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Summary

In recent years, it has become increasingly apparent that the life span of transfused platelets in
circulation is regulated, at least in part, by glycan-lectin mediated mechanisms. There is clear
evidence that refrigerated platelets are cleared by glycan-lectin mediated clearance mechanisms.
Acute platelet cooling clusters glycoprotein (GP) Iba receptors bearing uncovered N-
acetylglucosamine (GIcNAC), and apB2 integrins on hepatic macrophages recognise clustered
GIcNAc to rapidly clear these platelets from circulation. With prolonged refrigeration GPIba
clustering bearing uncovered galactose increases, which mediates the removal of long-term
refrigerated platelets via hepatic Ashwell-Morell receptors (AMR), originally named as
asialoglycoprotein receptors. In contrast, little is known about the molecular mechanisms of
transfused room temperature platelet clearance. This review examines the role of glycan-lectin
mediated clearance of exogenous, i.e. transfused chilled platelet clearance and briefly addresses
the current knowledge of stored platelet function, degradation and its relation to platelet clearance.

To be clinically effective, transfused platelets must circulate and function in clotting (i.e.
prevent or stop bleeding). Currently, the gold standard test to evaluate platelet products is in
vivo survival and count increment of transfused radiolabelled platelets [1, 2]. It is assumed
that if a platelet product circulates normally, it should function appropriately. However, both
parameters fail to assess the functional quality of transfused platelets. Furthermore, efficacy
of a transfused platelet product is clearly patient-dependent, complicating the assessment of
platelet functionality [3]. Undeniably, clinical experience shows that transfused platelets
work. Improvements in treatment have rendered fatal haemorrhage less common today,
although thrombocytopenic patients receiving prophylactic transfusions in randomised
platelet “trigger” trials have had clinically significant bleeding complications (WHO Grades
2-4), at rates of 17-21.5%, irrespective of study arm [4, 5]. Therefore, it seems reasonable
to question whether current bleeding-rates could be reduced by improved platelet products.
Platelet refrigeration could represent one way to improve transfused platelet quality and
extend platelet shelf life by reducing the risk of bacterial growth.

Platelet function and clearance: are they related?

For more than thirty years the “dogma” held that cold-stored platelets do not circulate
because they do not function. One key concept that has emerged from our refrigerated
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platelet studies is that a platelet’s ability to survive in the circulation may be entirely
separate from its ability to function in haemostasis [6, 7], thus challenging the dogma. This
notion is supported by several human studies performed in the early 1970s, which suggest
that platelets stored at 4°C have better in vivo function than those stored at room temperature
despite having poor survival in the circulation. Becker, Aster and colleagues [8] tested the
effects of platelets refrigerated for <72 hours in thrombocytopenic patients. The patients,
with pre-transfusion bleeding times of >15 minutes, were given fresh platelet concentrates,
room temperature platelet concentrates that had been stored for 24, 48 or 72 hours, or 4°C
platelet concentrates that had been stored for the same periods. Bleeding times were
measured one hour after transfusion. Platelets refrigerated for 48 or 72 hours corrected the
bleeding time in 63% of cases, while room temperature stored platelets corrected the
bleeding time in only 24% of patients. In similar studies performed in aspirin-treated
volunteers, bleeding times were corrected almost to baseline within four hours after
transfusion with 4°C platelets. In contrast, almost no effect was seen at this early time-point
in subjects receiving platelets stored at room temperature for 72 hours. At 24 hours post-
transfusion, substantial correction of the bleeding time was seen in the recipients of room
temperature platelets [8, 9]. Another study showed that refrigerated (<72hours) platelets
transfused into 41 leukaemia patients effectively stopped bleeding and were considered as
“safe” in over 100 transfused patients [10]. Similar observations were made by Handin and
Valeri [11], who found that room temperature platelets corrected the bleeding time of aspirin
treated volunteers 24 hours post-transfusion, but had no effect immediately post-transfusion,
suggesting that loss of in vitro platelet function may be reversible upon transfusion [11].
Following these clinical studies, the suggestion was made that platelets should be stored at
4°C if intended to treat acute/active bleeding (i.e. trauma or surgical patients), while
platelets used for bleeding prophylaxis should be stored at room temperature [12, 13].
However, this approach never gained acceptance, as studies performed subsequently failed
to confirm that transfused room temperature platelets showed a significant delay in
haemostatic function. A study by Slichter and Harker showed that room temperature
platelets consistently corrected the bleeding times of aplastic thrombocytopenic patients
within two and half hours. In contrast refrigerated platelets (<72 hours) corrected the
bleeding time in 6/8 cases shortly post-transfusion, but the effect was not sustained beyond
two and half hours [14, 15]. Aster and colleagues repeated the bleeding time experiments
done previously in their laboratory [15], administering either room temperature or
refrigerated platelets to 41 thrombocytopenic patients and reported that platelets stored at
room temperature for 24 hours produced the greatest bleeding time correction one hour post-
transfusion, while platelets refrigerated for 72 hours yielded the least bleeding time
correction, although the difference was not statistically significant. The investigators
attributed the relative ineffectiveness of room temperature platelets in their earlier study to
inadequate low storage volume [14].

