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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 β-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 

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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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 β (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 

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-O, 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 µg/ml (1.25 µmol/l) or 80 µg/ml (2.5 µmol/l). Com-
plex formation was carried out at 20°C directly within the CD cu-
vette (Hellma, Müllheim, Germany). Each measurement started 
with a pure PF4 solution whose initial concentration was set to 40 
µg/ml (cuvette path length = 10 mm) or 80 µg/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).

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 µg/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 
NaH2PO4, 0.1% NaN3) to enable complex formation before coat-
ing wells of a microtiter plate (CovaLink, Nunc, Langenselbold, 
Germany) with 100 µl 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 µl patient serum (1:200 or 1:1,000 in 0.05 M 
NaH2PO4, 0.15 M NaCl, 7.5% goat normal serum, pH 7.5). Plates 
were washed five times and incubated with 100 µl 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 µl tetramethylbenzidine. The reaction was stopped 
with 100 µl 1 M H2SO4 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 µg/ml, respectively 
(1.25·10–6 M or 2.5·10–6 M), while the UFH concentration was 
stepwise increased from 0 to 107 µg/ml, which corresponds to a 
maximum UFH concentration of 0.35·10–3 M (per saccharide 
monomer). During the titration process, pronounced changes in 
the CD spectra are observed (▶ Figure 1 A, B): (i) For UFH con-
centrations increasing from 0 to 6.9 µg/ml (2.2·10–5 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 (▶ Figure 1 B). Excess of UFH leads to folding 
of PF4 towards its native conformation (▶ Figure 1 A, B).

The spectrum of native PF4 shows two negative bands at 205 
nm and 220 nm whose absolute values correspond to the α-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 α-helix 
and β-turn content, which is balanced by an increase in antiparal-
lel β-sheet content (▶ Figure 1 C). 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 µg/ml (at a 
PF4 concentration of 40 µg/ml), which corresponds to a stoichio-
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metric ratio of 18 saccharide monomers bound to one PF4 tet-
ramer. Additionally, ▶ Figure 1 D shows that the CD spectrum of 
native PF4 and of the PF4/UFH complexes formed at 6.9 µg/ml 
and in excess of UFH = 40.0 µg/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 

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-O, 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 
cPA (mg/ml) is divided by the PF4 tetramer concentration cPF4 (mg/
ml): crel=cPA/cPF4. Moreover, we used only the antiparallel β-sheet 

Brandt et al. Conformational changes in PF4 predict immunogenicity

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 µg/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 -

volution of the PF4/heparin CD spectra shows an increase in antiparallel 
β-sheet content (β-sheet ↑↓), which is balanced by a decrease in α-helix and 
β-turn content, D) – comparison of CD spectra of native PF4 (green) and of 
the PF4/UFH complex, formed at a concentration of 6.9 µg/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.
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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) unfraction-
ated heparin (UFH), C) 
2-O, 3-O desulfated hepa-
rin (ODSH), D) chondroitin 
sulfate A (chondSA), E) 
fondaparinux and F) dex-
tran sulfate. The open 
circles give average valu-
es of OD (EIA) or antipar-
allel β-sheet content (CD 
spectroscopy) calculated 
from repetitions of these 
experiments, while the 
error bars correspond to 
the standard deviation 
(calculated from the re-
sults of n = 3 experi-
ments using sera from 3 
different patients with se-
rologically confirmed 
HIT). In this figure, the PA 
concentration cPA is nor-
malised by the PF4 tet-
ramer concentration cPF4: 
crel=cPA/cPF4. Generally, 
changes in PF4 secondary 
structure observed with 
CD spectroscopy are 
qualitatively very similar 
to the concentration de-
pendence of PF4/PA com-
plex antigenicity.
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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 β-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 2 A, B. F). Reviparin in-
duced (within experimental resolution) the same maximum PF4 
structural change as did UFH (antiparallel β-sheet  content up to 
~35%). Moreover, the maximum structural change was observed 
for both PAs at a relative concentration of crel=0.17, which corre-
sponded to UFH or reviparin concentrations of 6.9 µg/ml at 40 
µg/ml PF4.

Dextran sulfate, which has a higher degree of sulfation than 
UFH, induced an antiparallel β-sheet  content of up to 40% (▶ Fig-
ure 2 F), 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 2 E), 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 β-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 β-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 β-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).

For an antiparallel β-sheet content smaller than 30%, the corre-
sponding EIA gives low OD values (<<1; region 1 in ▶ Figure 3). 
An increase in antiparallel �-sheet content above 30% causes a 
strong increase in OD (>1), which depends in first approximation 
linearly on the structural change (region 2 in ▶ 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 
▶ 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

▶ Figure 3 implies a relationship between antiparallel β-sheet con-
tent and OD, which is captured by the sigmoid function (Eq. 1):

 

Here, crel denotes as before the PA concentration cPA (in mg/ml) 
normalised by the PF4 concentration cPF4 (in mg/ml), crel=cPA/cPF4, 
ODpred(crel) gives the predicted/expected OD for a complex formed 
at crel, Δ is the slope in the antigenic region,   is the antipar-

Brandt et al. Conformational changes in PF4 predict immunogenicity

Figure 3: PF4/PA complex antigenicity correlates with changes in 
PF4 antiparallel β-sheet content. Correlation of antiparallel β-sheet con-
tent of PF4/PA complexes (as measured with CD spectroscopy) with the OD 
of the same complexes (as determined with EIA) for: (○) UFH, (▲) reviparin, 
(stars) 2-O, 3-O desulfated heparin, (□) 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 
β-sheet contents >30%). As we noticed for UFH a discrepancy in peak posi-
tions for OD and antiparallel β-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.
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allel β-sheet content at crel, while   sets the point of inflection of 
Eq. 1 and has to be determined by fitting the data to Eq. 1. ODmax 
denotes the saturation OD value, which is reached for 
 . This model covers both aspects discussed before, i.e. 
all PAs exhibit the same slope Δ and a critical structural change 
(here accounted by  ) has to be exceeded to induce a significant 
increase in OD. As Δ and ODmax can be extracted from ▶ Figure 3, 
the only adjustable parameter is  .

