain and core-oligosaccharides. Consecutive shortening of
the LPS oligosaccharide increased the binding activity of PF4 to
the LPS mutants. The mutant S enterica sv Typhimurium SL1102
(hldE543), with only 2 Kdo residues attached to lipid A, displayed
highest PF4 binding capacity. To test whether the lipid A part of
LPS is sufficient for PF4 binding, we performed PF4 binding
studies using the waaA mutant E coli KPM121. We had to
change bacteria species, as E coli KPM121 is the only bacterial
strain that is viable despite predominantly expressing only the
lipid A precursor lipid IV,."7 This strain showed strong PF4
binding activity, suggesting that Gram-negative bacteria seques-
ter PF4 via lipid A of LPS. To further corroborate the validity of
this experiment, we also assessed the E coli K-12 wild-type
strain BW30270 and the E coli K-12 AwaaC mutant KPMS53 for
their ability to bind PF4. As the results obtained with these
strains were in good agreement with those obtained with
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S enterica sv Typhimurium, we conclude that lipid A, as the
most conserved part of LPS, is the main binding site for PF4 on
Gram-negative bacteria.

Besides LPS, proteins are components of the outermost surface
of Gram-negative bacteria. As these proteins can also be negatively
charged,'® they may potentially contain additional binding sites for
PF4. Our data on proteolytic treatment of E coli strains BW30270,
KPM53, and KPM121 suggest that bacterial surface proteins do not
have a major impact on binding of PF4. However, a contribution of
proteins to PF4 binding cannot be excluded because we did not test
whether the proteolytic treatment eliminated all surface-exposed
proteins.

We further ruled out the possibility that expression of capsular
polysaccharide may result in altered PF4 binding to the bacterial
cells used in this study as the E coli K-12 strains do not express a
capsule or the M-antigen (colanic acid) under the growth condi-
tions used.’>3 Likewise, S enterica sv Typhimurium LT2 does not
produce a capsule (K. E. Sanderson, Salmonella Genetic Stock
Center, Calgary, AB, e-mail, May 11, 2012). Whether expression of
a capsule affects PF4 binding needs to be investigated in future
studies.

In confirmatory experiments assessing the interaction of PF4
with lipid A, we found that PF4 bound in a dose-dependent manner
to immobilized lipid A but not to Kdo alone or immobilized
Kdo,-lipid A or LPS. In contrast, when Kdo,-lipid A or LPS was
added in excess to the fluid phase, both were able to inhibit PF4
binding to bacteria (Figure 4C). We assume that this discrepancy
was probably the result of a steric hindrance. Kdo,-lipid A and LPS
can move freely in the fluid phase allowing the interaction of the
lipid A part with PF4, whereas this is not possible for Kdo,-lipid A
or LPS immobilized on a solid phase.

Because of the strong positive charge of PF4 and the inhibitory
effect of polymyxin B, the 2 negatively charged phosphate groups
of lipid A are very likely responsible for the interaction with PF4.
Indeed, MPLA had a lower PF4 binding capacity compared with
lipid A (which is bisphosphorylated; Figure 4A) and showed a
reduced capacity to inhibit PF4 binding to E coli KPMI121
compared with lipid A (Figure 4C).

The lipid A moiety is the endotoxic moiety of LPS respon-
sible for inducing endotoxic shock.* Thus, one role of PF4
might also be to protect from endotoxic shock, as has been
shown for B,-glycoprotein 1.*% Lipid A also binds antimicrobial
peptides, such as the bactericidal/permeability-increasing pro-
tein (BPI1)*%7 and the cyclic lipopeptide polymyxin B, which
interacts with the phosphate groups of lipid A.3%42 In line with
our other findings, BPI and polymyxin B inhibited PF4 binding
to isolated lipid A (Figure 3B), further confirming that PF4
interacts with lipid A.

After identifying lipid A as the PF4 binding site, we asked the
question whether this PF4-lipid A interaction also induces PF4/
heparin-like epitopes to which anti-PF4/heparin antibodies can
bind. Using PF4-coated E coli K-12 AwaaA (KPMI121) and
AwaaC (KPM53), we affinity purified anti-PF4/heparin antibodies
from human serum by an adsorption-elution technique (Figure 5A).
These antibodies did not only bind specifically to immobilized
PF4/heparin complexes as tested by ELISA, but also mediated
platelet activation in a functional assay for clinically relevant
anti-PF4/heparin antibodies. This proves that lipid A and its
biosynthetic precursor lipid IV 4 are capable to induce neoepitopes
on PF4 recognized by anti-PF4/heparin antibodies. Moreover, we
show that opsonization of bacteria expressing only lipid A but
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lacking LPS is enhanced when they were pretreated with PF4 and
anti-PF4/heparin antibodies (Figure 5B).

We identified positively charged amino acids in the heparin
binding site of PF4 (or the related chemokine IL-8, which also
binds heparin** and has been reported to induce the production of
antibodies in HIT patients*45), to be highly conserved in all
vertebrates, including fish species. The interaction of PF4 and lipid
A is inhibited by heparin (supplemental Figures 1 and 2, available
on the Blood Web site; see the Supplemental Materials link at the
top of the online article), suggesting that the amino acids known to
contribute to heparin binding are also involved in binding to lipid
A. This would be also compatible with our hypothesis of an ancient
role of PF4 in an antibacterial host defense mechanism. On the
other hand, one might consider as possible consequence of this
“primitive mechanism of defense” that the highly variable
O-antigens of LPS have significantly contributed to an efficient
escape mechanism of the bacteria during evolution to evade the
humoral response of the host.

Acknowledgments

The authors thank R. W. Woodard (University of Michigan, Ann
Arbor, MI) for providing E coli KPM121; K. E. Sanderson
(Salmonella Genetic Stock Center, Calgary, AB) for the S enterica
sv Typhimurium strains; U. Dobrindt (University of Miinster,
Miinster, Germany) for providing E coli anti-Ag43 antibodies; and
N. Gisch (Forschungszentrum Borstel, Borstel, Germany) for
helpful discussions about LPS chemical structures.

K.K. was supported by the Bundesministerium fiir Bildung und
Forschung, Zentrum fiir Innovationskompetenz ZIK HIKE
Forderkennzeichen (BMBF FKZ 03Z2CN12). This work was
supported by the Deutsche Forschungsgemeinschaft (grants HA
3125/2-1 and 4-2, SFB/TRR34 project C10; S.H.).

Authorship

Contribution: K.K. designed and performed the bacterial experi-
ments and ELISA and heparin-induced platelet activation tests,
analyzed and interpreted the data, helped with the amino acid
sequence survey, and wrote the manuscript; C.W. designed and
performed the bacterial experiments, interpreted the data, helped
with the amino acid sequence survey, and wrote the manuscript;
S.B. performed the amino acid sequence survey; U.Z. purified and
provided lipid A and Kdo,-lipid A and revised the manuscript; U.M.
constructed the E coli LPS mutants and revised the manuscript;
A.G. reviewed the results and revised the manuscript; S.H.
developed the concept, reviewed the results, and revised the
manuscript; and all authors contributed to the study design and the
data evaluation and approved the final version of the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Sven Hammerschmidt, Ernst-Moritz-Arndt-
Universitit Greifswald, Interfakultires Institut fiir Genetik und
Funktionelle Genomforschung, Genetik der Mikroorganismen,
Friedrich-Ludwig-Jahn-Strasse 15a, D-17487 Greifswald, Ger-
many; e-mail: sven.hammerschmidt@uni-greifswald.de; and
Andreas Greinacher, Ernst-Moritz-Arndt-Universitit Greifswald,
Institut fiir Immunologie und Transfusionsmedizin, Sauerbruch-
strae, D-17475 Greifswald, Germany; e-mail: greinach@
uni-greifswald.de.

86



6. Appended papers
6.1 Paper I: PF4 evolution

3352

References

1.

KRAUEL et al

BLOOD, 18 OCTOBER 2012 - VOLUME 120, NUMBER 16

Diacovo TG, Puri KD, Warnock RA, Springer TA,
von Andrian UH. Platelet-mediated lymphocyte
delivery to high endothelial venules. Science.
1996;273(5272):252-255.

. Elzey BD, Tian J, Jensen RJ, et al. Platelet-

mediated modulation of adaptive immunity: a
communication link between innate and adaptive
immune compartments. /mmunity. 2003;19(1):9-
19.

. Tang YQ, Yeaman MR, Selsted ME. Antimicrobial

peptides from human platelets. /nfect Immun.
2002;70(12):6524-6533.

. Yeaman MR, Bayer AS. Antimicrobial peptides

from platelets. Drug Resist Updat. 1999;2(2):116-
126.

. Krauel K, Potschke C, Weber C, et al. Platelet

factor 4 binds to bacteria, [corrected] inducing
antibodies cross-reacting with the major antigen
in heparin-induced thrombocytopenia. Blood.
2011;117(4):1370-1378.

. Fitzgerald JR, Foster TJ, Cox D. The interaction

of bacterial pathogens with platelets. Nat Rev Mi-
crobiol. 2006;4(6):445-457.

. Yeaman MR. Bacterial-platelet interactions: viru-

lence meets host defense. Future Microbiol.
2010;5(3):471-506.

. Rauova L, Poncz M, McKenzie SE, et al. Ultra-

large complexes of PF4 and heparin are central
to the pathogenesis of heparin-induced thrombo-
cytopenia. Blood. 2005;105(1):131-138.

. Greinacher A, Gopinadhan M, Gunther JU, et al.

Close approximation of two platelet factor 4 te-
tramers by charge neutralization forms the anti-
gens recognized by HIT antibodies. Arterioscler
Thromb Vasc Biol. 2006;26(10):2386-2393.

. Kelton JG, Sheridan D, Santos A, et al. Heparin-

induced thrombocytopenia: laboratory studies.
Blood. 1988;72(3):925-930.

Reilly MP, Taylor SM, Hartman NK, et al. Heparin-
induced thrombocytopenia/thrombosis in a trans-
genic mouse model requires human platelet fac-
tor 4 and platelet activation through
FcgammaRIIA. Blood. 2001;98(8):2442-2447.

. Hursting MJ, Pai PJ, McCracken JE, et al. Plate-

let factor 4/heparin antibodies in blood bank do-
nors. Am J Clin Pathol. 2010;134(5):774-780.

. Greinacher A, Holtfreter B, Krauel K, et al. Asso-

ciation of natural anti-platelet factor 4/heparin an-
tibodies with periodontal disease. Blood. 2011;
118(5):1395-1401.

. van Winkelhoff AJ, Loos BG, van der Reijden WA,

van der Velden U. Porphyromonas gingivalis,
Bacteroides forsythus and other putative peri-
odontal pathogens in subjects with and without
periodontal destruction. J Clin Periodontol. 2002;
29(11):1023-1028.

. Beveridge TJ. Structures of gram-negative cell

walls and their derived membrane vesicles.
J Bacteriol. 1999;181(16):4725-4733.

. Heinrichs DE, Yethon JA, Whitfield C. Molecular

basis for structural diversity in the core regions of
the lipopolysaccharides of Escherichia coli and

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Salmonella enterica. Mol Microbiol. 1998;30(2):
221-232.

Mamat U, Meredith TC, Aggarwal P, et al. Single
amino acid substitutions in either YhjD or MsbA
confer viability to 3-deoxy-d-manno-oct-2-
ulosonic acid-depleted Escherichia coli. Mol Mi-
crobiol. 2008;67(3):633-648.

Mamat U, Schmidt H, Munoz E, et al. WaaA of the
hyperthermophilic bacterium Aquifex aeolicus is a
monofunctional 3-deoxy-D-manno-oct-2-ulosonic
acid transferase involved in lipopolysaccharide
biosynthesis. J Biol Chem. 2009;284(33):22248-
22262.

Rennemeier C, Hammerschmidt S, Niemann S,
Inamura S, Zahringer U, Kehrel BE.
Thrombospondin-1 promotes cellular adherence
of gram-positive pathogens via recognition of
peptidoglycan. FASEB J. 2007;21(12):3118-3132.
Zahringer U, Salvetzki R, Wagner F, Lindner B,
Ulmer AJ. Structural and biological characterisa-
tion of a novel tetra-acyl lipid A from Escherichia
coli F515 lipopolysaccharide acting as endotoxin
antagonist in human monocytes. J Endotoxin
Res. 2001;7(2):133-146.

Juhl D, Eichler P, Lubenow N, Strobel U, Wessel A,
Greinacher A. Incidence and clinical significance of
anti-PF4/heparin antibodies of the IgG, IgM, and IgA
class in 755 consecutive patient samples referred for
diagnostic testing for heparin-induced thrombocyto-
penia. Eur J Haematol. 2006;76(5):420-426.

Warkentin TE, Greinacher A. Laboratory testing
for heparin-induced thrombocytopenia. In:
Warkentin TE, Greinacher A, eds. Heparin-
induced Thrombocytopenia. New York, NY: In-
forma Healthcare; 2007:227-238.

Altschul SF, Madden TL, Schaffer AA, et al.
Gapped BLAST and PSI-BLAST: a new genera-
tion of protein database search programs.
Nucleic Acids Res. 1997;25(17):3389-3402.

Liu D, Reeves PR. Escherichia coli K12 regains
its O antigen. Microbiology. 1994;140(1):49-57.
Handin RI, Cohen HJ. Purification and binding
properties of human platelet factor four. J Biol
Chem. 1976;251(14):4273-4282.

Loscalzo J, Melnick B, Handin RI. The interaction
of platelet factor four and glycosaminoglycans.
Arch Biochem Biophys. 1985;240(1):446-455.
Mayo KH, llyina E, Roongta V, et al. Heparin
binding to platelet factor-4. An NMR and site-
directed mutagenesis study: arginine residues
are crucial for binding. Biochem J. 1995;312(2):
357-365.

Stuckey JA, St Charles R, Edwards BF. A model
of the platelet factor 4 complex with heparin. Pro-
teins. 1992;14(2):277-287.

Ziporen L, Li ZQ, Park KS, et al. Defining an anti-
genic epitope on platelet factor 4 associated with
heparin-induced thrombocytopenia. Blood. 1998;
92(9):3250-3259.

Zahringer U, Lindner B, Rietschel ET. Chemical
structure of lipid A: recent methodical advances
towards the complete structural analysis of a bio-
logically active molecule. In: Brade H, Opal S,

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Vogel S, Morrison DC, eds. Endotoxin in Health
and Disease. New York, NY: Marcel Dekker;
1999:93-114.

Sachais BS, Litvinov R, Yarovoi SV, et al. Dy-
namic antibody binding properties in the patho-
genesis of HIT. Blood. 2012;120(5):1137-1142.

Curtiss R 3rd. Biological containment and cloning
vector transmissibility. J Infect Dis. 1978;137(5):
668-675.

Meredith TC, Mamat U, Kaczynski Z, Lindner B,
Holst O, Woodard RW. Modification of lipopoly-
saccharide with colanic acid (M-antigen) repeats
in Escherichia coli. J Biol Chem. 2007;282(11):
7790-7798.

Dixon DR, Darveau RP. Lipopolysaccharide het-
erogeneity: innate host responses to bacterial
modification of lipid a structure. J Dent Res. 2005;
84(7):584-595.

Agar C, de Groot PG, Morgelin M, et al. Beta(2)-
glycoprotein I: a novel component of innate im-
munity. Blood. 2011;117(25):6939-6947.

Canny G, Levy O. Bactericidal/permeability-
increasing protein (BPI) and BPI homologs at mu-
cosal sites. Trends Immunol. 2008;29(11):541-
547.

Gazzano-Santoro H, Parent JB, Grinna L, et al.
High-affinity binding of the bactericidal/permeability-
increasing protein and a recombinant amino-terminal
fragment to the lipid A region of lipopolysaccharide.
Infect Immun. 1992;60(11):4754-4761.

Daugelavicius R, Bakiene E, Bamford DH.
Stages of polymyxin B interaction with the Esche-
richia coli cell envelope. Antimicrob Agents Che-
mother. 2000;44(11):2969-2978.

Morrison DC, Jacobs DM. Binding of polymyxin B
to the lipid A portion of bacterial lipopolysaccha-
rides. Immunochemistry. 1976;13(10):813-818.

Srimal S, Surolia N, Balasubramanian S, Surolia A.
Titration calorimetric studies to elucidate the specific-
ity of the interactions of polymyxin B with lipopolysac-
charides and lipid A. Biochem J. 1996;315(2):679-
686.

Vaara M, Vaara T. Outer membrane permeability
barrier disruption by polymyxin in polymyxin-
susceptible and -resistant Salmonella typhimu-
rium. Antimicrob Agents Chemother. 1981;19(4):
578-583.

Vaara M, Vaara T. Polycations as outer membrane-
disorganizing agents. Antimicrob Agents Chemother.
1983;24(1):114-122.

Witt DP, Lander AD. Differential binding of chemo-
kines to glycosaminoglycan subpopulations. Curr
Biol. 1994;4(5):394-400.

Amiral J, Marfaing-Koka A, Wolf M, et al. Pres-
ence of autoantibodies to interleukin-8 or
neutrophil-activating peptide-2 in patients with
heparin-associated thrombocytopenia. Blood.
1996;88(2):410-416.

Regnault V, de Maistre E, Carteaux JP, et al.
Platelet activation induced by human antibodies
to interleukin-8. Blood. 2003;101(4):1419-1421.

87



6. Appended papers
6.2 Paper |l: PF4/PA

6.2 Paperll: Characterisation of the conformational Changesin Platelet Factor 4
induced by Polyanions: towards in vitro Prediction of Antigenicity

88



6. Appended papers
6.2 Paper II: PF4/PA

Blood Coagulation, Fibrinolysis and Cellular Haemostasis

53

Characterisation of the conformational changes in platelet factor 4
induced by polyanions: towards in vitro prediction of antigenicity
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Summary

Heparin-induced thrombocytopenia (HIT) is the most frequent drug-in-
duced immune reaction affecting blood cells. Its antigen is formed
when the chemokine platelet factor 4 (PF4) complexes with poly-
anions. By assessing polyanions of varying length and degree of sul-
fation using immunoassay and circular dichroism (CD)-spectroscopy,
we show that PF4 structural changes resulting in antiparallel -sheet
content >30% make PF4/polyanion complexes antigenic. Further, we
found that polyphosphates (polyP-55) induce antigenic changes on
PF4, whereas fondaparinux does not. We provide a model suggesting
that conformational changes exposing antigens on PF4/polyanion
complexes occur in the hairpin involving AA 32-38, which form to-
gether with C-terminal AA (66-70) of the adjacent PF4 monomer a
continuous patch on the PF4 tetramer surface, explaining why only
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Introduction

One of the major challenges for the development of new biothera-
peutics is their potential immunogenicity (1, 2). Several drugs have
failed when immune-mediated adverse effects became only ob-
vious during phase III clinical trials (3, 4). Immunogenicity can be
caused by the drug itself as a foreign protein as shown by recombi-
nant hirudin (a leech derived protein) (5, 6), by conformational
changes of endogenous proteins (induced during manufacturing
or storing processes) as shown for erythropoietin (7), or by cluster-
ing of the protein as shown for interferon p (8, 9).

Currently, the most frequent immune-mediated adverse drug
effect affecting blood cells is induced by the anticoagulant heparin
(10). Polyanions (PAs) like heparin bind to the positively charged
chemokine platelet factor 4 (PF4; CXCL4) (11-15) forming large
complexes that are highly immunogenic (16, 17). The resulting
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tetrameric PF4 molecules express “HIT antigens”. The correlation of
antibody binding in immunoassays with PF4 structural changes pro-
vides the intriguing possibility that CD-spectroscopy could become the
first antibody-independent, in vitro method to predict potential immu-
nogenicity of drugs. CD-spectroscopy could identify compounds dur-
ing preclinical drug development that induce PF4 structural changes
correlated with antigenicity. The clinical relevance can then be specifi-
cally addressed during clinical trials. Whether these findings can be
transferred to other endogenous proteins requires further studies.
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immunoglobulin G (IgG) antibodies can then trigger the adverse
drug effect heparin-induced thrombocytopenia (HIT) (10, 18-22).
Although HIT has been actively studied for several decades,
relatively little is known about the molecular mechanisms leading
to the formation of antigenic structures to which the anti-PF4/he-
parin antibodies bind (23). As heparin can be replaced by other
PAs without changing the antigenicity of the resulting PF4/PA
complexes (23-25), it is widely accepted that the immunogenic
epitopes are located on PF4. NMR measurements suggest that
complex antigenicity is accompanied by structural changes of PF4
(27); however, there is no direct experimental proof for PA-in-
duced changes in the secondary structure of PF4. Recently we ob-
served by circular dichroism (CD) spectroscopy that PF4 under-
goes a structural change if bound to certain PAs. Most interest-
ingly, nucleic acid constructs that induced a conformational
change of PF4 also induced anti-PF4/PA antibodies in vivo (26).
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In this study, we now systematically characterise the structural
changes of PF4 induced by binding to various PAs using CD spec-
troscopy and correlate these changes with the exposure of anti-
genic epitope(s) on PF4, i.e. allowing binding of anti-PF4/poly-
anion antibodies. We show that CD spectroscopy provides a po-
tential in vitro tool to predict the potential of a PA to induce anti-
genic epitopes on PF4 and provide a model on the antigenic sites
on PF4,

Materials and methods

Proteins and chemicals used were: Lyophilised, human platelet fac-
tor 4 (PF4) was isolated from platelets (Chromatec, Greifswald,
Germany). Polyanions (PA): unfractioned heparin (UFH; Ra-
tiopharm GmbH, Ulm, Germany), 2-0, 3-O desulfated heparin
(ODSH; ParinGenix Inc., Weston, FL USA), reviparin (Clivarin
1750, Abbott GmbH & Co KG, Wiesbaden, Germany), fondapari-
nux (Arixtra 2.5 mg/0.5 mL, GlaxoSmithKline, Durham, NC,
USA); hyaluronic acid, dextran sulfate; chondroitin sulfate A
(Sigma-Aldrich, Munich, Germany) and polyphosphates of mean
chain length 55 (polyP55; ICL Business Unit Bekaphos, Laden-
burg, Germany).

Circular dichroism (CD) spectroscopy

Changes in the secondary structure of PF4 upon interaction with
PAs were studied by recording far-UV CD spectra (200-260 nm)
using a Chirascan CD spectrometer (Applied Photophysics,
Leatherhead, UK). PF4 was dissolved in phosphate-buffered saline
(PBS; pH 7.2; Invitrogen, Darmstadt, Germany) to final concen-
trations of 40 pg/ml (1.25 pmol/l) or 80 pg/ml (2.5 pmol/l). Com-
plex formation was carried out at 20°C directly within the CD cu-
vette (Hellma, Miillheim, Germany). Each measurement started
with a pure PF4 solution whose initial concentration was set to 40
pg/ml (cuvette path length = 10 mm) or 80 ug/ml (cuvette path
length = 5 mm). Afterward, increasing amounts of a certain PA
were sequentially added to the cuvette (leading to defined PF4/PA
mixtures) and a CD spectrum was recorded for each mixing step.
Additionally, buffer baselines, baselines of each PA concentration
step (without PF4 in the solution) were recorded.

In the data analysis, the spectra of PF4 alone and of PF4/PA
complexes were corrected for the baselines, path length, concen-
tration, and number of amino acids to obtain the wavelength-de-
pendent mean residue delta epsilon (MRDE) values of the PF4/PA
complex. To estimate the secondary structure content of PF4, de-
convolution of CD-spectra was carried out with CDNN (software,
circular dichroism neural network) using a database of 33 refer-
ence proteins (28). In the deconvolution process calculations were
adjusted for the moderate dilution of PF4 (due to addition of the
PA solution).

Thrombosis and Haemostasis 112.1/2014

Enzyme immunoassay (EIA)

PF4/PA EIA was performed with human sera of patients known to
contain anti-PF4/heparin IgG verified by PF4/heparin EIA and he-
parin-induced platelet activation (HIPA) test as described (29)
with some modifications. PF4 (20 pg/ml) was incubated (60 min-
utes [min] at room temperature [RT]) with rising concentrations
of the PAs (as indicated in the figures) in coating buffer (0.05 M
NaH,PO,, 0.1% NaN,) to enable complex formation before coat-
ing wells of a microtiter plate (CovaLink, Nunc, Langenselbold,
Germany) with 100 pl at 4°C overnight. Then plates were washed
five times (0.15 M NaCl, 0.1% Tween 20, pH 7.5) and incubated
(60 min, RT) with 100 pl patient serum (1:200 or 1:1,000 in 0.05 M
NaH,PO,, 0.15 M NaCl, 7.5% goat normal serum, pH 7.5). Plates
were washed five times and incubated with 100 pl peroxidase-con-
jugated anti-human IgG (1:20,000, Dianova, Hamburg, Germany).
Afterward, plates were washed five times and incubated (10 min,
RT) with 100 pl tetramethylbenzidine. The reaction was stopped
with 100 pl 1 M H,SO, and absorbance was measured at 450 nm.

Ethics

The use of human sera containing anti-PF4/heparin antibodies
and obtaining whole blood from healthy volunteers was approved
by the Greifswald ethics board.

Results

Changes in PF4 secondary structure due to
interaction with UFH

» Figure 1 summarises the CD spectroscopic measurements on
PF4/UFH complexes with defined molar ratios of PF4 and UFH.
The concentration of PF4 was 40 or 80 pg/ml, respectively
(1.25-10® M or 2.5-10% M), while the UFH concentration was
stepwise increased from 0 to 107 pg/ml, which corresponds to a
maximum UFH concentration of 0.35-10° M (per saccharide
monomer). During the titration process, pronounced changes in
the CD spectra are observed (P Figure 1A, B): (i) For UFH con-
centrations increasing from 0 to 6.9 pg/ml (2.2:10° M per sacchar-
ide monomer) the whole spectrum shifts upward, i.e. toward lower
absolute ellipticity values. (ii) For a further concentration increase,
this trend reverses (P Figure 1B). Excess of UFH leads to folding
of PF4 towards its native conformation (P Figure 1A, B).