Based on these in vivo data it seems safe to conclude that the sole reason platelets are
currently stored at room temperature is that chilled platelets do not circulate for an
acceptable period of time in the recipient. It appears that the mechanisms dictating platelet
removal from the circulation, including refrigerated platelets, are independent of platelet
function.

J Thromb Haemost. Author manuscript; available in PMC 2015 January 22.
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Platelet shape and clearance: are they related?

Another prevailing dogma has been for years that chilled platelets do not circulate because
they change shape. Undoubtedly, platelet activation is accompanied by shape change [16].
Platelets become activated during room temperature storage [17-19]. Key mediators of
thrombosis stored in the a-granules of resting platelets, such as f-thromboglobulin (B-TG)
and platelet factor 4, accumulate in the platelet storage medium over time [20]. Moreover,
platelet surface P-selectin expression increases during room temperature storage [21],
indicating that platelets continuously release their granule content, i.e. become activated. It
is therefore likely that room temperature stored platelets change shape, however, room
temperature platelets circulate once transfused.

Whether cooling itself causes platelet activation is controversial. In many ways, platelets
stored at 4°C seem to be less activated than platelets stored at room temperature. For
example, 4°C platelet storage does not lead to B-TG release [20]. On the other hand, platelet
chilling induces rapid irreversible disc-to-sphere shape changes, i.e. changes in shape [22]
and P-selectin surface expression [23-25]. Despite initial enthusiasm for the use of P-
selectin as a marker of platelet quality in transfusion settings, P-selectin levels alone do not
predict platelet survival after transfusion [26—29]. Studies using platelets lacking P-selectin
[28] or platelets activated with thrombin [30, 31] showed that P-selectin exposure or loss of
platelet discoid shape had no effect on platelet clearance. Conversely, spherical platelets
characteristic for mice lacking f1-tubulin circulate normally [6, 32, 33]. In support of this
notion, we and others have shown that preserving the discoid shape of refrigerated platelets
using actin-remodelling inhibitors did not diminished their clearance [6, 32, 33].

Conflicting results using in vitro tests comparing refrigerated and room temperature platelet
metabolic efficacy add to the controversy about the equality of cold-platelets. It is assumed
that both the retention of platelet discoid shape, as measured photometrically by the extent
of shape change (ESC), and hypotonic shock response (HSR) indicating metabolic efficacy,
report on platelet viability [12, 34, 35]. Not surprisingly, platelets stored at room
temperature perform better in both tests because platelets rapidly lose their “discoid shape”
when chilled, implying that refrigerated platelets are not metabolically efficient and viable
[8, 12, 22]. Most investigators, however, agree that 4°C stored platelet products show better
pH stability [36], a reduced rate of glycolysis, and a better response when stimulated by
ADP, epinephrine or collagen than room temperature stored platelets [8], implying that
refrigerated non-discoid platelets function better. Taken together, these studies contradict the
dogma that the discoid shape of a platelet per se predict its function or survival.

Apoptosis, degradation and metabolic processes in transfused platelet

clearance

Without a doubt the intrinsic apoptotic machinery regulates, at least in part, endogenous
platelet survival (for review see [37]). Does phosphatidylserine (PS) exposure per setrigger
the engulfment of platelets? PS is the archetypal ‘eat me’ signal displayed by cells
undergoing apoptosis. However, platelets also expose PS when activated by a range of
physiological agonists [38, 39]. In this context, it facilitates assembly of the prothrombinase
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complex, which plays an essential role in generating thrombin [40]. Whether the apoptotic
machinery is required for this type of PS exposure is unclear. Storage of platelets induces PS
exposure independent of the storage temperature [23, 25, 41]. However, as in “normal”
platelet activation processes, the role of the apoptotic machinery in PS exposure during
platelet storage needs to be established, especially if surface PS reliably predicts transfused
platelet survival.

