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KEY PO INT S

l Development of
thrombocytopenia in
HIT is modulated by
the (re)distribution
of PF4 among
hematopoietic and
endothelial cell
surfaces.

l Redistribution of
PF4 from platelets to
other hematopoietic
cells may limit
thrombocytopenia
but promote
prothrombotic
processes in HIT.

Heparin-induced thrombocytopenia (HIT) is a prothrombotic disorder initiated by anti-
bodies to platelet factor 4 (PF4)/heparin complexes. PF4 released from platelets binds to
surface glycosaminoglycans on hematopoietic and vascular cells that are heterogenous in
composition and differ in affinity for PF4. PF4 binds to monocytes with higher affinity than
to platelets, and depletion of monocytes exacerbates thrombocytopenia in a murine HIT
model. Here we show that the expression of PF4 on platelets and development of
thrombocytopenia are modulated by the (re)distribution of PF4 among hematopoietic and
endothelial cell surfaces. Binding of PF4 to platelets in whole blood in vitro varies inversely
with the white cell count, likely because of the greater affinity of monocytes for PF4. In
mice, monocyte depletion increased binding of PF4 to platelets by two- to three-fold.
Induction of HIT in mice caused a transient >80-fold increase in binding of HIT antibody to
monocytes vs 3.5-fold increase to platelets and rapid transient monocytopenia. Normal-
ization of monocyte counts preceded the return in platelet counts. Exposure of blood to
endothelial cells also depletes PF4 from platelet surfaces. These studies demonstrate a
dynamic interchange of surface-bound PF4 among hematopoetic and vascular cells that
may limit thrombocytopenia at the expense of promoting prothrombotic processes in HIT.
(Blood. 2018;132(7):727-734)

Introduction
Heparin-induced thrombocytopenia (HIT) is an iatrogenic disorder
characterized by thrombocytopenia and a high risk of limb- or
lifethreatening thrombosis.1-3 Pathogenic HIT antibodies react with
a multimolecular complex of platelet factor 4 (PF4) and polyanions
such as heparin or cell-surface glycosaminoglycans.4,5 Immuglo-
bulin G–containing immune complexes involving PF4 bound to
membrane chondroitin sulfate (CS) activate platelets through
FcgIIA receptors,5,6 contributing to the risk of thrombosis. However,
the intense generation of thrombin in HIT devolves from immune
complexes that also form on the surface of monocytes,7 neutro-
phils,8 and endothelial cells9 that express glycosaminoglycans with
higher affinity than platelet CS, inducing expression of tissue factor,
release of microparticles and formation of neutrophil extracellular
traps, and initiating diverse procoagulant pathways.10-15

The way in which this diversity of PF4 binding sites affects immune
complex formation on platelets, the development of and recovery
from thrombocytopenia, and the propensity for thrombosis is only
partially understood. Depletion of peripheral monocytes using

clodronate liposomes or inhibition of monocyte function using
gadolinium chloride markedly attenuated thrombus development
in the passive immunization murine model of HIT. However, un-
expectedly, monocyte depletion also exacerbated the severity of
thrombocytopenia in the same mice.7 This argues against platelet
activation as the sole cause of thrombocytopenia in this model.
Here we tested an alternative explanation for these findings in-
volving the dynamic partitioning of PF4, and thereby HIT antigen,
among hematopoetic and vascular cells, including platelets. We
find that redistribution of PF4 away fromplatelets tomonocytes and
endotheliummay mitigate the severity of thrombocytopenia at the
cost of leaving sufficient platelets in the circulation to participate in
the prothrombotic pathways activated on diverse cell types in the
circulation. The clinical implications of these findings are discussed.