The spectrum of native PF4 shows two negative bands at 205
nm and 220 nm whose absolute values correspond to the a-helix
content of the protein (30). The intensity of these bands changes
for different UFH concentrations, indicating alterations in the sec-
ondary structure of PF4. Deconvolution of the CD spectra shows
that complex formation of PF4 with UFH decreases the a-helix
and B-turn content, which is balanced by an increase in antiparal-
lel B-sheet content (P Figure 1C). For the remaining types of sec-
ondary structure, only insignificant changes are observed. Maxi-
mal changes are found for a UFH concentration of 6.9 pg/ml (at a
PF4 concentration of 40 pg/ml), which corresponds to a stoichio-
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Figure 1: Binding to unfractionated heparin (UFH) changes the sec-
ondary structure of platelet factor 4 (PF4). CD spectra and secondary
structure of PF4 in PF4/UFH complexes formed at various UFH concentrations
as indicated (PF4 concentration = 40 pg/ml): A) — with increasing UFH con-
centration the CD spectra of PF4 shift to more positive ellipticity values, indi-
cating changes in PF4 secondary structure, B) — with further increasing the
UFH concentration, a return to a native-like state is observed, C) — decon-

metric ratio of 18 saccharide monomers bound to one PF4 tet-
ramer. Additionally, »Figure 1D shows that the CD spectrum of
native PF4 and of the PF4/UFH complexes formed at 6.9 pg/ml
and in excess of UFH = 40.0 pg/ml), albeit similar, still signifi-
cantly differ from each other.

Correlation of PF4 structural changes and PF4/PA
complex antigenicity

The changes in the secondary structure of PF4 observed with CD
spectroscopy highly resemble the concentration dependence of
PF4/UFH complex antigenicity obtained with the PF4/UFH EIA
(29): (i) for low UFH concentrations, the antigenicity rises with in-
creasing amount of UFH, (ii) at a certain concentration a maxi-
mum value is reached and (iii) a further increase in UFH concen-
tration decreases the antigenicity of the PF4/UFH complex (24,
25).

Next we formed complexes of PF4 and various PAs in different
concentrations, and assessed the structural changes of PF4 using

© Schattauer 2014

volution of the PF4/heparin CD spectra shows an increase in antiparallel
B-sheet content (B-sheet 1), which is balanced by a decrease in a-helix and
B-turn content, D) — comparison of CD spectra of native PF4 (green) and of
the PF4/UFH complex, formed at a concentration of 6.9 pg/ml (red) or in ex-
cess of UFH (native-like folding state; blue). The error bars correspond to the
standard deviation, taken from the results of n = 3 experiments.

CD spectroscopy and PF4/PA complex antigenicity by anti-
PF4/heparin antibody binding using EIA. The PAs differed in their
chain length (N) and degree of sulfation per saccharide monomer
(DS), which enables to control the PF4/PA complex antigenicity
(23-25): 1. variation of chain length: UFH (broad molecular
weight distribution [large polydispersity] with average molecular
weight of approximately 12 kDa), the low-molecular-weight hepa-
rin reviparin (LMWH, cut-off size approximately 5 kDa; N~16
saccharide monomers) and fondaparinux (pentasaccharide with a
molecular weight of 1.7 kDa) and 2. variation of degree of sul-
fation: dextran sulfate (DS=2-2.3), UFH (DS = 1-1.2),
2-0, 3-O desulfated heparin (ODSH; DS=0.6-0.8), chondroitin
sulfate A (chondSA; DS=0.4-0.5), hyaluronic acid (DS=0) and the
polymer dextran (DS=0).

> Figure 2 compares the results of the EIA and the CD spectro-
scopic measurements for UFH, reviparin, ODSH, chondSA, fon-
daparinux and dextran sulfate. In this figure, the PA concentration
cpy (mg/ml) is divided by the PF4 tetramer concentration cpp, (mg/
ml): ¢, =Cpp/cpps. Moreover, we used only the antiparallel B-sheet
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Figure 2: Comparison
of PF4 structural
changes and PF4/poly-
anion complex antige-
nicity obtained from
CD spectroscopic and
enzyme-immunoassay
(EIA) measurements.
A) Reviparin, B) unfrac-
tionated heparin (UFH),
C) 2-0, 3-0 desulfated
heparin (ODSH), D) chon-
droitin sulfate A (chond-
SA), E) fondaparinux and
F) dextran sulfate. The
open circles give average
values of OD (EIA) or
antiparallel B-sheet con-
tent (CD spectroscopy)
calculated from repeti-
tions of these experi-
ments, while the error
bars correspond to the
standard deviation (calcu-
lated from the results of
n = 3 experiments using
sera from 3 different pa-
tients with serologically
confirmed HIT). In this fig-
ure, the PA concentration
Cpa is normalised by the
PF4 tetramer concen-
tration Cpra: Cro=CpalCpra-
Generally, changes in PF4
secondary structure ob-
served with CD spectro-
scopy are qualitatively
very similar to the con-
centration dependence of
PF4/PA complex antige-
nicity.
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content from the CD spectroscopic measurements as an indicator
since (i) it is the only type of secondary structure, which is in-
creased during the PF4/PA interaction, and (ii) the sum of changes
of all other secondary structures is balanced by this value, which
makes it a suitable measure for the overall change in PF4 second-
ary structure.

Again, complex antigenicity (binding of anti-PF4/heparin anti-
bodies with an OD >1) was paralleled by pronounced PF4 struc-
tural changes (antiparallel p-sheet content >30%). These changes
only occurred if both, chain length N and DS (per monosaccharide
unit), exceed their limiting values, which was fulfilled by UFH,
reviparin, and dextran sulfate (» Figure 2A, B. F). Reviparin in-
duced (within experimental resolution) the same maximum PF4
structural change as did UFH (antiparallel B-sheet content up to
~35%). Moreover, the maximum structural change was observed
for both PAs at a relative concentration of ¢,,=0.17, which corre-
sponded to UFH or reviparin concentrations of 6.9 pg/ml at 40
pg/ml PF4.

Dextran sulfate, which has a higher degree of sulfation than
UFH, induced an antiparallel B-sheet content of up to 40% (» Fig-
ure 2F), but showed no complex dissolution in excess of the PA.
The PF4 secondary structure was essentially not affected by a
further increase in concentration, which was indicated by almost
constant values in EIA and CD spectroscopy. Among all PAs inves-
tigated, complex formation with PF4 was irreversible only for dex-
tran sulfate.

No structural changes of PF4 were observed for fondaparinux
(low N [23]; cf. > Figure 2E), hyaluronic acid and dextran (low DS
[23]; see also Suppl. Figure 1 available online at www.thrombosis-
online.com).

The DS of ODSH and chondroitin sulfate A (chondSA) are
close to the critical DS, as reflected in our results: we observed for
both PAs an antiparallel B-sheet content of up to 30%, which is less
than the values observed for the highly antigenic PAs UFH
(~35%), reviparin (~35%) and dextran sulfate (~40%) but signifi-
cantly larger than for native PF4 (~23.5%). Accordingly, EIA
measurements show that antigenicity of PF4/ODSH and
PF4/chondSA complexes is smaller in comparison to PF4/UFH,
PF4/reviparin and PF4/dextran sulfate complexes, as not all but
only some of the sera containing anti-PF4/PA antibodies lead to a
significant OD increase. Generally, we observed striking similari-
ties between EIA and CD spectroscopy results. This implies a close
correlation between PF4/PA complex antigenicity and changes in
PF4 secondary structure induced by PAs. Hence, we plotted in
» Figure 3 the OD value of PF4/PA complexes versus the PF4 anti-
parallel B-sheet content. For this, we directly used the data from
» Figure 2 with one exception: As we noticed for UFH a discrep-
ancy in peak positions for OD and antiparallel B-sheet content, we
introduced a correction factor of 1.75 for the UFH concentration
of the CD spectroscopic data, which brings both peak positions in
agreement. This reduces the horizontal scattering of the data in
» Figure 3, but does not affect the main conclusion (discussed
subsequently) as can be seen in an “uncorrected version” of this
figure (see Suppl. Figure 2 available online at www.thrombosis-on
line.com).
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Figure 3: PF4/PA complex antigenicity correlates with changes in
PF4 antiparallel B-sheet content. Correlation of antiparallel B-sheet con-
tent of PF4/PA complexes (as measured with CD spectroscopy) with the OD
of the same complexes (as determined with EIA) for: (o) UFH, (A) reviparin,
(stars) 2-0, 3-0 desulfated heparin, (o) chondroitin sulfate A, (») dextran
sulfate. Strong PF4/PA complex antigenicity (indicated by OD >> 1) is accom-
panied by large changes of PF4 secondary structure (indicated by antiparallel
B-sheet contents >30%). As we noticed for UFH a discrepancy in peak posi-
tions for OD and antiparallel B-sheet content (see Figure 2B), we introduced
a correction factor of 1.75 for the UFH concentration of the CD spectroscopic
data in this plot. An “uncorrected version” of this plot is given in the suppor-
ting material. The solid line gives the fit of Eq. 1 to the data.

For an antiparallel p-sheet content smaller than 30%, the corre-
sponding EIA gives low OD values (<<1; region 1 in »Figure 3).
An increase in antiparallel K-sheet content above 30% causes a
strong increase in OD (>1), which depends in first approximation
linearly on the structural change (region 2 in B Figure 3). This lin-
ear increase in OD has (within the experimental error) the same
slope for all PAs.

PAs below the critical DS (DS <1) are located only in region 1,
which corresponds to a small but significant change in the PF4
secondary structure without turning the PF4/PA complex anti-
genic. Hence, region 1 corresponds to the non-antigenic region of
P Figure 3. Additionally, as only PAs forming antigenic PF4/PA
complexes are able to enter region 2 (indicated by OD values >1),
this region corresponds to the antigenic region.

Predicting PF4/PA complex antigenicity using CD
spectroscopy

P Figure 3 implies a relationship between antiparallel p-sheet con-

tent and OD, which is captured by the sigmoid function (Eq. 1):
oD, . 2A

OD, () = T’" ' [1 + tanh (— ¢ {ﬂu(%:) ‘ﬂu.o}ﬂ

max

Here, ¢, denotes as before the PA concentration cp, (in mg/ml)
normalised by the PF4 concentration cp4 (in mg/ml), ¢,q=cps/Cprs
OD,,cq(crq) gives the predicted/expected OD for a complex formed
at ¢, A is the slope in the antigenic region, B, (c,) is the antipar-

rel
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Figure 4: CD spectroscopy allows prediction of PA concentration de-
pendent PF4/PA complex antigenicity. Comparison of OD values pre-
dicted from the CD spectroscopic measurements (red line and yellow areas)
with the ones measured by EIA (blue dots). The red line is calculated accord-
ing to Eq. 1 and translates the average value of PF4 antiparallel -sheet con-
tent (see symbols in Figure 2) into an OD value of the PF4/PA complex in EIA
measurements. The yellow areas are calculated in a similar way, but addi-
tionally account for measurement uncertainties in the determination of the
secondary structure (see error bars in Figure 2). This means that from Eq. 1

allel p-sheet content at c,;, while £, sets the point of inflection of
Eq. 1 and has to be determined by fitting the data to Eq. 1. OD,,
denotes the saturation OD value, which is reached for
B >> By, This model covers both aspects discussed before, i.e.
all PAs exhibit the same slope A and a critical structural change
(here accounted by /3, ,) has to be exceeded to induce a significant
increase in OD. As A and OD,y,,, can be extracted from P> Figure 3,
the only adjustable parameter is /3, .

» Figure 4 compares OD values (predicted by applying Eq. 1 to
CD spectroscopic data; red line and yellow area) with the ones
measured by EIA (blue dots). For these calculations, we used the
parameters A=0.3 (for B in %; taken from the slope of the linear re-
gion in P>Figure 3) and f;,, =30.9% (fitting parameter) for all
PAs. The red line corresponds to Eq. 1 applied to the average value

Thrombosis and Haemostasis 112.1/2014

(which is based on the correlation observed in Figure 3) we expect the data
points of EIA measurements on PF4/PA complexes to be located within the
yellow areas, which is indeed fulfilled for all PAs investigated (except UFH,
see text for discussion). This shows that the antiparallel B-sheet content is
quantitatively connected with the antigenicity of a PF4/PA complex. More-
over, results of EIA measurements can be predicted from CD spectroscopic
measurements, i.e. CD spectroscopy in connection with Eqg. 1 can be used to
assess antigenicity of PF4/PA complexes.

<f;,> of the antiparallel B-sheet content f3,, (as determined by
CD spectroscopy; see P Figure 2), while the yellow area accounts
additionally for the fact that ;, can be resolved only within a cer-
tain measurement resolution A% (see error bars in P Figure 2).
The yellow areas correspond therefore to intervals, which are ex-
pected to contain the OD values measured by EIA.

> Figure 4 compares these OD “expectation” intervals (calcu-
lated using the CD spectroscopic data of »Figure 2 and the aver-
age standard deviation Af, =1.5%) with the results from the EIA
measurements. For all PAs (except UFH), the majority of EIA data
points (>85%) are located within the yellow areas, indicating that
the change in antiparallel f-sheet content is converted by Eq. 1 into
an indicator for complex antigenicity. However, as UFH exhibits its
maximum OD at a different relative concentration ¢, than the
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antiparallel B-sheet (see also P-Figure 2B), only very few EIA data
points for PF4/UFH complexes hit the yellow area. If we introduce
(in analogy to PFigure 3) a correction factor for ¢y, almost all
EIA data points are located in the yellow area (see Suppl. Figure 3
available online at www.thrombosis-online.com).

> Figure 4 shows that CD spectroscopy can be used to predict
binding of anti-PF4/heparin antibodies to PF4/PA complexes (29).
A PA can be regarded as non-antigenic if the yellow areas stay far
below the threshold of OD=1.0 for all PA concentrations (» Figure
4E). It should be regarded as antigenic if the yellow area exceeds an
OD of 1 (e.g. reviparin, UFH, and dextran sulfate; »-Figure 4A, B,
F). In between, there might be the risk of forming weakly antigenic
PF4/PA complexes, if the interval touches the antigenicity thresh-
old (e.g. ODSH, chondroitin sulfate A; P Figure 4C, D).

To generalise these findings, we applied CD spectroscopy to the
polyphosphate polyP55 (mean chain length 55 monomers) and
observed (P Figure 5) a strong increase in antiparallel -sheet con-
tent as well as a strong increase in OD in the EIA. This shows that
our approach is not restricted to PAs based on polysaccharides.

Discussion

In this study we establish a correlation between changes in PF4
secondary structure within PF4/PA complexes with the induction
of antigenic epitope(s). This approach allows to calculate expec-
tation intervals for anti-PF4/PA antibody binding (as expressed by
OD values) solely using CD spectroscopic data. In the following,
we use the term antigenicity to describe that a certain PA induces a
change in PF4 which results in binding of known antibodies with
anti-PF4/heparin specificity to the PF4/PA complexes.

To our knowledge, this is the first demonstration that antige-
nicity of a drug can be assessed without the necessity of in vivo
studies or the use of antibodies obtained from immunized pa-
tients, or special monoclonal antibodies. This approach is of po-
tential major relevance for drug development. Several classes of
biotherapeutics are negatively charged, e.g. certain anti-cancer
drugs (PI-88), or DNA- or RNA-based aptamers (26, 32).

Correlation between B-sheet formation and PF4/PA
antigenicity

A critical chain length and a critical DS have to be exceeded by a
PA to induce antigenic PF4/PA complexes: for polysaccharides, a
critical chain length N,y of ~12 monosaccharide units and a DS_;
of one sulfate group per saccharide monomer are frequently re-
ported (23, 38, 39). Our measurements are in agreement with
these results: non-antigenic PF4/PA complexes were formed if
either the PA was too short (fondaparinux, N=5) or if the degree of
sulfation was too low (dextran, DS=0; hyaluronic acid, D§=0.5)
(23-25). For these PAs, no significant structural changes of PF4
were observed, while antigenic PF4/PA complexes were formed, if
both, N, and DSy, were simultaneously exceeded (UFH, revipa-
rin, dextran sulfate). For these PAs, pronounced PF4 structural
changes were observed.
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Figure 5: Polyphosphates form antigenic complexes with PF4. Com-
parison of PF4 structural changes and PF4/polyP55 antigenicity obtained
from A) CD spectroscopic and B) EIA measurements. Similar to the PAs of Fig-
ure 2, one observes that changes in PF4 secondary structure (indicated by a
strong increase in antiparallel B-sheet content; open circles in A) are accom-
panied by complex antigenicity (indicated by OD values far exceeding 1; dots
in B). Moreover, B) compares OD values predicted from the CD spectroscopic
measurements (red line and yellow area) with the ones measured by EIA
(blue dots) for PF4/polyP55 complexes (see caption of Figure 4 and text for
details). Again, the data points of the EIA measurements are mostly located
within the expected (yellow) area, which shows that results of EIA measure-
ments can be predicted from CD spectroscopy (using Eq. 1) also for PAs
carrying phosphate groups.

Interestingly, among all PAs investigated only dextran sulfate
showed no complex dissolution in excess of the PA (which is the
usual observation for HIT-relevant PF4/PA complexes). As the
main difference between dextran sulfate and the other PAs is
mainly the higher (negative) line charge density, we assume that
the electrostatic part of the PF4/PA-interaction is stronger for dex-
tran sulfate than for the other PAs. However, we cannot fully rule
out that also non-electrostatic effects (e.g. due to different mono-
saccharide conformation) might further stabilise the binding of
PF4 to dextran sulfate.

The novelty here is the finding that the PF4 secondary structure
can be altered by the interaction with PAs, without turning the
PF4/PA complexes completely antigenic: The DS of ODSH and
chondSA are close to the critical value of 1. These PAs induced
smaller PF4 structural changes (antiparallel p-sheet content of
max. 30% vs >35% for UFH) and not all sera in EIA led to a peak
in OD for PF4/ODSH and PF4/chondSA complexes. Indeed, Jog-
lekar et al. (40) showed that ODSH creates a very small risk of in-
ducing immune reactions to PF4/ODSH complexes. Our interpre-
tation of the more variable binding of the anti-PF4/PA antibodies
to the complexes between PF4 and ODSH or chondroitin sulfate is
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esis that at least two PF4 tetramers have to be connected by one PA
chain to make the formed complex antigenic (16). Depending on
the PAs N and DS, each PF4 tetramer occupies a certain amount of
monomers on the PA chain, which limits the maximum number of
PF4 tetramers that can be bound to a PA chain. However, a single
chain must be able to bind at least two PF4 tetramers to induce
epitope expression and antibody binding. That very long PAs (hav-
ing the capability to bind many PF4 tetramers) do not mediate
antibody binding to PF4 is likely not caused by charge related hin-
drance of antibody binding, but, as we have shown by systematic
studies many years ago (25), this is more likely caused by wrapping
of the PA around PF4 instead of bridging between PF4 molecules.
As the PAs bind to the equatorial ring of positively charged amino
acids, it should be sufficiently far away from the antibody binding
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Figure 6: Maximum change in PF4 secondary structure correlates
with the polyanion’s degree of sulfation. Relation between degree of
sulfation, DS, and maximum change in antiparallel B-sheet content for
PF4/PA complexes as indicated. An almost linear increase in maximum struc-
tural change is observed.

that the epitope is expressed in a suboptimal way on the
PF4/ODSH and PF4/chondroitin sulfate complexes, respectively.
This indicates that the antibodies we used differ slightly, either in
the binding sites they recognise on PF4 or in their affinity. Anti-
bodies showing high affinity may still bind despite a less optimal
expression of the conformation dependent neoepitope induced by
the PA.

For all PAs tested we observed that the increase in antiparallel
[-sheet content is balanced by a decrease in structures having
a-helical or B-turn conformations. This suggests that the antiparal-
lel B-sheet content might be indicative for the antigenicity of the
PF4/PA complex, which was confirmed by correlating EIA and CD
spectroscopic data.

Using these considerations it was possible to predict PF4/PA
complex antigenicity solely from the antiparallel B-sheet content
(as measured by CD spectroscopy; P Figure 4). As the peak PA
concentrations of both approaches coincide in all (except one)
cases, we conclude that maximum antigenicity is obtained at a PA
concentration that also induces maximum change in PF4 antipar-
allel -sheet content. Exposure of HIT-relevant epitope(s) is only
observed for PAs that also change the secondary structure of PF4.
Hence, it is not sufficient to form a repetitive PF4 alignment on the
PA chain, as we hypothesised in previous studies (16).

One might argue, whether the differences in the antibody bind-
ing capacity for the different PAs might be caused by the charge
and/or length of the respective PA. We are relatively confident that
the charge does not inhibit the access of an IgG to the epitopes, as
complexes of PF4 with dextran sulfate and hypersulfated chon-
droitin sulfate show even better antibody binding than UFH (23).
The length of the PA has an indirect impact on antibody binding
as a certain chain length N has to be exceeded to induce anti-

crit
genic PF4/PA-complexes. The existence of N led to the hypoth-

rit
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site. Thus the length of the polyanion likely does not interfere with
IgG binding, but influences it indirectly via saturation of all bind-
ing sites of PF4 which prevents formation of multimolecular com-
plexes. These complexes seem to be essential for antigenicity and
even the conformational changes in PF4 seem to be influenced by
complex formation of several PF4 molecules.

This reasoning can be generalized to show that the changes in
antibody binding of the different PF4/PA-complexes cannot be
caused by steric or electrostatic inhibition of antibody access. A
steric hindrance would be largest in the presence of highly charged
PAs. Hence, in this case PF4/dextran sulfate- and
PF4/polyP55-complexes should have the lowest antibody binding
capacity, which is also not observed in the experiment. Therefore,
we rule out that biophysical features of the PAs affect antibody ac-
cess sterically or electrostatically unless a certain length is not ex-
ceeded. Our data rather show that PA binding to PF4 creates (a)
new epitope(s) by inducing a change in PF4 secondary structure.
These neoepitopes are likely also dependent on the close approxi-
mation of several PF4 tetramers. However, the latter is still specu-
lative.

Up to now, we found deviations between CD spectroscopy and
EIA only for UFH, while for the LMWH reviparin (which is
chemically equivalent to UFH but exhibits a much narrower size
distribution) a good agreement was obtained. As the chain length
distribution of UFH is much broader with respect to the other PAs,
we hypothesise that the discrepancy of the peak positions in CD
spectroscopy and EIA are caused by the polydispersity of UFH.

It is evident from P> Figure 4 that the data from the CD spectro-
scopy can be used to predict whether a PA has a high likelihood to
induce the binding sites for anti-PF4/PA antibodies for all less
polydisperse PAs and hence, to get a measure for the PF4/PA com-
plex antigenicity solely from CD spectroscopic measurements. The
antigenicity threshold is reached at an antiparallel p-sheet content
of approximately 30%, i.e. PAs inducing PF4 structural changes
that exceed that threshold constitute antigenic PF4/PA complexes.
A similar value is obtained if the dependence between degree of
sulfation DS and maximum value of PF4 antiparallel -sheet con-
tent is plotted for all PF4/PA complexes investigated and one re-
gards that PF4/ODSH and PF4/chondSA complexes are at the
antigenic threshold (P Figure 6).
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Figure 7: Structural model for the conformational changes of PF4 in-
duced by PF4/polyanion complex formation. Molecular model of a) the
secondary structure of a PF4 monomer (supplemented by the a-helix of the
adjacent PF4 monomer) and b) the surface of a PF4 tetramer as determined
by X-ray crystallographic measurements of Zhang et al. (46) (code 1RHP of
the Brookhaven Protein Data Bank). The three curved, black lines in b) indi-
cate the course of the interfaces between the four PF4 monomers that to-
gether form the homotetramer. The view axis in b) is perpendicular to the
plane of the PF4 heparin binding site and shows that the majority of the
amino acids (constituting the protein surface) belong to solely two
monomers above the heparin binding side (while the remaining two

While findings of in vitro experiments are largely compatible
with our model, there is, however, a conflicting clinical observa-
tion in regard to fondaparinux. Patients receiving fondaparinux
after major orthopaedic surgery developed anti-PF4/heparin anti-
bodies (41). On the other hand, patients with acute HIT can be
treated safely with fondaparinux. A potential explanation (42)
might be that other polyanions, like heparan sulfate act together
with fondaparinux as a feeder for PF4-complex formation (43) in
large enough quantities for immunisation but in too low concen-
trations for inducing immune-complex mediated activation of pla-
telets. This puzzling issue requires further investigations.