Low pH levels <6.0 have been consistently associated with severely diminished platelet
viability [42, 43]. Platelets stored at room temperature are continuously metabolically active.
Metabolic products, such as lactate, accumulate during room temperature storage, leading to
a drop in pH [44]. In contrast, at 4°C there is minimal lactate accumulation, and the pH does
not decrease [36] posing the question; what do changes in pH during storage mean for
platelet survival?

Glycan composition and its effects on platelet survival

Loss of sialic acid is also thought to influence platelet life span by exposing penultimate
galactose (Gal) residues, effecting the recognition and phagocytosis by asialoglycoprotein
receptors (ASGPRS) [45-48] [7, 49, 50]. Similar to erythrocytes, in vitro desialylated
platelets are cleared rapidly from circulation [51, 52]. Loss of sialic acid during storage of
platelets has been reported, independent of storage temperature [53]. However no consistent
studies have been conducted in humans to determine the extent of sialic acid loss and its
effects on platelet recovery and survival. How do platelets lose sialic acid? An intriguing
thought is that low pH potentially promotes platelet-derived sialidase activity during platelet
storage. Bacterially derived sialidases have been shown to affect platelet survival in
mammals [50, 54]. It is therefore tempting to speculate that bacteria-derived sialidases
deplete sialic acid from platelets during storage thereby severely affecting platelet viability.

It appears that platelet clearance is regulated in a complex fashion. For example, chilled
platelet clearance is not mediated by loss of platelet function or shape change. Release of
granule contents per se does not seem to influence platelet survival. Our lab has
demonstrated that loss of sialic acid and galactose from platelet glycoproteins during cold
storage leads to removal by lectin-mediated mechanisms. Whether change in platelet glycan
composition predicts platelet survival per sestill needs to be determined.

Lectins in platelet clearance

The clearance of fresh room temperature platelets is equally divided between spleen and
liver [6]. However, little is known about the molecular mechanisms mediating their
clearance in both organs. For example, it is assumed, but has not been proven that
macrophages mediate the clearance of room temperature platelets. In contrast, cooled
transfused platelets are predominately cleared in the liver [6]. We have defined two
previously unsuspected, carbohydrate-dependent platelet clearance mechanisms, which will
be detailed in the next sections.

J Thromb Haemost. Author manuscript; available in PMC 2015 January 22.
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The macrophage ay lectin-domain: an overview

apmpB2 (or CR3, CD11b/CD18, MAC-1) has two main functions. First, it mediates adhesion
and migration of leukocytes into inflammatory sites in tissues via binding to the intercellular
adhesion molecule (ICAM)-1 expressed on stimulated endothelium [55]. Second, apmB2
serves as a phagocytic receptor for the iC3b fragment of complement [56, 57]. The amfB»
receptor shares functional characteristics with other integrins including the bidirectional
signalling via conformational changes in the extracellular region that are produced by
inside-out signalling [58, 59]. amP,, like all integrins, consists of two chains: the ap- and
the B, -chain. a contains the ligand binding I-domain, a cation-binding region, and a lectin-
site. Protein ligands bind to partially overlapping sites contained within the I-domain [60]
and include ICAM-(1-2), fibrinogen, iC3b, [61], and GPlba [62, 63]. Interestingly, the ap
domain also contains a cation-independent lectin-site [64], which binds to glycans
(specifically GIcNAc) on microbial surface polysaccharides and -glucan [65]. C3
opsonised microorganisms display iC3b in combination with cell wall polysaccharides, such
that both the I-domain and lectin-site of a2 become attached to microbial pathogens,
stimulating phagocytosis and cytotoxic degranulation [66]. Target cells bearing only iC3b,
but not ay binding glycans, do not trigger phagocytosis and/or degranulation, despite avid
attachment of the target cells to the I-domain. In contrast, glycan structures that are large
enough to cross-link the lectin domains of multiple membrane surface ayp, molecules,
stimulate degranulation and the release of inflammatory mediators in the absence of the
iC3b-opsonin (for review see [67]).