Materials and methods
In vitro distribution of PF4-FITC in whole blood
Human blood from healthy, aspirin-free volunteers was collected
in 0.129 M of sodium citrate (v/v, 10:1) supplemented with
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300 nM of carbacyclin. Mouse blood was drawn from the
inferior vena cava into a syringe containing 1:7 (v/v) citrate-
dextrose solution (ACD; Sigma-Aldrich) and immediately
diluted 1:1 (v/v) in modified Tyrode’s buffer (134 mM of NaCl,
3 mM of KCl, 0.3 mM of NaH2PO4, 2 mM of MgCl2, 5 mM of
N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid, 5 mM
of glucose, 12mMof NaHCO3, and 0.1% bovine serum albumin;
Sigma A7030) containing carbacyclin (300-nM final concentra-
tion). Samples of human or Cxcl42/2 (PF4null) mouse16 whole
blood (100 mL) were incubated with PF4–fluorescein iso-
thiocyanate (FITC) at the indicated concentrations in the
presence of species-specific anti-CD41 or anti-CD45 mono-
clonal antibodies (mAbs), and anti-hCD14 or anti-mCD115
mAbs to identify cell subsets, for 45 minutes at room tem-
perature. The results of initial studies showed that binding of
PF4 to platelets and red blood cells (RBCs) in whole blood was
affected by incubation time but not by fixation. Thereafter,
cells were fixed in 2% paraformaldehyde fixation buffer (BD
Bioscience), and surface-bound PF4-FITC was analyzed by flow
cytometry (LSRFortessa; BD Bioscience). Individual cell types were
identified based on binding the population-specific marker and for-
ward scatter (platelets CD411CD452, monocytes CD45brightCD1151

CD412, lymphocytes CD45bright, CD1152CD412, neutrophils
CD45dimCD1152CD412, RBCs CD452CD1152CD412FSChigh). In
some experiments, the DNA dye Hoechst 33342 (10-mg/mL final
concentration; Thermo Scientific) was used to gate nucleated cells.
The total binding of PF4 was expressed as the geometric mean
fluorescence intensity (MFI) of FITC in the presence of a specific
amount of added PF4 after subtracting the background fluores-
cence of each cell type measured in the absence of PF4. To nor-
malize the binding of PF4 to each cell type with different
background fluorescence, we used the distribution resolution
metric (Rd), which was defined as the difference in the geometric
means of 2 populations, MFIPF4x and MFIctrl (MFI in the presence
of PF4 at concentration x and control), divided by the sum of the
robust standard deviations of the distributions (rSDPF4x 1 rSDctrl)
as follows: Rd 5 (MFIPF4x 2 MFIctrl)/(rSDPF4x 1 rSDctrl). The dis-
tribution resolution metric measures the degree of separation
between distribution curves of fluorescence intensities, incorpo-
rates measurement noise, and is independent of the type of
detector being used or its relative gain settings.17 It is more rel-
evant for comparison of populations with different background
fluorescences and fluorescent variabilities (spread of the in-
tensities) than the ratio of MFIPF4x/MFIctrl and was used for
comparison of cell populations of different sizes.

In some experiments, peripheral blood monocytes were de-
pleted in PF4null mice using clodronate liposomes7 before blood
draw. Total white blood cells (WBCs) were isolated from PF4null

mice by positive selection using biotin-labeled anti-mCD45
antibody and CELLection Biotin Binder Kit (ThermoScientific).
Platelet-rich plasma (PRP) was prepared from PF4null mice as
described,14 various numbers of WBCs were added to the PRP,
and the final WBC and platelet numbers were calculated using
Hemavet 950 (Drew Scientific).

Redistribution of endogenous PF4 released from
activated platelet in vitro
Human blood was collected from healthy, aspirin-free volunteers
in 0.129Mof sodium citrate (v/v, 10:1). After blocking Fc receptors
with mouse serum (v/l, 10:1), CD41a-phycoerythrin, CD14–Alexa

647, and Hoechst 33342 were added and samples were activated
with the protease-activated receptor-1 selective agonist (TFLLR-
NH2; Sigma) at a final concentration of 10 mM for 15 minutes at
37°C. Released PF4 bound to the surface of individual cells was
detected by Alexa 488–labeled polyclonal anti–heparin PF4
(hPF4), Alexa 488–labeled RTO (10 mg/mL), or Alexa 488–labeled
KKO (10 mg/mL). In some experiments, heparin was added at the
indicated concentrations at the end of 15 minutes of incubation.