The almost complete lack of cross-reactivity of anti-PF4/hepa-
rin antibodies against PF4/danaparoid complexes is also compat-
ible with our findings. First of all, danaparoid is mostly (>95%) a
mixture of GAGs, whose degree of sulfation DS is generally
smaller than the critical DS ~ 1, which already indicates that
(similar to ODSH and chondroitin sulfate A, chondSA) at most a
very weak cross-reactivity is expected. Nevertheless, danaparoid
also has a small content of highly sulfated heparin, which con-
tributes to about 5% of the drug. This constituent of danaparoid
with high affinity to antithrombin fully reacts with anti-PF4/hepa-
rin antibodies (44). However, due to the relatively low specific ac-
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monomers form the majority of the surface on the opposite side). The two
known HIT related epitopes (site 1 = amino acids 37-41: green structures;
amino acid 34 belongs to site 2: blue structures) are located at a -turn hair-
pin. Both epitopes are neighboured by the C-terminal amino acids (amino
acids 66—70: red arrow) and red structures in b) of the a-helix of the adjacent
PF4 monomer (with respect to the plane defined by the heparin binding site)
so that the epitopes and the C-terminal part of the a-helix form a continuous
patch on the surface of the PF4 tetramer. Due to this interplay between
neighboured PF4 monomers, this patch is only exposed if PF4 is in a tetra-
meric form.

tivity of danaparoid much more danaparoid is given on a weight
basis. While low molecular weight heparin has an anti-FXa activity
of ~100 U/mg, the activity of danaparoid is only 15 U/mg. Both
drugs are dosed according to the anti-FXa plasma levels, which are
in therapeutic dose about 0.4 - 0.6 anti-FXaU/ml for danaparoid
given as continues infusion. Thus on a molecular basis there are
about 6-7 times more PA molecules administered. We have shown
that the mixture of 5% high antithrombin affinity drug plus 95%
low antithrombin affinity material completely blocks platelet acti-
vation by HIT antibodies, which has more recently been further
characterised by our group (44, 45).

Another issue, however, can be explained more easily. In some
patients, typically suffering from severe HIT, it was observed that
their sera contain antibodies that directly bind to PF4 (i.e. complex
formation with polyanions like heparin is not necessary for these
sera). As these antibodies bind to PF4 also in absence of poly-
anions, it is very likely that they recognise epitopes on PF4 that are
not dependent on conformational changes of PF4. We can only
speculate that these antibodies are created in parallel during the
immune response against the PF4/heparin-complexes. Typically
these antibodies, which react with PF4 in the absence of heparin,
are present in sera showing a very high OD in the antigen assays
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What is known about this topic?

o Platelet factor 4 (PF4) and polyanions like heparin form complex-
es. Some of these complexes are antigenic, i.e. they react with
anti-PF4/heparin antibodies.

e Only PF4 tetramers can expose the antigen to which anti-PF4/he-
parin antibodies bind.

e |t is unclear whether the epitope to which anti-PF4/heparin anti-
bodies bind results from a conformational change of PF4 or from
close approximation of two PF4 tetramers.

o Platelets contain polyphosphates in their dense granules

What does this paper add?

o The described method is the first to screen new drugs for their po-
tential immunogenicity by inducing a conformational change in
PF4.

e To the best of our knowledge this is the first report describing
how a complex neoantigen is expressed on an endogenous pro-
tein resulting from a conformational change AND formation of
densely packed proteins. This may serve as a model to better
understand formation of autoantigens.

o |t shows that the epitope recognised by HIT antibodies is induced
by a change in the conformation of PF4 which requires both,
binding of the polyanion and close approximation of two PF4
molecules, hereby combining two of the currently discussed mod-
els.

e Characterisation of the antigenic epitope as a composite epitope
of the B-strands of one PF4-monomer and the a-helix of the ad-
jacent monomer. This is the explanation for the long known em-
pirical observation that only PF4 tetramers are able to expose the
HIT antigen.

e The described method of CD spectroscopy can be used by all
manufacturers of HIT antibody assays as an in-process quality
control to identify optimal and/or false lots of PF4/heparin com-
plexes.

e Polyphosphates interact strongly with PF4 and induce a con-
formational change in PF4.

and show very strong platelet activation in the functional assays. A
similar mechanism is observed in post transfusion purpura, in
which boosting of an immune response to the human platelet
antigen (HPA)-1a results in formation of antibodies, which also
bind to the HPA-1a negative autologous platelets of the patient (i.e.
they behave like autoantibodies), causing severe thrombocytope-
nia. Also these sera react very strongly against the platelet glyco-
protein IIbIIla in EIAs. Whether this is the well-known phenom-
enon of epitope spreading during the acute phase of B-cell stimu-
lation or whether there is another underlying cause is currently
unresolved.

Thrombosis and Haemostasis 112.1/2014

Model of PF4 structural changes based on the CD
spectroscopic data

X-ray diffraction studies performed on bovine and human PF4
showed that the PF4 monomer consists of a single a-helix (located
at the C-terminus; amino acids (AA) 60-70), which is followed by
three antiparallel B-sheet strands (AA 24-31, 39-44 and 49-53)
(35, 46). Four B-turn structures connect the three p-sheet strands
and the a-helix (»Figure 7A). The remaining part of PF4 (AA
1-19) adopts an unordered conformation.

As the axes of the a-helix and the B-sheet strands enclose an
angle of approximately 45°, this configuration belongs to class 2 in
the nomenclature of Chou et al. (35, 47). The a-helix contains a
cluster of four lysines, which are known to be a prerequisite for
PF4 binding to heparin or other PAs. In its tetrameric form, the
four a-helices and most of the positively charged AAs form a posi-
tively charged “ring” around the PF4 tetramer, which is expected
to be the actual heparin binding site (46).

By analysing the binding capacity of anti-PF4/UFH antibodies
to complexes made of UFH and mutations of PF4, the group of Dr.
Poncz in Philadelphia located two different HIT-related epitopes
(48, 49). Site-1 is located between the PF4 AAs 37-41, which are
part of a B-turn hairpin structure connecting -sheet strand 1 and
2 (green structures in P> Figure 7). This site is recognised by sera of
approximately one third of PF4/PA antibodies (48). Site-2 involves
the N-terminus (white arrow in »>Figure 7A) and at least AA 34
(blue structures in P Figure 7) and is recognised by KKO, a HIT-
like monoclonal antibody (50). Recently, it was shown that only
those anti-PF4/UFH antibodies activate platelets which compete
with KKO (51). This shows that site-2 constitutes or at least over-
laps with an area that is recognised by a large fraction of anti-
PF4/UFH antibodies and has therefore high clinical relevance
(49). Interestingly, it seems that the C-terminal part of PF4 (AA
44-70) is not related to any epitope, as they are not recognised by
anti-PF4/UFH antibodies (52) and as antibodies specific to these
AAs do not compete with binding of anti-PF4/UFH antibodies to
the PF4/UFH complex (48).

CD spectroscopy suggests that AAs adopting a p-turn or a
a-helical secondary structure are transformed into an antiparallel
B-sheet. As the anti-PF4/heparin antibody binding site-1 (AA
37-41) and parts of site-2 (AA 34) are directly located at the
B-turn hairpin (AA 32-38), it is very likely that the structural
changes occur in the vicinity of these sites. This is further sup-
ported by the length of the p-turns: Only the p-turn hairpin (AA
32-38) is long enough to allow a (partly) transition to antiparallel
B-sheets, while the other p-turns are much shorter (making this
transition rather unlikely).

The observation that epitope formation is accompanied by a
structural change of the a-helix was unexpected as (i) it is cur-
rently believed that the C-terminal amino acids are not involved in
HIT-related epitope formation (48, 52), and (ii) as the a-helix is lo-
cated oppositely to the yet known epitopes in the PF4 monomer.
However, modelling the PF4 dimer (as done by Zhang et al. [46])
indicates that the C-terminal AAs of the a-helix of one PF4
monomer (red arrow and red structures in »Figure 7) are close to
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site-1 and -2 of the adjacent PF4 monomer (green and blue struc-
tures in P> Figure 7). Hence, although there is a large distance be-
tween the a-helix and the known epitopes within a single PF4
monomer, these structures become closely placed in the PF4 dimer
and tetramer.

This suggests that structural changes of the a-helix create (a)
new epitope(s) which are directly neighboured to the known epi-
tope(s) site-1 and -2, forming a large antigenic patch at the surface
of PF4 (& Figure 7B). AAs 66-70 are involved in the expression of
the epitope. These AAs are part of the a-helix of the native PF4,
and neighbour the known epitopes on the PF4 surface. Therefore
it is likely that they are part of the epitope. This interplay between
antigenic structures of neighboured PF4 monomers explains the
observation that the ability to form antigenic PF4/UFH complexes
depends strongly on the ability of PF4 to form tetramers: complex-
es made of UFH and non-tetrameric PF4 (i.e. PF4 that is unable to
form tetramers) showed a much lower antigenicity with respect to
tetrameric PF4 (43). Hence, in its tetrameric form PF4 exposes
four antigenic patches (two on each side of the plane defined by
the heparin binding site), making these patches highly available for
antibody binding regardless of the actual PF4 orientation within
the PF4/PA complex.

Study limitations

Although the correlation between EIA and CD spectroscopy looks
very promising, there are some limitations resulting from approxi-
mations done in this study. First of all, to measure antigenicity we
used sera from three different patients only, which probably do not
represent the full reactivity pattern of all anti-PF4/heparin anti-
bodies. Moreover, we are aware that EIA typically does not exhibit
a linear dependence from the amount of bound antibodies and
that we cannot assume steady state binding of clinically-relevant
anti-PF4/heparin antibodies from patient sera to PF4/PA-com-
plexes, making a quantitative interpretation of the OD in terms of
antigenicity challenging.

However, even using this relatively easy to apply “crude” ap-
proach, we get very reproducible results with various PAs. This
strongly indicates that the system is stable and allows a robust as-
sessment. Otherwise one would expect variable results, a wide
range of reactivities and no clear correlation between the peak sig-
nals in the EIA and the CD spectroscopy at the same PA concen-
trations. Increasing the numbers of sera (for future experiments)
and resolving the functional dependence between antibody bind-
ing capacity and OD in EIA might enhance the accuracy of the
correlation and allow for even more precise in vitro assessment of
PA antigenicity.

Conclusion

CD spectroscopy is found to be a powerful technique to monitor
structural changes of PF4 caused by binding to various polyanions
(PA). In all cases, exposure of HIT-relevant epitope(s) is only ob-
served for PAs that also induce changes in PF4 secondary struc-
ture. A comparison of results of an immunoassay with CD spec-
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Supplementary Material

In the Supplementary Material, which is available online at www.
thrombosis-online.com, results of CD spectroscopic measurements
on PF4/dextran and PF4/hyaluronic acid complexes are given. More-
over, versions of Figures 3 and 4B are supplied, which use no correc-
tion factor for the UFH data.

troscopic data showed that the extent of complex antigenicity cor-
relates well with the magnitude of changes in PF4 secondary struc-
ture, and that a minimum structural change of PF4 is necessary to
achieve PF4/PA complex antigenicity. These findings allowed us to
calculate expectation intervals for complex antigenicity solely
using CD spectroscopic data. To our knowledge, this is the first
demonstration that the capability of drugs to induce antigenicity
of PF4 can be assessed without the necessity of in vivo studies or
the use of antibodies obtained from immunised patients specific
for the antigens. Although shown only for PF4, our finding might
be applicable to other proteins that also express epitopes upon
changes in their secondary structure. This will be addressed in fu-
ture studies.

Acknowledgement

S. Brandt, K. Krauel and S. Block were supported by the “Zentrum
fiir Innovationskompetenz Humorale Immunreaktionen bei Kar-
diovaskuldren Erkrankungen” (ZIK HIKE, Federal Ministry of
Education and Research-BMBF FKZ 03Z2CN11 and FKZ
03Z2CN12). S. Block also acknowledges support by the European
Social Fund (grant number UG 10 022). T. Renné acknowledges
funding by Vetenskapsradet (K2013-65X-21462-04-5), and the
ERC StG-2012-311575.

Conflicts of interest
None declared.

References

1. Schellekens H. The immunogenicity of therapeutic proteins. Discov Med 2010;
49: 560-564.

2. Schellekens H. Bioequivalence and the immunogenicity of biopharmaceuticals.
Nat Rev Drug Discov 2002; 1: 457-462.

3. Moreland LW, McCabe DP, Caldwell JR, et al. 3rd. Phase I/II trial of recombi-
nant methionyl human tumor necrosis factor binding protein PEGylated dimer
in patients with active refractory rheumatoid arthritis. ] Rheumatol 2000; 27:
601-609.

4. Rau R, Sander O, van Riel P, et al. Intravenous human recombinant tumor ne-
crosis factor receptor p55-Fc IgGl fusion protein Ro 45-2081 (lenercept): a
double blind, placebo controlled dose-finding study in rheumatoid arthritis. J
Rheumatol 2003; 30: 680-690.

5. Eichler P, Lubenow N, Strobel U, et al. Antibodies against lepirudin are polyspe-
cific and recognize epitopes on bivalirudin. Blood 2004; 103: 613-616.

6. Greinacher A, Lubenow N, Eichler P. Anaphylactic and anaphylactoid reactions
associated with lepirudin in patients with heparin-induced thrombocytopenia.
Circulation 2003; 108: 2062-2065.

Thrombosis and Haemostasis 112.1/2014

99



Appended papers
Paper II: PF4/PA

64

Brandt et al. Conformational changes in PF4 predict immunogenicity

1

=3

1

—

12

1

w

1

IS

1

w

1

=)

17.

1

o

1

N

2

=4

2

—

2

[

2i

w

2

-~

2

v

26.

27,

2

I3

2

o

. Casadevall N, Nataf ], Viron B, et al. Pure red-cell aplasia and antierythropoietin

antibodies in patients treated with recombinant erythropoietin. N Engl ] Med
2002; 346: 469-475.

. van Beers MMC, Sauerborn M, Gilli F, et al. Aggregated recombinant human in-

terferon beta induces antibodies but no memory in immune tolerant transgenic
mice. Pharm Res 2010; 27: 1812-1824.

. Hemmer B, Stiive O, Kieseier B, et al. Inmune response to immunotherapy: the

role of neutralising antibodies to interferon beta in the treatment of multiple
sclerosis. Lancet Neurol 2005; 4: 403-412.

. Arepally GM, Ortel TL. Clinical practice. Heparin-induced thrombocytopenia.

N Engl ] Med 2006; 355: 809-817.

. Wolpe SD, Cerami A. Macrophage inflammatory protein-1 and protein-2 -

members of a novel superfamily of cytokines. Faseb ] 1989; 3: 2565-2573.
Huang SS, Huang JS, Deuel TE. Proteoglycan carrier of human-platelet factor-4
— isolation and characterisation. ] Biol Chem 1982; 257: 1546-1550.

. Kaplan KL, Broekman M]J, Chernoff A, et al. Platelet alpha-granule proteins:

studies on release and subcellular localisation. Blood 1979; 53: 604-618.

. Rucinski B, Niewiarowski S, James P, et al. Antiheparin proteins secreted by

human platelets. purification, characterisation, and radioimmunoassay. Blood
1979; 53: 47-62.

. Deuel TE, Keim PS, Farmer M, et al. Amino-acid sequence of human platelet

factor 4. PNAS 1977; 74: 2256-2258.

. Greinacher A, Gopinadhan M, Giinther J-U, et al. Close approximation of two

platelet factor 4 tetramers by charge neutralisation forms the antigens recog-
nized by HIT antibodies. Arterioscl Thromb Vasc Biol 2006; 26: 2386-2393.
Rauova L, Poncz M, McKenzie SE, et al. Ultralarge complexes of PF4 and hepa-
rin are central to the pathogenesis of heparin-induced thrombocytopenia.
Blood 2005; 105: 131-138.

. Chong BH, Pitney WR, Castaldi PA. Heparin-induced thrombocytopenia - as-

sociation of thrombotic complications with heparin-dependent Igg antibody
that induces thromboxane synthesis and platelet-aggregation. Lancet 1982; 2:
1246-1249.

. Amiral ], Bridey F, Dreyfus M, et al. Platelet factor-iv complexed to heparin is

the target for antibodies generated in heparin-induced thrombocytopenia.
Thromb Haemost 1992; 68: 95-96.

. Warkentin TE, Greinacher A. Heparin-induced thrombocytopenia: recognition,

treatment, and prevention. Chest 2004; 126: 311s-337s.

. Cines D, Kaywin P, Bina M, et al. Heparin associated thrombocytopenia. N Engl

] Med 1980; 303: 788-795.

. Chong BH, Fawaz I, Chesterman CN, et al. Heparin induced thrombocytopenia:

mechanism of interaction of the heparin dependent antibody with platelets. Br |
Haematol 1989; 73: 235-240.

. Alban S, Krauel K, Greinacher A. Role of Sulfated Polysaccharides in the Patho-

genesis of Heparin-Induced Thrombocytopenia. In: Heparin-Induced-Throm-
bocytopenia (Fundamental and Clinical Cardiology), 5th edition. LLC: Boca
Raton, USA: Taylor and Francis Group; 2013: pp. 181-208.

. Kelton JG, Smith JW, Warkentin TE, et al. Inmunoglobulin-G from Patients

with Heparin-Induced Thrombocytopenia Binds to a Complex of Heparin and
Platelet Factor-4. Blood 1994; 83: 3232-3239.

. Greinacher A, Alban S, Dummel V, et al. Characterisation of the structural

requirements for a carbohydrate based anticoagulant with reduced risk of in-
ducing the immunological type of heparin-associated thrombocytopenia.
Thromb Haemost 1995; 74: 886-892.

Jaax ME, Krauel K, Marschall T, et al. Complex formation with nucleic acids and
aptamers alters antigenic properties of platelet factor 4. Blood 2013; 122:
272-281.

. Mikhailov D, Young HC, Linhardt R], et al. Heparin dodecasaccharide binding

to platelet factor-4 and growth-related protein-alpha. J Biol Chem 1999; 274:
25317-25329.

. Bohm G, Muhr R, Jaenicke R. Quantitative-analysis of protein far UV circular-

dichroism spectra by neural networks. Protein Engin 1992; 5: 191-195.

. Juhl D, Eichler P, Lubenow N, et al. Incidence and clinical significance of anti-

PF4/heparin antibodies of the IgG, IgM, and IgA class in 755 consecutive pa-
tient samples referred for diagnostic testing for heparin-induced thrombocy-
topenia. Eur ] Haematol 2006; 76: 420-426.

Thrombosis and Haemostasis 112.1/2014

30.

3

—

3

¥

3

@

34.

3

36.

3

3

39.

40.

4

jom

4

)

4

44,

4

46.

4

4

3

49.

50.

5

—

5

o

3

00

bl

o

=

N

Sreerama N, Woody RW. Computation and Analysis of Protein Circular Dich-
roism Spectra. In: Methods in Enzymology 383. San Diego, CA: Elsevier Aca-
demic Press; 2004: pp. 318-351.

. Krauel K, Potschke C, Weber C, et al. Platelet factor 4 binds to bacteria-inducing

antibodies cross-reacting with the major antigen in heparin-induced throm-
bocytopenia. Blood 2011; 117: 1370-1378.

. Rosenthal MA, Rischin D, McArthur G, et al. Treatment with the novel anti-an-

giogenic agent PI-88 is associated with immune-mediated thrombocytopenia.
Ann Oncol 2002; 13: 770-776.

. Mayo KH, Barker S, Kuranda MJ, et al. Molten globule monomer to condensed

dimer - role of disulfide bonds in platelet factor-iv folding and subunit associ-
ation. Biochemistry 1992; 31: 12255-12265.

Villanueva GB, Allen N, Walz D. Circular-dichroism of platelet factor-4. Arch
Biochem Biophys 1988; 261: 170-174.

Charles RS, Walz DA, Edwards BFP. The 3-dimensional structure of bovine pla-
telet factor-4 at 3.0-A resolution. ] Biol Chem 1989; 264: 2092-2099.

Gans PJ, Lyu PC, Manning MC, et al. The helix-coil transition in heterogeneous
peptides with specific side-chain interactions: theory and comparison with CD
spectral data. Biopolymers 1991; 31: 1605-1614.

Chin D-H, Woody RW, Rohl CA, et al. Circular dichroism spectra of short,
fixed-nucleus alanine helices. PNAS 2002; 99: 15416-15421.

Leroux D, Canépa S, Viskov C, et al. Binding of heparin-dependent antibodies
to PF4 modified by enoxaparin oligosaccharides: evaluation by surface plasmon
resonance and serotonin release assay. ] Thromb Haemost 2012; 10: 430-436.
Petitou M, Hérault JP, Bernat A, et al. Synthesis of thrombin-inhibiting heparin
mimetics without side effects. Nature 1999; 398: 417-422.

Joglekar MV, Quintana Diez PM, Marcus S, et al. Disruption of PF4/H multi-
molecular complex formation with a minimally anticoagulant heparin (ODSH).
Thromb Haemost 2012; 107: 717-725.

. Warkentin TE, Cook R], Marder V], et al. Anti-platelet factor 4/heparin anti-

bodies in orthopedic surgery patients receiving antithrombotic prophylaxis with
fondaparinux or enoxaparin. Blood 2005; 106: 3791-3796.

. Warkentin TE, Pai M, Sheppard ]I, et al. Fondaparinux treatment of acute hepa-

rin-induced thrombocytopenia confirmed by the serotonin-release assay: a
30-month, 16-patient case series. ] Thromb Haemost 2011; 9: 2389-2396.
Sachais BS, Litvinov RI, Yarovoi SV, et al. Dynamic antibody-binding properties
in the pathogenesis of HIT. Blood 2012; 120: 1137-1142.

Greinacher A, Michels I, Mueller-Eckhardt C. Heparin-associated thrombocy-
topenia: the antibody is not heparin specific. Thromb Haemost 1992; 67:
545-549.

Krauel K, Firll B, Warkentin TE, et al. Heparin-induced thrombocytope-
nia-therapeutic concentrations of danaparoid, unlike fondaparinux and direct
thrombin inhibitors, inhibit formation of platelet factor 4-heparin complexes. |
Thromb Haemost 2008; 6: 2160-2167.

Zhang X, Chen L, Bancroft DP. Crystal-structure of recombinant human platelet
factor-4. Biochemistry 1994; 33: 8361-8366.

Chou K-C, Nemethy G, Rumsey S, et al. Interactions between an alpha-helix
and a beta-sheet energetics of alpha-beta-packing in proteins. ] Mol Bio 1985;
186: 591-609.

. Ziporen L, Li ZQ, Park K, et al. Defining an antigenic epitope on platelet factor

4 associated with heparin-induced thrombocytopenia. Blood 1998; 92:
3250-3259.

Li ZQ, Liu W, Park KS, et al. Defining a second epitope for heparin-induced
thrombocytopenia/thrombosis antibodies using KKO, a murine HIT-like
monoclonal antibody. Blood 2002; 99: 1230-1236.

Arepally GM, Park KS, Kamei S, et al. Characterisation of a murine monoclonal
antibody that mimics heparin-induced thrombocytopenia antibodies. Blood
20005 95: 1533-1540.

. Cuker A, Rux AH, Hinds JL, et al. Novel diagnostic assays for heparin-induced

thrombocytopenia. Blood 2012; 120: 267.

Suh JS, Aster RH, Visentin GP. Antibodies from patients with heparin-induced
thrombocytopenia/thrombosis recognize different epitopes on heparin: platelet
factor 4. Blood 1998; 91: 916-922.

© Schattauer 2014

100



6. Appended papers
6.3 Paper IV: PF4/defined heparins

6.3 Paper lll: Binding of anti-Platelet Factor 4/Heparin Antibodies depends on the
Thermodynamics of conformational Changes in Platelet Factor 4

101



6.

Appended papers

6.3 Paper IIl: PF4/defined heparins

Regular Article

THROMBOSIS AND HEMOSTASIS

Binding of antiplatelet factor 4/heparin antibodies depends on the
thermodynamics of conformational changes in platelet factor 4

Martin Kreimann," Sven Brandt,' Krystin Krauel,? Stephan Block," Christiane A. Helm,® Werner Weitschies,*

Andreas Greinacher,? and Mihaela Delcea’
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Key Points

* Besides clustering, platelet
factor 4/polyanion complexes
require input of energy to
become immunogenic.

* Minute differences in chain
length determine the induction
of antigenicity of PF4.

The chemokine platelet factor 4 (PF4) undergoes conformational changes when com-
plexing with polyanions. This can induce the antibody-mediated adverse drug effect of
heparin-induced thrombocytopenia (HIT). Understanding why the endogenous protein
PF4 becomes immunogenic when complexing with heparin is important for the develop-
ment of other negatively charged drugs and may also hint toward more general mechanisms
underlying the induction of autoantibodies to other proteins. By circular dichroism spec-
troscopy, atomic force microscopy, and isothermal titration calorimetry we characterized
the interaction of PF4 with unfractionated heparin (UFH), its 16-, 8-, and 6-mer subfractions,
low-molecular-weight heparin (LMWH), and the pentasaccharide fondaparinux. To bind
anti-PF4/heparin antibodies, PF4/heparin complexes require (1) an increase in PF4 anti-

parallel B-sheets exceeding ~30% (achieved by UFH, LMWH, 16-, 8-, 6-mer), (2) formation of multimolecular complexes (UFH, 16-, 8-mer),
and (3) energy (needed for a conformational change), which is released by binding of >211-mer heparins to PF4, but not by smaller
heparins. These findings may help to synthesize safer heparins. Beyond PF4 and HIT, the methods applied in the current study may be
relevant to unravel mechanisms making other endogenous proteins more vulnerable to undergo conformational changes with little
energy requirement (eg, point mutations and post-translational modifications) and thereby them to become immunogenic.

