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Background: Heparin-treated patients often develop antibodies, but only a subset cause heparin-induced thrombocytopenia.
Results: In a single-molecule assay, a pathogenic monoclonal antibody bound more strongly to cross-linked platelet factor 4

than a non-pathogenic antibody.

Conclusion: Oligomerization of platelet factor 4 may enhance binding of pathogenic antibodies.
Significance: A molecular basis for specificity of pathogenic antibodies in heparin-induced thrombocytopenia is provided.

Heparin-induced thrombocytopenia (HIT) is a thrombotic
complication of heparin therapy mediated by antibodies to com-
plexes between platelet factor 4 (PF4) and heparin or cellular
glycosaminoglycans. However, only a fraction of patients with
anti-PF4-heparin antibodies develop HIT, implying that only a
subset of these antibodies is pathogenic. The basis for the
pathogenic potential of anti-PF4-heparin antibodies remains
unclear. To elucidate the intrinsic PF4-binding properties of
HIT-like monoclonal antibody (KKO) versus non-pathogenic
antibody (RTO) at the single-molecule level, we utilized optical
trap-based force spectroscopy to measure the strength and
probability of binding of surface-attached antibodies with olig-
omeric PF4 to simulate interactions on cells. To mimic the effect
of heparin in bringing PF4 complexes into proximity, we chem-
ically cross-linked PF4 tetramers using glutaraldehyde. Analysis
of the force histograms revealed that KKO-PF4 interactions had
~10-fold faster on-rates than RTO-PF4, and apparent equilib-
rium dissociation constants differed ~10-fold with similar
force-free off-rates (k¢ = 0.0031 and 0.0029 s™'). Qualitatively
similar results were obtained for KKO and RTO interacting with
PF4-heparin complexes. In contrast to WT PF4, KKO and RTO
showed lower and similar binding probabilities to cross-linked
PF4%%°E which forms few if any oligomers. Thus, formation of
stable PF4 polymers results in much stronger interactions with
the pathogenic antibody without a significant effect on the bind-
ing of the non-pathogenic antibody. These results suggest a
fundamental difference in the antigen-binding mechanisms
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between model pathogenic and non-pathogenic anti-PF4 anti-
bodies that might underlie their distinct pathophysiological
behaviors.

Heparin-induced thrombocytopenia (HIT)? is an autoim-
mune thrombotic disorder caused by antibodies (Abs) to com-
plexes between platelet factor 4 (PF4) released from activated
platelets and heparin (1) or cellular glycosaminoglycans (GAGs)
(2-5). Binding of antibody leads to formation of immune com-
plexes that activate platelets through FcRylla receptors in vivo
and initiate procoagulant responses by monocytes, endothelial
cells, and probably other cell types (6, 7). Remarkably, anti-PF4
Abs develop in many patients exposed to heparin in settings
characterized by intense platelet activation and inflammation,
such as coronary bypass surgery, yet only ~1% of patients
develop clinical HIT (4, 8 -10).

The reason why only a subset of anti-PF4-heparin Abs is asso-
ciated with HIT is unclear and only partially explained by IgG
isotype and titer. We hypothesize that pathogenic potential is
largely determined by the affinities of HIT Abs with specific
epitopes that are brought into proximity during heparin- or GAG-
induced oligomerization of PF4 complexes (11, 12). These inter-
actions may lead to the formation of very large pathogenic
immune complexes that promote cellular injury responses.

We have previously generated and characterized two iso-
type-matched murine anti-human PF4-heparin monoclonal
Abs that mimic their human counterparts (13): KKO, which
causes HIT in an animal model (7), and RTO, which does not
cause HIT in vivo (12). Importantly, ELISA-positive plasma
samples from patients suspected of having HIT contain Abs

2 The abbreviations used are: HIT, heparin-induced thrombocytopenia; Ab, anti-
body; GAG, glycosaminoglycan; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; pN, piconewtons; PF4, platelet factor 4.
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that show heparin-induced binding to PF4, like KKO, and com-
pete with KKO for binding to heparin/PF4 and activate platelets
in a heparin- and FcRyIIA-dependent manner, whereas sam-
ples that are ELISA-positive but do not activate platelets behave
like RTO, show less inhibition of KKO binding to PF4, and do
not activate platelets (12, 14, 15). KKO and RTO do not com-
pete for binding to PF4. KKO, unlike RTO, causes PF4 to oligo-
merize in solution, forming ultralarge complexes (ULCs) that
cluster on cell surfaces, which probably activate the cells and
predispose to Ab-induced thrombosis (14). This suggests that
detailed comparisons between KKO and RTO might help to
define the difference between the structure and specificity of
pathogenic and non-pathogenic human anti-PF4 antibodies
that underlie their dissimilar clinical impact. However, the
information obtained from conventional bulk techniques that
make use of large ensembles of molecules in equilibrium cannot
distinguish subtle functional distinctions of different sets of
anti-PF4 antibodies, which, for example, bind to PF4 with the
same B, in ELISA. The comparison could be substantially
enhanced when the studies were performed at the single-mol-
ecule level with precise and novel qualitative and quantitative
characterization of protein-protein interactions.

We posit that the difference in the behavior of the two
types of anti-PF4 Abs is attributable to the capacity of hep-
arin or GAGs to bring the binding site of KKO on individual
tetramers in proximity, which substantially enhances its
avidity, without affecting the site recognized by RTO (11,
12). Preliminary evidence in support of this explanation for
the distinct functionality of KKO and RTO was obtained
using nanomechanical measurements of the interactions
between surface-bound antibodies and chemically stabilized
PF4 tetramers (12). The goal of this study is to further eluci-
date the molecular basis of the difference between two types
of anti-PF4 Abs, one that causes HIT (KKO) and one that
does not (RTO) to shed light on the molecular and cellular
mechanisms that contribute to pathogenesis.