Murine studies
Passive immunization studies to simulate HIT were carried out
using hPF4- and FcgRIIA-double transgenic mice as described.9

Mice were injected IV with 1 mg/kg of Alexa 488–labeled KKO or
TRA at the 0 time point. Retroorbital blood samples drawn at the
indicated timepoints were stainedwith anti-mCD45, anti-mCD115,
and anti-mCD41. KKO binding to peripheral blood cells was es-
timated by flow cytometry. Individual cell types were identified
based on binding the population-specific markers and forward
scatter (platelets CD411CD452, monocytes CD45brightCD1151

CD412, lymphocytes CD45bright, CD1152CD412, neutrophil
CD45dimCD1152CD412, and RBC CD452CD1152CD412FSChigh).
KKO binding to each subpopulation was estimated as the increase
in geometric MFI of Alexa 488–KKO over the matched Alexa
488–TRA sample. Absolute platelet and WBC counts were
obtained using the Hemavet 950, and absolute numbers of
monocytes, lymphocytes, and neutrophils were calculated
based on the proportion of these populations of CD451 events
estimated by flow cytometry.

Endothelialized microfluidic channel
A well-plate microfluidic device (Fluxion Biosciences) was used
to analyze surface distribution of PF4 on various blood cell types
under flow in endothelial-lined channels. Human umbilical vein
endothelial cells (HUVECs; Lonza) at passage 3-4, at a con-
centration of 106 cells/mL, were seeded onto fibronectin-coated
(1 mg/mL; Sigma) channels of a low shear stress 48-well Bioflux
plate at a shear stress of 2 dyn/cm2, allowed to adhere, and
cultured at 37°C at 5% CO2 in endothelial cell growth medium
(EGM; BulletKit; Lonza) until confluence throughout the channel
was obtained.9

To saturate the endothelial cells with PF4, some of the HUVEC-
coated channels were preincubated with hPF4 resuspended in
EGM flowed through the channel at a concentration of either 0 or
100 mg/mL at 2 dyn/cm2 for 1 hour at 37°C. Unbound PF4 was
washed out from the channels with Hank’s Balanced Salt Solution
(Gibco) for 2 minutes at 37°C at a shear stress of 3 dyn/cm2 just
before perfusion with blood samples. PF4null blood samples
were then perfused through the channels at a shear stress of
7 dyn/cm2 for 10 minutes.

To elicit a targeted photochemical injury to the HUVECs
within the microfluidic channels, hematoporphyrin dihydro-
chloride (50 mg/mL in EGM; Santa Cruz Biotechnology), which
generates reactive oxygen species upon exposure to blue light
(metal halide fluorescence light source through the FITC filter
set irradiation; 50-microsecond exposure at 4 spots evenly dis-
tributed along the microfluidic channel), was perfused over the
endothelial cells. Uninjured channels exposed to the light
exposured to EGM without hematoporhyrin served as controls.
Whole blood samples from PF4null mice containing 10 or 100 mg of
hPF4/mLwere then perfused through the channels at 7 dyn/cm2 for
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10 minutes at 37°C. The channels were then washed with EGM at
7 dyn/cm2 for 40 seconds, and staining for cell-bound PF4 was
measured with Alexa 488–KKO and for human vonWillebrand factor
(VWF) with rabbit anti-human VWF antibody (DAKO) and Alexa
647–labeled goat anti-rabbit immunoglobulin G (Life Technologies).

Statistical analysis
Differences between 2 groups were compared using a 2-sided
Student t test or a Mann-Whitney U test. Differences between
.2 groups were determined using a 2-way analysis of variance
and Bonferroni post hoc multiple comparison tests. Statistical
analyses were performed using Microsoft Excel 2011 and
GraphPad Prism 7.0 (GraphPad Software). Differences were
considered statistically significant when P values were #.05.

Institutional approval
Samples were obtained under a protocol approved by the in-
stitutional review board for studies involving human subjects at
the Children’s Hospital of Philadelphia. All animal protocols were
approved by the Institutional Animal Care and Use Committee at
Children’s Hospital of Philadelphia.