(Blood. 2014;00(00):1-8)

Introduction

Heparin, widely used clinically as a parenteral anticoagulant,' is a
polyanion consisting of iduronic acid, glucuronic acid, and glucos-
amine residues carrying sulfate groups. Pharmaceutical heparin is
obtained from porcine gut mucosa and, as biological material, is
composed of polysaccharide chains with variable length. Degrada-
tion of unfractionated heparin (UFH) results in less polydisperse and
smaller low-molecular-weight heparins (LMWHSs). The pentasacchar-
ide fondaparinux consists of the shortest sequence able to catalyze the
activity of antithrombin. It was the first synthesized heparin approved
for clinical use.* Currently, several other heparin-based, synthesized
polysaccharides are in preclinical development.>® Beside their anti-
coagulant activity, heparins have other biological effects including
potential antitumor activity,” which, however, differs depending on
the chain length.7

Clinically, beside bleeding, heparin-induced thrombocytopenia
(HIT) is the most important adverse effect of heparin.® HIT is a life-
threatening immune-driven adverse effect, which occurs in up to 3%
of patients receiving UFH after major surgery.9 HIT is caused by
antibodies that recognize platelet factor 4 (PF4), a CXC chemokine
family protein, in ultralarge multimolecular complexes with heparin. '

Several of these pathogenic antibodies can bind to the multimolecular
complexes of PF4 and heparin, forming immunocomplexes. When
these PF4/heparin-immunoglobulin (Ig)G immunocomplexes bind
to platelets, the Fc parts of the antibodies cross-link Fcylla receptors
on platelets, which induces platelet activation and aggregation.''
This results in a prothrombotic state and an increased risk for new
thrombosis.'? Heparin-induced antibodies recognize an antigen
exposed on PF4 at a certain PF4/heparin ratio,'® at which PF4
tetramers'> are forced into close approximation,'* accompanied by
charge neutralization,'*°

Previously, we have shown, using circular dichroism (CD) spec-
troscopy in combination with an enzyme-linked immunosorbent assay
(ELISA), that the antigenic site is a composite surface formed by =2
(or 3) PF4 monomers in a PF4 tetramer. Exposure of this antigenic
site occurs when polyanions induce changes in the structure of PF4,
resulting in an increase of the antiparallel 3-sheet content in the PF4
secondary structure to more than ~30%."”

Here we report the physicochemical characterization of complexes
formed between PF4 and UFH, LMWH, or subfractions produced
from unfractionated heparin with defined chain lengths (16- [HO16],
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8-[HOO08], and 6- [HO06] mer), as well as with synthetic fondaparinux
(5-mer).* We found that beside the conformational change of PF4
exposing >30% antiparallel B-sheets and formation of large PF4/
heparin complexes, the enthalpy of binding (released heat) has to
exceed a threshold value to provide the energy for the conformational
change of PF4 required to expose the antigenic epitope. These
findings may provide relevant aspects to understand the structure-
function relationship for other biological functions of heparins
derived drugs'® and may also underlie mechanisms making other
endogenous proteins immunogenic.

Methods

Ethics

The use of human sera containing anti-PF4/heparin antibodies and human
platelets and obtaining whole blood from healthy volunteers was approved by
the Greifswald Ethics Board.

Reagents

Lyophilized human PF4 isolated from platelets: Chromatec (Greifswald,
Germany); UFH Heparin-Natrium-25000 (Ratiopharm, Ulm, Germany),
fondaparinux (Arixtra; GlaxoSmithKline, London, UK); LMWH reviparin
(Clivarin 1750; Abbott GmbH, Wiesbaden, Germany): hospital pharmacy;
heparin oligosaccharides 6-mer (HO06), 8-mer (HO08) and 16-mer (HO16):
Iduron Ltd. (Manchester, UK). These heparin fractions are obtained by partial
heparin lyase digestion followed by high-resolution gel filtration and show a
defined length as determined by the manufacturer. However, their interaction
with antithrombin (ie, their anticoagulant capacity) is not defined. The smaller
the oligosaccharides become, the more disruption on the pentasaccharide
structure that is required for antithrombin binding occur.

ELISA

PF4/heparin ELISA was performed as described'® with 3 samples of human
sera of patients known to contain anti-PF4/heparin IgG antibodies verified by
PF4/heparin ELISA and the heparin-induced platelet activation test.'” UFH,
LMWH, and the defined length heparins were added in rising concentrations
to PF4 to form the complexes before they were coated on a microtiter plate (as
indicated in the figures; UFH: 0-14 pg/mL, HO16 and HO08: 0-11.7 pg/mL,
HO06: 0-15 pg/mL, fondaparinux: 0-30 pg/mL). To verify the reactivity
pattern, we then coated the PF4/defined length heparin complexes at the
optimal concentration determined by the titration experiment and tested them
with an additional panel of 14 samples of characterized sera from patients with
serologically confirmed HIT. LMWH was assessed by the same method."”

CD spectroscopy

Changes in the secondary structure of PF4 on interaction with heparins were
studied by recording far-UV CD spectra (200-260 nm) using a Chirascan
CD spectrometer (Applied Photophysics, Leatherhead, UK) as previously
described.'” PF4 was dissolved in phosphate-buffered saline (PBS; 155 mM
NaCl, 1.54 mM KH,PO,, 2.71 mM Na,HPO,-7 H,0, pH 7.2) to a final
concentration of 80 pg/mL (2.5 pM). Complex formation was carried out at
20°C directly in the CD cuvette (Hellma, Miillheim, Germany) with a 5-mm
path length. Each measurement started with a pure PF4 solution. Sub-
sequently, increasing amounts of the heparins (UFH, HO16, HOO08, HO06,
and fondaparinux) were added to the cuvette, and CD spectra were recorded
for each PF4/heparin ratio. Buffer baselines and baselines of each heparin
concentration step (ie,; without PF4 in the solution) were recorded. In the data
analysis, the spectra of PF4 alone and of PF4/heparin complexes were corrected
for the baselines, path length, number of amino acids, and concentration to
obtain the wavelength-dependent mean residue & € values of the PF4/heparin
complex. To estimate the secondary structure content of PF4, deconvolution
of CD spectra was carried out with CDNN software using a database of 33
reference pmteins.m LMWH was assessed by the same method."”

BLOOD, wem mmm 2014 - VOLUME 00, NUMBER 00

Atomic force microscopy

To characterize the structural features of the PF4/heparin complexes, atomic
force microscopy (AFM) imaging in liquid was carried out using a BioScope
IT scanning probe microscope from Digital Instruments (Santa Barbara, CA).
NanoScope 7.3 software was used to control the AFM, to set the imaging
parameters, and for flattening of the images. Preformed PF4/heparin
complexes (at the optimal ratios found by isothermal titration calorimetry
[ITC]) were incubated on freshly cleaved mica for 10 seconds, followed by
washing the mica surface with ultrapure water. For imaging, a few drops of
ultrapure water were added on the mica with adsorbed samples. All samples
were imaged in tapping mode at room temperature using silicon nitride can-
tilevers DNP-S (Veeco, Camarillo, CA) with a drive frequency of 8 to 14 kHz
in water and a nominal curvature radius of 10 nm. AFM images of the PF4/
heparin complexes and of their constituents were recorded. All experiments
were repeated =3 times.

The height distribution of the AFM-imaged features was analyzed using
aMatLab script (MathWorks, Natick, MA).ZI 22 Briefly, the script scans over
the images identifying the highest points within a moving 17 X 17 rectangle
(supplemental Figure 1), giving the position and maximum height of the
samples adsorbed to mica. To avoid cross-talk with measurement noise, a
0.9-nm threshold (the standard deviation of the background noise in the AFM
images) was used in this study. Height values were then merged and plotted
into a semilogarithmic point histogram. As the typically observed height
values were on the order of the tip curvature radius, tip convolution led to a
strong lateral broadening of the observed structures. We therefore did not
further analyze the lateral dimensions of the detected structures.

ITC

The different heparins and PF4 were separately dialyzed against PBS buffer at
pH 7.4. ITC measurements were carried out using an iTC200 calorimeter (GE
Healthcare Life Sciences). A PF4 solution (500-2470 pg/mL [15.6-70 pM] in
PBS) was added to the sample cell, and a solution of heparin (450-900 p.g/mL
[37-500 wM]) was loaded into the injection syringe. For each experiment,
a 60-second delay was followed by 19 injections of 1 L of the titrant
solution, spaced 240 seconds apart. The sample cell was stirred at 1000 rpm
throughout and maintained at 25°C. Control titration was performed by
injecting heparin into PBS buffer and subtracted prior to data analysis. The
area under each peak of the resulting heat profile was integrated, normalized
by the concentrations, and plotted against the molar ratio of heparin to PF4
using an Origin script supplied with the instrument (Origin 7; OriginLab
Corporation). The resulting binding isotherms were fitted by nonlinear
regression using the single-site model. The stoichiometry of the interaction
(n = CHeparin/Cpra, Where ¢ is the concentration in moles per liter), the
equilibrium constant (K,), and the change in enthalpy (AH) were obtained
during the fitting of all titration data. Equilibrium dissociation constants (Kp,)
were calculated as the reciprocal of K. The Gibbs free energy change (AG)
was calculated with the equation AG = —RT In K4. All titrations were rep-
licated to determine the experimental standard deviation for each parameter.

Results

Changes in the PF4 secondary structure by UFH, LMWH, and
defined length heparins and binding of anti-PF4/
heparin antibodies

We compared the structural changes of PF4 (quantified by CD spec-
troscopy) with anti-PF4/heparin antibody binding to PF4 (quantified
by optical density [OD] changes in an ELISA at the wavelength
450 nm), when PF4 was incubated with increasing concentrations of
UFH, 16-, 8-, 6-mer heparins, and fondaparinux. The CD data are
given in the left panels and the corresponding ELISA results in the right
panels of Figure 1; data obtained with LMWH are given in sup-
plemental Figure 2. We always normalized the heparin concentration
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CHARACTERIZATION OF THE ANTIGEN IN HIT 3
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by the PF4 tetramer concentration (number of heparin monomers
per PF4 tetramer), taking into account that the PF4 concentration
slightly changed by adding heparin in the titrating experiments.
Moreover, we plotted in Figure 1 only the antiparallel -sheet content
of PF4, which is indicative for the overall changes of the PF4
structure'” (supplemental Figure 3).

Figure 1 shows 3 different patterns of the PF4/polyanion com-
plexes: (1) reversible increase in antiparallel 3-sheets of PF4, paralleled
by a reversible increase in anti-PF4/heparin antibody binding (com-
plexes with UFH and HO16, Figure 1A-B; LMWH, supplemental
Figure 2); (2) nonreversible increase in antiparallel 3-sheets of PF4

and minimal binding of anti-PF4/heparin antibodies (complexes
with HOO8 and HOO06; Figure 1C-D); and (3) no increase in anti-
parallel B-sheets and no anti-PF4/heparin antibody binding (com-
plexes with pentasaccharide fondaparinux; Figure 1E). We then tested
a panel of 14 well-defined sera containing anti-PF4/heparin anti-
bodies, with the PF4/defined length heparin complexes at the optimal
concentrations determined by titration, which gave the same results
(Figure 1F).

The maximum increase in antiparallel 3-sheets (34% for UFH;
34% for LMWH; 39% HO16; 40% for HOO8; and 36% for HO06)
was observed at distinct concentrations of each heparin preparation.
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Due to the polydisperse (ie, variably sized) nature of UFH, it is
impossible to define this on a molar basis. We therefore used an
approach to take the mean MW of UFH 12 kDa, which corresponds
to 39 monomers (saccharide monomers) per molecule. For consis-
tency, the same approach was used for the heparin fragments.

In sharp contrast to all other heparins, no structural changes
of PF4 and no anti-PF4/heparin antibody binding were observed
for fondaparinux (Figure 1E), which is consistent with previous
data, ¥

AFM morphological characterization of the complexes formed
by PF4 with heparins of different chain length

The differences in anti-PF4/heparin antibody binding raised the
question of whether the smaller heparins, albeit causing an increase
in antiparallel 3-sheets, form large complexes with PF4. We used
tapping mode liquid AFM imaging to characterize the dependency
between length of heparin and the size of the complexes formed with
PF4.

We show the complexes that PF4 forms with 16, 8, 6-mer heparins
and fondaparinux in Figure 2. PF4 forms ultralarge complexes
(>20 nm) with the 16-mer (HO16) and the 8-mer (HO08) heparins
(Figure 2C-D). The complexes formed by PF4 with HO16 and
HOO8 have a broad height distribution reaching up to 35 and
25 nm, respectively (Figure 2G). The 6-mer (HO06) and the 5-mer
(fondaparinux) heparins formed small, if any, complexes with PF4
with heights in the range of 1 to 5 nm (Figure 2E-G). The complexes
were similar to PF4 alone, which formed structures with a large
height distribution (from 1 to 7 nm; supplemental Figure 4A,G).

When we tried to measure PF4/UFH complexes, we could not
stably immobilize them on the mica surface. Most likely they were
so large that they detached when we rinsed the surface. Consistently,
in additional experiments with 300-second incubation time and
gentle dipping instead of washing we found several large PF4/UFH
complexes (data not shown).

We show the control experiment with UFH, 16, 8, 6-mer heparins,
and fondaparinux adsorbed on mica surface alone in supplemental
Figure 4B-F, where we found grains with average height of 1 to 2 nm.

Binding interaction between PF4 and UFH, LMWH, and defined
chain length heparins: ITC study

We assessed the energetic characteristics of the interaction of PF4
with UFH, LMWH, and defined chain length heparins by ITC,
which directly measures changes in heat that occur during complex
formation.?®” The upper panels of Figure 3 show the sequence of
the titration, with each peak corresponding to the injection of the
solution in the syringe, whereas the lower panels show the integrated
heat plot as a function of heparin/PF4 tetramer ratio. The thermo-
dynamic parameters are given in Table 1.

For all investigated heparins, the reaction with PF4 was exothermic
(heat release; Figure 3), but 2 distinct reaction patterns occurred: (1)
reactions with large heat release (enthalpy change) and (2) reactions
with little heat release. PF4/UFH, PF4/LMWH, and PF4/HO16
complexes showed the largest heat release (Table 1; Figure 3A-C),
whereas PF4/HOO8 (Table 1; Figure 3D), PF4/HO06 (Table 1;
Figure 3E), and PF4/fondaparinux complexes showed ~60%, 30%,
and <20% of the heat release of PF4/UFH complexes, respectively
(Table I; Figure 3F, please note the different scales in Figure 3).

We calculated relatively low values of equilibrium dissociation
constant Ky, for the complexes formed by PF4 with HO16 heparin
(0.05 pM), LMWH (0.09 uM), and UFH (0.14 M), indicating
strong binding compared with the K, for the complexes formed
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Figure 2. Representative liquid AFM tapping mode images of (A) PF4 alone
and (B) PF4/UFH, (C) PF4/HO16, (D) PF4/HO08, (E) PF4/HO06, and (F) PF4/
fondaparinux complexes on mica; the cori ding height histograms
derived from all experiments are shown in G.

with short chain length heparins (1.25 uM for PF4/fondaparinux
complexes; 2.5 pM for PF4/HO06 complexes, and 0.2 uM for
PF4/HO08 complexes).

The key finding of the thermodynamic studies is the change in
randomness of the system (entropy, AS; Table 1), which correlates
very well with the binding capacity of the resulting PF4/heparin
complexes for anti-PF4/heparin antibodies (as shown by ELISA).
We give the enthalpy per PF4 molecule because this is the constant
reaction partner in our experiments.

The calculated AS for the PF4/UFH complex and PF4/LMWH
complex showed a negative value (—15.6 = 4.1 and —11.5 = 3.8
cal/mol/K, respectively, with respect to 1 PF4 molecule), ie, a
considerable amount of energy released after PF4 binding was
consumed by the conformational changes of the complexes (an
alternative explanation is that hydrophobic functional groups move
to the surface of PF4 coming into direct contact with water). A
similar pattern (negative change in entropy, AS = —11.4 = 6.2
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Figure 3. Representative binding isotherms for the titration of PF4 with defined
chain length heparins. (Upper) Raw titration data and (lower) integrated heats as
a function of the molar ratio of heparin/PF4 for (A) UFH, (B) LMWH, (C) HO16, (D)
HOO08, (E) HO06, and (F) fondaparinux.

cal/mol/K with respect to | mol PF4) was found for PF4/HO16
complexes. In contrast, complexes formed by PF4 with HOO0S,
HOO06, and fondaparinux showed a positive entropy change, ie,
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binding of these heparins does not result in conformational changes
of the PF4/heparin complexes that require additional energy.

Discussion

Our studies combining physicochemical characterization with as-
sessment of anti-PF4/heparin antibody binding provide new insights
into the interaction mechanism between PF4 and heparins. Using
heparin fragments with defined length, we found that PF4/heparin
complexes require the following characteristics to bind anti-PF4/
heparin antibodies: induction of an increase in antiparallel -sheets
in PF4 exceeding ~30%; formation of multimolecular complexes;
and an amount of energy larger than —4000 cal/molpg,. This energy
is required for the conformational changes in PF4 needed to expose
the antigenic epitopes and is provided when heparins =11-mers bind
to PF4.

Although we confirm in this study that an increase in the anti-
parallel B-sheet content of PF4 >30% is a requirement'” for binding
of anti-PF4/heparin antibodies, it was a major surprise when we
found that in complexes with HOO8 and HOO06, the antiparallel
B-sheet content of PF4 increased clearly >34% (ie, even more than
in PF4/UFH complexes). It is well known that a critical heparin chain
length of ~12 saccharide units is required to form PF4/polyanion
complexes that express the antigen to which anti-PF4/heparin anti-
bodies bind*® and induce subsequent platelet activation.”* 10-mer
heparin fragments induce only weak recognition, and 8- and 6-mer
heparin fragments are even less>*** or nonreactive.”® Consistent
with these findings, anti-PF4/heparin antibodies did not (or only
minimally) bind to PF4/HO08 and PF4/HO06 complexes in our
study. Only fondaparinux neither increased the antiparallel B-sheet
structures of PF4 nor facilitated binding of anti-PF4/heparin anti-
bodies when complexed with PF4 (Figure 1). However, fondaparinux
still binds to PF4 as shown by ITC, where interaction of PF4 with
fondaparinux results in an exothermic reaction (ie, the enthalpy change
is negative; Table 1; Figure 3E).

CD spectroscopy already gave a first hint that HO08 and HO06
form with PF4 different complexes than longer heparins. The typical
reversible changes in the secondary structure of PF4 at high heparin
concentrations were only seen for UFH, LMWH, and HO16, but not
for HOO8 and HOO06. This feature, can, however, not be the only
feature differentiating between PF4/polyanion complexes that bind
anti-PF4/heparin antibodies and those that do not. Dextran sulfate
also induces irreversible changes in the PF4 secondary structure but
at the same time, anti-PF4/heparin antibodies bind strongly to PF4/
dextran sulfate complexes.'”!

We assumed that formation of multimolecular complexes is the
requirement for anti-PF4/heparin antibody binding as already shown
by us'*2*3% and others'® and that at minimum a 12-mer is required
for formation of such large complexes.?® Accordingly, we found by

Table 1. Thermodynamic parameters (calculated per mole PF4 tetramer) for the interaction of PF4 with UFH, HO16, LMWH, HO08, HO06, and

fondaparinux at 25°C

Complexes Enthalpy, AH (cal/mol)  Di: iation cc it, Kp (kM)  Stoichiometry, n  Gibbs free energy, AG (cal/mol)  Entropy, AS (cal/mol/K)
PF4/UFH —6682 = 1150 0.14 0.24 + 0.03 —2240 + 80 —156 + 41
PF4/HO16 —7260 = 1365 0.05 042 £ 041 —3865 + 489 -114 £ 6.2
PF4/LMWH —6663 = 906 0.09 0.36 = 0.01 —3515 = 136 —11.5/* 3.8
PF4/HO08 —4240 * 1467 0.20 1.93 + 0.42 —17 148 = 635 46.1 + 23.3
PF4/HO06 —2071 + 35 250 0.42 + 0.04 —3190 = 151 3.7 + 05
PF4/fondaparinux —1333 * 57 1.25 1.30 = 0.15 -10415 = 404 304 1.4

The stoichiometry n is the molar ratio heparin molecule/PF4.
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Table 2. Thermodynamic energies for the interaction of PF4 with
UFH, LMWH, HO16, HO08, HO06, and fondaparinux at 25°C,
calculated per mole of PF4 tetramers

Enthalpy, AH Required enthalpy,
Complexes (cal/mol) AH,eq (cal/mol)t
PF4/UFH -6682 = 1150 > —4673 = 1238
PF4/HO16 —7260 + 1365 > —3415 + 1865
PF4/LMWH —6663 + 906 > —3450 = 1140
PF4/HO08 —4240 + 1467 =~ —3840 = 717¢
PF4/HO06 —2071 + 35 < —3840 + 717%
PF4/fondaparinux —1333 = 57 < —3840 = 717

*A comparison of the minimum required enthalpy with the measured enthalphy
indicates if an antigenicity inducing conformational change (similar to UFH, LMWH,
and HO16) is thermodynamically allowed (AH > AHqq), unlikely (AH = AHqq), or
forbidden (AH < AHeq).

1The lower limit for the enthalpy required to drive antigenicity inducing con-
formational changes was estimated using TAS by taking either the measured AS
values (UFH, LMWH, HO16) or assuming AS = —12.8 cal/mol/K (for heparins labeled
with £), which is the average of the entropy changes for UFH and HO16.

AFM that the size of PF4/fondaparinux and PF4/HO06 complexes
did not differ largely from the size of PF4 alone (Figure 2). However,
PF4/HOO08 complexes were as large as PF4/HO16 complexes, and
still anti-PF4/heparin antibodies did not bind to them. Thus, ex-
posure of the antigen allowing binding of anti-PF4/heparin antibodies
must require more than formation of multimolecular complexes
between PF4 and a polyanion even if this induces a change in anti-
parallel 3-sheets of PF4 >30%.

These puzzling observations were further clarified by ITC, which
measures the thermodynamic changes when PF4/polyanion com-
plexes are formed. For all investigated heparins, heat was released
on binding to PF4. However, longer heparins induced a higher
heat release (negative change in enthalpy) compared with shorter
heparins. Normalized per mole PF4 tetramers, the largest heat release
(the highest negative values for enthalpy) was measured for the
complexes formed by PF4 with UFH, LMWH, and HO16, whereas
HOO08, HO06, and fondaparinux (Tables 1 and 2) induced much
less heat release when complexed with PF4. This is an unexpected
finding for a mainly electrostatically mediated interaction.*® The
smaller heparin molecules should have been able to pack closer to
the PF4 tetramers, thereby displacing more water molecules and
consequently leading to an increased heat release.

By comparing the ELISA data with the ITC data, it became
obvious that the heat release has to be stronger than approximately
—4000 cal/molpg4 to allow expression of the binding site for anti-PF4/
heparin antibodies. In other words, this energy is needed to drive the
structural changes in PF4 required for exposure of the neoantigens.
This is hardly fulfilled by HOO08, but not by HO06 and fondaparinux
(Table 2).

We then extrapolated the change in enthalpy (heat release) of the
different heparins, as shown graphically in Figure 4. The required
change in enthalpy approaches the values of UFH and HO16 at a
chain length of ~11 monosaccharide units. This excellently matches
with empirically observed interaction patterns of PF4 with different
heparins showing that =12 monosaccharides are necessary to induce
anti-PF4/heparin antibody binding in vitro.?®° This critical heparin
chain length can therefore also be interpreted by the minimum chain
length that is necessary to release enough energy to drive the PF4
conformational changes, which finally lead to epitope exposure.'®

The CD experiments showed different patterns of the antiparallel
B-sheet content of PF4 (Figure 1), which was reversible at higher
concentrations when UFH, LMWH, and HO16 were added, but
irreversible with HO08 and HOO06. Likely, shorter heparins (HO08
and HOO06, and presumably all heparins <11-mers) pack closely
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around PF4 tetramers; thereby, each negative charge of the heparin
chain finds positive binding partners on PF4. Larger heparins,
however, are too long to just bind to one PF4 tetramer. Therefore,
they likely bridge between two PF4 tetramers to find maximal
binding partners to neutralize their negative charges. This requires
close approximation and a conformational change that consumes
energy. By adding more heparin, the long heparin molecules all
compete for the positive binding sites on PF4. As already proposed in
earlier studies,?* this then results in disruption of the multimolecular
complexes and reversal of the conformational change. In contrast,
fondaparinux, HO06, and HOO8 already form energetically favor-
able complexes with PF4, which will not be reversed by the addition
of more fondaparinux, HO06, or HOO08.

Our study has some limitations. We determined the structural
changes of the PF4 molecule associated with exposure of the anti-
body binding site. Whether these changes are causative or indirectly
related can only be determined when the structure of the binding
site(s) for PF4/heparin antibodies is identified. This will require
crystallization of PF4/heparin complexes together with an anti-PF4/
heparin antibody. Although we did use typically reacting human
anti-PF4/heparin antibodies, the panel of 14 human sera may not
cover the entire spectrum of binding characteristics of human anti-
PF4/heparin antibodies. In addition, the defined heparin fragments
that we used are not characterized for their anticoagulatory potency.
They are model substances and might show different physical char-
acteristics, especially depending on the number of their sulfate
groups. In the AFM experiments, we had technical difficulties to
immobilize PF4/UFH complexes on the mica surface in the fluid
phase, in contrast to previous experiments, in which we assessed
PF4/heparin complexes by AFM on dried mica.'* Most likely, the
PE4/UFH complexes are so large'® that they had been flushed
away in the present fluid phase experiments. Consistent with this
hypothesis, we found large PF4/UFH complexes in additional ex-
periments (300-second incubation time and gentle dipping instead of
washing; data not shown). In addition, the PF4/polyanion complexes
we observed in the fluid phase were predominantly globular, similar
to the complexes seen in TEM images of Rauova et al.'® We did not
find ridge-like structures as previously described,'® which had a
height of only about 2.9 nm and a length of up to 200 nm. These
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Figure 4. Dependence between change in enthalpy and heparin chain length.
The change in enthalpy (circles, values taken from Table 2) increases with chain
length and reaches the values of HO16 and UFH at a heparin chain length around 11
monosaccharides, which is close to the critical heparin chain length (=12) that has to
be exceeded to form antigenic PF4/heparin complexes. The error bars for HO05 and
HOO6 are so small that they are hidden by the circles.
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differences can be explained by the fact that measurements were
carried out in liquid and tip convolution is much larger here than in
the previous work. We also did not exclude the interaction of several
polyanions with PF4, eg, endothelial cell heparin sulfate and the
pentasaccharide, which may together induce conformational
changes that likely happen in vivo and may be the explanation
why fondaparinux can induce anti-PF4/heparin antibodies.**

Our study shows for the first time that besides clustering, con-
formational changes of PF4 by a polyanion do not necessarily lead
to the expression of the binding site for anti-PF4/heparin antibodies.
This only occurs if binding of a polyanion to PF4 results in a con-
formational change that requires input of energy. Only then does PF4
expose structures to which the immune system reacts and that can
therefore be seen as danger signal, eg, for labeling bacteria.®® Thus,
our biophysical methods may be applied to guide the development of
synthetic heparins and other polyanion-based drugs, eg, aptamers,m1
that do not lead to expression of these danger signals, which results
in an increased risk for heparin-induced thrombocytopenia.

