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We describe a novel type of human thrombocytope-
nia characterized by the appearance of giant platelets
and variable neutropenia. Searching for the molecu-
lar defect, we found that neutrophils had strongly
reduced sialyl-Lewis X and increased Lewis X surface
expression, pointing to a deficiency in sialylation. We
show that the glycosylation defect is restricted to
a2,3-sialylation and can be detected in platelets, neu-
trophils, and monocytes. Platelets exhibited a dis-

torted structure of the open canalicular system, indi-
cating defective platelet generation. Importantly,
patient platelets, but not normal platelets, bound to
the asialoglycoprotein receptor (ASGP-R), a liver cell-
surface protein that removes desialylated thrombo-
cytes from the circulation in mice. Taken together,
this is the first type of human thrombocytopenia in
which a specific defect of a2,3-sialylation and an
induction of platelet binding to the liver ASGP-R
could be detected. (Am J Pathol 2011, 179:1969-1977;
DOI: 10.1016/j.ajpath.2011.06.012)

Several types of hereditary macrothrombocytopenia have
been described, including Bernard-Soulier syndrome and
the May-Hegglin anomaly, which are caused by mutations
in the genes coding for platelet glycoproteins (GP) Ib/IX and
nonmuscle myosin heavy chain, respectively.”? Macro-
thrombocytopenia can also be caused by a defect in gly-
cosylation.® This disease, termed congenital disorder of
glycosylation-IIf (CDG-IIf), was detected in a child whose
neutrophils lacked expression of the sialic acid—containing
tetrasaccharide sialyl-Lewis X (sLe*) and showed increased
expression of its nonsialylated form Lewis X (Le*). Notably,
abnormal demarcation membranes in megakaryocytes
strongly pointed to a defect in the generation of thrombo-
cytes.® Mutations in the gene encoding the Golgi trans-
porter for cytidine monophosphate (CMP)-sialic acid were
described as the cause for this disease.”

Generally, sialylation appears to strongly affect the
number of circulating platelets. Indeed, desialylation of
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platelets results in their clearance from the circulation.®
Moreover, mice deficient for «2,3-sialyltransferase |V
show strong thrombocytopenia.®” Interestingly, as in
CDG-lIf, platelets are enlarged in these mice. Recently,
experiments in mice have shown that hyposialylated
platelets readily bind to the liver asialoglycoprotein re-
ceptor (ASGP-R) in vivo and are efficiently removed from
the circulation by the ASGP-R, explaining the induction of
thrombocytopenia.® Here, we present the first type of
human macrothrombocytopenia that is associated with a
specific defect of «2,3-sialylation and with strong platelet
binding to the ASGP-R.

Materials and Methods
Flow Cytometry

Flow cytometry was performed according to standard
protocols. ' Anti-sLe* antibody CSLEX-1 (American Type
Culture Collection, Manassas, VA), anti-Le* antibody (BD
Pharmingen, Heidelberg, Germany), negative control
IgM monoclonal antibody (mAb) (BD Pharmingen), anti-
GQ1b/GD3 mAb R24,"" anti-PSA mAb 735," anti-Le®
antibody (Acris Antibodies, Hiddenhausen, Germany),
and anti-GP1b mAb AK2 (Serotec, Dusseldorf, Germany)
were used at 10 ug/mL. Biotinylated Aleuria aurantia lectin
(AAL), concanavalin A, peanut agglutinin, Sambucus
nigra lectin (SNA), and Maackia amurensis lectin Il (MAL )
(Vector Laboratories, Burlingame, CA) were used at 2 to
5 pg/mL and detected with phycoerythrin-conjugated
streptavidin (Jackson Immunoresearch, West Grove, PA).
E- and P-selectin-Fc'® were used as described.'® A total
of 0.2 wmg murine myelin-associated glycoprotein
(MAG)-Fc and human CD22-Fc (prepared as in'?), re-
spectively, were incubated with phycoerythrin-conju-
gated donkey anti-human 1gG (0.2 ug; Jackson Immu-
noresearch) in 50 ulL of PBS for 1 hour and added to the
cells after 10 minutes of Fc receptor blockage. IL-8 bind-
ing to granulocytes was tested by incubating the cells
with different concentrations of a fluorescently labeled
human IL-8 peptide [K69(CF)]hIL-8(1-77) containing
amino acids 1-77 and carboxyfluorescein attached to
lysine 69'° in PBS/0.1% bovine serum albumin for 30
minutes at 4°C before cells were washed, fixed, and then
analyzed by flow cytometry. For control, cells were
treated with 100 mU/mL neuraminidase (from Vibrio chol-
erae; Sigma) for 30 minutes at 37°C in PBS/0.1% bovine
serum albumin before they were washed three times and
were incubated with IL-8.