Results
Partitioning of exogenous hPF4 in whole blood
in vitro
We and others hypothesized previously that preferential binding
of PF4, and the resultant formation of HIT antigen, onmonocytes
and neutrophils initiates prothrombotic processes while sparing
sufficient platelets to participate in thrombosis.8,10,13,14 To test

this concept, we first measured the partitioning of FITC-labeled
hPF4 to each cell type in whole blood using flow cytometry
(Figure 1). PF4null murine blood (Figure 1A,C) was used to avoid
PF4 release from platelets that might compete with binding of
hPF4. Monocytes bound the most PF4 per cell with a steep
increase in binding at an external concentration of 2 mg/mL
(Figure 1A). Binding of PF4 to neutrophils and lymphocytes fol-
lowed a similar dose-dependent pattern, but maximal surface
binding was ;3-fold less than that observed on monocytes.
Platelets bound ;100-fold less PF4 than monocytes at low PF4
concentrations andup to 50-fold less at saturation.More PF4bound
to monocytes than to other cell types when the increase of fluo-
rescent intensity at increasing PF4 concentration was corrected for
cell size and background fluorescence as described in “Materials
andmethods” (Figure 1C). Similar resultswere seen in humanwhole
blood, a setting in which it is likely that unlabeled hPF4 was being
released concurrently from the platelets (Figure 1B,D).

Surprisingly, when calculated per total surface area of all cells
present in the sample, the RBC pool contained the highest
amount of bound PF4 at all concentrations tested, although the
surface-bound PF4 level per cell was quite low (supplemental
Figure 1, available on the Blood Web site). This suggests that
RBCs may serve as an important, low-affinity reservoir for PF4 in
the circulation. Platelets comprised the next-largest overall pool
of bound PF4. The overall amount of PF4 bound to the platelet
pool increased at a high concentration of added PF4 (150mg/mL),
compared with a lower PF4 concentration (2 mg/mL). Similar
results were seen when human blood was studied in place of
murine blood (supplemental Figure 1). This increased binding to
platelets at high PF4 is consistent with the known higher affinity
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Figure 1. In vitro distribution of cell-bound PF4 in
whole mouse or human blood. (A-D) The ordinate
depicts the MFI generated by FITC-PF4 bound to
the indicated cell types. (A,C) PF4null murine blood.
(B,D) Human blood. (A-B) MFI per cell after background
subtraction. (C-D) Similar to panels A and B, but results
are expressed as the increase in fluorescence intensity
using Rd. Mean6 1 standard deviation is shown in each.
N 5 5. Monocytes (mono), green squares; neutrophils
(neu), blue triangles; lymphocytes (lymph), inverted
purple triangles; RBCs, blue Xs; and platelets (plt), red
circles.
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of PF4 for the more complex mixture of GAG sidechains
expressed on leukocytes vs lower-affinity binding to platelet CS,
likely leading to saturation of the leukocyte compartment at high
external concentrations of ligand.

Partitioning of endogenous hPF4 released from
platelets in whole blood in vitro
We next asked whether a similar pattern of binding is observed
when PF4 is released from activated platelets. PF4 released from
platelets activated by the selective PAR-1 agonist TFLLR-NH2
binds predominantly to monocytes (Figure 2A). This was fol-
lowed by binding to neutrophils and lymphocytes, with the least
binding to platelets, results consistent with our observations on
the distribution of exogenous PF4 (Figure 1D). Relative total
surface PF4 was measured using the anti-PF4 mAb RTO, binding
of which is not influenced by heparin or GAGs.18,19 Although RTO
recognizes the epitope on PF4 monomer in solution,19 it does
bind to PF4 complexes on platelet surfaces.20 In our experiments,
the binding of RTO trackedwith that seen with polyclonal anti-PF4
antibody (supplemental Figure 2). We therefore used RTO as a
marker for total PF4 binding. Surface HIT antigen was detected by
the binding ofmAbKKO, as shown previously.5 Binding of KKO to
the various cell types followed a relative distribution similar to that
of surface total PF4. Monocytes bound the most KKO and
platelets the least (Figure 2A, right), although the latter bound
more PF4 in total (Figure 2A, left), indicating less effective HIT
antigen assembly on platelet membranes. A similar distribution
was seen when directly labeled PF4 was examined. We tracked
KKO binding in subsequent studies to assess the impact of in-
tercellular redistribution of HIT antigenicity.