Role of the ay-lectin in transfused cold-platelet clearance

The clearance of fresh room temperature platelets is equally divided between spleen and
liver. However, little is known about the molecular mechanisms mediating their clearance in
these organs. For example, it is assumed, but has not been proven, that macrophages mediate
the clearance of room temperature platelets. In contrast, cooled transfused platelets are
predominately cleared in the liver. We defined a previously unsuspected, carbohydrate-
dependent platelet clearance mechanism. The hepatic macrophage carbohydrate-binding
integrin apP, selectively recognises glycans on clustered GPIba subunits of the von
Willebrand factor receptor (VWF-R) following short-term (hours) platelet cooling, resulting
in the phagocytosis and clearance of platelets in vivo in mice and in vitro by human THP-1
macrophages [6, 62, 68, 69]. Experiments using ay-deficient, but not VWF-, complement-
or P-selectin-deficient mice showed marked improvement in the survival of short-term
cooled platelets. [6]. Subsequent work narrowed carbohydrate recognition by integrin apmpz
to uncovered BGIcNAc on glycans within GPIba’s N-terminal ligand binding-domain [62,
68]. Removal of sialic acid (desialylation) exposes galactose and de-galactosylation reveals
BGIcNAc. Exposure on of BGIcNAc-residues on mammalian circulating cells is unexpected
and is either the result of incomplete glycan processing or the result of a degrading process
that occurs in blood. GIcNAc-exposure would be expected to be kept at a minimum, as loss
of covering glycan residues is normally considered as a clearance signal. Therefore, lectins
recognising BGIcNAc bind only minimally to circulating room temperature platelets.
Conversely, refrigerated platelets have markedly increased lectin-binding, suggesting that
altered epitope presentation and/or clustering of exposed BGICNAc on GPlba can facilitate
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lectin binding to refrigerated platelets and chilled platelet clearance. What causes these
alterations of specific carbohydrate epitopes on platelet glycoproteins during refrigeration?
Actin rearrangement during refrigeration is likely to initiate surface VWF-R redistribution
from linear arrays into aggregates [6]. Glycan and VWF-R clustering is detected early after
refrigeration [6, 68], but increases with long-term platelet storage and refrigeration in
plasma, as discussed later.

A potential method for preventing the rapid clearance of refrigerated platelets for transfusion
represented the enzymatic galactosylation of surface BGIcNAc residues on platelet
glycoproteins using a p1,4-galactosyltransferase (B4GalT). Surprisingly, both human and
murine platelets have functional platelet galactosyltransferase(s) on their surface which
simply transfer galactose onto uncovered BGIcNAc of human or mouse GPIba after addition
of UDP-galactose [68]. Although galactosylation markedly improved the survival of mouse
platelets chilled for hours [68], this manoeuvre theoretically provided a new ligand for
ASGPRs. Hence, it was surprising that refrigerated mouse platelet circulation could be
improved by galactosylation. We postulated that the number of exposed PGICNAC residues
on GPIba was small, such that even after clustering and galactosylation, the galactose
density was insufficient to engage galactose-recognising lectins [68]. A phase I clinical trial
administering autologous, radiolabelled galactosylated apheresis platelets refrigerated for 48
hours in plasma into human volunteers clearly showed that the galactosylation procedure did
not extend their circulation time [41]. Evidently, this trial showed that additional
mechanisms were involved in the clearance of platelets refrigerated for days in plasma.