Platelet analysis was done with the following precau-
tion: For comparison of control and patient platelets, we
gated on a very small window in the forward scatter/
sideward scatter where large normal platelets and small
patient platelets overlap in size to exclude size effects. To
test for ASGP-R binding, platelets were incubated with
2.5 ug/mL ASGP-R (purified from human liver as de-
scribed’®) for 1 hour at 4°C, washed and incubated with
anti-ASGP-R mAb (30201; Calbiochem, San Diego, CA).
To distinguish patient and donor platelets within the pa-
tient samples, the Le®-positive patient received Le®-neg-

ative thrombocytes. Patient and donor platelets were dis-
tinguished with an anti-Le® antibody (Acris Antibodies).
Values obtained by flow cytometry give mean fluores-
cence intensity (MFIl) = SD from at least three experi-
ments.

Blood-Perfused Flow Chamber Assays

Leukocyte rolling was tested with whole human blood in a
blood-perfused flow chamber system'” in which rectan-
gular glass capillaries were coated with 5 ug/mL human
E- and 20 ng/mL human P-selectin-Fc proteins (both from
R&D Systems, Abingdon, UK), respectively, for 2 hours
and then blocked for 1 hour using casein. Slow rolling
was obtained by co-immobilizing E- and P-selectin with
intercellular cell adhesion molecule-1 (ICAM-1) 3 and 5
rg/mL, respectively). Representative fields of view were
recorded for 1 minute using a SW40/0.75 objective and a
digital camera (Sensicam QE; Cooke Corporation, Kel-
heim, Germany). Results were normalized according to
the leukocyte numbers of the blood samples.

Isoelectric Focusing of Serum Transferrin and
Apolipoprotein C-IlI

Transferrin was immunoprecipitated from serum and
stained.’® Isoelectric focusing was performed with a
Phast electrophoresis system using a gel with a pH range
of 5 to 7 (Pharmacia, Freiburg, Germany). Isofocusing of
apolipoprotein C-Ill (ApoClll) was performed as de-
scribed'® using a mixture of pharmalytes (4.2 to 4.9 and
2.5 to 5; GE Healthcare, Freiburg, Germany), Western
blotting with purified anti-ApoClII Ab (Rockland, Gilberts-
ville, PA) and relative quantification of the Enhanced
chemiluminescence signal on a Fujifilm Luminescent Im-
age Analyzer (Fuji Photo Film, Tokyo, Japan).

Fibroblast Transfection

Fibroblasts were transfected with mouse «1,3-fucosyl-
transferase VII DNA in vector pcDNA3?° by nucleofection
as described.?’

Mutation Analysis and Real-Time PCR of
Sialyltransferases

Total RNA (2 ng) was isolated from blood leukocytes (for
mutation analysis) or monocytes (for real-time PCR) using
a RNAeasy Mini Kit (Qiagen, Hilden, Germany). cDNA
was obtained with SuperScript Reverse Transcriptase |l
(Invitrogen, Karlsruhe, Germany). Sequencing was done
using an ABI Prism 3700 capillary sequencer and BigDye
3.1 (Applied Biosystems, Darmstadt, Germany). Quanti-
tative PCR was performed with appropriate primers in an
ABI PRISM 7900HT device (Applied Biosystems) using
the QuantiTect SYBR Green PCR Master Mix (Qiagen).
Reactions were performed in reference to housekeeping
genes cyclophilin A, hALU, and GAPDH and compared to
control cDNA samples from four healthy donors.