Beyond HIT, understanding the conformational changes making
PF4 immunogenic may be relevant for mechanisms underlying other
autoimmune blood disorders and immune reactions to human
recombinant proteins used as biotherapeutics. Many proteins that are
the target of autoantibodies in hematology tend to cluster, eg, PF4
clusters with polyanions like heparin; platelet glycoprotein IIbIlla
(target in immune thrombocytopenia) clusters in rafts®’; and
ADAMTS 13 (target in thrombotic thrombocytopenic purpura) may
cluster on von Willebrand factor.>® If in addition to clustering, these
proteins undergo conformational changes, they may also trigger
an immune response. In this regard, it is of interest that GPIIbIIIa
and ADAMTS 13 have in common that their genes show many poly-
morphisms. Potentially, certain point mutation or post-translational
modifications allow conformational changes critical for the immune
system with less energy input.

In summary, biophysical methods allowed us to characterize the
conformational changes, which the endogenous protein PF4 under-
goes when it forms complexes with well-defined polyanions. Our
findings may help to synthesize safer heparins. Beyond HIT, these
methods may be relevant to unravel mechanisms that prone other en-
dogenous proteins relevant in autoimmunity to become immunogenic.
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Abstract

Polyphosphates (polyP) are one of the most ancient, conserved and enigmatic molecules in biology.
These ubiquitous polymers are formed by phosphate (Pi) residues. They are procoagulant,
prothrombotic, and pro-inflammatory and interfere with innate immune mechanisms. Here we
demonstrate that defined chain length polyP (P45; P75) form, at specific stoichiometric ratios, complexes
with platelet factor 4 (PF4 or CXCL4). PF4 is an evolutionary conserved chemokine, released from platelet
a-granules binding to polyanionic lipid A on bacteria. Thisinduces an antibody mediated bacterial host
defense mechanism, which can be misdirected when PF4 and pharmacologic heparin form

PF4/polyanion complexes thereby inducing the adverse drug reaction heparin-induced
thrombocytopenia (HIT). We show by circular dichroism spectroscopy and isothermal titration
calorimetrythat PF4 changes its structure upon binding to polyP chain length (245 Pi) in a similar way as
shown for PF4 in PF4/heparin complexes. Consequently, PF4/polyP complexes expose neoepitopes to
which human anti-PF4/heparin antibodies obtained from HIT-patientsbind. Most importantly, we show
that polyP (245 Pi) enhance binding of PF4 toE. coli, hereby facilitating bacterial opsonization and, in the
presence of human anti-PF4/polyanion antibodies, phagocytosis. This indicates a further biological role
of polyP, i.e. enhancing an ancient bacterialimmune defense mechanism.

Keywords: polyphosphates, platelet factor 4, protein structural changes, entropy, antigenicity, bacteria
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Introduction

Inorganic polyphosphates (polyP) are ubiquitous polymers formed by phosphate (Pi) residues linked by
phosphoanhydride bonds and one of the most ancient, conserved and enigmatic molecules in biology. -

PolyP are of particularinterestin hematology because they are secreted by activated platelets*-¢ or mast
cells’” and accumulate in many infectious microorganisms.2 It has been shown that polyP are
procoagulant,®210 prothrombotic,®'! and pro-inflammatory.®-°1° PolyP trigger clotting via the contact
pathway,®1112accelerate factor V activation, ! enhance fibrin clot structure, 314 and accelerate factor XI
back-activation by thrombin.15 It has been recently shown that polyP dampen theinnate immune
response by suppressing complement, interfering therefore also with the complex relationship between
coagulationand innate immunity.16

PolyP arestored in platelet dense granulestogether with calcium, ATP, ADP, and serotonin as polymers
with a mean chain length of 60-100 Pi. They are secreted from procoagulant platelets and initiate
thrombosis by contact activating FXII.® Both synthetic platelet size polyP!! and natural platelet derived
polymers trigger coagulationin human plasma in a FXII-dependent manner.7 PolyP concentrationin
plasma rangesfrom 10-50 uM, but due to phosphatases, polyP are unstable and have a half-life of about
90 min in plasma.11-1318Recently, it was found that polyP act as primordial chaperone stabilizing proteins
in vivo helping them to withstand proteotoxic stress.?

Platelet factor 4 (PF4), a chemokine of the CXCL4 family released from alpha-granulesduring platelet
activation, -2 binds to polyanionic drugs e.g. heparin?2-2* and exposes an epitope recognized by anti-
PF4/heparin antibodies, leading to the prothrombotic adverse drug effect heparin-induced
thrombocytopenia (HIT). PF4/polyanion complex formation is not restricted to sulfate groups in heparin;
it may also occur through phosphate groups as shown for lipid A,2> DNA and RNA.26.27

As a (potential) part of the innate immune system, PF4 binds to the surface of bacteria, and when
undergoing a conformational change, PF4 acts as a marker for pathogens to which anti-PF4/heparin
antibodies bind, hereby enhancing phagocytosis of the pathogens by granulocytes.28 Previously, we have
shown that heparin increases the binding of PF4 to platelets at a certain molar ratio with binding being
disrupted at very high heparin concentrations 2? which wasalso shown for bacterial surfaces.?8

More recently, we have shown that PF4 undergoes characteristic conformational changes when
complexing with heparin, exposing the binding site for anti-PF4/heparin antibodies.3°

Here we report on the complex formation between PF4 and polyP with of defined two different mean
chain lengths (45-, and 75-mer) and with triphosphate. We found that beside the conformational change
of PF4 exposing approximately 40% antiparallel B-sheets, the PF4/polyP complexes cross-react with anti-
PF4/heparin antibodies and undergo favorable entropic changes. We also show that polyP (245 Pi)
influence the binding capacity of PF4 to Gram-negative Escherichia coli (E. coli) and — together with anti-
PF4/polyanion antibodies — enhance bacterial phagocytosis by polymorphonuclear leukocytes in a
concentration dependent manner. These findings may provide relevant aspects to understand the
biological functions of polyP and give insights into their potential role as part of an ancientimmune
defense system recognizing bacteria.
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Materials and Methods

Materials

Lyophilized, human platelet factor 4 (PF4) isolated from platelets was purchased from Chromatec GmbH
(Greifswald, Germany). Sodium polyP of two different mean chain lengths (45, and 75 Pi per molecule)
and triphosphate (P3) were obtained from BK Guilini (Ladenburg, Germany). Samples were dialyzed
against phosphate buffered saline (PBS) with a pH of 7.4 (NaCl, KCl, KH,PO, all purchased from Th. Geyer
GmbH & Co KG, Renningen, Germany; Na,HPO, from Merck KGaA, Darmstadt, Germany)in Slide-A-Lyzer
dialysis cassettes (Thermo Scientific, 3 ml, 3500 MWCO, Schwerte, Germany).

Circular dichroism (CD) spectroscopy

Changes in the secondary structure of PF4 upon complex formation with polyP were investigated by
Circular Dichroism (CD) spectroscopy using a Chirascan CD spectrometer (Applied Photophysics,
Leatherhead, UK). Far-UV spectra (200-260 nm) were recorded for different molar ratios of polyP/PF4
(c(P;)/c(PF4)=43-350, as indicated in Figure 1) at 20°C using a 5 mm path length cuvette (110-QS, Hellma,
Millheim, Germany). Measurements were started with pure PF4 (2.5¥10¢ M = 80 pg/ml) diluted in PBS
buffer and polyP concentrationwas subsequently increased. Baseline spectra of both PBS and polyP at
the corresponding concentrations were subtracted and resulting spectra were corrected for
concentration, number of amino acids, and path length to obtain meanresidue delta epsilon (MRDE)
values. The moderate dilution of PF4 was taken into account for the MRDE calculation. To illustrate the
development of the two a-helical bands at 206 nm and 222 nm, the values of these bands were
normalized with respect to the native spectrum (set as one) and the maximum change that was observed
(set to zero) (Figure 1). Deconvolution of the CD data was carried out using CDNN (circular dichroism
neural network) software using a database of 33 reference proteins. 3!

Enzyme immune assay (EIA)

PF4/polyP EIAwas conducted with three human sera of patients who were immunized during treatment
with heparin as described with some modifications.32 To enable complex formation PF4 (6.25*107 M =
20 pg/ml) was incubated (RT, 1 h) with increasing concentrations of polyP (0-1.556*10* M,, = 0-16
ug/ml) or coating buffer (0.05M NaH,PO,, 0.1% NaNj3) before coating (4°C, overnight) wells of a
microtiter plate (Covalink, Nunc, Langenselbold, Germany) with 100 ul. Next day, plateswere washed
five times (0.15 M NaCl, 0.1% Tween 20, pH 7.5) and incubated (RT, 1 h) with 100 pl patient serum (1:300
or 1:1000 in 0.05 M NaH,PQO,, 0.15 NaCl, 7.5% goat normal serum, Sigma G6767, pH 7.5). After washing
five times, plates were incubated (RT, 1 h) with 100 pl peroxidase-conjugated anti-human IgG (Dianova,
Hamburg, Germany; 1:20000in in 0.05 M NaH,P0Q,, 0.15 NaCl, 7.5% goat normal serum). After five times
washing, plates were incubated (RT, 10 min, dark) with 100 pltetramethylbenzidine (BD OptEIATMB
substrate, Heidelberg, Germany). The reaction was stopped with 100 ul H,SO, and the absorbance was
measured at 450 nm.

Isothermaltitration calorimetry (ITC)

Isothermaltitration calorimetry experiments were carried out at 25°C using a MicroCal iTC200 (GE
Healthcare Life Sciences).3334 PolyP and PF4 were prepared in PBS (pH 7.4). PF4 [1.48*10> M =472
ug/mL] was placed in the calorimeter cell and the syringe was loaded with triphosphate (P3 [1.42*103 M
=500 pg/mL]) or polyP (P45 [1.08*104 M = 500 pg/mL], P75 [1.00*¥10* M = 750 pg/mL]). The
measurement was started by injecting 0.4 ul polyP, followed by 18 injections of 2 ul at 1000 RPM with
240 seconds spacing time, low feedback, 5 seconds filtering period and the reference power to 6
ucal/sec. Calorimetric data were fitted to a One Set of Sites model with a non-linear regression to obtain
the enthalpy (AH), stoichiometry (n), and the equilibrium constant (KA) using Origin 7.0 SR4 software
(OriginLab Cooperation, Northampton, USA). Equilibrium dissociation constants (KD) were calculated as
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the reciprocal of KA. The Gibbs free energy change (AG) was calculated with the equation AG = -RT In KA
and the entropy (S) based on the relationship AG = AH-TAS. The reported parametersare mean values of
three independent measurements.

PF4 binding to bacteria

UV-inactivated and fluorescein (FITC) labeled25 Gram-negative Escherichia coli (E. coli JM109-FITC) were
incubated (30 min, 4°C) with biotinylated PF4 (20 pug/ml, diluted in PBS) alone or in the presence of
different concentrations (0-40 pg/ml) of polyP. After washing with PBS/0.05% BSA (3000 g, 5 min, 4°C),
bacteria were incubated (30 min, 4°C) with Streptavidin-PE Cy5.5 (BD Biosciences, Heidelberg, Germany)
and washed as before. PF4 binding to the bacteria was analyzed by flow cytometry (Cytomics FC 500,
Beckman Coulter). The binding activity was defined as the geometric mean fluorescence intensity
multiplied by the percentage of labeled bacteria.

Phagocytosis assay

E. coli JM109 self-labeled with FITC25 were incubated (30 min, 4°C) with PF4 (200 ug/mL)alone or in the
presence of different concentrations (0.8-200 pg/mL) of P75. The washed samples (3000g, 5 minutes,
4°C) were incubated (30 min, 4°C) with human serum (1:50) of patients known to contain anti-
PF4/heparin 1gG antibodies (n=3). The sera had been heat-inactivated (56°C, 45 min) and pre-adsorbed
with E. coli JM109 (non—-PF4—coated; 15 min, 4°C; 4 times). Bacteria were washed againto remove
unbound antibodies. Finally, a whole blood phagocytosis assay was performed as described28 using
pretreated bacteria.

Results

To investigate whether polyP induce changes in the secondary structure of PF4 we used CD
spectroscopy. Triphosphate (P3) did not induce any changesin the CD signal of PF4 (Figure 1A),
indicating that no alterations in the protein structure occurred. In contrast, PF4 showed pronounced
structural changes when titrated with P45 (Figure 1B) and P75 (Figure 1C), respectively.

The maximum changes observed in the CD signal were comparable and reached at similar concentrations
(8 pg/mL=1.7*10"°M for P45 and 6 pg/mL = 8.0*107 M for P75). Absolute values of these two bands are
proportional to the presence of a-helix content in the protein.35:36

In the bottom panels of Figure 1, the development of the bands normalized with respect to the
maximum changes and the native spectrum are shown. The two bands shift to lower values during the
titration having a minimum at a certain molar ratio, indicating the point of maximum structural changes.
Deconvolution of the CD data confirmed a drop in a-helix in combination with a decreasein B-turn
content (Figure S1). The decrease in both a-helix and in B-turn wasbalanced by a pronounced increasein
antiparallel B-sheet exceeding 40% (Figure S1). The maximum structural changes are similar for PF4 in
complex with P45 and P75 (anincrease of ~15% in antiparallel -sheet content), Figure 2B. The
deconvolution of the CD data for the PF4/P3 complexes suggested no structural changes at any molar
ratio (Figure 2B and Figure S1).
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Figure 1: CD spectra of various c(Pi)/c(PF4) molar ratios are shown, where c(Pi) and c(PF4) are the molar

concentrations of phosphate monomers (Pi) and the PF4 tetramer, respectively. PF4 [2.5 uM = 80 pug/ml,
was titrated with triphosphate P3 (A) and polyP P45 (B)and P75 (C), respectively. The top panels show
the structural changes in the protein toward a maximum at a certain PF4:polyP ratio, except for P3
where no changes were observed. The bottom panels show the nor-ma-lized development of the two a-
helix bands, indicated as band 1 and band 2 in the upper panel in Figure 1A.

Antibody binding to PF4/polyP complexes and correlation with stru ctural changes of PF4

We further addressed the question whether the PF4/polyP complexes can mimic the PF4/heparin
complexes by carrying out enzyme immunoassays (EIA) with sera of patients known to contain anti-
PF4/heparin antibodies (Figure 2A).

Previously, it was shown that binding of the antibodies to PF4/heparin complexes depends on the molar
ratio of the protein and the glycosaminoglycan.32 We therefore, formed complexes of PF4 with
increasing concentrations of polyP and assessed whether anti-PF4/heparin antibodies obtained from
patients who developed these antibodies during treatment with heparin, cross-react with PF4/polyP
complexes. No antibody binding was observed for the PF4/P3 complexes at any molar ratio (Figure 2A,
A). In contrast, the anti-PF4/heparin antibodies recognized PF4 in complex with P45 and P75 (Figure 2A,
o and ©). Only slight differences in structural changes of PF4 in complex with P45 and P75 were
observed by CD spectroscopy (Figure 2B), and in binding anti-PF4/heparin antibodies to both complexes,
PF4/P75 and PF4/P45 as determined by EIA. This shows that both P45 and P75 induce conformational
changes in PF4 thereby exposing the binding site for anti-PF4/heparin antibodies. However, the
PF4/polyP molar ratio where the maximum antibody binding occurs, differs for P45 (P,/PF4=~27) and P75
(Pi//PF4=48). In addition, the maximum optical density at 450 nm for binding of anti-PF4/heparin IgG
antibodies to the PF4/P75 complexes (OD 2.6) was higher than for the PF4/P45 complexes (OD 1.5).
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Figure 2: A — binding of three different sera containing anti-PF4/heparin antibodies to PF4/polyP
complexes wasassessed by enzyme immune assay (EIA) after coating of microtiter plates with various
molar ratios of PF4 in complex with the triphosphate P3 (A) or with P45 () or P75 (¢); B -
conformational changes of PF4 in complex with P3 (4); P45 (o); or P75 (<) represented by antiparallel B-
sheet content found by deconvolution of the CD data. For PF4/P3 complexes neither a changein
antiparallel B-sheet, nor any antibody binding was observed over the whole concentration range. PF4 in
complex with P45 or P75 showed anincrease in antiparallel B-sheet up to approx. 40%. The changein OD
at 450 nm reaches1.50 + 0.19 at a P45,/PF4 ratio of ~27 and of 2.58+0.25at a P75,/PF4 ratio of 48. The
error bars represent the standard deviation of three independent CD measurements.

Thermodynamic characterization of PF4/polyP complexes

We further assessed the energetic characteristics of the PF4/polyP binding interactions using isothermal
titration calori-metry (ITC) (Figure S2). The thermodynamic parametersare provided in Table 1.

P45 and P75 polyP in complex with PF4 showed characteris—tic negative peaks, indicating an exothermic
reaction (top panels in Figure S2B and Figure S2C). With the progression of titration, peaks become
smaller suggesting saturation of the available binding sites on PF4. The area under the peaks was
integratedtoobtain the characteristic s-shaped curve (bottom panels in Figure S2B and Figure S2C).

The titration of PF4 with P3 did not indicate interaction within the tested concentrations (0 —2.83.0*¥10-
M = 10 pg/mL) and no thermodynamic parameters could be defined (n.d.). As expected from CD
spectroscopy and EIA data, PF4 and polyP formed spontaneously complexes as indicated by negative
values of the Gibbs free energy of binding (AG) calculated for P45 and P75 (Table 1 and Figure S3). The
AG shows similar values (when calculated to a mole of polyP contributing tothe reaction) for PF4/P45
and PF4/P75 complexes, respectively. The profile consisting of AG, enthalpy (AH), and entropy (-TAS) is
different for the complex formation of PF4 with P45 and P75, respectively, (Table 1, Figure S3). PF4/P75
complex showed larger heat release (enthalpy change, AH =-7.06+0.33 kcal/mol) than PF4/P45 complex
(AH =-4.07+0.49 kcal/mol), Table 1. This is consistent with the findings that anti-PF4/heparin antibodies
bound differently to the two complexes as shown above.
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Table 1: Thermodynamic parameters for the interaction of PF4 with P3, P45 and P75.

Enthalpy, Enthalpy, Dissociation Stoichio- Gibbs Free Entropy,
Complex AH? AHP constant” metry Energy, A"  -TAS*P

[kcal/mol] [kcal/mol]  [M] [polyP/PF4] [kecal/mol] [kcal/mol]
PF4/P3 n.d. n.d. n.d. nd. nd. n.d.

PF4/P45  -8.21+2.31 -4.0740.49  1.7%107+6.7%10® 0.51+0.10 -9.25+0.22 1.04+2.47

PF4/P75  -16.6%0.46 -7.06£0.33  8.4*107+1.4*107 0.43+0.01 -8.28+0.09 -8.36+0.55

Note: Change in enthalpy (AH) calculated: a) per mole of polyP chain or b) per mole of PF4 tetramer.

The calculated -TAS per mole of PF4 was negative for the PF4/P75 (-8.36%0.55 kcal/mol/K) , indicating
that formation of PF4/P75 complexes is associated with favorable conformational changes and/or
hydrophobic interactions. For PF4/P45 complexes, the change in entropy is close to zero (1.04+2.47
kcal/mol per mole of polyP chain).

The dissociation constant of PF4 to P45 (Kp=1.7*10-% M) was found to be higher compared with the one
of PF4 to P75 (Kp=8.4*107 M) indicating lower affinity for the latter. The stoichiometry calculated for the
PF4/P45 complex was 0.51+0.1 P45/PF4) compared to 0.43+0.01 P75/PF4), meaning that 2.36 PF4 bind
per P75 molecule or 1.99 PF4 bind per P45 molecule. Therefore, ITCand CD spectroscopy show a similar
stoichiometry: for P75, 31 P, monomers bind to one PF4 compared to 48 from CD-spectroscopy. Fewer P;
monomers of P45 bind to one PF4: 23 or 24, respectively.

Binding of PF4 to bacteriain the presence of polyP

To investigate the influence of polyP on the binding of PF4 to bacterial surfaces, we used the well-
characterized laboratory strain Escherichia coli (E. coli JM109). Bacteria were incubated with PF4 (20
ug/mL)and increasing concentrations of polyP (0-40 pg/mL) to obtain different PF4:polyP ratios. Flow
cytometry measurements revealed the amount of PF4 bound to the bacterial surface as a function of
polyP concentration. The short triphosphate P3 did not change the amount of PF4 bound to bacteria
over a concentrationrange from 0 - 40 ug/mL. (Figure 3, &) In contrast polyP (P45 and P75) increased the
amount of PF4 bound to the bacterial surface of E. coli (Figure 3,0 and <). At higher concentrations P45
and P75 decreased PF4 binding.
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Figure 3: Binding of PF4 to E. coli as a function of polyP concentration (P37, P45}, and P75 )is
shown. PF4 was incubated with bacteria and increasing concentrations of polyP and PF4 binding to
bacteria was measured by flow cytometry. P45 and P75 increased PF4 binding to bacteria with a
maximum at 1.25 pg/mL. At higher concentrations (>10 pg/ml) both, P45 and P75 inhibited PF4 binding
to the bacterial surface. No significant changes could be observed for the triphosphate P3. (Significance
levels: */+ - p<0.05, **/+ - p<0.01)

Phagocytosis of PF4/P75-coated E. coli incubated with anti-PF4/heparin antibodies by
polymorphonuclear leukocytes

After showing that polyP can increase PF4 binding to bacteria, we analyzed whether polyP can also
increase anti-PF4/heparin antibody-mediated bacterial phagocytosis by polymorphonuclear leukocytes
(PMNs). Phagocytosis of E. coli increased by incubation with PF4 and anti-PF4/heparin antibody
containing serum (Figure 4). Depending on the P75 concentration, the number of internalized bacteria
increased with a maximum at 12.5 pg/mL and was inhibited at concentration higher than 50 pg/ml.
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Figure 4: Phagocytosis of E. coli pretreated with PF4 or PF4/P75 complexes and anti-PF4/heparin
antibody containing serum by polymorphonuclear leukocytes (PMNs) measured by flow cytometry. The
figure shows the mean fluorescence intensity (MFI) multiplied by the percentage of FITC-positive PMNs
as a measure for bacterial phagocytosis. Data are mean SD of three independent experiments with
three different sera and three different blood donors. (Significance levels: * p<0.05)

Discussion

118



6. Appended papers
6.4 Paper IV: PF4/polyP

The main finding of this study is that polyP interact with the chemokine PF4, inducing a conformational
changein PF4, which augmentsbinding of anti-PF4/polyanion antibodies to PF4/polyP complexes on the
bacterial surface. This identifies a new mechanism by which polyP contribute to animmune-mediated
bacterial defense mechanism.?2

As we were interestedin the role of platelet derived polyP, which contain polyP in the size range of 70-
75 P;#* or 60-100 P;#11 we selected polyP of 75-mer length for the primary experiment and a polyP 45-mer
as well as a triphosphate to assess a potential impact of degradation of polyP by phosphatases. In
accordance with previous data, which we obtained with carbohydrate based polyanions, ?43% and with
nucleic acids,?® only the longer polyP induced an increase in the antiparallel -sheets exceeding 40% in
the PF4 structure (45- and 75-mer polyP) and led to PF4/polyP complexes to which anti-PF4/heparin
antibodies bound. Triphosphate (P3) was not able to induce conformational changes in the structure of
PF4 and consistently, did not augment binding of anti-PF4/heparin antibodies. The short P3 did not even
induce any signal in ITC when co-incubated with PF4. This shows that the changes in PF4 are not caused
by addition of negative chargesonly but that the polyanion has to have a certainlength. For
polysaccharides, the critical length to induce conformational changesin PF4, which result in expression
of the epitopes to which anti-PF4/heparin antibodies bind, is at about 10-12 carbohydrate units. For
polyphosphates the critical length is between the triphosphate and the 45-mer. As released polyP is
degraded (half-life of 1.5to 2 hours),3738 it was an interesting question, whether such smaller polyP
molecules interfere with the positive chargeson PF4, potentially acting as inhibitors of the interaction of
longer polyP with PF4. This is obviously not the case for P45.