The Ashwell-Morell receptor (AMR): an overview

It is “common knowledge” that the liver controls the removal of exogenously administered
desialylated glycoproteins (termed asialoglycoproteins) from circulation [70-72]. The
hepatic lectin (HL) or AMR was identified as a galactose-binding receptor using
preparations of asialo-ceruloplasmin, free of sialic acid with exposed terminal galactose (for
review see [73]). Today, the AMR is one of multiple C-type lectins that bind
asialoglycoproteins. Other lectins that bind asialoglycoproteins include the Kupffer cell
receptor, the macrophage galactose receptor and galectins. The AMR consists of
transmembrane glycoproteins termed hepatic lectin-1 or asialoglycoprotein-1 (HL-1 or
asgr-1) and hepatic lectin-2 or asialoglycoprotein-2 (HL-2 or asgr-2) (for review see [73]).
Both glycoproteins are type-2 transmembrane proteins with a ~40-amino acid N-terminal
cytoplasmic domain, a ~80-amino acid extracellular stalk, and an ~130-amino acid C-
terminal carbohydrate recognition domain. HL-1 and HL-2 are predominantly expressed in
liver hepatocytes [74, 75] and their expression is induced rapidly upon birth implying that
the foetus lacks this particular mechanism of removing desialylated circulating
glycoproteins [76]. Both HL-1 and HL-2 are highly conserved among mammalian species
and may have originated from a single ancestral gene (for review see [73]). Particularly, the
human and mouse genes share >85% amino acid sequence identity between the two
subunits. Homo- and hetero-oligomerisation of the mammalian HL-1 and HL-2
glycoproteins to form functional variants of the AMR has been observed in various cellular
contexts (for review see [73]). This variability in subunit combinations to form functional
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complexes facilitates a two-state pathway of receptor-mediated endocytosis (for review see

[73]).

Mammalian ASGPRs generally mediate the capture and endocytosis of a wide range of
exogenously administered glycoproteins that carry Gal or N-acetylgalactosamine (GalNAc)
residues at the termini of their glycan chains (for review see [73]). More recent findings
have indicated that some a2,6-sialylated glycans are also ligands for the ASGPR-mediated
clearance [77]. Specificities of ASGPR and their relative binding affinities are dependent
upon glycan structures, ligand size and the precise spatial arrangement and clustering of the
glycan chains [78, 79], although binding specificities may alter by cooperation and
competition for specific glycans [80, 81].

The AMR is localised at the vascular side of the hepatocyte cell surface and is therefore
ideally positioned to remove and degrade potentially detrimental glycoproteins. Its role is
specifically recognised in the design of therapeutic glycosylated proteins, i.e. adding sialic
acid to the repertoire of the glycoprotein, to keep its therapeutic levels in circulation [82].

The role of the AMR in transfused platelet clearance

Using a murine transfusion model, we have found that as with short-term cooling, platelets
refrigerated for 48 hours in plasma (designated throughout the following text as long-term
refrigerated platelets) are removed from the recipients’ circulation by the liver [7, 83] but,
unexpectedly by hepatocytes [7] and not macrophages. Macrophages, including Kupffer
cells play only a minor role in removing long-term refrigerated platelets, in contrast to our
previous findings for short-term cooled platelet clearance [6] as demonstrated in
experiments using mice that were depleted of macrophages by injecting toxic clodronate-
encapsulated liposomes. Removal of macrophages greatly improved recoveries and
survivals of short-term cooled platelets, confirming our earlier results. In contrast, the
recoveries and survivals of long-term refrigerated platelets were not affected by macrophage
depletion, showing that removal of long-term refrigerated platelets is macrophage-
independent and mediated by hepatocytes [7]. Not surprisingly, long-term refrigerated and
galactosylated platelets are cleared slightly faster independent of macrophage depletion [7].
Interestingly, these studies also revealed that macrophages immediately remove a large
fraction of transfused platelets independent of storage and temperature (~40%) [7]. Our
findings in mice, irresistibly agree with loss of ~30-40% platelet recovery consistently
reported (and accepted by the transfusion community) following transfusion of fresh
platelets into healthy volunteers [41]. The mechanism of “macrophage-mediated” fresh
platelet removal remains unclear but once characterised may prove as useful to develop
methods to improve “fresh-platelet” recovery following transfusion.

How does the AMR recognize long-term refrigerated platelets? We reported that short-term
cooled platelets have exposed/clustered PGICNAC residues that are recognized and
phagocytosed by the ap B2 hepatic macrophage receptors [6, 68]. In contrast, platelets
refrigerated for long periods have severely increased galactose exposure, as evidenced by
the galactose-binding lectins. Galactose-exposure presents a ligand for ASGPRs. Consistent
with this hypothesis, co-injection of asialofetuin, a competitive inhibitor of the ASGPR,
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restored the recovery and circulation of long-term refrigerated platelets, but not of short-
term refrigerated platelets. Conversely, asialofetuin inhibited phagocytosis of human
platelets refrigerated for up to 10 days by the hepatic cell line HepG2 in vitro [7].
Experiments using mice lacking Asgr-1 or Asgr-2 subunits of the AMR showed a
significantly improved recovery and circulation of long-term refrigerated platelets,
providing clear evidence for the removal of long-term refrigerated platelets by hepatic AMR
(Fig. 1). It is noteworthy that fresh isolated platelets have better recoveries and survivals in
AMR-lacking mice (Fig. 1). Our studies and studies by other investigators point to the
importance of a hepatic-based platelet removal system that uses its AMR to recognise and
remove platelets expressing desialylated glycans on their surface [7, 49, 50].