Influence of heparin on intercellular distribution
of PF4
We then examined the effect of heparin on the intercellular
distribution of PF4 at various levels of heparin, including at a
clinically relevant concentration (0.4 U/mL).21 Heparin decreased

binding of PF4 to all cell surfaces in a dose-dependent manner
(Figure 2B, left). Low concentrations of heparin (0.1 U/mL) in-
creased binding of KKO to all cell types, as previously reported22

(Figure 2B, right), consistent with a redistribution of cell-surface
PF4 into oligomeric complexes,7 whereas higher concentrations
(0.4 and 100 U/mL) depleted cell-surface antigen expression.
However, even at the highest heparin concentration tested
(100 U/mL), appreciable PF4 remained bound onto monocytes,
neutrophils, and platelets (Figure 2B, left).

Influence of WBCs on platelet-surface PF4 levels
We then postulated that the effect ofWBCs was similar to adding
heparin to PF4-coated platelets (ie, the more WBCs present, the
fewer PF4 and consequently fewer HIT antigenic complexes
formed on the surface of platelets). Conversely, the lower the
WBC count, themore PF4 andHIT antibody bound to the residual
platelets, and the more rapid the resultant clearance of the most
heavily sensitized platelets from the circulation. To test this hy-
pothesis, we examined whether at higher WBC/platelet ratios,
fewer PF4 and consequently fewer HIT antigenic complexes form
on the surface of the platelets. To simulate this situation, we
isolated PRP from PF4null mice to which increasing numbers of
WBCs were added above and below the average of ;3.2 WBCs
to 103 platelets observed in vivo (Figure 3A). The amount of HIT
antigen bound per platelet varied inversely with theWBC/platelet
ratio. As an independent approach, whole blood from PF4null mice
that had or had not been pretreated with clodronate-containing
liposomes to eliminate circulating monocytes7 was exposed to
PF4. Platelets in monocyte-depleted samples expressed more
surface-bound HIT antigen than in samples containing monocytes
(Figure 3B), an effect that was especially evident at lower con-
centrations of added PF4. This difference decreased at high PF4
concentrations that likely saturate the monocyte surface. These
data provide insight into our published observation that
monocyte-depleted mice develop more severe thrombocytope-
nia after induction of HIT than control mice7; in the absence of
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Figure 2. In vitro distribution of endogenous hPF4
released from activated platelets in whole human
blood in the absence and presence of heparin.
TFLLR-NH2 was added to whole human blood. Total
cell-surface–bound PF4 on RBCs, platelets (plts),
monocytes (mono), neutrophils (neu), and lymphocytes
(lymph) was detected using RTO and HIT antigenicity
using KKO. (B) Effect of increasing amounts of heparin
(0, 0.1, 0.4, and 100 U/mL) on RTO and KKO binding.
(A,B) Data are expressed as increase of MFI after
stimulation compared with unstimulated samples using
distribution resolution metric (RD), where value 0 means
complete overlap and value $1 means complete
separation of the distribution curves; values .0 mean
increase in binding. Mean6 1 standard deviation of the
change in surface-bound PF4 against a hypothetical
value of 0 for no change is shown. (A) N 5 6. (B) N 5 3.
Distinct experiments performed in duplicate. *P , .05,
***P , .0005, ****P , .0001 using 2-way analysis of
variance with Dunnett’s multiple comparisons test.
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monocytes, their platelets would be expected to express more
PF4 and therefore HIT antigen. Consequently, more HIT anti-
bodies can bind, enhancing platelet clearance.

PF4 binds preferentially to monocytes in vivo
We then asked whether similar changes in the distribution of HIT
antigen develop in vivo using the passive immunization murine
model of HIT.5,23 Within 15 minutes of infusing KKO, monocytes
developed a .80-fold increase in the surface binding of KKO
over baseline (Figure 4A). By 4 hours, this increase dropped to
;50% of the peak value and by 48 hours to ;25% (Figure 4A).
This contrasts with a ;3.5-fold increase in peak KKO binding to
platelets at 15 minutes that slowly disipated over the ensuing
48 hours. PF4 binding to neutrophils peaked at 1 hour and
showed an intermediate;12-fold increase that remained almost
stable over the next 2 days. Monocytopenia to 25% of baseline
by 2 hours postinfusion and a more modest thrombocytopenia
to 50% of baseline developed concurrently (Figure 4B). Monocytes
returned to normal followed by monocytosis by 24 to 48 hours,
replenishing competing binding sites for PF4 followed by a
gradual return of platelet counts to normal.