We used optical trap-based force spectroscopy developed in
our laboratory (16, 17) to determine the differences in specific-
ity and the two-dimensional kinetics of pathogenic versus non-
pathogenic monoclonal Abs with PF4 at the strictly confirmed
single-molecule level. Because these studies measured bimolec-
ular interactions, we were able to detect and measure the
strength and probability of binding among individual molecu-
lar partners within a complex and distinguish among multi-
ple interacting partners, unlike typical biochemical assays
that measure aggregate properties averaged over all interac-
tions occurring simultaneously. We demonstrate directly
that the difference in specificity of KKO and RTO is due to
polymerization of PF4 that results in ~10-fold faster k_,, and
stronger interactions with the pathogenic Ab without a sig-
nificant effect on the binding of the non-pathogenic Ab.
These data suggest an amplification reaction in which KKO,
unlike RTO, binds preferentially to PF4 tetramers (or higher
order complexes), promotes their superoligomerization, and
binds with progressively higher avidity as the antigenic com-
plexes grow in size.
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EXPERIMENTAL PROCEDURES

Expression and Purification of Human PF4 and Anti-PF4
Monoclonal Antibodies—Wild type (WT) hPF4 and PF4**°F in
plasmid pMT/BiP/V5-His (Invitrogen) were expressed using
the Drosophila Expression System (Invitrogen), purified, and
characterized as described (12). Briefly, the protein was col-
lected in serum-free medium Insect-Xpress (Lonza, Walkers-
ville, MD) and isolated by affinity chromatography using a
HiTrap Heparin HP column (GE Healthcare) on an AKTA
Prime system (GE Healthcare) at 4 °C and eluted at 1.8 M NaCl
(WT PF4) or 1.3 M NaCl (PF4"°°F) using a linear gradient. Frac-
tions containing purified PF4 detected by silver staining of 12%
polyacrylamide gels (SDS-PAGE) were pooled, concentrated,
and buffer-exchanged into 50 mm HEPES, 0.5 m NaCl, pH ~7.2,
using an Amicon Ultra filter (3000 molecular weight cut-off; Mil-
lipore). Protein was quantified using a BCA assay (Pierce). KKO
and RTO are both mouse IgG2bk monoclonal anti-human PF4
antibodies (13). The IgG fractions were purified from conditioned
PFHM-II media (Invitrogen) using protein A-agarose (Invitrogen)
as recommended by the manufacturer. IgG purity was demon-
strated by SDS-PAGE on NuPAGE 4-12% BisTris gel (Invitro-
gen). Fab fragments were generated by digestion with papain using
the Pierce® Fab Preparation Kit (Thermo Scientific, Rockford, IL)
essentially as recommended by the manufacturer and purified by
performing three rounds of removing Fc fragments with protein
A-agarose beads and then additional purification with anti-mouse
IgG (Fc-specific) (Sigma M4280) and anti-mouse IgG (Fab-spe-
cific) Sigma M4155 antibodies bound to CNBr-activated Sephar-
ose 4 Fast Flow beads (Amersham Biosciences) as recommended
by the manufacturer.

The Model System to Study Bimolecular Protein-Protein
Interactions—To compare the reactivity of IgG antibodies KKO
and RTO toward PF4 at the single-molecule level, we applied an
optics-based model system to study individual protein-protein
interactions (supplemental Fig. S1). This system permits the
measurement of discrete rupture forces produced by surface-
bound molecular pairs during repeated intermittent contact
(16, 17). For these studies, an antigen (WT PF4 or its deriva-
tives) was covalently bound to stationary 5-um pedestals
anchored to the inner surface of a flow chamber. 2-um latex
beads coated covalently with KKO, RTO, or Fab KKO fragment
were then flowed into the chamber. One of the latex beads was
trapped by a focused laser beam and moved in an oscillatory
manner so that the bead was intermittently in contact with a
stationary pedestal. The tension produced when an antibody on
the latex bead interacted with an antigen on the anchored ped-
estal was sensed and displayed as a force signal that was propor-
tional to the strength of protein-protein binding (supplemental
Figs. S2 and S3). Rupture forces from many interactions were
collected and displayed as normalized force distribution histo-
grams for each experimental condition. Details of the optical
trap-based single-molecule force spectroscopy and its applica-
tions for various interacting molecular pairs can be found else-
where (12, 16 -23).

Measurement of Rupture Forces and Data Processing—Mea-
surements were performed in 100 mm HEPES buffer, pH 7.4,
containing 150 mm NaCl, 2 mg/ml BSA, and 0.1% (v/v) Triton
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X-100. The position of the optical trap and hence a KKO-,
RTO-, or Fab KKO-coated latex bead was oscillated in a trian-
gular waveform at 10 Hz with a loading rate of 1600 pN/s. To
maximize single-molecule interactions while decreasing the
likelihood of multiple interactions during repeated touching
events between the protein-coated particles, the surface densi-
ties of reacting proteins were deliberately decreased so that the
fraction of specific interactions between the two proteins was
about 10% of bead-pedestal contacts or less. Because only a
small percentage of contact/detachment cycles resulted in
effective antigen-antibody binding/unbinding, data from at
least 10 bead-pedestal pairs for each experimental condition,
representing 6 X 103 to 1.2 X 10* individual measurements,
were combined. Optical artifacts observed with or without
trapped latex beads produced signals that appeared as forces
below 10 pN. Accordingly, rupture forces in this range were not
considered when the data were analyzed. Individual forces
measured during each contact-detachment cycle were col-
lected into 10-pN-wide bins. The number of events in each bin
was plotted against the average force for that bin after normal-
izing for the total number of interaction cycles. The percentage
of events in a particular force range (bin) represents the fre-
quency (probability density) of rupture events at that tension.
Details of optical trap design and calibration and the experi-
mental procedure can be found in Ref. 17.