Desialylated glycans reside on GPlba. following long-term refrigeration

GPlba contains O- and N-linked glycans [84]. Removal of the N-terminal 282 residues of
GPlba from human platelets using the snake venom protease mocarhagin [85] or O-
sialoglycoprotein endopeptidase eliminates at least two putative N-glycan residues, as well
as the VWF-binding region of GPlba [85]. Removal of GPlba’s 45 kDa domain from
mouse or human platelets significantly improved the circulation of long-term refrigerated
mouse platelets and prevented human platelet ingestion by HepG2 cells in vitro, pointing to
the fact that most uncovered galactose residues reside within the external domain of GPlba
initiating clearance by AMR [7]. However, the exact GPIba glycan structure(s) that engages
the interaction with the AMR need(s) to be determined. A scheme of both chilled-platelet
clearance mechanisms is shown in Fig. 2.

Is the presentation of GPIba important for the engagement of refrigerated platelets with the
AMR? Platelets isolated from ST3GallV~/~ mice bear desialylated surface glycans as they
lack a2—-3-sialyltransferase activity [50, 86] and are removed by AMR from the circulation.
The extent of galactose exposure on refrigerated platelets is less than that present on the
surface of ST3GallV*/~ platelets, but ST3Gall\V/*/~ platelets retain their ability to circulate
with normal lifetimes [49, 50, 86]. Clustering of GPIba substantially increases with
prolonged refrigeration [7]. Hence, clustering of platelet GPlba subunits with cooling might
amplify the galactose signal enhancing binding to AMR [68]. However, the functional
relationship between GPIba clustering and platelet clearance by AMR remains to be
established.

The mechanism of galactose exposure on long-term refrigerated platelets remains to be
determined. Our recent results indicate that surface sialidase activity significantly increases
during cold-platelet storage when compared to the sialidase activity measured during room
temperature storage (manuscript in preparation). Increase in sialidase activity could
substantially contribute to desialylation of platelet surface glycans during storage, revealing
underlying galactose.

Avre other glycoproteins than GPIba glycans involved in the clearance of cooled platelets?
VWEF binding to platelets increases with storage [7]. It appears that preferentially
desialylated VWF binds to long-term refrigerated platelets, indicating that desialylation of
VWEF molecules and/or of platelet glycoproteins may promote binding to platelets. In
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support of this notion we found the desialylated VVWF isolated from ST3Gal-1V~/~ mice
binds significantly better to platelets than wild type VWF [49] and desialylated VWF is
removed by AMR [50]. Proteolytic removal of the GPlba N-terminal region deprives GPlba
of its VWF-binding domain and bound VWF. It is tempting to speculate that VWF-glycans
contribute to recognition of platelets by AMR.

Endogenous platelet clearance by ayp, and AMR

The liver is a major anatomic site of normal platelet clearance. Scavenger receptors on
Kupffer cells, which represent ~15% of liver cells, contribute to ~15% of normal platelet
clearance in humans [87]. The localisation of Kupffer cells within the liver sinusoids ensures
that they are positioned to efficiently remove “unwanted” material from the circulatory
system. We have shown that mice lacking the ap B2 macrophage receptor have increased
platelet counts, indicating that circulating platelets have exposed PGIcNAc while they
circulate and are removed by this receptor. Liver sinusoidal endothelial cells mediate
clearance via hyaluronan-receptor-, or mannose-receptor-mediated endocytosis [88—90].
However, if any of these receptors plays a role in endogenous platelet removal needs to be
determined. Hepatocytes comprise the majority of cells within the liver (~60%) and are
physically separated from the sinusoids by an endothelial cell barrier and the space of Disse
[91]. However, fenestrations in the sinusoidal endothelial cells allow for interaction via
hepatocyte microvilli protrusions into the lumen [92]. Hepatocytes are not generally
considered as phagocytotic though they are capable of internalising particles ranging in sizes
from a few nanometers up to 1.5 pm [93]. In addition, cooperation between liver cells allows
hepatocytes to become more phagocytic when the amount of exogenous material exceeds
the capacity of Kupffer cells [94] [95]. Furthermore, platelets have been observed to
translocate to hepatocytes in response to cytokine signals from Kupffer cells [96].