Mutation Analysis of the CMP-Sialic Acid
Transporter

Genomic DNA was prepared from EDTA-treated whole
blood samples of the patient and healthy control donors
using the QiaAmp Blood Kit (Qiagen). For generation of
cDNA, RNA was prepared from whole blood using the
PaxGene Blood RNA Kit (Qiagen) or from fibroblasts using the
RNAEasy Kit (Qiagen) and was used directly for PCR. All
eight exons of the genomic Slc35a1 sequence were ampli-
fied with the following forward and reverse primers binding
to flanking intron sequences: exon 1, 5'-GCGGGGAGACG-
CAGTTTACA-3’, 5'-CACTCCCAGCTAGTGGAGGT-3';
exon 2, 5'-GCAATTGGGGCACTCCCTAG-3', 5'-GCTTTG-
CAAGCCAGTCAGTC-3'; exon 3 plus 4, 5'-CACTTGAA-
CACGGGAGGTG-3', 5-CCTCTTTGGGGACTGTCATC-3;
exon 5, 5-GGAGTCTTAAGAGGCAGCAC-3', 5'-GCCG-
GACTGAGATGGTCAAG-3'; exon 6 plus intron 6 plus
exon 7, 5'-GTCATGTGTCACACAACCTAC-3', 5'-CTAGC-
ACCCCTCGTCTTAAC-3’; exon 8, 5'-CTTGATTTTACC-
CGCCCTGC-3', 5'-GTAGACCCCAAACAGGTCTA-3". PCR
conditions were 5 minutes at 94°C, 35 cycles with 1 minute
at 94°C, 1 minute at 67°C, 1.5 minutes at 72°C, and 5
minutes at 72°C. PCR of cDNA was performed with primers
5'-GTACAGTGGAAACCAGCCCA-3’ (bp 499 in NCBI ac-
cession No. D87969) and 5'-GTAGACCCCAAACAG-
GTCTA-3' (bp 1247) amplifying a fragment of 749 bp start-
ing in exon 4 and ending downstream of the stop codon of
Slc35a1 (annealing at 68°C for 2 minutes). PCR products
were treated with the PCR product presequencing kit (USB
Corporation, Cleveland, OH) before they were sequenced
as described before.??

Electron Microscopy

Isolated platelets were fixed in 2% paraformaldehyde,
0.2% glutaraldehyde in 0.1 mol/L phosphate buffer and
were processed further for ultrathin cryosectioning and
immunogold labeling as described.®

Consent to Patient Studies

Studies on the patient’s cells, bone marrow biopsies, and
publication of results were done with written consent of

Table 1. Phenotype of the Novel Thrombocytopenic Disorder

Sialylation-Associated Thrombocytopenia 1971
AJP October 2011, Vol. 179, No. 4

the patient’s parents and approval by the Ethics Com-
mission of the University of MUnster.

Results

A Novel Disorder with Severe Thrombocytopenia
and Variable Neutropenia

We detected the novel disease in a girl who developed
spontaneous bleeding within the first day of life. The
neonate was diagnosed with thrombocytopenia (12,000
to 17,000 platelets/ul blood; normal range: 140,000 to
300,000/nl) and strong initial neutropenia (120 neutro-
phils/uL blood; normal range: 1250 to 6500/uL). Whereas
the severity of the thrombocytopenia remained stable over
more than 8 years since the patient’s birth, the neutropenia
showed considerable variability, with neutrophil numbers
ranging from 70 to 5700/uL and a gradual normalization
(see Supplemental Tables S1 and S2 at http://ajp.amjpathol.
org). At the age of 8 years, the patient shows neutrophil
counts of 1200 to 3300/uL and is thus no longer neutro-
penic. Higher neutrophil counts were recorded during
bacterial infections. Despite variable neutropenia, the
child never showed signs of immunodeficiency. Counts
of lymphocytes, monocytes, eosinophils, and basophils
were always within the normal range (see Supplemental
Tables S1 and S2 at http.//ajp.amjpathol.org).