Polyphosphates increase PF4 binding to bacteriain a bell shaped curve (Figure 3). PF4 binds to lipid A,
the basic structure of LPS on Gram negative bacteria even in the absence of polyP.2> Addition of polyP
increases binding of PF4 up toa concentration of 1.25 pg/ml. At higher concentrations of polyP, PF4
binding decreases to the baseline and at concentrations above 5 pg/mL, PF4 binding decreases below
the baseline value. The explanation for this effect, which is similar to the one seen with sulfated
carbohydrates and PF4 binding to platelets?® and E. coli,?* is the formation of complexes between polyP
and PF4 at a certainstoichiometry. At higher concentrations, polyP saturates the positive PF4 binding
sites, thereby inhibiting complex formation. At very high concentrations, polyP even competes with PF4
binding to lipid A, thereby decreasing PF4 binding to E.coli below the baseline values. Bacteria contain
polyP3? and release of polyP from bacteria might be a mechanism to counteract PF4 binding.

However, the optimal concentrations for PF4 binding to bacteria in vivo depend on both, the amount of
PF4 and the amount of polyP, which may vary considerably depending on how many platelets are
activated and release PF4.

Recently, Grayet al.2 reported that polyP (45-1300 P; units) stabilize proteins in vivo and protect a wide
variety of proteins against stress-induced unfolding and aggregationin an ATP-independent manner. Our
data obtained by CD spectroscopy and ITCclearly show that polyP also stabilize the conformation of PF4
which is important for bacterial host defense?® in an ATP independent manner. This allows enhanced
binding of anti-PF4/polyanion antibodies and increases phagocytosis of such opsonized pathogens by
PMNs.

This let us to propose that polyP amplifies the host defense mechanism of PF4, which we have recently
proposed after showing that PF4 binds to bacteria, forming complexes to which anti-PF4/heparin
antibodies bind (Figure 5).
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Figure 5: Schematic representation of the mechanism of how polyP mediate antibacterial host defense.
Activated platelets release positively charged PF4 interacting with polyP at the bacterial surface. This
generatesantigenic PF4 clusters which initiate antibody production by B-cells. These antibodies can bind
to all bacterial species which form PF4 clusters on their surface which facilitates phagocytosis.

As shown before, bacteria activate platelets by direct or indirect interaction. 38 Thisresults in release of
alpha granules which store PF4. PF4 then binds to lipid A (which consists of phosphate groups and
glucosamine units) on the surface of Gram negative bacteria. This mechanism is now enhanced by polyP.
Upon stronger platelet activation, not only alpha granules but also dense granules which store polyP are
released. The polyP bind to PF4 and thereby enhance formation of multimolecular PF4/polyP complexes.
This not only exposes additional binding sites for anti-PF4/polyanion antibodies, it makes PF4/polyP
complexes also more accessible to anti-PF4/polyanion antibodies. PF4/polyanion complexes can reacha
size >200 nm*?in a linear form and a diameter of about 30 nm when they reach a globular form.3041 The
primary binding site of PF4 on Gram negative bacteria s lipid A, 2> the basic structure of LPS. The core
structure of LPS has a height of 3.2 nm*? to which the O-antigen polysaccharide is attached, whichis
highly variable but may reach alength of 37 nm.#3 Thus IgG 1 antibodies, which have a height of ~8.5
nm,44 bound to PF4 on lipid A may not extend their Fc part beyond the LPS cover impeding their
recognition by Fc-receptors of leukocytes, while the Fc parts of antibodies bound to the larger PF4/polyP
complexes are sterically completely free and can thereby better bind to Fc-receptors on granulocytes
and macrophages.

We have observed in the EIA experiments, that anti-PF4/heparin antibodies gave a higher OD when
PF4/P75 complexes were coated as compared to when PF4/P45 complexeswere coated. A simple
explanation for this might be that PF4/P75 complexes are larger and thereby allow more anti-
PF4/heparin antibodies to bind thanon the smaller PF4/P45 complexes. On the other hand, P75 did not
enhance PF4 binding to bacteria more than P45. As platelet stored polyP are at least in the size range of
P75 or longer, this in vitro difference between P45 and P75 observed in the EIA, likely has no major
biological relevance.

In this regard, the well-established observation that patients whose platelets cannot store polyP due to a
hereditary defect in platelet dense granule formation, typically suffer from colitis*>-4” raises two potential
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implications by which polyP may contribute to colitis. The first is disturbance of bacterial defense in the
alteredtissue of the colon which allows bacteria toinvade, the other, however, is accumulation of
PF4/polyP complexes in the tissue allowing activation of leukocytes, either directly or as immune-
complexes when anti-PF4/heparin antibodies have bound.

In summary, our study provides a potential new biological function of polyP, i.e. augmentation of an
immune mediated bacterial host defense mechanism. We show that polyP chain length influences the
conformational changes induced in PF4 with polyP between45-and 75-mers induce above 40%
antiparallel B-sheets in PF4 and thereby, expose the binding site for anti-PF4/polyanion antibodies. We
also show that polyP chain lengthinfluence the binding of PF4 to bacteria andits disruption from the
bacterial surface. These findings may provide relevant aspects tounderstand the biological functions of
polyP and give insights in their role as cofactor in an ancient immune system recognizing bacteria.
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THROMBOSIS AND HEMOSTASIS

Complex formation with nucleic acids and aptamers alters the antigenic
properties of platelet factor 4
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* PF4 binds to nucleic acids
and thereby exposes the
epitope to which anti-PF4/
heparin antibodies bind.

e PF4/aptamer complexes can
induce an immune response
resembling heparin-induced
thrombocytopenia.

The tight electrostatic binding of the chemokine platelet factor 4 (PF4) to polyanions
induces heparin-induced thrombocytopenia, a prothrombotic adverse drug reaction
caused by immunoglobulin G directed against PF4/polyanion complexes. This study
demonstrates that nucleic acids, including aptamers, also bind to PF4 and enhance PF4
binding to platelets. Systematic assessment of RNA and DNA constructs, as well as 4
aptamers of different lengths and secondary structures, revealed that increasing length
and double-stranded segments of nucleic acids augment complex formation with PF4,
while single nucleotides or single-stranded polyA or polyC constructs do not. Aptamers
were shown by circular dichroism spectroscopy to induce structural changes in PF4
that resemble those induced by heparin. Moreover, heparin-induced anti-human-PF4/
heparin antibodies cross-reacted with human PF4/nucleic acid and PF4/aptamer complexes,
as shown by an enzyme immunoassay and a functional platelet activation assay.
Finally, administration of PF4/44mer-DNA protein C aptamer complexes in mice induced anti-PF4/aptamer antibodies, which
cross-reacted with murine PF4/heparin complexes. These data indicate that the formation of anti-PF4/heparin antibodies in
postoperative patients may be augmented by PF4/nucleic acid complexes. Moreover, administration of therapeutic aptamers has

the potential to induce anti-PF4/polyanion antibodies and a prothrombotic diathesis. (Blood. 2013;122(2):272-281)

Introduction

The chemokine platelet factor 4 (PF4) is released from platelet
a-granules during platelet activation' and binds, due to its high
positive charge, to many negatively charged polyanions, including
heparin. PF4 forms large multimolecular complexes with heparin
that are highly immunogenic.>* The resulting immunoglobulin G
(IgG) antibodies are the cause of heparin-induced thrombocytopenia
(HIT), a prothrombotic adverse drug effect.* In HIT, multimolecular
complexes composed of PF4, heparin, and anti-PF4/heparin IgG
cross-link platelet Feylla receptors,5 triggering platelet activation,
microparticle formation, and thrombin generation, with ~50% of
affected patients developing thrombosis.®

Recently, we showed that PF4 binds to polyanions on the
surface of bacteria, thereby forming multimolecular complexes that
are recognized by human anti-PF4/heparin antibodies. More spe-
cifically, we identified the PF4 binding site on gram-negative
bacteria as the phosphate groups of lipid A.” Based on this
observation, we hypothesized that nucleic acids might also form
multimolecular complexes with PF4 because they also expose
multiple negatively charged phosphate groups. This idea was fostered
by previous findings that salmon sperm DNA could substitute heparin
in HIT-IgG—induced platelet activation.®

Plasma levels of extracellular nucleic acids are regulated by
prompt nuclease degradation and renal clearance, resulting in
their short half-life (4-30 minutes),” with a slightly longer half-
life for DNA than for RNA. In healthy individuals, extracellu-
lar nucleic acid concentrations in plasma range from 0 to >1000
ng/mL.'"® However, under pathological conditions, cell-free nu-
cleic acids can be generated from the breakdown of bacteria
and viruses, tissue damage, cell apoptosis, and the release from
blood cells such as the formation of neutrophil extracellular
traps. Plasma levels of extracellular nucleic acids can rise up to
2000 pg/mL.'"'2

With the recent introduction of aptamers, small DNA/RNA
constructs designed as therapeutic oligonucleotides,” the inter-
action of nucleic acids and PF4 becomes more relevant from a
drug safety perspective. In this study, we characterized the
structural features of RNA and DNA molecules, as well as
aptamers, that are relevant for complex formation with PF4. We
also demonstrated by circular dichroism (CD) spectroscopy that
nucleic acids cause conformational changes in PF4 similar to those
induced by heparin, and we showed that PF4/aptamer complexes
can be highly immunogenic.
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Figure 1. The structures of aptamers, DNA and RNA constructs, and nucleotides are shown. Indicated compounds used in this study are' (A-E) chemically synthesized by
a commercial supplier (PURIMEX, Grebenstein, Germany),” (A) enzymatically transcribed in vitro from oligonucleotide templates using T7 RNA polymerase,® (B and C) chemically
synthesized in house using the phosphoramidite method (Gene Assembler Special, Pharmacia Biotech, Freiburg, Germany),“ (F) isolated from mouse vascular smooth muscle cells
using an extraction kit (Sigma, Munich, Germany) or the DNAzol reagent (Invitrogen, Groningen, The Netherlands),® or (F) purchased from Fermentas (St. Leon-Rot, Germany).

Methods

Platelets and sera

Platelet-rich plasma was prepared from 10 mL hirudinized whole blood
(10 pg/mL lepirudin; Pharmion, Hamburg, Germany) obtained from healthy
blood donors (120 g, 20 minutes, 30°C). Platelets were isolated by gel
filtration as described in Krauel et al'* and adjusted to 50 X 10%/L in Tyrode
buffer (137 mM sodium chloride, 2.7 mM potassium chloride, 2 mM

magnesium chloride X 6 water, 2 mM calcium chloride X 2 water, 12 mM
sodium bicarbonate, 0.4 mM sodium phosphate monobasic, 0.4% bovine
serum albumin [BSA], and 0.1% glucose, pH 7.2). Sera containing anti-PF4/
heparin antibodies were leftovers from clinical specimens used for laboratory
diagnosis of HIT.

Nucleic acids and aptamers

Sequences and sources of aptamers and nucleic acid compounds are given
in Figure 1. Secondary structures were calculated by the mfold RNA and
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mfold DNA database of the University of Albany (NY, http://mfold.rna.
albany.edu/?q=mfold). The single-stranded 15mer—-DNA thrombin aptamer
targets thrombin'’; the 44mer-DNA protein C aptamer inhibits activated
protein C'®; the 57mer—RNA tetracycline aptamer binds tetracycline'’; and
the 77mer-RNA flavin mononucleotide (FMN) aptamer is an artificial FMN-
responsive catalytic RNA.'® Cellular RNA and DNA were isolated from
mouse vascular smooth muscle cells using an extraction kit (Sigma, Munich,
Germany) or the DNAzol reagent (Invitrogen, Groningen, The Netherlands).

Binding of biotinylated RNA to PF4

Microtiter plates were coated with 50-pL solutions of PF4 or BSA (each at
10 pg/mL) in 100 mM sodium carbonate (pH 9.5) at 4°C for 20 hours, then
washed and blocked (Tris-buffered saline, 3% BSA; 2 hours). Different
concentrations of biotinylated RNA (0.78-25 p.g/mL), prepared from isolated
cellular RNA using the Psoralen-PEO-Biotin reagent (Thermo Fisher
Scientific [Pierce], Rockford, NY), were allowed to bind at 22°C for
2 hours, followed by 3 washes with Tris-buffered saline. Bound biotinylated
RNA was detected using peroxidase-conjugated streptavidin (Dako, Glostrup,
Denmark) and the immunopure 3,3',5,5'-tetramethylbenzidine substrate kit
(Pierce). In competition experiments, increasing concentrations of biotinylated
RNA were mixed with unlabeled RNA, DNA, or heparin (each at 300 pg/mL)
before binding assays were performed. To confirm that PF4 was not removed
from the plate upon heparin addition, surface-coated PF4 was quantified by
dot blot analysis and densitometry.

Influence of nucleic acids on PF4 binding to platelets

The impact of nucleic acids on the binding of human platelet-derived PF4
(25 pg/mL) (ChromaTec, Greifswald, Germany) to gel-filtered platelets
(50 000/pL) was assessed by flow cytometry (Cytomics FC 500; Beckman
Coulter, Krefeld, Germany) using a polyclonal fluorescein isothiocyanate—
labeled rabbit anti-human PF4 antibody (Dianova, Marl, Germany),14 in the
absence or presence of unfractionated heparin (UFH; activity ~150 IU/mg;
Braun, Melsungen, Germany) or different nucleic acid compounds (0.08-640
pg/mL; Figure 1). In parallel, RNA samples were treated with ribonuclease
A (RNase A) (100 pg/mL, 90 minutes, 37°C) (Fermentas, St. Leon-Rot,
Germany) before addition to the respective test solution to document
RNA dependency. Antibody binding was quantified by geometric mean
fluorescent intensity.

PF4/nucleic acid EIA

Binding of human anti-PF4/heparin IgG to PF4/nucleic acid complexes was
assessed by enzyme immunoassay (EIA)' using microtiter plates (Nunc,
Langenselbold, Germany) coated (16 hours; 4°C) with preformed PF4/
polyanion complexes: PF4 (20 pg/mL) preincubated (1 hour, room
temperature) with either UFH as the positive control (3.33 pg/mL),
15mer-DNA thrombin aptamer, 44mer—DNA protein C aptamer, 57mer—
RNA tetracycline aptamer, or 77mer-RNA FMN aptamer in concen-
trations ranging from 1.25 to 80 pg/mL. To find the optimal
stoichiometric ratios for complex formation, we first titrated selected
aptamers in the presence of a constant PF4 concentration in the EIA. As
the control for specific antibody binding, UFH (660 pg/mL) was added to
disrupt PF4/polyanion complexes and to inhibit antibody binding.

Platelet activation assay

Platelet activation by human anti-PF4/polyanion antibodies was assessed by
the heparin-induced platelet activation assay, as described in Warkentin and
Greinacher,? using 0.2 pg/mL heparin (positive control: reviparin; Abbott
GmbH & Co KG, Wiesbaden, Germany), deoxynucleotidetriphosphates
(0.05-1000 pg/mL), 21mer—double-stranded DNA (0.05-1000 pg/mL),
21mer-hairpin DNA (0.05-1000 pg/mL), cellular RNA (0.05-5 pg/mL),
15mer-DNA thrombin aptamer (0.5-40 pg/mL), 44mer-DNA protein C
aptamer (0.05-1000 pg/mL), 57mer-RNA tetracycline aptamer (0.5-5 pg/mL),
and 77mer—RNA FMN-ribozyme (0.5-5 pg/mL). To find the optimal concen-
trations for platelet activation, titration with the respective nucleic acid
constructs in the heparin-induced platelet activation test with 1 or 2 sera was
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performed, and then additional sera were assessed using this concentration.
Specificity of platelet activation was confirmed by its inhibition using high
concentrations of heparin (660 pg/mL), which disrupts PF4/polyanion
complexes,”' as well as the monoclonal antibody IV.3 (2.5 pg/mL; LGC
Promochem, Wesel, Germany), which blocks Feylla receptor—mediated
platelet activation.?

CD spectroscopy of PF4/polyanion complexes

Conformational changes of PF4 (40 pg/mL) were measured by far-UV CD
spectroscopy (200-260 nm; Chirascan CD spectrometer; Applied Photophysics,
Leatherhead, United Kingdom) at increasing concentrations of heparin
(6.66-73.33 pg/mL), or 44mer—-DNA protein C aptamer (0.31-40 pg/mL)
in a 101-QS quartz precision cell (path length: 10 mm) (Hellma, Muellheim,
Germany). Baseline spectra of phosphate-buffered saline, heparin, and
44mer-DNA protein C aptamer were subtracted to estimate secondary
structures of the respective PF4/heparin or PF4/aptamer complexes (CDNN
CD Spectra Deconvolution Software).”

Immunization of mice by PF4/aptamer complexes

C57BL/6 mice (8-10 weeks of age; Charles River Laboratories Europe,
Kisslegg, Germany) were anesthetized (2% xylazine/10% ketamine) and
immunized as described in Suvarna et al** with recombinant murine PF4
(mPF4) (ChromaTec, Greifswald, Germany), 44mer—DNA protein C aptamer,
mPF4/44mer-DNA protein C aptamer complexes (each at 200 pwg/mL), or
complexes of mPF4 (200 pg/mL) and heparin (33 pg/mL) in a final volume
of 100 pL via retroorbital injection daily for 5 days. After another 10 days,
blood was withdrawn and serum was analyzed for anti-mPF4/aptamer or
anti-mPF4/heparin antibodies, respectively, by EIA using mPF4/heparin
and mPF4/44mer-DNA protein C aptamer complexes as antigens.

Ethics

All blood donors gave informed consent. The use of antibodies from
leftovers of clinical diagnostic material was approved by the ethical board
of Greifswald University. The animal studies were performed and approved
according to the regulations of Greifswald University.

Statistical analysis

Binding of biotinylated RNA to PF4 in the presence of competing polyanions
was compared using paired samples Student ¢ test. The significance of
differences in the impact on PF4 binding to platelets between nucleic acids
was tested by analysis of variance and paired samples Student ¢ test (RNase
experiment). Reduction of antibody binding in the PF4/polyanion immuno-
assays after the heparin inhibition step was assessed by paired samples
Student ¢ test. Murine immune responses to mPF4/44mer—DNA protein C
aptamer complexes and mPF4 were compared by Wilcoxon 2-sample test.
The significance level was .05.

Results
RNA binds to PF4

The binding of RNA to PF4 was assessed using biotinylated RNA,
which bound to PF4 in a saturable manner, reaching a maximum at 6.25
pg/mL (Figure 2). High concentrations of unlabeled RNA, DNA, or
heparin decreased the binding of biotinylated RNA to PF4, with
heparin showing the strongest inhibitory effect, followed by RNA and
DNA. This indicates charge-dependent binding of RNA to PF4.

RNA and DNA enhance PF4 binding to platelets

Next we assessed the interaction of PF4 and different nucleic acid
constructs with gel-filtered platelets by flow cytometry, as previously
described in Krauel et al'* for PF4-polysaccharide-platelet
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Figure 2. The graph shows the binding of biotinylated RNA to PF4 and the
influence of competitors. The binding of increasing doses of biotinylated RNA to
surface-coated PF4 was performed in the absence (m) or presence of excess DNA
(4), nonbiotinylated RNA (), or heparin (¢). Values represent mean + standard
deviation (SD) of 3 independent experiments.

interactions. To analyze the structure-function relationship, RNA
and DNA constructs of different length and structural complexity
were tested. Figure 3 shows the influence of these constructs on
PF4 binding to the platelet surface, whereby baseline binding was
defined as PF4 binding to platelets in the absence of nucleic acids.
Heparin, the prototype compound for PF4-polyanion interaction,
increased PF4 binding to platelets in a dose-dependent manner,
represented by a bell-shaped curve with a maximal 4.44-fold increase
(*0.15, shown as the gray curve in Figure 3A-D).

Cellular RNA exhibited a similar effect on PF4 binding to platelets
as heparin, with a maximal 3.69-fold increase (*1.09; Figure 3A) at
0.63 pg/mL. This was almost completely abrogated by pretreatment
with RNase A (1.25-fold increase £0.29; P = .0037, n = 3;
Figure 3A).

Enhancement of PF4 binding to the platelet surface by DNA or
RNA was dependent on the size of the nucleic acid construct: shorter
constructs (10mer—single-stranded DNA; 21mer—hairpin RNA) showed
a weaker effect and required higher concentrations than longer
constructs (45mer—double-stem-loop RNA 1II; Figure 3B). RNA
compounds appeared to have a stronger effect on PF4 binding than
DNA homologs, as exemplified by the 45mer—double-stem-loop RNA
I, which induced binding of more PF4 to platelets, compared with the
45mer—double-stem-loop DNA (P < .0001; Figure 3C), although
both 45mers had the same nucleotide sequence (RNA, however,
contained uridine and ribose instead of thymidine and deoxyribose).

In contrast to the structured 45mers, the unpaired homopolymers
45mer—polyA and 45mer—polyC, or single nucleotides, did not
promote PF4 binding to platelets (Figure 3C). Furthermore, the
influence of 3 DNA 21mers with distinct secondary structures
(Figure 1B-D) on PF4 binding was analyzed: the 21 mer—double-
stranded DNA showed the strongest enhancement on PF4 binding
to platelets (P < .0001; Figure 3D), while the 2 single-stranded
constructs were far less effective. PF4 binding increased with the
structural complexity of the nucleic acid construct (compare 21mer—
hairpin vs 2 Imer—single-stranded DNA, P < .0001; Figure 3D),
indicating that interactions of nucleic acids with PF4 were not
only charge dependent but determined by their conformation.

Aptamers enhance PF4 binding to platelets

We then investigated the influence of 4 different aptamers (Figure 1A)
on PF4 binding to the platelet surface. All 4 aptamers enhanced
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PF4 binding to gel-filtered platelets; however, maximal PF4 binding
in each case occurred at different concentrations of the respective
aptamer: the 57mer—RNA tetracycline aptamer (2.48-fold increase *
0.63; Figure 4A) and the 77mer-RNA FMN aptamer (2.07-fold
increase *£0.52; Figure 4B) induced maximal PF4 binding to
platelets at similar concentrations (0.63 pg/mL). However, maximal
enhancement of PF4 binding by these aptamers was lower than that
induced by heparin. The 44mer—DNA protein C aptamer induced
maximal enhancement of PF4 binding (2.59-fold increase *0.35)
at a greater than 10-fold higher concentration of 5 pg/mL (Figure 4C),
whereas the short 15mer—DNA thrombin aptamer enhanced PF4
binding only at very high concentrations (at 320 pg/mL: 3.57-fold
increase *1.1; Figure 4D).

Aptamer-induced changes in PF4 resemble those induced
by heparin

The impact of nucleic acids on the secondary structure of PF4
was analyzed using CD spectroscopy. The 44-mer-DNA protein
C aptamer was used due to its nuclease resistance. Although changes
in the PF4 structure induced by complex formation with the
44-mer-DNA protein C aptamer were similar to those induced
by heparin, the most pronounced alterations of PF4 were observed
at broader ranges of 44mer-DNA protein C aptamer (5-20
pg/mL) compared with that seen with heparin (6.9-7.2 pg/mL;
Figure 5A).

Deconvolution of the spectra of PF4 obtained after the addition
of 5 pg/mL 44mer—DNA protein C aptamer or 6.9 pg/mL heparin
showed an increase in anti-parallel B sheet content from 24.2% to
34.3% for heparin and to 35.8% for the 44mer-DNA protein C
aptamer. This refolding was balanced by a decrease of the a helix
fraction from 12.2% to 8.9% (heparin) and to 8.1% (44mer—-DNA
protein C aptamer) and a decrease in the B-turn fraction from
22.8% to 19.8% (heparin) and 20.5% (44mer-DNA protein C
aptamer). Parallel B sheet and random coil content did not change
significantly.

Human anti-PF4/heparin antibodies bind to PF4/nucleic
acid complexes

To assess whether complex formation between aptamers and PF4
also results in exposure of the same epitopes as on PF4/heparin
complexes, we tested human sera known to contain anti-PF4/heparin
IgG by EIA. Antibody binding to PF4/heparin (positive control)
resulted in a mean optical density (OD) of 1.130 = (.143. Anti-PF4/
heparin antibodies bound differently to complexes formed by PF4 and
distinct aptamers. They reacted only very weakly with PF4/
15mer—DNA thrombin aptamer complexes (at 40 pg/mL: mean
OD: 0.431 %= 0.064; Figure 5D) but strongly with PF4/44mer—
DNA protein C aptamer complexes over a broad concentration
range (5-30 pg/mL aptamer per 20 pwg/mL PF4; mean OD: 1.098
*+ 0.140; Figure 5D). Binding was significantly reduced by the
addition of high concentrations of heparin (mean OD: 0.593 *
0.203, P < .0001; Figure 5D). (Marked inhibition of antibody
binding against PF4/polyanion complexes at high concentrations of
heparin is a characteristic feature of anti-PF4/polyanion antibody
binding.)

Less pronounced binding was observed with PF4/57mer—RNA
tetracycline aptamer complexes (at 20 pg/mL: mean OD: 0.819 *
0.115; Figure 5D) and PF4/77mer—-RNA FMN aptamer complexes
(at 10 pg/mL: mean OD: 0.910 % 0.190; Figure 5D). Control sera
did not react with any PF4/nucleic acid complexes (OD range:
0.02-0.28, n = 11, data not shown in the figure).
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Figure 3. The influence of differently structured nucleic acid compounds on PF4 binding to platelets is shown. (For details of the nucleic acid constructs, please
compare with Figure 1B-F.) Enhancement of PF4 binding is expressed as the x-fold increase compared with PF4 binding to platelets in buffer only. Heparin (gray line) was
used as the positive control. (A) PF4 binding to platelets was performed in the presence of increasing doses of cellular RNA (m). Pretreatment with RNase A (D) significantly
reduced PF4 binding to platelets (P = .0037). (B) PF4 binding to platelets was evaluated in the presence of increasing doses of nucleic acids with different lengths:
45mer—double-stem-loop RNA Il (A ), 21mer—hairpin RNA (O), and 10mer-single-stranded DNA (#). (C) PF4 binding to platelets was performed with increasing doses of
45mer-nucleic acid compounds, comprising different structures: 45mer—double-stem-loop RNA | (m), 45mer—double stem-loop DNA (A), 45mer—polyA (@), 45mer—polyC (+),
and single nucleotides (). (D) PF4 binding to platelets was measured in the presence of increasing doses of double-stranded vs single-stranded 21mer-DNA compounds:
21mer—double-stranded DNA (m), 21mer-hairpin DNA (®), and 21mer—single-stranded DNA (0). Enhancement of PF4 binding is expressed as the x-fold increase of PF4
binding compared with platelets in buffer only. Negative values indicate detachment of PF4 from the platelet surface below the baseline value. All data represent mean + SD

of 3 independent experiments. ***P < .001.