▶ 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 Δ=0.3 (for β in %; taken from the slope of the linear re-
gion in ▶ Figure 3) and   =30.9% (fitting parameter) for all 
PAs. The red line corresponds to Eq. 1 applied to the average value 
< > of the antiparallel β-sheet content   (as determined by 
CD spectroscopy; see ▶ Figure 2), while the yellow area accounts 
additionally for the fact that   can be resolved only within a cer-
tain measurement resolution  (see error bars in ▶ 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   =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 β-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 crel than the 
antiparallel β-sheet (see also ▶ Figure 2 B), only very few EIA data 
points for PF4/UFH complexes hit the yellow area. If we introduce 
(in analogy to ▶ Figure 3) a correction factor for crel, 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 
4 E). It should be regarded as antigenic if the yellow area exceeds an 
OD of 1 (e.g. reviparin, UFH, and dextran sulfate; ▶ Figure 4 A, 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; ▶ Figure 4 C, D). 

To generalise these findings, we applied CD spectroscopy to the 
polyphosphate polyP55 (mean chain length 55 monomers) and 
observed (▶ Figure 5) a strong increase in antiparallel β-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 β-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 Ncrit of ~12 monosaccharide units and a DScrit 
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, DS=0.5) 
(23–25). For these PAs, no significant structural changes of PF4 
were observed, while antigenic PF4/PA complexes were formed, if 
both, Ncrit and DScrit, were simultaneously exceeded (UFH, revipa-
rin, dextran sulfate). For these PAs, pronounced PF4 structural 
changes were observed.

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 β-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 
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 
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expression of the conformation dependent neoepitope induced by 
the PA.

For all PAs tested we observed that the increase in antiparallel 
b-sheet content is balanced by a decrease in structures having 
α-helical or β-turn conformations. This suggests that the antiparal-
lel β-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 β-sheet content 
(as measured by CD spectroscopy; ▶ 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 β-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 Ncrit has to be exceeded to induce anti-
genic PF4/PA-complexes. The existence of Ncrit led to the hypoth-
esis that at least two PF4 tetramers have to be connected by one PA 

Brandt et al. Conformational changes in PF4 predict immunogenicity

A B

C D

E F

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 β-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 
(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 β-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 Eq. 1 can be used to 
assess antigenicity of PF4/PA complexes.
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chain to make the formed complex antigenic (16). Depending on 
the PA’s 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 
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 ▶ 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 β-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 β-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 (▶ Figure 6). 
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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 β-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.

A

B

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 β-sheet content for 
PF4/PA complexes as indicated. An almost linear increase in maximum struc-
tural change is observed.
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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 DScrit ~ 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-

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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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 α-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 

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 β-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 α-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 α-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.
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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 IIbIIIa 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.

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 α-helix (located 
at the C-terminus; amino acids (AA) 60–70), which is followed by 
three antiparallel β-sheet strands (AA 24–31, 39–44 and 49–53) 
(35, 46). Four β-turn structures connect the three β-sheet strands 
and the α-helix (▶ Figure 7 A). The remaining part of PF4 (AA 
1–19) adopts an unordered conformation.

As the axes of the α-helix and the β-sheet strands enclose an 
angle of approximately 45°, this configuration belongs to class 2 in 
the nomenclature of Chou et al. (35, 47). The α-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 α-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 β-sheet strand 1 and 
2 (green structures in ▶ 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 7 A) and at least AA 34 
(blue structures in ▶ 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 β-turn or a 
α-helical secondary structure are transformed into an antiparallel 
β-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 
β-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 β-turns: Only the β-turn hairpin (AA 
32–38) is long enough to allow a (partly) transition to antiparallel 
β-sheets, while the other β-turns are much shorter (making this 
transition rather unlikely).

The observation that epitope formation is accompanied by a 
structural change of the α-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 α-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 α-helix of one PF4 
monomer (red arrow and red structures in ▶ Figure 7) are close to 
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What is known about this topic?
• 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.

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

• It 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.

• Platelets contain polyphosphates in their dense granules

What does this paper add?
• The described method is the first to screen new drugs for their po-

tential immunogenicity by inducing a conformational change in 
PF4.

• 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.

• It 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.

• Characterisation of the antigenic epitope as a composite epitope 
of the β-strands of one PF4-monomer and the α-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.

• 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.

• Polyphosphates interact strongly with PF4 and induce a con-
formational change in PF4.
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site-1 and -2 of the adjacent PF4 monomer (green and blue struc-
tures in ▶ Figure 7). Hence, although there is a large distance be-
tween the α-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 α-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 7 B). AAs 66–70 are involved in the expression of 
the epitope. These AAs are part of the α-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-

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.
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