Coating Surfaces with the Proteins—Surfaces coated with the
interacting proteins were prepared basically as described pre-
viously (17) with modifications. WT PF4 or PF4**°F alone or
preincubated with unfractionated heparin (BD PosiFlush™
heparin at a ratio of 50 ug of PF4/1 unit of heparin for 30 min at
37 °C) was bound covalently to spherical silica pedestals 5 um
in diameter anchored to the bottom of a chamber. Pedestals
coated with a thin layer of polyacrylamide were activated with
10% glutaraldehyde (4 °C, 10 h), after which the proteins were
immobilized for 2 h at 4 °C from 2 mg/ml solution in 50 mm
HEPES with 0.5 M NaCl, pH 7.2. After washing, 2 mg/ml bovine
serum albumin (BSA) in 0.055 M borate buffer, pH 8.5, was
added as a blocker. Before the measurements, the chambers
were washed with 20 volumes of 100 mm HEPES, pH 7.4, con-
taining 150 mm NaCl, 2 mg/ml BSA, and 0.1% (v/v) Triton
X-100. Antibodies KKO, RTO, or the Fab KKO fragment were
bound covalently to carboxylate-modified 2-um latex beads
(Bangs Laboratories, Inc., Fishers, IN) activated in water sus-
pension (0.5% solids) with N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (3 mg/ml, 15 min at room
temperature). After washing the beads with 0.055 m borate
buffer, pH 8.5, by centrifugation followed by resuspension, the
immobilization of antibodies lasted 30 min at room tempera-
ture in the same buffer. Solutions of KKO and RTO in the
immobilizing mixture with the same freshly activated beads
were used in equimolar concentrations (0.13 uMm) to keep the
same or similar surface densities. Fab KKO was immobilized
from a 2-fold higher molar concentration to equalize the sur-
face densities of divalent KKO, RTO, and monovalent Fab KKO
by the number of paratopes. BSA was used as a blocker.

Oligomerization and Chemical Cross-linking of PF4—To
minimize the potential weaker force signals due to non-cova-
lent PF4-PF4 interactions revealed as a noisy background, the
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surface-bound PF4 oligomers were covalently cross-linked with
0.5% glutaraldehyde (2 h at 4 °C) followed by blockage with 1 M
ethanolamine prior to interaction with an antibody-coated
bead. The efficacy of cross-linking was confirmed using electro-
phoresis of WT PF4 in solution treated with glutaraldehyde at
the same conditions as on the surface of a pedestal (supplemen-
tal Fig. S4). Briefly, PF4 at 10 ug/ml in PBS was incubated with
either glutaraldehyde (final concentration 0.1 or 0.5%) or bis-
(sulfosuccinimidyl) suberate (final concentration 0.2 mm) for
30 min at room temperature. The reaction was stopped by add-
ing NuPAGE lithium dodecyl sulfate sample buffer and denatured
by heating to 70 °C for 10 min according to the manufacturer’s
instructions. Aliquots (15 ul) were analyzed by SDS-PAGE on a
12% NuPAGE BisTris gel under reducing conditions, and protein
was visualized by silver staining. A PageRuler Plus prestained pro-
tein ladder (Thermo Fisher Scientific) served as the molecular
weight standard. The results confirm that glutaraldehyde formed
stable soluble covalently cross-linked oligomers with conserved
ability to interact with KKO and RTO.

To rule out a potential destructive effect of glutaraldehyde on
the structure of PF4, we took advantage of the PF4**°F mutant
that has minimal capacity to form oligomers in the presence of
heparin (24). We compared the ability of the PF4"*°F mutant to
bind KKO before and after treatment with glutaraldehyde using
an ELISA format performed essentially as previously described
(12). The results presented in supplemental Fig. S5 show that
gluteraldehyde increased binding of KKO to PF4. We interpret
these results to mean that gluteraldehyde helped to bring the
epitopes in PF4*°°F into closer proximity and, in doing so,
increased antibody avidity. These data establish that glutaral-
dehyde did not destroy the epitopes seen by KKO.

Analysis of the Kinetics of KKO- and RTO-PF4 Interactions—
To extract kinetic parameters of the KKO-PF4 and RTO-PF4
interactions, data analysis was performed using the Bell model,
which describes the rupture of non-covalent bonds formed
between single molecules subject to mechanical force (25).
According to this model, the dependence of the unbinding rate
or off-rate (k,.) on a tensile force (f), which governs the disso-
ciation transition B — U from the bound state (B) to the
unbound (dissociated) state (L)), is given by the product, k ., =
koexp(a” flk,T), where the prefactor k, is the force-free bond
breakage rate (off-rate at a zero force), o is the distance
between the energy minimum of the bound state and the tran-
sition state, and k and T are the Boltzmann constant and abso-
lute temperature, respectively. Note that o™ can be viewed as
the minimal bond length at which the bimolecular complex
becomes unstable. Also, in the presence of pulling force (f), the
probability of rebinding is small, and the kinetic rate for the
reverse association process (U — B) or on-rate k,, can be safely
neglected. Under these conditions, the probability density
function of unbinding forces p(f) (i.e. the likelihood of observing
the bond breakage at a force f) is given by the equation,

p(f) = (Bko/rs) exp(Ba™ f+ (ko/rm™)) X (1 — exp(Bo ™ f))
(Eq. 1)

where 7, is the force-loading rate, and 3 is the inverse temper-
ature (8 = 1/kzT). In the kinetic analysis and modeling of the
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FIGURE 1. Interactions of KKO (A) and RTO (B) with uncross-linked WT PF4 displayed as normalized rupture force distributions in a semilog plot with
two force regimes bordering at 60 pN. The bimodal distribution of rupture forces is fitted with the exponential and Gaussian functions. The total number of

contacts (n = 10,429 for A and n = 9,359 for B) is taken to be 100%.
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Cumulative binding probability for different interacting proteins at various conditions

Values are expressed as means * S.D.