Human anti-PF4/heparin antibodies induce platelet activation in
the presence of nucleic acids and aptamers

Among 29 human sera that caused platelet activation in the presence
of heparin, 18 (62.1%) also caused platelet activation in the presence
of nucleic acids. These 18 sera induced platelet aggregation in the
presence of all nucleic acid constructs, including aptamers, but not
in the presence of buffer. Mean lag time to platelet activation was
slightly longer for the nucleic acid constructs (12.69 = 2.84 minutes)
than for heparin (10.73 = 6.27 minutes), with only minor differences
between the single constructs (Figure 5B). Mean reactivity with
donor platelets (ie, the platelets of how many donors reacted) was
also lower for the nucleic acids (85.31%) than for heparin (93.22%),
with the 15mer—DNA thrombin aptamer showing the lowest reactivity
(Figure 5C). Platelet aggregation was consistently inhibited by high
concentrations of heparin as well as by the monoclonal antibody
IV.3.%2 In contrast to heparin, the nucleic acid constructs induced
platelet aggregation over a wide concentration range (0.005-100
pg/mL). Consistent with what is known from heparin, very high
concentrations of nucleic acids exceeding 1000 pg/mL inhibited

platelet aggregation. None of the control sera (n = 9) induced
platelet activation in the presence of heparin or any nucleic acid
construct.

PF4/aptamer complexes induce anti-PF4/polyanion antibodies
in vivo

In mice, mPF4/44mer—DNA protein C aptamer complexes induced
a strong and robust immune response within 15 days in all animals
(median OD: 2.39, range: 1.96-2.61, n = 5; Figure 5E). These anti-
bodies cross-reacted against mPF4/heparin complexes (median
OD: 1.73, range 1.10-2.13, n = 5; Figure 5E). Mice immunized with
mPF4/heparin complexes (positive control) showed an immune
response against mPF4/heparin complexes (median OD: 1.58, range:
0.61-2.76, n = 7). Injection of the aptamer alone did not induce
antibody formation with the exception of 1 animal (median OD:
0.20, range: 0.10-1.39; Figure 5E). Immunization with mPF4 alone
also caused an immune response (median OD: (.84, range: 0.32-2.52;
Figure 5E), but this was significantly weaker than the immunization
induced by mPF4/44mer-DNA protein C aptamer complexes
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Figure 4. The influence of aptamers on PF4 binding to platelets is shown. (For details of aptamer structure, please compare with Figure 1A.) The following 4 aptamers
(m) were tested in increasing doses for promoting PF4 binding to platelets in comparison with heparin (gray line) as the positive control: (A) 57mer—RNA tetracycline aptamer,
(B) 77mer—RNA FMN aptamer, (C) 44mer—-DNA protein C aptamer, and (D) 15mer-DNA thrombin aptamer. All data represent mean = SD of 3 independent experiments. The
figures indicate that PF4 binding to platelets correlates with the length and the size of double-stranded domains of the aptamers.

(P = .015). The reason for an immune response to mPF4 alone is
most likely the formation of some mPF4 autoaggregates resembling
mPF4/aptamer complexes, as mPF4 tends to form spontaneous com-
plexes in buffers with low salt concentrations (unpublished obser-
vations of our group). Antibody binding was always inhibited by
the addition of high concentrations of heparin.

Discussion

In this study, we demonstrated a charge- and structure-related in-
teraction between PF4 and nucleic acids and we characterized the
functional properties of these multimolecular complexes. Nucleic
acids induced structural changes in the PF4 molecule similar to
those typically observed in PF4/heparin complexes. These structural
changes resulted in the exposure of neoepitopes that were recognized
by a subset of platelet-activating anti-PF4/heparin antibodies.
Moreover, PF4/aptamer complexes induced antibodies in mice,
which cross-reacted with PF4/heparin complexes.

It is well known that PF4 forms complexes with polyanions
other than heparin, such as dextran sulfate, pentosan polysulfate,
polyvinyl sulfonate, hypersulfated chondroitin sulfate, and PI-88
(investigational antiangiogenic drug).>>%” The formation of epitopes

on these complexes that are recognized by anti-PF4/heparin antibodies
is dependent on critical structural features of the polyanions, for
example, charge density,”®?*?% length,?®?® and charge clustering,
such as those that occur on branched polysaccharides.”® Nucleic
acids express charged oxygens (O ) of phosphate groups that are
spaced 0.5 to 0.7 nm apart.***' These dimensions are similar to the
known critical charge density of sulfated polysaccharides, in which
sulfates are spaced about 0.5 nm apart along the carbohydrate
backbone.?” Thus, the surface-exposed phosphate residues in RNA
and DNA compounds most likely serve as binding partners for PF4.
In fact, polysaccharides in which sulfate groups were substituted
by phosphates were demonstrated to bind to PF4, indicating strong
PF4-phosphate interaction.”” Moreover, the phosphate groups of lipid
A as a component of lipopolysaccharide also interact with PF4.”
Besides charge density, the size of nucleic acids appears to be
critical for enhancing the binding of PF4 on the platelet surface.
Longer constructs augmented PF4 binding to platelets (Figure 3B),
while single nucleotides added at the same concentration did
not. Similarly, disaccharides do not bind to PF4, and the synthetic
pentasaccharide, fondaparinux, binds only weakly to PF4.%>33
Although nucleic acids seem to share some similarities with
heparins in regard to their polyanion character, the structure-function
relationships for interactions between PF4 and nucleic acids appear
to be more complicated. Other than heparins, nucleic acids can fold
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Figure 5. Aptamer-induced changes in PF4 lead to expression of PF4/heparin-like epitopes. (A) Shown are structural changes in PF4 induced by the 44mer—DNA protein C
aptamer. Changes in the CD pattern of PF4 (20 p.g/mL) are shown in the absence (n = 4, black line) or presence of either heparin (n = 3, 6.9 pg/mL, 4) or 44mer—DNA protein C
aptamer at different doses (n = 2 each, 2.5 pg/mL, 0; 5 pg/mL, A; 20 pg/mL, O). Note that the changes in PF4 spectra are rather similar, regardless whether heparin or the aptamer was
used. All data represent mean = SD of n independent experiments. Each experiment consists of at least 5 measurements. (B-C) Human anti-PF4/heparin antibodies induce platelet
activation in the presence of nucleic acids and aptamers. (B) Mean lag time until aggregation of donor platelets (at least n = 15 for each polyanion) and (C) reactivity of donor platelets
expressed as the percentage of all tested donor platelets were analyzed in the presence of different anti-PF4/heparin antibody—containing sera (at least 4 for each polyanion) and either
reviparin (0.2 png/mL, bar 1), cellular RNA (0.5 p.g/mL, bar 2), 21mer—double-stranded DNA (0.5 p.g/mL, bar 3), 21mer—hairpin DNA (0.5 pg/mL, bar 4), deoxynucleotidetriphosphates
(0.5 pg/mL, bar 5), 15mer-DNA thrombin aptamer (20 p.g/mL, bar 6), 44mer-DNA protein C aptamer (8 png/mL, bar 7), 57mer—RNA tetracycline aptamer (5 pg/mL, bar 8), or
77mer—BNA FMN-ribozyme (2.5 pg/mL, bar 9). Except for the short 15mer—DNA thrombin aptamer, which induces platelet aggregation after 19.0 = 0.67 minutes and only in 66.6% of
all donors, lag time and reactivity of platelets show only minor differences between the constructs. (D) The graph shows the binding of anti-PF4/heparin antibodies to PF4/aptamer
complexes. Anti-PF4/heparin antibodies bind to complexes generated with 20 png/mL PF4 and either 44mer—DNA protein C aptamer (20 pg/mL, n = 9), 57mer—RNA tetracycline aptamer
(10 pg/mlL, n = 4), 77mer—RNA FMN aptamer (10 ng/mL, n = 4), or heparin (3.3 pg/mL, n = 9, black bars), while no binding to complexes of PF4 and the 15mer—DNA thrombin aptamer
(40 pg/mL, n = 4) occurred. Gray bars show the inhibition of binding by high heparin (660 p.g/mL). All data represent mean + SD of at least 4 independent experiments. (E) Shown is the
immune response to PF4/aptamer complexes in mice. Mice were immunized with either mPF4/44mer—DNA protein C aptamer complexes (n = 5), mPF4 alone (n = 6), or 44mer-DNA
protein C aptamer alone (n = 6), and the binding of antibodies from the respective sera to mPF4/44mer-DNA protein C aptamer complexes as well as mPF4/heparin complexes was
assessed by EIA in the absence (#) or presence (¢) of 660 pg/mL heparin. Median values are marked by black lines.
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Figure 6. A schematic model of complex formation between PF4 and nucleic acids is shown. (A) The basic amino acid residues (+) in the PF4 tetramer interact with the
negatively charged phosphate groups (—) in double-stranded nucleic acids, thereby forming large multimolecular complexes. (B) PF4 binds to the negatively charged sulfate
groups (—) on both sides of the heparin molecule, resulting in the formation of large multimolecular complexes. (C) Due to their high flexibility, single-stranded nucleic acids
potentially wrap around PF4 tetramers, thereby inhibiting the formation of large, multimolecular complexes with PF4.

into highly organized structures, for example, those exhibiting spatial
clustering of negative charges. While several RNA and DNA
constructs formed complexes with PF4, the linear homopolymers
45mer—polyA and 45mer—polyC did not (Figure 3), although they
were above the critical length and showed a high charge density.
Thus, double-stranded domains within nucleic acids seem to be
important for binding to PF4. This is in line with our recent obser-
vations that double-stranded hairpin-forming, but not single-stranded,
nucleic acid oligomers are also potent activators of the intrinsic
coagulation pathway by interacting with the RNA-binding cofactor
high molecular weight kinino,gen.34

Figure 6 depicts a simplified model of the interaction between
PF4 and nucleic acids: the negatively charged phosphate residues
along the backbone of double-stranded nucleic acids bind to PF4,
just as PF4 binds to the sulfate groups of heparin (Figure 6A-B). In
contrast, due to their higher flexibility and the loose spatial
arrangement of negative charges, single-stranded nucleic acids are
more likely to wrap around 1 PF4 tetramer instead of bridging
several PF4 tetramers (Figure 6C). This is mediated by interactions
of their phosphate groups with positively charged amino acid
residues of PF4, as it has already been described for polysaccharides
comprising >34 sugar units.

However, the molecular interactions are likely more complex,
and certain conformations of nucleic acids appear to be more prone
than others to forming multimolecular complexes with PF4. One
example is the reactivity of the 44mer-DNA protein C aptamer vs
the 77mer—-RNA FMN aptamer. Although the latter is much longer
and has more double-stranded segments (Figure 1A), anti-PF4/heparin
antibodies bound somewhat more strongly to PF4/44mer—protein C
aptamer complexes (Figure 5D).

Our data raise further questions beyond the scope of the current
study. It remains unclear why only about 60% of the anti-PF4/
heparin antibodies that induced platelet activation in the presence
of heparin also caused platelet activation in the presence of nucleic
acids. Even more puzzling is our observation that those sera that
induced platelet activation in the presence of nucleic acids did
so with most nucleic acids, independent of whether these strongly
enhanced PF4 binding to the platelet surface or not. In the absence
of a 3-dimensional model of the structural changes of PF4 induced
by different nucleic acids, we can only speculate that the nucleic
acids may expose different epitopes than heparins do.

Another hypothetical explanation could be based on the recent
studies of Sachais et al,*® showing that the monoclonal antibody
KKO, but not another anti-PF4 monoclonal antibody, is also able
to induce oligomerization of PF4 in the absence of heparin, suggesting
that some anti-PF4/heparin antibodies are capable of promoting
further formation of their own antigen.>’ Following this concept,
sera causing platelet activation in the presence of nucleic acids might
contain antibodies that, like KKO, can cross-link PF4 molecules. In
this case, the negative charge of nucleic acids would initiate antigen
formation by allowing close approximation of PF4 molecules, which
would be sufficient for further oligomerization of PF4 by such anti-
PF4/heparin antibodies. Unfortunately, we cannot readily test these
hypotheses experimentally due to the polyclonal nature of human
antibodies.

Despite these unresolved issues, our study provides an expla-
nation for why patients with major tissue damage develop increased
levels of anti-PF4/heparin antibodies compared with patients with
minor tissue damage.™® Increased concentrations of cell-free plasma
DNA (1-2 pg/mL) have been found in various clinical conditions,
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including trauma,*® cancer,*” and infections,*' correlating with
the severity of trauma or infection.'"*! However, due to their
short plasma half-life, elevated RNA/DNA plasma levels return to
baseline within a few hours after tissue damage. Yet this might be
sufficient to induce an immune response, as also single and minimal
applications of heparin have been shown to be sufficient for the
induction of HIT.** Cellular RNA and DNA released by the tissue
trauma might complex with PF4, potentially enhancing the immune
response against PF4/heparin complexes. In vivo formation of PF4/
nucleic acid complexes may also explain the formation of anti-PF4/
heparin antibodies in patients after major orthopedic surgery even
in the absence of heparin,**** as well as the relatively high frequency
of antibodies in critically ill patients.*® In addition, formation of
PF4/nucleic acid complexes might be another explanation for the
reported cases of “spontaneous HIT,” because all patients who
suffered from a HITlike thromboembolic disorder, despite no
previous heparin administration, suffered from infections® or had
undergone major orthopedic surgery.**

Finally, our findings might be of relevance for the recognition
of unwanted effects of therapeutic oligonucleotides such as aptamers
or antisense RNA. The PF4/44mer-DNA protein C aptamer
complexes induced a strong immune response in mice, and these
complexes are recognized by anti-PF4/heparin antibodies. The
resulting antibodies cross-reacted with PF4/heparin complexes,
indicating that therapeutic aptamers (with a long plasma half-life)
could potentially induce an immune response toward PF4/polyanion
complexes. To date, there are no reported cases of HITlike
adverse effects under treatment with therapeutic aptamers, and
we are not aware of thrombotic complications in the ongoing trials
using aptamers. Yet clinical data are still sparse, as the only
approved therapeutic aptamer, pegaptanib, an RNA aptamer
targeting vascular endothelial growth factor, is administered intra-
vitreously and systemic concentrations are very low.*” Moreover,
thromboembolic complications occurring under pegaptanib are
considered to be a class effect of antivascular endothelial growth
factor drugs.*® Beyond this, it should be considered that heparin is
much more immunogenic when given to patients with major
proinflammatory states, such as following surgery® or major
trauma.*® Thus, studies of aptamer administration in healthy
volunteers could be expected to underestimate the anti-PF4/
aptamer immune response that could occur in patients. The
evaluation of the anti-PF4/polyanion immune response within
clinical studies is a far more sensitive marker of evaluating the
potential of a given aptamer for inducing serious adverse effects
than is monitoring for thrombocytopenia and thrombosis.

While induction of an immune reaction resembling typical HIT
may be rather unlikely due to the usually low plasma concentrations
of aptamers, a strong antibody response to PF4/aptamer complexes
may result in an immune reaction resembling “delayed onset HIT,*
an autoimmunelike syndrome in which strongly reactive anti-PF4/
polyanion antibodies activate platelets and induce thrombosis even
in the absence of heparin. Yet various aptamers differ considerably
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in their structure and are often chemically modified, which may
interfere with their binding to PF4. Using the methods described in
this study, it should be possible to screen aptamers for their potential
interaction with PF4. We suggest that clinical trials of aptamers or
other therapeutic nucleic acid constructs should include screening
for the development of anti-PF4/aptamer antibodies and potential
clinical features of HIT as part of their safety end points.
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Plenary Paper

THROMBOSIS AND HEMOSTASIS

Anti-protamine-heparin antibodies: incidence, clinical relevance,

and pathogenesis

Tamam Bakchoul,! Heike Zoliner," Jean Amiral,2 Simon Panzer,® Sixten Selleng,1 Thomas Kohlmann,* Sven Brandt,?
Mihaela Delcea,® Theodore E. Warkentin,® Ulrich J. Sachs,” and Andreas Greinacher’

"Institute for Immunology und Transfusion Medicine, Ernst-Moritz-Amdt University Greifswald, Germany; Hyphen BioMed, Neuville sur Oise, France;
3Department for Blood Group Serology and Transfusion Medicine, Medical University Vienna, Austria; “Institute for Community Medicine, and *Center for
Innovation Competence, Humoral Immune Response in Cardiovascular Diseases (ZIK HIKE), Ernst-Moritz-Arndt University Greifswald, Germany; ®Department
of Pathology and Molecular Medicine, and Department of Medicine, McMaster University, Hamilton, Ontario, Canada; and “Institute for Clinical Inmunology und
Transfusion Medicine, Justus Liebig University Giessen, Germany

* Immunization against
protamine/heparin complexes
was frequently observed in
patients undergoing cardiac
surgery.

* Platelet-activating anti—
protamine-heparin antibodies
are a potential risk factor for
early postoperative thrombosis
and thrombocytopenia.

Protamine, which is routinely used after cardiac surgery to reverse the anticoagulant
effects of heparin, is known to be immunogenic. Observing patients with an otherwise un-
explained rapid decrease in platelet count directly after protamine administration, we
determined the incidence and clinical relevance of protamine-reactive antibodies in
patients undergoing cardiac-surgery. In vitro, these antibodies activated washed platelets
in a FcyRlla-dependent fashion. Using a nonobese diabetic/severe combined immunode-
ficiency mouse model, those antibodies induced thrombocytopenia only when protamine
and heparin were present but not with protamine alone. Of 591 patients undergoing car-
diopulmonary bypass surgery, 57 (9.6%) tested positive for anti-protamine-heparin anti-
bodies at baseline and 154 (26.6%) tested positive at day 10. Diabetes was identified as
arisk factor for the development of anti—-protamine-heparin antibodies. In the majority of the
patients, these antibodies were transient and titers decreased substantially after 4 months
(P < .001). Seven patients had platelet-activating, anti-protamine-heparin antibodies at
baseline and showed a greater and more prolonged decline in platelet counts compared

with antibody-negative patients (P = .003). In addition, 2 of those patients experienced early arterial thromboembolic complications vs 9
of 584 control patients (multivariate analysis: odds ratio, 21.58; 95% confidence interval, 2.90-160.89; P = .003). Platelet-activating anti—
protamine-heparin antibodies show several similarities with anti-platelet factor 4-heparin antibodies and are a potential risk factor for

early postoperative thrombosis. (Blood. 2013;121(15):2821-2827)

Introduction

Protamine, a positively charged DNA-binding protein purified from
salmon sperm, is administered as protamine sulfate to neutralize the
anticoagulant activity of heparin (eg, after cardiopulmonary bypass
surgery)'™® and as a stabilizer of insulin.® Protamine is immunogenic,
and anti-protamine antibodies are found in patients treated with
insulin.*” We found anti-protamine-heparin antibodies in patients
undergoing cardiac surgery,g‘() and Chudasama et al showed high
immunogenicity of protamine-heparin complexes in a mouse
model.'” Some of these features resemble immunogenicity of
complexes between heparin and positively charged platelet factor 4
(PF4), which are well known to induce the causative antibodies of
heparin-induced thrombocytopenia, a prothrombotic adverse drug
reaction.>!!

After observing patients with acute thrombocytopenia, which was
more pronounced than typically expected after cardiopulmonary
bypass surgery because of dilution and consumption, we systemati-
cally addressed the presence and potential clinical relevance of anti—
protamine-heparin antibodies in patients undergoing cardiopulmonary

bypass surgery, and characterized the interaction of these antibodies
with platelets. We found that platelet-activating anti—protamine-
heparin antibodies, present at the time of protamine application, are
associated with more pronounced thrombocytopenia and may be a risk
factor for early thromboembolic complications in patients undergoing
cardiac surgery.

Materials and methods

Patients and sera

The index patient raising suspicion for protamine-induced complications had
been referred for laboratory assessment of heparin-induced thrombocytopenia.
To define the frequency of anti-protamine-heparin antibodies at the time of
cardiac surgery, and the formation of anti—protamine-heparin antibodies after
cardiopulmonary bypass, we investigated serum samples of a previously
reported cohort of 591 patients undergoing cardiopulmonary bypass surgery'.'2

Submitted October 11, 2012; accepted January 2, 2013. Prepublished online
as Blood First Edition paper, January 16, 2013; DOI 10.1182/blood-2012-10-
460691.
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Samples were obtained preoperatively (day 0), day 6 and day 10 post-
operatively, and from a subgroup 120 days postoperatively, and were stored
at —80°C until use. All patients had received protamine to neutralize heparin
given during surgery. All patients had been screened for PF4/heparin anti-
bodies. All thromboembolic complications were objectively documented at
diagnosis and had already been adjudicated in the aforementioned study, and
only then we assessed the patients in a blinded fashion for protamine-reactive
antibodies.

Clinical diagnoses were identified according to the patient hospital chart
information. Diabetes was defined as either use of hyperglycemic agents or
other data according to outpatient records. Hypertension was defined as
a systolic blood pressure of more than 140 mm Hg, a diastolic blood pressure
of more than 90 mm Hg, or use of antihypertensive therapy at the time of
hospital admission. Previous myocardial infarction was defined as either self-
reported history or electrocardiographic evidence at hospital admission. Con-
gestive heart failure (CHF) was defined according to outpatient reports or
current manifestations suggestive of CHF and impaired heart ejection fraction
on echocardiography. Peripheral vascular disease was defined as self-reported
history or other data according to outpatient reports.

Serological studies

In vitro, we assessed anti-protamine and anti—protamine-heparin IgG antibodies
by enzyme immunoassay (EIA) using microtiter plates coated with protamine
sulfate (20 pg/mL; Sigma-Aldrich, Munich, Germany) in a phosphate buffer
(pH 7.5) or with protamine-heparin complexes (a mixture of 20 pg/mL of
protamine sulfate with an excess of unfractionated heparin). In both cases,
plates were saturated with goat serum. Bound antibodies were detected by
goat anti-human IgG (cutoff value, 0.50; optical density [OD], 450 nm).

As a “functional” (platelet activation) assay, we used the heparin-induced
platelet activation assay (HIPA)" with minor modifications. Serum was
incubated with washed platelets of 4 donors (tested individually) under 6 test
conditions: (1) buffer, (2) protamine (2 pg/mL), (3) heparin (0.2 TU/mL), (4)
protamine (2 pg/mL) and heparin (0.2 IU/mL), (5) protamine (2 pg/mL) and
heparin (100 IU/mL), and (6) protamine (2 pg/mL) and heparin (0.2 IU/mL)
and the Fcylla receptor-blocking monoclonal antibody IV.3 (10 pg/mL) (final
concentrations). Platelet aggregation with at least 2 platelet donors’ sus-
pensions in the presence of protamine (or protamine and 0.2 IU/mL of
heparin), but not buffer or heparin alone, was deemed positive. Laboratory
personnel were blinded to the patients’ clinical data. Serial samples from
individual patients were assessed in parallel to avoid interassay variation.

Anti-PF4-heparin antibodies were investigated by an in-house PF4-
heparin assay'* and the HIPA test."* The index patient was assessed by two
EIAs for PF4-heparin antibodies: (1) Asserachrom HPIA (Diagostica Stago,
Asnieres, France) and (2) GTI-IgG (Gen-Probe GTI Diagnostics, Brookfield,
WI), and an EIA that is also able to detect anti-IL8 and anti-NAP2 anti-
bodies,"® and by HIPA.

Animal model

We assessed the biologic effects of anti—protamine-heparin antibodies in
anonobese diabetic/severe combined immunodeficiency (NOD/SCID) mouse
model.'®"” Human platelets supplemented with heparin (0.6 TU/mL), prot-
amine (6 pg/mL), heparin (0.6 IU/mL) and protamine (6 pg/mL), or buffer
were injected into NOD/SCID mice (The Jackson Laboratory, Bar Harbor,
Maine). After 30 minutes (baseline), the IgG fraction of anti-protamine-
heparin antibody-positive sera (or controls) was intraperitoneally injected.
Survival of human platelets in the mouse circulation and their activation status
were assessed (platelet count; CD62p expression) after 60, 120, and 300
minutes. Platelet activation dependency on platelet Feylla receptors was
investigated using 1V.3 F(ab)',-fragments.

Structural studies

Changes in the secondary structure of protamine on interaction with heparin
were studied by circular dichroism spectroscopy in a 5-mm cuvette (Hellma,
Miillheim, Germany) using far UV circular dichroism spectra. Wavelength
between 185 and 260 nm were recorded using a Chirascan circular dichroism
spectrometer (Applied Photophysics, Leatherhead, UK). Protamine (60 p.g/mL)

BLOOD, 11 APRIL 2013 - VOLUME 121, NUMBER 15

was incubated with increasing heparin concentrations at 20°C. Spectra of
protamine and protamine-heparin complexes were corrected for baselines,
path length, and concentrations to obtain wavelength-dependent mean residue
8 € values of the protamine—heparin complexes.

