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RBCs in thrombin generation
The role of RBCs in hemostasis and throm-
bosis is complex. While RBCs are directly
involved in increasing thrombin genera-
tion and platelet activation, they are also
indirectly involved in affecting platelet
margination and altering blood viscosity.
Therefore, it is often difficult to determine
the relative contributions of these different
mechanisms to hemostasis and thrombosis.

RBCs express the Fas ligand FasL, and
the death receptor FasR (1). Activation of
FasR on RBCs leads to a loss of membrane
asymmetry and exposure of negatively
charged phospholipids, such as phosphati-
dylserine (PS), on the cell surface. PS pro-
vides an “eat me” signal that directs the
removal of aged RBCs from the circulation.
Indeed, aged RBCs have higher levels of sur-
face PS compared with young RBCs. Platelets
express FasL and induce apoptosis of neural
cells and apoptosis in a stroke model (2).

In the current issue of the JCI, Klatt et
al. (3) present the interesting observation
that platelets induce PS exposure on RBCs
via an interaction between FasL on plate-
lets and FasR on RBCs. Although ADP
stimulation of platelets has been shown
to increase surface expression of FasL (2),

» Related Article: p. 3906

RBCs are the most abundant circulating cells in humans and typically
comprise 35% to 45% of the blood volume (hematocrit). Anemia is
associated with an increase in bleeding, and epidemiological studies have
shown an association between an elevated hematocrit and thrombosis.

RBCs may contribute to hemostasis and thrombosis via mechanisms that
include platelet margination leading to an increase in the near-wall platelet
concentration, blood viscosity, thrombin generation, and platelet activation.
In this issue of the JCI, Klatt et al. report that binding of the Fas ligand FasL
on the surface of platelets to its cognate receptor FasR on the surface of RBCs
increases thrombin generation in vitro and thrombosis in mouse models. This
represents a new mechanism by which RBCs contribute to thrombosis.

Klatt et al. (3) found no effect on RBC PS
exposure after inhibition of platelet activa-
tion with clopidogrel, an inhibitor of ADP
signaling via the ADP receptor P2Y .

The presence of PS and other nega-
tively charged phospholipids on cell sur-
faces facilitates the assembly of coagu-
lation factor complexes by binding to
the y-carboxyglutamic acid residue-rich
domain present in various coagulation
factors (4). Activated platelets expose PS
and play a key role in thrombin generation.
Several studies have suggested a role for a
subpopulation of PS-positive (PS*) RBCs
in thrombin generation (5). It is estimated
that approximately 0.5% of normal RBCs
display PS on their surface. In sickle cell
disease, there is an increase in PS* RBCs
that correlates with biomarkers of coagu-
lation activation (6). Addition of RBCs to
platelet-rich plasma has been shown to
increase thrombin generation (7). Klatt
et al. (3) also found that addition of RBCs
to platelet-rich plasma increased throm-
bin generation. Similarly, Walton et al. (8)
observed an increase in thrombin genera-
tion with a higher hematocrit in combina-
tion with a low (200 x 10°/ml) but not high
(450 x 10°/ml) platelet count.
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Klatt et al. (3) found that RBCs
enhanced deposition of platelet aggregates
on a collagen surface under high (1,700
s and low (150 s™) shear rates. The great-
est enhancement was observed under low
shear that corresponds to the flow rate in
veins. Interestingly, a pan-caspase inhibi-
tor did not reduce the deposition of platelet
aggregates or PS exposure on RBCs. This
is surprising because caspase 3 has been
shown to be required for PS exposure on
RBCs after activation of FasR (1).

RBCs and hemostasis

Recent studies have shown that thrombo-
sis can be distinguished from hemosta-
sis. For instance, factor XII contributes to
thrombosis but has no role in hemostasis
(9). Hemostatic plugs contain a core of
densely packed, highly activated platelets
covered by a shell of loosely packed, less
activated platelets (10). Few RBCs are
present in hemostatic plugs, suggesting
that they contribute to hemostasis indi-
rectly. This may occur by increasing plate-
let margination towards the wall of the
injured vessel or by biochemical activation
of resident platelets (Figure 1A).

Anemia is associated with increased
bleeding. An early study found that trans-
fusion of RBCs into patients with severe
anemia and normal platelet counts cor-
rects the bleeding time (11). RBC transfu-
sion also shortens the bleeding time in
anemic and thrombocytopenic rabbits
(12). Klatt et al. (3) found that anemic mice
(21%-28% hematocrit) had prolonged
bleeding in a tail transection model com-
pared with normal mice (hematocrit 35%-
45%), whereas an increase in hematocrit
(>50%) did not affect bleeding. Similarly,
Walton et al. (8) found that mice with an
increased hematocrit (~47%) had a normal
tail bleeding time.