Cumulative probability
Interacting molecular pairs and conditions Forces >10 pN Forces >60 pN“ Figure(s)
% %

Uncross-linked WT PF4” and KKO 13224 0.5=*0.1 1A
Uncross-linked WT PF4” and RTO 74 * 14 04 *0.1 1B
Uncross-linked WT PF4” and Fab KKO 11323 0.5*0.1 S6
(Uncross-linked WT PF4” + PF4A01) and KKO 10.7 = 2.4 0.8 +0.3 S7A
(Uncross-linked WT PF4” + PF4A01) and RTO 52+ 1.1 0.3+ 0.1 S7B
Cross-linked WT PF4 (0.1 mg/ml) and KKO 9.2 +27 24 *04 S9A
Cross-linked WT PF4 (0.2 mg/ml) and KKO 14.6 £ 2.5 6.2 = 0.9 S7B
Cross-linked WT PF4 (1 mg/ml) and KKO 152 + 34 9.6 + 1.8 2A and S9C
Cross-linked WT PF4 (2 mg/ml) and KKO 19.0 = 2.8 102 = 1.2 S9D
Cross-linked WT PF4” and RTO 46 *+1.0 1.2*+0.5 2B
Cross-linked WT PF4” and Fab KKO 9.9 +22 6.5* 1.5 S8
(Cross-linked WT PF4” + free Fab KKO) and KKO 7.4 * 12 1.1+0.3 2C
Cross-linked WT PF4” and (KKO + free PF4) 29.2 = 4.5 09+ 0.4 2D
Uncross-linked PF4 K50E” and KKO 172 £ 3.6 0.3 =*0.1 5A
Uncross-linked PF4 K50E” and RTO 14.1 + 2.1 03+0.1 5B
Uncross-linked PF4 K50E” and Fab KKO 12.7 £ 3.1 0.4+ 0.1 S10
Cross-linked PF4 K50E” and KKO 94 *+ 21 32=*1.1 6A
Cross-linked PF4 K50E” and RTO 44+ 1.1 2.0+ 0.6 6A
Cross-linked PF4 K50E” and Fab KKO 83+ 24 1.2 *04 S11
Uncross-linked WT PF4”-heparin and KKO 18.9 £ 3.7 55+ 1.1 7A
Uncross-linked WT PF4’-heparin and RTO 8.0+22 04 *0.1 7B
Cross-linked WT PF4°-heparin and KKO 154 =33 11.8 £2.3 7C
Cross-linked W'T PF4*-heparin and RTO 6.6 £2.0 33*0.8 7D

“ Rupture forces of >60 pN have been identified as reflecting specific antigen-antibody interaction between PF4 and KKO or RTO.
® To keep the surface density the same, the concentration of PF4 in the immobilizing mixture was 1 mg/ml, unless otherwise specified.

results of experimental measurements, this equation was used
to model the histograms of rupture forces in order to estimate
the force-free off-rate k, and the transition state location o™
The apparent force-free kinetic rate for association (on-rate)
k., was obtained using the experimental value of the binding
probability P,(7) measured at time 7 (interaction time),
expressed in terms of k_gand k., , by the following equation (26).

Po(T) = (Kon/(Kon + kog)) X (1—exp(— (ko + ko) T))
(Eq.2)

Finally, having estimated &, and &, we were able to calculate

on’

the apparent equilibrium dissociation constant K, given by
Equation 3.

(Eq.3)

K;j = koff/k;)n
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RESULTS

Interactions of KKO and RTO with Uncross-linked Wild Type
PF4—To assess directly whether the surface-attached antigen
and the antibodies retain the ability to bind each other, surfaces
coated with predominantly tetrameric WT PF4 were exposed
to either KKO- or RTO-coated beads. Both KKO and RTO were
highly reactive toward PF4 and displayed similar rupture force
spectra in the range of 10—110 pN with two distinct regimes
bordering at about 60 pN (Fig. 1). The lower force regime
(10-60 pN) displayed interactions with exponentially decreas-
ing strength, whereas the higher force regime (>60 pN)
appeared as a Gaussian-like symmetric peak. Despite the qual-
itative similarity of the force profiles, the overall cumulative
binding probability of KKO-PF4 interactions (13.2%) was sig-
nificantly higher than that of RTO-PF4 (7.4%, p < 0.05) mainly
due to the higher incidence of the weaker forces (Table 1).
Although the cumulative probability of the larger forces was
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FIGURE 2. The panel of rupture force spectra demonstrating the interactions of KKO (A, C, and D) and RTO (B) with cross-linked WT PF4, including
control data (C and D) for nonspaecific protein-protein binding displayed as normalized force distributions. A and B have two force regimes, correspond-
ing to nonspecific (<60 pN) and specific (>60 pN) PF4-antibody interactions. Cand D are competitive inhibition assays (negative controls to A) with exponen-
tially decreasing rupture forces produced by nonspecifically interacting proteins. The total number of contacts presented in the histograms is n = 11,020 (A),

n = 8320 (B),n = 7568 (C), and n = 6876 (D).

small and was similar for KKO-PF4: (0.5%) and RTO-PF4 (0.4%,
p > 0.05) interactions, there was a moderate but statistically
significant shift in peak position (84 versus 78 pN, p < 0.05),
reflecting a difference in binding strength (Fig. 1). When full-
length KKO was replaced with its Fab KKO fragment, the rup-
ture force profile with uncross-linked PF4 did not change
significantly under the same experimental conditions (supple-
mental Fig. S6 and Table 1). This result indicates that, despite
the bivalent nature of the antibody, the registered binding of
KKO to PF4 was monovalent. This is probably due to the inabil-
ity of the optical trap to measure the strength of bivalent inter-
actions at >130-140 pN and perhaps because of steric limita-
tions originating from surface immobilization.

In our previous studies, specific protein-ligand interactions
often appeared as well defined stronger force peaks, whereas
the nonspecific background showed up as weaker forces with
exponentially decreasing probability (17, 21, 27). Therefore, we
assumed that the dominant lower binding strength interactions
observed when KKO or RTO was exposed to the mostly tetra-
meric WT PF4 were from PF4-PF4 bonds, which overwhelmed
Ab-PF4 interactions. To assess the importance of the size of the
oligomers, WT PF4 was pretreated (100 um, 37 °C, 30 min, 50
mM Tris-HCI, 0.5 M NaCl, pH 7.2) with a low molecular weight
compound, PF4 antagonist PF4A01, previously shown to pre-
vent tetramerization of PF4 from dimers (28). This antagonist
reduced the probability of the weaker KKO-PF4 and RTO-PF4
interactions, with a statistically insignificant increase in the
higher forces (supplemental Fig. S7). This further supports the
concept that the weaker interactions (<60 pN) originate from
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PF4-PF4 interactions that occur with lower probability among
PF4 dimers than tetramers.