Redistribution of PF4 between hematopoetic and
vascular endothelial cells
PF4 also binds to vascular endothelial cells, which express a
complex surface of densely packed glycosaminoglycans within

the glycocalyx.24 Binding of PF4 and HIT-associated antibodies to
the endothelium leads to cell activation25,26 and a prothrombotic
state.9 Therefore, we analyzed how endothelial cells affect PF4
binding to circulating platelets and WBCs under flow conditions.
PF4null murine blood supplemented with hPF4 (0-100 mg/mL) was
perfused through microfluidic channels coated with HUVECs that
had or had not been preincubated with a near-saturating con-
centration of hPF4 (100 mg/mL; Figure 5). When whole blood was
perfused through PF4-free endothelial-lined channels, PF4 was
displaced more effectively from platelets than from WBCs to the
endothelium (Figure 5A). When the endothelial surface was
preexposed to 100 mg/mL of PF4, both platelets and WBCs in
PF4-free whole blood acquired surface PF4 as they transited
through the channels, whereas platelets, and to a lesser extent
WBCs, in blood preexposed to PF4 lost PF4 to the endothelium
(Figure 5B). These data show that the endothelium participates in
a back-and-forth interchange of PF4 with circulating hema-
topoetic cells even within the short (;20 mm) length of channels
and ;8-second transit time.

Most patients who develop HIT have underlying vascular dis-
order and/or evidence of inflammation.27 Therefore, we asked
whether endothelial injury would alter the observations in
Figure 5. HUVECs were subjected to hematoporphyrin photo-
chemical injury, which affects the glycocalyx and leads to VWF
release.9 Endothelial injury within the microfluidic channels was
affirmed by release of VWF (Figure 6A). When channels lined by
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endothelial cells were perfused with whole blood preexposed to
PF4, significantly higher levels of KKO bound to injured HUVECs
than to resting HUVECs (Figure 6B), suggesting that the distri-
bution of PF4 on cell surfaces may involve the vascular lining and
its state of activation as well as its binding to intravascular cells.

Discussion
With the discovery of the key role of PF4/heparin complexes as
the antigenic target in HIT by Amiral et al4 25 years ago, it was
thought that the pathogenesis of HIT was largely understood.
However, this important observation did not fully explain why
this often mild thrombocytopenic disorder was associated
with such a marked increase in prothrombotic tendency or
why present-day therapeutic interventions do not fully ablate
the progression of thrombotic complications in all patients. We
proposed previously that the major role of soluble PF4/heparin
complexes in HIT was triggering the immune response, but that
a key target was PF4 bound to surface glycosaminoglycans on
platelets5 as well as on leukocytes7,8 and vascular endothelial
cells.9 However, the way in which this distribution of PF4 and the
resultant HIT antigen among these cell types affect the devel-
opment of thrombocytopenia and thrombosis has not been
established.

In this report, we show that formation and stability of the HIT
antigen constitute a dynamic process that reflects a balance
between binding of PF4 to diverse hematopoietic and vascular

endothelial cell surfaces and depends on variation in cell counts
and changes in the composition of cell-surface glycosamino-
glycans, especially in response to inflammation and injury.
Monocytes bind more exogenous PF4 or endogenously re-
leased PF4 than do platelets, even accounting for vast differ-
ences in estimated surface area, likely because of their
expression of higher-affinity glycosaminoglycans, as we have
shown previously.7 Because of this affinity, a relatively small
number of leukocytes, and in particular monocytes, influence
platelet PF4 levels. Raising the leukocyte/platelet ratio or ex-
posing whole blood to endothelium elicits a loss of PF4 from the
platelet and a redistribution onto other cell surfaces. It is likely
that alteration of GAGs caused by inflammation28-30 would fur-
ther shift this redistribution of PF4 from platelets to monocytes
and endothelium, thereby enhancing their susceptibility to
antibody-induced activation. Thus, our studies suggest that the
protection afforded platelets by reducing surface HIT anti-
genicity through redistribution of PF4 may mitigate the severity
of thrombocytopenia, but at the expense of leaving sufficient
activated platelets in the circulation to participate in thrombus
development. The potential contribution of the previously un-
reported reservoir of RBC-associated PF4 to the perpetuation of
HIT may be important because of the large number of RBCs in
circulation, but this needs further investigation.