Statistical analysis

Statistical analyses were performed using GraphPad prism 5. Nonparametric
tests were used when data failed to follow a normal distribution. Platelet
counts and early postsurgery thrombotic complications were compared in
relationship to antibody status. Analysis-of-covariance models to assess the
association between antibody status and thromboembolic complications or
platelet count were performed by multiple linear regression analysis using
SPSS version 20 software (SPSS, Chicago, IL). Models were adjusted for the
presence diabetes, hypertension, previous myocardial infarction, CHF, and
peripheral vascular disease. Group comparison was performed using the
Wilcoxon rank-sum test, and the Fisher exact test with categorical variables.
All analyses were 2-tailed; a P value of < .05 was assumed to represent
statistical significance.

Ethics

This prospective study has been approved by the ethical committee of the
Emst-Moritz-Arndt University; all patients gave informed consent in ac-
cordance with the Declaration of Helsinki. The animal studies were approved
by the local authorities.

Results
Index patient

A 50-year-old man underwent mitral valve replacement/aortic valve
reconstruction with heparin anticoagulation for cardiopulmonary
bypass; the protamine platelet count after protamine administration
decreased abruptly from 100 X 10%L to 26 X 10%L. Thereafter,
platelet counts increased to 88 X 10%/L (day 6). As cardiac function
did not recover, the patient was scheduled for a cardiac-assist device
placement. Protamine was given again after the cardiopulmonary
bypass procedure, and the platelet count again decreased abruptly from
80 x 10”/L to 31 X 10%/L. Heparin was replaced by argatroban
because of suspected heparin-induced thrombocytopenia, with platelet
count recovery. However, on postoperative day 7, the patient tested
negative for anti-PF4-heparin antibodies in the serum (2 immuno-
assays and a heparin-induced platelet activation test) and anti-IL8 and
anti-NAP2 antibodies (1 immunoassay and 1 functional assay). How-
ever, he tested strongly positive for the presence of protamine and
heparin on the anti—protamine-heparin immunoassay and functional
assay (a preoperative blood sample was not available for testing).

Anti-protamine and anti-protamine-heparin antibodies in
591 patients undergoing cardiac surgery

In this cohort study, 591 patients were enrolled, of whom 14 (2.4%)
tested positive for anti-protamine IgG antibodies (only protamine-
coated) before surgery (mean OD, 0.96 = 0.55). By day 6, an
additional 16 (2.8%) of 578 patients seroconverted to an OD of more
than 0.5 (mean OD, 1.13 £ 0.61); by day 10, an additional 19 (3.3%)
of 578 patients had seroconverted (mean OD, 146 = 0.76)
(Figure 1). Three patients no longer had seropositivity (n = 1 until
day 6; n = 2 until day 10). In total, 46 (8.0%) of 578 patients tested
positive for anti-protamine IgG at day 10 postsurgery.

However, an even greater number of patients tested positive
for anti—protamine-heparin I1gG antibodies (protamine-heparin com-
plexes coated): 57 (9.6%) of 591 tested positive at baseline (mean
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Patients tested positive

% 24% 5.0% 80% 5.0%
n= 40 14/591 29/578 46/578 8/161

9.6% 17.5% 266% 11.2%

57/591 101/578 154/578 18/161

3.5

3.0

2.5

2.0

Optical density (OD)

Cut off

0.0
Days 6
after surgery

protamine EIA protamine-heparin EIA

Figure 1. Pr of anti-prc and anti-protamine-heparin antibodies
in patients undergoing cardiac surgery at different time points. Binding of IgG
to either protamine (left) or protamine-heparin complexes (right panel) was assessed
by EIA in patients undergoing cardiopulmonary bypass (n = 591) before surgery
(day 0) and at day 6 and day 10 after surgery. In a subgroup of 161 patients, a follow-
up sample was available more than 120 days after surgery.

0D, 1.15 £ 0.55), 52 (9.0%) of 578 seroconverted (mean OD, 1.35 =
0.74) at day 6, and 154 patients (26.6%) tested positive (mean OD,
1.47 £ 0.78) by day 10 (Figure 1). Twenty patients no longer sero-
positivity (n = 8 until day 6; n = 12 until day 10).

In the functional assay (Figure 2), 24 (15.6%) of the anti—
protamine-heparin IgG-positive sera induced platelet activation in
the presence of protamine. The reaction was enhanced (shortened lag
time) when 0.2 IU/mL of heparin were added (median, 25 minutes
[range, 5-40 minutes] vs 14 minutes [range, 5-35 minutes]; P = .047).
Platelet activation was inhibited by 100 [U/mL of heparin and by the
Feylla receptor-blocking IV.3 antibody. None of the sera reacted in
the presence of buffer, but 5 sera reacted weakly in the presence of
heparin. Interestingly, all but 2 of the platelet-activating sera showed

CLINICAL RELEVANCE OF ANTI-PROTAMINE-HEPARIN IgG 2823
increased binding to protamine-heparin (mean OD, 2.08 = 0.74)
compared with protamine alone (mean OD, 1.88 * 0.96; P = .025).

Only 1 of 24 sera that activated platelets in the presence of
protamine-heparin also showed the typical pattern found in heparin-
induced thrombocytopenia,'® that is, activation of platelets in the
presence of 0.2 TU/mL of heparin within 30 minutes (indicated by the
open circle in Figure 2). Of the 154 patients with anti—protamine-
heparin IgG antibodies, 97 (63.0%) also tested positive for anti-PF4-
heparin IgG.

Association of platelet-activating anti—protamine-heparin
antibodies with postoperative outcomes

In patients with IgG antibodies against protamine-heparin, a history of
diabetes was identified as a risk factor for preoperative seropositivity
(62.0% vs 36.5%; P < .001). Unfortunately, we did not have available
the specific type of treatment the patients had received before hospital
admission (insulin or oral hypoglycemic agents). No significant differ-
ence was observed regarding a history of hypertension (100% vs 90.4%;
P = 221), previous myocardial infarction (6% vs 12.4%; P = .346), or
peripheral vascular disease (14.0% vs 17.4%; P = .635) (Table 1).
As protamine is given near the end of surgery, patients with
platelet-activating protamine-reactive IgG antibodies present before
surgery might be at higher risk for adverse outcomes. Indeed, the 7
patients with platelet-activating, anti—protamine-heparin antibodies
before surgery showed a more pronounced and prolonged decrease in
platelet counts compared with the 50 patients with non-platelet-
activating anti—protamine-heparin antibodies (Figure 3). Of note, the
platelet count course in patients with nonactivating anti—protamine-
heparin antibodies did not differ significantly from that in antibody-
negative patients (Figure 3). Analysis of covariates and adjustment
of the risk to the presence of diabetes, hypertension, previous
myocardial infarction, and peripheral vascular disease showed that
patients with platelet-activating anti—protamine-heparin antibodies
had significantly lower postoperative platelet counts than those with
nonactivating anti—protamine-heparin antibodies and those testing
negative for such antibodies (P = .004; P = .005, respectively).
The most important clinical finding is that 7 patients with platelet-
activating anti—protamine-heparin antibodies at baseline had an
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Figure 2. Serological characterization of anti- T 20 veres e
protamine-heparin antibodies: anti-protamine- g
heparin antibodies are ble of platel ivation 2 o5 PO POV
in a heparin-dependent manner via cross-linking
Fcylla receptors. Heat-inactivated sera from patients g 30 o oo .
with anti-protamine-heparin antibodies were incubated &
with washed platelets in the presence of buffer, 2 35 +
heparin (0.2 1U/mL), and protamine (2 pg/mL) with or g vese
without heparin (0.2 IU/mL). Inhibition studies were per- = 40 s .
formed with protamine plus high heparin (100 IU/mL) or 45 . —_— e
protamine (2 pg/mL) plus heparin (0.2 IU/mL) in the
presence of Fcylla receptor-blocking antibody (IV.3). S ———— . r a o Lo
Platelet aggregation was determined by change in tur- buffer heparin 0.2 U protamine protamine + protamine + protamine +

bidity of the suspension and assessed every 5 minutes,
as described.”

heparin 0.2 IU  heparin 100 IU heparin 0.2 IU +
V.3
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Table 1. Demographics of 591 patients who received protamine during cardiopulmonary bypass surgery

Status of protamine-heparin IgG-antibodies at baseline

Total no. of patients:

No antibodies

Non-platelet-activating Platelet-activating

Patient characteristics 591 (100%) (n = 534; 90.4%) antibodies (n = 50; 8.4%) antibodies (n = 7; 1.2%) P value
Age (y) 675+ 95 67.5 + 9.7 676 =76 723 + 8.7 414
Female sex (%) 162 (27.4) 145 (27.2) 16 (32.0) 1(14.3) 688
Body mass index 29.0 £ 46 289 + 46 30.3 £ 43 28.9 + 41 .281
Diabetes (%) 233 (39.4) 195 (36.5) 31 (62.0) 7 (100) < .001
Hypertension (%) 539 (91.2) 483 (90.4) 50 (100.0) 6 (85.7) 221
Previous myocardial infarction (%) 70 (11.8) 66 (12.4) 3 (6.0) 1(14.3) .346
Congestive heart failure (%) 5(0.8) 2 (0.4) 3 (6.0) 0 (0) .001
Peripheral vascular disease (%) 102 (17.3) 93 (17.4) 7 (14.0) 2 (28.6) 635

increased risk for early thromboembolic complications. In 2 (28.6%)
of these 7 patients, arterial occlusions developed (symptomatic early
coronary bypass occlusion in 1 patient, diagnosed at day 2; and,stroke
in the other patient, diagnosed at day 3), compared with 9 throm-
boembolic events occurring by day 7 in the remaining 584 (1.5%) of
591 patients (odds ratio, 25.6; 95% confidence interval, 4.37-149.59;
P = .006). After adjustment for the presence of diabetes, arterial
hypertension, previous myocardial infraction, CHF, and periph-
eral vascular disease at baseline by use of logistic regression
analysis, platelet-activating protamine-heparin antibodies remained
an independent risk factor for early thromboembolic complications
(odds ratio, 21.58; 95% confidence interval, 2.90-160.89; P = .003).
In all 11 patients with thromboembolic complications after surgery,
heparin-induced thrombocytopenia had been ruled out by a negative
test result for platelet-activating anti-PF4-heparin antibodies (HIPA),
although 2 patients tested weakly positive for PF4-heparin IgG
antibodies at day 6 (OD, 0.53; and OD, 0.82). These 2 patients had
no platelet-activating protamine-heparin antibodies. Neither mortal-
ity nor hospital length of stay differed between the groups.

A 4 No anti-protamine-heparin IgG

Persistence of anti-protamine-heparin antibodies

Of the 161 patients in our long-term follow-up study, 43 (26.7%)
tested positive for anti-protamine-heparin antibodies at day 10, but
only 18 (11.2%) continued to test positive on EIA after more than 120
days of follow-up (P < .001). These 18 patients also had considerably
decreased OD (P < .001; Figure 1); of these, 12 (66%) had diabetes.

In vivo characterization of anti-protamine-heparin antibodies
(animal model)

In the NOD/SCID mouse model (Figure 4), the addition of protamine
and heparin together with anti—protamine-heparin IgG strongly de-
creased platelet survival rate to 23% (range, 20%-28%), whereas
destruction of human platelets was only minimally enhanced by anti—
protamine-heparin IgG in the presence of protamine alone (platelet
survival rate, 77%; range, 71%-80%). Platelet destruction was largely
inhibited by Feylla-inhibiting IV.3 F(ab)',-fragments (platelet sur-
vival rate, 65%; range, 45%-70%). No enhanced platelet clearance
was observed by the administration of IgG from healthy donors in the

4507 g = Non-platelet-activating anti-protamine-heparin IgG at baseline
C @ Platelet activating anti-protamine-heparin IgG at baseline
400-
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Figure 3. Platelet counts of patients after cardio-
pulmonary bypass. Patients were grouped depending
100- on the presence of anti-protamine-heparin antibodies
| (absent, group A [n = 534]) and the capability of these
80+ A 0.47 0.003 antibodies to activate platelets in vitro (non—platelet-
B 0.47 0.045 activating anti—protamine-heparin antibodies, group
40+ c 0.003 0.045 N B [n = 50J; platelet-activating anti-protamine-heparin
0 . . . . : r it —r v | antibodies, group C [n = 7]). The means of platelet
0 1 2 3 4 5 6 7 8 9 10 counts at the corresponding day after surgery are

Days after surgery (days)

plotted. The insert table shows the P values comparing
the different platelet count curves with each other.
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Figure 4. Anti-protamine-heparin antibodies cause A ' B
platelet activation and destruction in vivo in a 1
heparin-dependent manner via cross-linking the : Protamine
Fecylla receptor. Human platelets supplemented with i — 1505
protamine, or protamine-heparin, or protamine-heparin 19G 1 %‘ 100-
and F(ab)’, fragments of the FcRylla-inhibiting mono- ; g
clonal antibody V.3, or buffer were injected retro- 1 £ 501
orbitaly into NOD/SCID mice. After 30 minutes (base- g D_D_D_
line), the number of circulating human platelets was ' 5 0-
estimated (100%), and the IgG fractions of patient sera ; 2 Protamine and heparin
containing anti-protamine-heparin antibodies (or the IgG y 2 +1V.3
fraction from healthy control participants) were injected 801 i S 1501
intraperitoneally. The percentage survival of human — ] ":
platelets was measured after 60, 120, and 300 minutes. s ; & 1004
Results are shown as a median (range) of experiments E 604 : ,g,
performed with anti-protamine-heparin antibodies ob- ‘& i 5§ 501
tained from 7 patients after CPB (A). Expression of the @ ‘ @ O-m—m-
platelet activation marker human CD62p was estimated k] 404 1 o
at 30, 60, and 120 minutes after platelet injection (B). % r2 Protamine and heparin
The control IgG fraction did not cause platelet elimina- 0 & Patient IgG + buffer ; g 1501
tion (A, open circles and dashed line) and minor ex- * Patient IgG + protamine . o
pression of CD62p (median fluorescence intensity, 40; 201 4 Patient IgG + protamine and heparin i g 1001
range, 35-46) al 120 minutes after platelet injection in & Patient IgG + protamine and heparin + IV.3 ; Q 504
the presence of protamine-heparin (not shown). © Control IgG + protamine and heparin | =

0 T T T T T T ' 0

30 90 150 210 270 330 ; 30 90 150
Time (min) ‘ Time (min)
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presence of protamine and heparin (platelet survival rate, 76%; range,
72%-80%) (Figure 4). Platelet counts were compared at 330 minutes
after injection of anti—protamine-heparin IgG.

Decreased platelet survival rate by anti—protamine-heparin anti-
bodies was associated with platelet activation (Figure 4, right panel).
The platelet activation marker human CD62p at 150 minutes was
much higher expressed in the presence of patient IgG and protamine
and heparin (median fluorescence intensity, 117; range, 100-140; 84%
of human platelets were positive) compared with protamine alone
(median fluorescence intensity, 48; range, 45-68, P = .028; 32% of
human platelets were positive). Platelet activation by patient IgG was
inhibited by IV.3 F(ab)',-fragments (median fluorescence intensity,
35; range, 30-45; P = .029; 43% of human platelets were positive). In
the presence of buffer and anti—protamine-heparin IgG, huCD62p
expression was minimal (median fluorescence intensity, 25; range, 18-
28; 12% of human platelets were positive). Control IgG did not in-
crease CD62p expression on circulating platelets either in the presence
of buffer (median fluorescence intensity, 34; range, 30-45) or prota-
mine alone (median fluorescence intensity, 36.5; range, 30-42), or pro-
tamine and heparin (median fluorescence intensity, 40; range, 35-46).

Characterization of protamine—heparin complexes

In circular dichroism spectroscopy, the spectrum of protamine
showed a negative band at 198 nm, which is usually attributed to the
presence of random coil structures (Figure 5). Increasing heparin
concentrations decreased the ellipticity values, indicating a decrease
in the respective secondary structure content on a qualitative level.

Discussion

This study shows that the preoperative presence of platelet-activating
anti-protamine-heparin antibodies in cardiac surgery using heparin
anticoagulation during cardiopulmonary bypass with protamine
neutralization is associated with early and prolonged postoperative
thrombocytopenia and indicates that these antibodies may also be
associated with an increased risk for arterial thrombosis. This finding

bears several similarities to heparin-induced thrombocytopenia: both
disorders are characterized by IgG class antibodies that activate plate-
lets through Fcylla receptors; both are associated with thrombocy-
topenia; and both heparin and protamine administration in association
with cardiac surgery are associated with very high frequencies (25%-
50%) of subsequent, but transient, formation of anti-PF4-heparin
and anti-protamine-heparin antibodies, respectively. However, a major
clinical difference exists between protamine-induced thrombocytope-
nia and heparin-induced thrombocytopenia: whereas protamine-induced
thrombocytopenia seems to be associated with early-onset throm-
bocytopenia and, potentially, with early thrombotic events (as
a consequence of antibodies already detectable at the time of sur-
gery), heparin-induced thrombocytopenia more commonly causes
thrombocytopenia and thrombosis at 1 to 2 weeks after surgery

0.0 .
o -05
g
= -1.0 Heparin
§ 15 25.0 pg/mL (3.75 IU/mL)
£ 10.0 pg/mL (1.50 1U/mL)
S 20 — 7.5 pg/mL (1.125 1U/mL)
g 25 — 5.0 pg/mL (0.750 1U/mL)
5 20 — 2.5 pg/mL (0.375 IU/mL)
e —— No heparin (native protamine)
35 . . . . ,
185 200 215 230 245 260
Wavelength (nm)

Figure 5. Changes in the secondary structure of protamine upon interaction
with heparin. The complex formation was carried out at 20°C directly within the
circular dichroism cuvette and was recorded using far UV circular dichroism spectra
(185-260 nm) with a Chirascan circular dichroism spectrometer. The spectra of
protamine and of protamine-heparin complexes were corrected for the baselines,
path length, and concentration to obtain the wavelength-dependent mean residue & ¢
values of the protamine-heparin complexes. Note that increasing heparin concen-
trations decreased the ellipticity values, indicating a decrease in the respective
secondary structure content on a qualitative level.
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because of newly formed antibodies that become detectable begi-
nning ~5 days after surgery.'®°

Although we found that 26.6% of patients tested positive for anti—
protamine-heparin antibodies at day 10 after cardiac surgery, which is
similar to findings reported by Lee et al*! and Pouplard et al? only
a small subset of these antibodies seem to be clinically relevant. As with
heparin-induced thrombocytopenia, anti—protamine-heparin antibodies
of IgG class with platelet-activating properties evince greater path-
ogenicity than do non—platelet-activating anti—protamine-heparin anti-
bodies, particularly when present before surgery. The preoperative
presence of these antibodies is associated with a more pronounced
decrease in postsurgery platelet counts and might even be associated
with an increased risk for new arterial thrombotic complications. In our
study, 7 patients (1.2%) had these platelet-activating antibodies present
before cardiac surgery, of whom early symptomatic bypass graft
reocclusion developed in the first patient (day 2) and the other patient
experienced a thrombotic stroke (confirmed at day 3). Although such
findings may indicate that these antibodies are a risk factor for early
thrombotic complications after cardiac surgery, our study does not
establish a definite association because of the overall small number
of patients affected. In the studies of Lee et al*! and Pouplard et al,??
the protamine-heparin IgG antibodies were not associated with an
increased risk for new thrombosis. However, in these studies, the
analyses were not stratified for platelet-activating antibodies at baseline.
Thus, the clinical effects of the platelet-activating antibodies might have
been obscured by the presence of many non—platelet-activating
protamine-heparin antibodies, a phenomenon also well known in
heparin-induced thrombocytopenia.

An increased risk for early postoperative thrombotic complications
would present a contrast to the clinical picture of heparin-induced
thrombocytopenia after cardiac surgery. To date, immediate and very
early thrombotic complications attributable to the preoperative pre-
sence of platelet-activating anti-PF4-heparin antibodies has not been
reported, perhaps because of a protective anticoagulant effect of the
high amounts of heparin given at cardiac surgery. In contrast, for
patients with anti—protamine-heparin antibodies, the platelet-activating
effects of these antibodies coincide with an abrupt neutralization of the
anticoagulant effects of heparin by administration of protamine.

Our observation of a prolonged decrease in platelet counts in
patients with platelet-activating anti—protamine-heparin IgG antibodies
raises more questions. Protamine has a short half-life (~5 minutes). =%
As protamine is not a circulating endogenous protein like PF4, it is
unlikely that a mechanism similar to the one observed in delayed-onset
HIT™ (ie, cross-reactivity of PF4-heparin antibodies with PF4 bound to
glycosaminoglykans®®) is also the cause for prolonged thrombocyto-
penia in patients with protamine-heparin antibodies. It is also unlikely
that the antibodies cross-react with epitopes of proteins other than
protamine. However, protamine-heparin complexes circulate much
longer than protamine alone, as shown by a rebound of the anti-
coagulant activity of heparin frequently seen several hours after
protamine application.27 Also, protamine attached to platelet surfaces
may circulate longer or is even taken up into platelet o granules such as
abciximab and is later rr:f:xposr:d.28 Another possibility to explain this
observation is that protamine-heparin-antibody complexes bind to
megakaryocytes and thereby impair megakaryocytopoiesis, as shown
for antibodies dependent on the glycoprotein IIb-Illa antagonist,
eptifibatide.”® These theoretical considerations require further study.

In view of the high immunization rate and a prevalence of ~4% of
platelet-activating anti—protamine-heparin antibodies at day 10 after
surgery, the transience of anti—protamine-heparin IgG antibodies is an
important finding of our study. Most patients who tested strongly
positive at day 10 after surgery tested negative in the follow-up
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sample taken at more than 120 days after surgery, and the remaining
positive samples had a lower OD (Figure 1). Thus, if the patient
requires a second cardiac procedure after several months or years, the
anti—protamine-heparin antibodies will have likely disappeared, allo-
wing safe subsequent exposure to protamine. The transience of anti—
protamine-heparin antibodies resembles that reported for antibodies
implicated in heparin-induced thrombocytopenia.*® However, if there
is subsequent exposure to protamine in patients who still have cir-
culating platelet-activating anti—protamine-heparin antibodies, a risk
for thrombotic complications might still be present.

We also provide further insights into the pathogenesis of thrombo-
cytopenia and thrombotic complications induced by anti—
protamine-heparin antibodies. These antibodies cause intravascular
platelet activation via the platelet Fcylla receptor, both in vitro and in
vivo (mouse model). This mechanism also resembles the well-
characterized platelet activation pathway induced by anti-PF4-
heparin IgG. Of potential relevance for diabetic patients requiring
(protamine-containing) insulin products, intravascular platelet activa-
tion was only induced by anti—protamine-heparin antibodies, and only
if both protamine and heparin were given together. This is also fully
consistent with the observed risk for early arterial thrombosis in patients
with platelet-activating antibodies at the time of combined heparin and
protamine exposure. Cardiopulmonary bypass itself has prothrombotic
and hypercoagulable effects that are likely enhanced by concomitant
anti—protamine-heparin antibody-mediated platelet activation, thereby
increasing the overall risk for acute arterial thrombosis.

Protamine is purified from salmon sperm, and immunization ag-
ainst protamine can occur in patients with fish allergym 132 and in
diabetic patients treated with protamine-containing insulin prepara-
tions.>** In addition, men who have undergone vasectomy develop
antibodies against protamine.”®>"** A limitation of our study was that
that we did not have available the types of antidiabetic treatment
the patients received before hospital admission (insulin or oral
hypoglycemic agents), and whether the patients had undergone vasec-
tomy. Therefore, we can only describe the association of diabetes with
an increased risk for development of these antibodies. Nevertheless, it
is tempting to hypothesize that protamine in insulin preparations may
enhance the risk for formation of anti-protamine-heparin antibodies,
but the anti-protamine antibodies seem to differ from those against
protamine-heparin complexes. Only a subset of antibodies reacting
with protamine-heparin complexes also bound to protamine alone, and
in our mouse model, the antibodies required both protamine and
heparin to cause platelet activation and thrombocytopenia. Protamine
forms immunogenic macromolecular complexes with heparin,'® and
we show by circular dichroism spectroscopy that protamine changes
its conformation when complexed with heparin. Thus, heparin binding
likely induces neoepitopes on protamine. Despite the similarities bet-
ween the immune responses to protamine-heparin and PF4-heparin,
the epitope(s) recognized by platelet-activating anti—protamine-
heparin antibodies seem to differ from those recognized by platelet-
activating anti-PF4-heparin antibodies: only one of the activating
anti—protamine-heparin antibodies caused platelet activation in the
presence of heparin alone, which would be a typical reaction pattern
for PF4-heparin-reactive antibodies.

We have recently shown that anti-PF4-heparin antibodies poten-
tially resemble an ancient bacterial host defense mechanism, by which
a danger signal epitope is expressed when the positively charged
protein PF4 binds to bacterial polyanions or heparin.**-7
Protamine seems to be another example of such a mechanism,
which may indicate that this type of rapid, but transient, immune
reaction toward conformationally altered proteins might be more
common than anticipated.
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Although our study, together with the recent observations of others
(Lee et al’' and Pouplard et al*®), shows that anti—protamine-heparin
antibodies are frequent and are potentially clinically relevant, additional
multicenter prospective studies are required to further define the
prevalence and clinical consequences of anti—protamine-heparin anti-
bodies. Our study provided the laboratory tools to identify these
patients, to differentiate among the various types of anti-protamine
antibodies (particularly the pathogenic platelet-activating anti—
protamine-heparin antibodies), and to obtain a suitable animal
model to further study the pathogenesis of such antibodies.
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