Interactions of KKO and RTO with Cross-linked Wild Type
PF4—To study antibody-PF4 binding specifically, we pre-
vented rupture of PF4-PF4 bonds by covalently cross-linking
the surface-bound PF4 oligomers with glutaraldehyde (see
“Experimental Procedures”). The cross-linking of PF4 had a
dramatic effect on the force profile both for KKO-PF4 and
RTO-PF4 interactions (supplemental Fig. S2 and Figs. 1 and 2).
Although the overall probability of KKO binding with uncross-
linked versus cross-linked PF4 did not change significantly (13.2
versus 15.2% (p > 0.05), respectively), the fraction of the larger
forces >60 pN increased ~19-fold from 0.5 to 9.6% (p < 0.001),
respectively (Table 1). By contrast, the overall probability of
RTO binding with uncross-linked versus cross-linked PF4
dropped from 7.4 to 4.6% (p < 0.001), respectively, whereas the
share of the larger forces >60 pN increased ~3-fold from 0.4 to
1.2% (p < 0.001), respectively (Table 1). The force histogram of
the KKO-PF4 interactions revealed a redistribution of the lower
and larger forces in response to cross-linking of PF4, leading to
formation of a new, sharp, well defined peak at 94.5 pN (Fig.
2A). This force profile was quite different from the RTO-PF4
interactions, which displayed a dramatic suppression of both
force regimes as a result of PF4 cross-linking with a quite small
peak at 82.5 pN (Fig. 2B). Similar to KKO, the Fab KKO frag-
ment exposed to the cross-linked PF4 also formed a strong
force peak at 92 pN, but the overall binding probability was
substantially lower than seen with full-length KKO (9.9 versus
15.2% (p < 0.05), respectively) (supplemental Fig. S8 and Table
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1). Also, interactions of Fab KKO with uncross-linked versus
cross-linked PF4 resulted in a striking 13-fold increase in the
fraction of forces >60 pN from 0.5 to 6.5% (Table 1). It is note-
worthy that all of the observed changes in response to cross-
linking of PF4 occurred at identical surface density of the react-
ing proteins and under the same experimental conditions.
These data have two important implications. First, they con-
firm that the vast majority of signals observed during forced
unbinding of the anti-PF4 antibodies and uncross-linked tetra-
meric PF4 originated from the PF4 —PF4 bonds, which was pre-
cluded by covalent cross-linking. Second, they show a distinct
superiority of KKO over RTO to bind stabilized PF4 oligomers
not revealed with uncross-linked PF4. The higher probability of
interactions between KKO and PF4 than with Fab KKO (and
perhaps RTO) may be explained by the ability of bivalent Ab
to bind either of two or more closely located cross-linked
tetramers.

Specificity of the KKO-PF4 Interactions—The specificity of
rupture forces generated by the surface-bound cross-linked
PF4 and KKO was confirmed by competitive inhibition exper-
iments in the presence of free Fab KKO (to block the PF4
epitopes) or free PF4 (to block the KKO paratopes). First, ped-
estals coated with cross-linked PF4 were preincubated with free
Fab KKO (100 ug/ml, 15 min, room temperature). KKO-beads
were then inserted into the chamber, and the measurements
were performed in the presence of 100 wg/ml Fab KKO. As a
result, the overall probability of KKO-PF4 binding decreased
from 14.8 to 7.4% (p < 0.01), with the most profound inhibitory
effect on the fraction of forces >60 pN, which dropped from 8.1
to 1.1% (p < 0.001) (Table 1). Comparison of the force profiles
shown in Fig. 2, A and C (i.e. in the absence and presence of free
Fab KKO, respectively), revealed that KKO-PF4 interactions
corresponding to the greater force peak were almost com-
pletely abolished by excess soluble Fab KKO due to non-equi-
librium competitive inhibition. When free WT PF4 (1 mg/ml)
was introduced into the reaction chamber to compete with
KKO antibodies for surface-attached PF4, it caused a dual
effect: a 2-fold increase in the overall binding probability from
13.8 t029.2% (p < 0.01) combined with almost complete elim-
ination of forces >60 pN (from 9.6 to 0.9%, p < 0.001) to the
background level (Table 1). Formation of numerous weak
bonds <40 pN (Fig. 2D) probably represents forced rupture of
many PF4-PF4 interactions at an interface resulting from
adsorption of abundant soluble PF4 on the interacting surfaces.
These data confirm that the rupture forces stronger than 60 pN
indeed represent specific KKO-PF4 interactions.

Surface Density Dependence of the KKO-PF4 Interactions—
To test whether the measured rupture forces represent unbinding
of single-molecule KKO-PF4 complexes, we varied the surface
density of the pedestal-attached cross-linked PF4 by changing the
concentration of PF4 in the binding buffer during immobilization.
The results shown in Fig. 3, supplemental Fig. S9, and Table 1
indicate that the probability of specific KKO-PF4 interactions
reflected by forces >60 pN increased with surface density of
PF4 until it reached a plateau, corresponding to the lack of
additional available binding sites (“saturation”) on the surface
of KKO-coated beads. This plateau is reached at the concentra-
tion of PF4 of 1 mg/ml normally used in our experiments.
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FIGURE 3. The probability (squares) and the binding strength (circles) of
specific KKO-PF4 interactions (recognized as forces >60 pN) plotted
against PF4 concentration in the immobilizing mixture (derived from
the force histograms shown in supplemental Fig. S9). After immobiliza-
tion, PF4 was cross-linked with glutaraldehyde. Error bars, S.D.