Since the discovery of the AMR over 35 years ago, few endogenous ligands have been
identified. Mice lacking either one of the two AMR subunits appear normal and surprisingly
do not accumulate asialoglyco-proteins or -lipids in their circulation [97-99]. a2,3-linked
sialic acid can mask underlying ASGPR ligands on glycoproteins. Recent studies revealed
that endogenous ASGPR rapidly clear platelets and VWF with reduced a2,3-linked sialic
acid during pathologic conditions of rapid desialylation, such as bloodstream infection with
Streptococcus pneumoniae expressing sialidase (neuraminidase) activity. Removal of
desialylated platelets by AMR retarded the onset of severe haematologic changes that are
indicative of acute disseminated intravascular coagulation [50]. Bacterial contamination of
platelet units stored for transfusion with Streptococcus pneumoniae and transfusion
associated sepsis have been reported [100]. Platelet transfusion-associated sepsis is a major
side effect of current transfusion practices. It is likely that, as in mice, bacteria-derived
sialidases desialylate platelets during storage, a process that may initiate removal of stored
platelets by AMR. Studies on the AMR and its ligands may provide new opportunities to
explore the biology of coagulation in sepsis-induced disseminated intravascular coagulation.
These studies may also prove useful to develop better platelet storage methods. Our studies
of platelet binding and internalisation report the ability of hepatocytes to ingest platelets
with glycoproteins bearing terminal galactose structures [7, 49, 50], an AMR-dependent
mechanism in which both HL-1 and HL-2 subunits are necessary. Does the AMR play a role
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in removal of endogenous platelets in non-pathological states? Our recent novel studies
evaluate whether platelets become desialylated while circulating and if the clearance
mechanisms of endogenous platelets is mediated through the action of the AMR. It appears
that the AMR plays a role in endogenous desialylated (senile) platelet removal. Studies on
the AMR and its endogenous platelets ligands may provide new opportunities to explore
novel regulatory mechanisms of platelet production and removal.

Conclusions

Transfused platelets lacking sialic acid or galactose on their membranes are recognised as
“foreign” and are removed by lectins (32-integrin and AMR) in the liver. Endogenous
platelet homeostasis under pathologic and non-pathologic conditions is regulated at least in
part by both lectin-mediated actions. The exact impact on endogenous platelet clearance is
currently under investigation.
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Fig. 1. The Ashwell-Morell receptor mediates hepatic recognition and clear ance of long-term-
refrigerated platelets

Survival of transfused long-term-refrigerated (4°C) or fresh platelets (22°C) in wild type
(WT) mice and in mice lacking asialoglycoprotein receptor-1 or asialoglycoprotein
receptor -2 (Asgpr1~/~ and Asgpr2/, respectively). Note that the recoveries and survival of
transfused refrigerated and room temperature platelets are improved in Asgpr1™~ and
Asgpr2~/~ mice (figure adapted from [7]).
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Blood flow - Blood flow

Fig. 2. Lectin receptors mediating cooled platelet clearance
(A) Acutely chilled platelets have clustered GPIba subunits bearing glycans with N-

acetylglucosamine terminal structures, which engage with the ay lectin domain of the 3,
integrin to initiate phagocytosis by liver macrophages. Only the ay domain is demonstrated.
Clustering or increase of N-acetylglucosamine terminal glycan structures can reflect an
increase in binding affinity to the ay, carbohydrate-recognizing domain. N-linked glycan
ligands are shown. (B) Prolonged refrigeration increases GPlba clustering and exposure of
galactose terminal glycan structures, which bind to the hepatic AMR initiating removal of
long-term refrigerated platelets from circulation. Both HL-1 and HL-2 subunits form a
functional AMR with multiantennary ligand specificities. Increased binding avidity can
reflect the presence of clustered multiantennary galactose-terminal structures. (C) Platelets
with sialylated glycan structures continue to circulate.
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