In the passive antibody-mediated murine model of HIT, bind-
ing of PF4 and HIT antibody to monocytes exceeds binding
to platelets, confirming in vitro observations. Monocytopenia
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Figure 5. Effect of endothelial cells on binding of PF4
to platelets and WBCs.Whole blood from PF4null mice
was flowed through a microfluidic channel coated with
HUVECs that had been either previously unexposed
to PF4 (A) or previously incubated with 100 mg/mL of
hPF4 (B). (A-B) The infused whole blood was also pre-
incubated with 0, 10, or 100 mg/mL of PF4, as indicated.
Shown is relative cell-surface HIT antigenicity detected
using KKO on platelets (red circles) or WBCs (yellow
squares) after traversing the channel compared with
results before entering the channel. N 5 6 separate
studies per arm, each in duplicate. *P , .01, **P , .001
with values determined using analysis of variance of
calculated values against a hypothetical value 1 5 no
change (dashed horizontal line).
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Figure 6. Endothelial activation enhances PF4
binding. HUVECs lining microfluidic wells were injured
with hematoporphyrin and perfused with PF4null murine
blood supplemented with 10 or 100 mg/mL of hPF4 as
indicated. (A) VWF exposure on the surface of endo-
thelial cells showing the effects of the photochemical
injury using binding of a labeled anti-VWF antibody.—,
no injury; 111, photochemical injury. N 5 4 separate
experiments, each performed in duplicate; each ex-
perimental result is shown as well as the mean. P values
were determined using analysis of variance comparing
MFI of injured with noninjured endothelium. (B) Same
as panel A, but for PF4 binding to endothelial cells
detected by labeled KKO.
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develops rapidly, perhaps preceding the development of throm-
bocytopenia. We propose that PF4-targeted, activated monocytes
either adhered to the vessel wall31 or were incorporated into
thrombi. The monocytosis that followed was likely a result of re-
placement by cells mobilized from other pools32 that initially were
inaccessible to circulating PF4. Additional studies are needed to
determine if the monocytopenia we observed in the murine
model develops in patients with HIT, but its brevity and rapid
replacement may hinder detection. Morever, the effect on
monocytes will also have to take into account the contribution of
endothelial binding of PF4 that may be enhanced by underlying
changes in the vasculature in affected patients.33

Our findings involving dynamic partitioning of PF4 in blood in
HIT provide a deeper understanding of the complexity and
dynamic nature of events in HIT and may have several clinical
implications. The binding of PF4 to platelets vs monocytes, other
leukocytes, and endothelium, as well as levels of circulating
heparin, can each affect which cells are targeted and activated
and/or cleared and whether thrombosis will develop. Binding
of PF4 to glycosaminoglycans on monocytes, neutrophils,
and endothelium, leading to formation of immune complexes
and induction of tissue factor7,10-12 and initiation of other pro-
coagulant pathways,13,14 may contribute to the intense pro-
thrombotic phenotype and the perpetuation of HIT once heparin
has dissipated. Delayed-onset HIT, which develops days after
heparin discontinuation,34 may in part be related to such shifting
dynamics and cell targeting. Recent observations that addition
of PF4 to donor platelets increases detection of HIT antibody
in vitro35 could reflect that saturation of leukocyte binding sites
and high PF4 concentrations are necessary for sensitization
of platelets in vivo.36,37 In vitro assays to detect monocyte or
neutrophil activation in whole blood may enhance diagnostic
specificity. In the proposed therapeutic use of nonanticoagulant
heparins38 to displace PF4 from platelets, such heparins would
have to be administered in amounts sufficient to eliminate HIT
antigen on higher-affinity cell surfaces to be effective. Dynamic
distribution of surface-bound PF4 among hematopoetic cells
may explain successful high-dose IV immunoglobulin therapy in
HIT.39 Raising platelet counts while concurrently inhibiting
FcgRIIA-mediated platelet activation40 could provide a sink for

PF4 and help attenuate the risk of thrombosis as well. Other
efforts to inhibit monocyte, neutrophil, and perhaps endothelial
cell activation41,42 may provide novel adjunctive approaches to
intense systemic anticoagulation in this at-risk population.
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