Importantly, the maximal binding probability of the specific
antigen-antibody interactions was only about 10%, meaning
that statistically, the likelihood of multiple interactions was
negligible. Additional evidence for single-molecule KKO-PF4
interactions came from the finding that bead-pedestal binding
strength was unchanged with PF4 surface density in the studied
range (Fig. 3 and supplemental Fig. S9), consistent with the
interactions of KKO binding to single epitopes (29).

Kinetics of the KKO-PF4 and RTO-PF4 Interactions—We
used Equation 1 for the probability density function of unbind-
ing forces, p(f), to model the experimental histograms of rup-
ture forces for the interactions of KKO and RTO with cross-
linked PF4. The results of the numerical fit of the theoretical
curve of p(f) to the histograms of rupture forces presented in
Fig. 4 show good agreement between the experimental data and
theoretical modeling. When performing the fit, we set the val-
ues of the force-loading rate to v, = 1600 pN/s (value used in
experiments) and the inverse temperature to 8 = 0.24 pN '
nm~ ' (corresponding to room temperature), in order to esti-
mate the force-free off-rate k, and the transition state distance
o”. For the KKO-PF4 interactions, the best fit was obtained
with k, = 3.1 X 10 ®s ™ 'and ™ = 0.55 nm. For the RTO-PF4
interactions, the best fit was obtained with k, = 2.9 X 10 35!
and 0 = 0.6 nm. Using the information about the binding
probability P,(T) as a function of the interaction time 7, which
took on the value of P,(T) = 0.090 = 0.008 for the KKO-PF4
interactions and P,(7) = 0.0107 £ 0.002 for the RTO-PF4
interactions, we have estimated the apparent on-rate £, using
Equation 2. We obtained k/,, = 4.36 = 0.41 s ' for formation of
the KKO-PF4 complex and k., = 0.453 = 0.075 s~ * for forma-
tion of the RTO-PF4 complex. Finally, using Equation 3, we
estimated the apparent equilibrium dissociation constant KJ,.
We found that K/, = (0.715 * 0.065) X 1072 for KKO-PF4
interactions, and K}, = (6.58 = 1.09) X 10~ 2 for RTO-PF4
interactions.

Interactions of KKO and RTO with the PF4*° Mutant—To
confirm that the distinct reactivity of KKO and RTO depends
on formation of stabilized PF4 oligomers, we studied interac-
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FIGURE 5. Interactions of KKO (A) and RTO (B) with uncross-linked mutant PF4%*°F displayed as normalized rupture force distributions in a semilog
plot showing exponential decay of rupture forces with a small shoulder at >80 pN. The total number of contactsisn = 10,193 for Aand n = 11,038 for B.

tions of these antibodies with the recombinant PF4¥°°F mutant,

previously shown to exist almost exclusively as either mono-
meric or dimeric structures (24). Both KKO and RTO displayed
similar rupture force spectra in the range of 10-110 pN with
exponentially decreasing strength and a hardly discernible
shoulder at forces of >80 pN (Fig. 5). The overall cumulative
binding probability (17.2 and 14.1% (p > 0.05), respectively) as
well as the probability of forces of >60 pN (0.3% for both) were
indistinguishable for KKO-PF4**°F and RTO-PF4**°F (Table
1). The Fab KKO fragment displayed the same force profile
(supplemental Fig. S10) with slightly, but significantly, reduced
overall binding probability as compared with full-length KKO
(12.7 versus 17.2% (p < 0.05), respectively) (Table 1). This may
be due to relatively limited exposure and flexibility of the sur-
face-bound Fab fragments (50 kDa) compared with full-length
Abs (150 kDa). The cross-linking of PF4 had a pronounced
effect on the force profile both for KKO-PF4**°F and RTO-
PF4*°°F interactions. The overall probability of KKO and RTO
binding with uncross-linked versus cross-linked PF4*>°F was
significantly reduced (from 17.2 to 9.4% (p < 0.01) for KKO and
from 14.1 to 4.4% (p < 0.01) for RTO, respectively; Table 1). In
contrast, the fraction of higher forces >60 pN increased after
cross-linking of PF4**°F from 0.3 to 3.2% (p < 0.001) for KKO
and from 0.3 to 2.0% (p < 0.001) for RTO (Table 1). This rela-
tive shift is probably due to elimination of the weaker PF4*>°F-
PF4"°°F interactions <60 pN prevented by chemical cross-
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linking. There was a moderate but significant difference in the
force peak position (86 pN for KKO versus 78 pN for RTO, p <
0.05) (Fig. 6), suggesting that a small fraction of tetrameric
PF4"°°F still formed. The Fab KKO fragment exposed to the
cross-linked PF4"°°F formed a relatively small force peak at 85
pN (comprising only 1.2% of the binding probability), although
the overall binding probability was similar to that of full-length
KKO (8.3 versus 9.4% (p > 0.05), respectively) (Table 1 and
supplemental Fig. S11). Thus, in contrast to the WT PF4, KKO
and RTO showed lower and relatively similar binding probabil-
ities to glutaraldehyde-treated PF4*>°F, which forms few oligo-
meric complexes, although the binding strength was again
slightly but consistently higher for KKO versus RTO. These
studies also demonstrate that glutaraldehyde neither destroyed
nor created epitopes required for the binding of KKO.
Interactions of KKO and RTO with the PF4-Heparin Complex—
To see if the differential reactivity of the two Abs could be
reproduced in a more complex but physiologically relevant sys-
tem, we studied interactions of KKO versus RTO with PF4-
heparin complexes. The complexes were formed in solution at
the optimal PF4/heparin ratio previously determined by ELISA,
followed by covalent immobilization on a surface (24). In the
presence of heparin, broader and more heterogeneous rupture
force profiles were seen, as would be expected based on hepa-
rin’s biochemical heterogeneity and electrostatic charges. Nev-
ertheless, a relatively small (5.5% cumulative probability) but
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definitive peak of forces centered at 101 pN was revealed in
KKO interactions with PF4-heparin, which was ~10-fold larger
than with RTO (Fig. 7, A and B, and Table 1). To reduce the
likelihood of nonspecific non-covalent interactions, we then
cross-linked the PF4-heparin complexes chemically with
glutaraldehyde, which redistributed the force profile toward
stronger interactions while maintaining the significant differ-
ence in the reactivity of KKO over RTO (Fig. 7, C and D, and
Table 1).