RBCs and thrombosis

Arterial thrombi are platelet-rich (so-
called “white clots”) and typically form
after rupture of atherosclerotic plaques
(ref. 13 and Figure 1B). Platelets provide
the cellular component to these thrombi
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that form under high shear. Whelihan and
Mann (5) concluded that, due to the low
number of RBCs in arterial thrombi, RBCs
would not play a direct role in thrombin
generation. Indeed, Walton et al. (8) did
not detect increased circulation of throm-
bin-antithrombin complexes in a mouse
model of elevated hematocrit and arte-
rial injury. In contrast, venous thrombi
are fibrin- and RBC-rich (so-called “red
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clots”) and form in-valve pockets on an
intact endothelium under low shear (ref.
14 and Figure 1C). Human venous throm-
bi consist of a “red” part enriched in RBCs
and fibrin and a “white” part enriched
in platelets (14). Since RBCs comprise
approximately 50% of the mass of venous
thrombi, they may contribute to thrombin
generation in this scenario. Interestingly,
crosslinking of fibrin is required to retain
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Figure 1. Composition of hemostatic plugs

and arterial and venous thrombi. (A) Hemo-
static plugs consist of a core of highly activated
platelets surrounded by fibrin and a shell of

less activated platelets. RBCs force the smaller
platelets to the vessel wall where they can moni-
tor vascular integrity. (B) Arterial thrombi are
platelet rich with few RBCs. In the ferric chloride
model of carotid artery thrombosis the first
event is binding of RBCs to the endothelium and
subsequent recruitment of platelets followed by
formation of large platelet aggregates. Platelet-
RBC interactions mediated by FasL-FasR may
contribute to thrombosis in the mouse ferric
chloride model. (C) Venous thrombi contain red
regions composed of RBCs and fibrin and white
regions composed of platelets. Platelet-RBC
interactions via FasL-FasR may enhance throm-
bosis in the mouse inferior vena cava model.

RBCs in venous clots during platelet-
mediated clot retraction (15).

Several epidemiological studies have
examined the associations between elevat-
ed hematocrit and both arterial and venous
thrombosis (16). One study reported that
patients with a high hematocrit had a 1.5-
fold increased risk of venous thromboem-
bolism compared with patients with a low
hematocrit (17). Another study found that
perioperative RBC transfusion was associ-
ated with venous thromboembolism (18).

The ferric chloride carotid artery
thrombosis model is the most commonly
used mouse model of thrombosis (19).
Importantly, one study showed that in this
model, RBCs are the first cells to adhere
to the damaged endothelium, recruit
platelets, and form nuclei for the forma-
tion of large platelet complexes that ulti-
mately occlude blood flow (20). Of note,
a platelet-rich thrombus is formed in this
model with very few RBCs incorporated as
islands (ref. 13 and Figure 1B).

Klatt et al. (3) found that anemic mice
exhibited a prolonged occlusion time in
the ferric chloride carotid artery thrombo-
sis model (15% ferric chloride for 3 min-
utes) but the occlusion time was not affect-
ed by an increased hematocrit. In contrast,
Walton et al. (8) used a similar thrombosis
model (10% ferric chloride for 2 minutes)
and observed a significant shortening
of the occlusion time in mice with a high
hematocrit. Use of aless severe model may
explain why Walton et al. (8) observed an
effect of high hematocrit on thrombosis.
The two studies conclude that hematocrit
influences platelet adhesion and aggregate
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formation at the injured vessel (3), and
that RBCs promote arterial thrombosis via
a platelet-dependent increase in thrombus
growth (8). However, it is not clear how the
low number of RBCs in the thrombi in this
model affects its growth.

Role of FasL and FasR in the
formation of thrombi
Lastly, Klatt et al. (3) analyzed the role of
FasL and FasR in a ferric chloride mesen-
teric arteriole model and an inferior vena
cava stenosis model. Thrombi formed in
the inferior vena cava model have red and
white regions similar to human venous
thrombi (21). In the mesenteric arteriole
model, wild-type mice all occluded within
40 minutes, whereas no occlusion was
observed with FasL- or FasR-knockout
mice. Interestingly, the phenotype of FasL-
knockout mice was more pronounced than
FasR-knockout mice. Mice with a platelet-
specific deletion of FasL had results simi-
lar to FasL-knockout mice in the mesen-
teric arteriole model, indicating that FasL
on platelets was contributing to thrombo-
sis in this model. Since there are few RBCs
in the arterial thrombus, it is possible that
loss of either FasL or FasR disrupts the
early recruitment of platelets to the RBCs
bound to the endothelium. In the inferior
vena cava model, FasL- and FasR-knock-
out mice had a significant decrease in inci-
dence, whereas only FasL-knockout mice
had a decrease in thrombus weight. These
results suggest that FasL may bind to other
receptors that affect thrombosis.

In summary, Klatt et al. (3) describe
a new interaction between platelets and
RBCs that is mediated by FasL and FasR.
Although this interaction increases PS
exposure on RBCs and increases throm-
bin generation in vitro, it is unclear if
this interaction increases thrombin gen-
eration in vivo. It is easier to understand
how an interaction between platelets and
RBCs can contribute to venous thrombo-
sis because they contain large numbers of
RBCs. FasL and FasR were shown to con-

tribute to ferric chloride-induced throm-
bosis in mesenteric arterioles. However,
RBCs appear to play an unusual role in
this model by binding to the injured endo-
thelium and providing an initial site for
platelet recruitment. It will be important
to show that platelet binding to RBCs via
FasL and FasR also contributes to other
arterial thrombosis models. Klatt et al.
(3) conclude that RBCs significantly con-
tribute to thrombus formation and that
interfering with the interaction between
FasL and FasR may represent a novel anti-
thrombotic strategy. Further studies are
needed to better understand the role of
RBCs in arterial and venous thrombosis
before proposing them as targets for anti-
thrombotic therapy.
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