DISCUSSION

An unresolved problem in understanding the pathogenesis
of HIT and one that complicates diagnosis is that although anti-
bodies to PF4, a normal host protein released from platelets that
binds to heparin-like GAGs, develop so commonly after expo-
sure to heparin, only a subset are associated with clinical HIT.
This gap in our knowledge leads to overdiagnosis and overtreat-
ment (30). The present work is aimed at elucidating the func-
tional distinction between two isotype-matched murine anti-
human PF4-heparin monoclonal Abs, one of which (KKO) is
pathogenic, inducing thrombocytopenia and thrombosis in an
animal model (7), and competes with human HIT antibodies
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for binding to PF4 and the other of which (RTO) is non-patho-
genic, neither inducing sequelae i vivo nor showing selective
competition with human HIT antibodies (14, 15). Importantly,
KKO and RTO, which do not compete with each other, bind to
PF4-heparin with a comparable B, ,, using ELISA methodol-
ogy, highlighting our current inability to identify antibodies
with the greatest potential to cause human disease.

To extend our previous study on this issue (12), we measured
the binding of KKO and RTO to PF4 at the single-molecule
level while minimizing effects of avidity and other auxiliary
intermolecular interactions. To explore the possibility that
KKO and RTO bind PF4 differently at the single-molecule level,
we measured their binding interactions more precisely using
optical trap-based force spectroscopy, a biophysical methodol-
ogy that we developed previously and applied successfully to
quantify several different protein-ligand interactions (16, 17,
19-21, 23). Basically, in this technique, a microscopic protein-
coated latex bead is trapped by a focused laser beam and repeat-
edly brought into contact with a ligand-coated pedestal. When
the protein (in this study KKO or RTO) on the bead binds
non-covalently to the ligand (PF4) on the pedestal, the bead is
displaced from the moving optical trap center to generate a
ramped pulling force that increases linearly until the moment
of forced dissociation of the complex. The binding probability
and the rupture forces are then measured to characterize the
interaction properties of the protein (antibody) and the ligand
(antigen) (for details, see Ref. 17).

In a series of initial experiments with tetrameric WT PF4 and
either KKO or RTO, we identified a set of lower binding
strength interactions of <60 pN probably arising from PF4—
PF4 bonds. These were difficult to separate from the interac-
tions that appeared as a relatively small peak at >60 pN, which
probably represent antibody-PF4 complexes (Fig. 1). To test
our presumption about the nature of the two distinct force
regimes, we suppressed the rupture of PF4-PF4 bonds by cova-
lently cross-linking the PF4 tetramers with glutaraldehyde.
This eliminated the weaker interactions and produced definite
stronger forces of >60 pN that appeared as a prominent peak
for KKO and a much less pronounced peak for RTO (Fig. 2, A
and B). The specificity of rupture forces >60 pN generated by
the surface-bound cross-linked PF4 and KKO was confirmed by
competitive inhibition experiments in the presence of free Fab
KKO or free PF4 (Fig. 2, C and D). The force histograms
revealed that KKO-PF4 interactions occurred with about 8
times higher probability than RTO-PF4 interactions at the
same surface densities of the reacting proteins (Table 1),
reflecting a much higher reactivity of KKO toward PF4 com-
pared with RTO not evident using bulk equilibrium binding
technology, such as ELISAs. The KKO-PF4 interactions were
also moderately but significantly stronger, as reflected by the
position of the peak at higher rupture force (Fig. 2, A and B).
The chemical cross-linking of tetrameric WT PF4 led to forma-
tion of stable multimolecular complexes (supplemental Fig. S4).
Therefore, the results of force spectroscopy support the
hypothesis that further polymerization of PF4 tetramers is cru-
cial to the distinct functionality of KKO and RTO. Indeed, when
we used the PF4*°°F mutant with impaired ability to oligomer-
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FIGURE 7. Interactions of KKO (A and C) and RTO (B and D) with WT PF4-heparin complexes before (A and B) and after (C and D) treatment with 0.5%
glutaraldehyde. The data are displayed as normalized rupture force distributions with two force regimes. The higher force peak is fitted with a Gaussian
function. The total number of contacts (n = 19,421 for A, n = 23,934 for B, n = 23,364 for C, and n = 25,326 for D) is taken to be 100%.

ize (24), the reactivity of KKO and RTO was quite similar even
after chemical cross-linking (Fig. 6).

The rupture force distributions for KKO-PF4 and RTO-PF4
interactions can be mathematically converted to two-dimen-
sional kinetic parameters, provided the results reflect single-
molecule binding and unbinding. Based on several criteria that
have been proposed to test whether the observed ruptures were
due to single or multiple interactions (16, 31), our data indicate
strongly that under the experimental conditions studied, the
rupture events were due to single molecules. First, the fre-
quency of the specific Ab-antigen interaction was <10%,
implying that the probability of multiple interactions is less
than 1% or square probability 0.1% (Fig. 3). Second, if the inter-
actions between beads and pedestals were the result of multiple
bonds, then the binding strength would increase at increased
surface densities of the interacting proteins. This was not
detected for KKO-PF4 (Fig. 3). Third, the rupture of multiple
binding sites should proceed as a sequence of multiple steps,
whereas the rupture of single molecules should always occur in
asingle step. Typically, only about 1 of 10 occurred in two steps,
manifesting themselves as jagged force signals (supplemental
Fig. S3), and only the single-step interactions shown in supple-
mental Fig. S2 were included in the analysis. Moreover, when
PF4 interacted with Fab KKO, unlike full-length KKO, almost
no jagged signals were seen, confirming that the jagged signals
originate from double/bivalent interactions. It is noteworthy
that in our model system, the strength of such multiple Ab-PF4
interactions was beyond the power of the optical trap (the max-
imal measurable force is ~130-140 pN) and appeared as epi-
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sodes of irreversible attachment that were excluded from data
analysis.

Based on the Bell theory of forced molecular unbinding (25),
we analyzed the rupture force spectra of KKO-PF4 and RTO-
PF4 interactions to extract and compare a number of kinetic
parameters. One of them is the off-rate extrapolated to sponta-
neous force-free dissociation (k,), which was ~3 X 10 *s™* for
both types of Ab-PF4 complexes, indicating that their strength
was similar. For comparison, the reported k, values are 5.4 X
10~ °s ™! for streptavidin/biotin (32), ~7 X 10~ s~ ' for avidin/
biotin (33), 10~* s~ ! for the A:a knob-hole interaction in fibrin
(19), and 1.39—4.3 s~ ! for P-selectin/PSGL-1 (34). Thus, the k,
of ~1072 s~ ! indicates that single KKO-PF4 and RTO-PF4
interactions are relatively stable and very slowly reversible due
to low unbinding rate. The main difference between KKO and
RTO was revealed in the cumulative binding probability con-
verted to the apparent on-rate k., which was much higher for
KKO and resulted in a ~10-fold higher affinity of KKO-PF4
versus RTO-PF4 complexes, reflected by the apparent equilib-
rium constants K,. The large difference in on-rates implies that
epitope exposure is enhanced by PF4 (super)oligomerization,
perhaps as a result of tighter packing of monomers. Another
important parameter of a binding interaction is the transition
state distance (o), which can be interpreted as the distance of
molecular separation at which the bond fails. Of note, the tran-
sition state distance for the KKO-PF4 and RTO-PF4 unbinding
was ~0.55- 0.6 nm, which is relatively long compared with brittle
bonds, such as the A:a knob-hole bonds in fibrin (19) or the platelet
integrin allbB3-fibrinogen complexes (35). This parameter may
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result from the larger size and multimeric nature of the PF4-Ab
complexes and reflect their elongation and/or other mechanically
induced structural transitions preceding forced dissociation from
the binding sites.

To determine if the enhanced binding of KKO to PF4 in the
presence of glutaraldehyde was an artifact of chemical cross-
linking, we repeated the experiments by forming heparin/PF4
complexes at molar ratios shown previously to form large com-
plexes using size exclusion chromatography and electron
microscopy and to optimize the binding of KKO and HIT anti-
bodies (24). The results show the binding of KKO to PF4-hep-
arin and support the potential relevance of the findings to the
clinical setting (Fig. 7 and Table 1).

These results support our notion that the biological differ-
ence between pathogenic and nonpathogenic anti-PF4 Abs,
exemplified by the IgG2bk mAbs KKO and RTO, might at least
in part be explained by differences in epitope specificity that are
influenced by the ability of heparin or GAGs to promote
superoligomerization of PF4, which increases the avidity of
pathogenic Ab by stabilizing ULCs. We hypothesize that the
binding avidity of KKO is enhanced when heparin or cellular
GAGs promote organization of PF4 into ordered complexes, as
observed in this study after chemical cross-linking of the WT
PF4. These complexes in turn are further stabilized after bind-
ing of KKO (perhaps by Ab-induced conformational rearrange-
ment). Moreover, our data suggest that neither heparin nor
GAGs are obligate components of the epitope recognizable by
the pathogenic Ab. In other words, we postulate that KKO and
heparin or GAGs each promote PF4 oligomerization and act in
concert to augment antibody avidity and that additional bridg-
ing of PF4 by KKO helps to render the complexes more stable in
vitro and in vivo, where they are subject to dilution in flowing
blood. In contrast to pathogenic Abs, high titers of non-patho-
genic anti-PF4 antibodies may show comparable behavior at
equilibrium between PF4 monomers, dimers, or tetramers, but
their binding is not enhanced by heparin- or GAG-induced
oligomerization, and they bind to sites that do not reinforce
oligomer stability.

There are several important limitations to our study. First,
the Ab-PF4 interactions observed in our model system are dif-
ferent from physiological conditions in a number of important
features, including covalent attachment of both reacting pro-
teins to the surfaces, measurement of only monovalent bimo-
lecular binding events due to limitations of the trap power, and
absence of flow. Notwithstanding these differences, we were
able to reproduce the physiologically relevant circumstances in
which the inherent difference in the reactivity of KKO and RTO
toward PF4 becomes obvious (7).

A second important limitation of our study is the use of a
monoclonal HIT-like antibody that competes with human HIT
antibodies rather than studying polyclonal and likely polyspe-
cific human IgG antibodies directly. Such studies will necessi-
tate methods to segregate the subset of pathogenic antibodies
in HIT plasma from the likely far larger mass of RTO-like anti-
bodies that bind PF4 but do not cause disease in vivo. Never-
theless, the results of this study support the concept that hepa-
rin and other extended cationic molecules provide a platform
that enhances the proximity of PF4 molecules and thereby
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increases the probability of binding of at least some pathogenic
antibodies (36). These studies thereby indicate the importance
of epitope specificity and the differential effect of PF4 oligomer-
ization on the binding kinetics and strength of pathogenic and
non-pathogenic anti-PF4 antibodies, but they do not exclude
other differences in the behavior of human antibodies that
might contribute to their propensity to cause disease. In addi-
tion to in vivo studies and biochemical experiments in bulk,
single-molecule biophysical characterization of PF4-mediated
interactions provides a basis to develop novel assays that distin-
guish pathogenic from nonpathogenic human clinical Abs that
in turn should allow more precise identification of who has or is
likely to develop HIT and needs therapeutic intervention. Last,
functional and structural characteristics of anti-PF4 Abs at the
single-molecule level will provide mechanistic insight into the
immunology of HIT and may enable the design of HIT-specific
Ab-targeted agents to prevent and treat this severe thrombotic
disorder.
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