Starting with day 1 after birth, the thrombocytopenia had
to be controlled by weekly platelet transfusions. No further
bleeding events were observed under this substitution re-
gime for the 8 years she has been studied. Von Willebrand
disease was excluded and no auto- or allo-antibodies
against thrombocytes or granulocytes could be detected in
the patient. Further details on the phenotype are given in
Table 1.

Giant Platelets with Ultrastructural Abnormalities

Flow cytometry analysis of peripheral blood cells re-
vealed the presence of normal-sized thrombocytes as
well as of giant platelets. This was confirmed by electron
microscopy (Figure 1). The enlarged platelets had a
mean diameter of 5.0 um with a range of 3.5 t0 6.3 um
(control platelets mean: 2.5 um, range: 1.8 to 2.8 um)

Patient: girl, born in 2002 to nonconsanguineous parents, uneventful pregnancy

Normal weight, length, and head circumference

Petechial bleedings at trunk and legs, bloody vomiting, and small intracerebral bleeding (I°) 12 hours after birth

Initial thrombocytopenia of 12,000 thrombocytes per ulL

No antibodies against GP llb/llla, 1a/lla, 1b/IX, and HLA in maternal serum

No antibodies on the surface of patient platelets, giving no indication of neonatal alloimmune thrombocytopenia
Abundant megakaryocytes with normal to decreased size and normal neutrophil precursor cells in bone marrow biopsies
Enlarged thrombocytes of heterogenous size with giant thrombocytes nearly as large as erythrocytes in peripheral blood
Neutrophil counts below 1000 per uL at 4 weeks of age and below 500 per ulL on several occasions thereafter

No antibodies against granulocytes detectable

Thrombocytopenia and neutropenia unresponsive to corticosteroid treatment for 2 weeks and to immunoglobulin treatment
No further bleeding complications due to weekly thrombocyte transfusions
Thrombocyte counts constantly below 10,000 per L upon admission

Despite neutropenia no increased frequency of infections
No splenomegaly
Normal psychomotor development
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Figure 1. Platelets are enlarged and show changes of the open canalic-
ular membrane system. A: Typical appearance of a normal resting human
platelet in an ultrathin cryosection. The cell has a round shape, and
a-granules are filled with secretory cargo. The open canalicular mem-
brane (OCS) is continuous with the plasma membrane and appears as a
cluster of segmented channels, positively identified by an anti-CD42a
mAb and 15 nm protein A gold (arrows). B and C show representative
patient platelets at the same magnification. The diameter of the platelets
is increased, and the OCS, labeled for CD42a, is condensed to one or two
large saccular compartments. The round shape of the platelets and the
presence of von Willebrand factor (vWF) in a-granules show that the
platelets are quiescent. Bound anti-CD42a mAb was detected with 10-nm
protein A gold (arrows), and anti-VWF Ab with 15-nm protein A gold
(asterisks). Scale bar = 1 um.

and a calculated mean volume of 65 fL with a range of 30
to 80 fL (control platelets: 8 fL, range: 5 to 12 fL).
Ultrastructural analysis showed striking abnormalities
of the platelets’ open canalicular membrane system
(OCS). Here, the multiple segmented channels that form
the OCS in normal platelets (Figure 1A) were replaced by
one or two large saccular compartments (Figure 1, B and
C), strongly indicating a defect in platelet formation. The
micrographs also show sphere-like structures within the
OCS of the patient platelets, but not of control platelets.
Some of these structures appear to be surrounded by
membranes. Abnormal membrane blebbing of the OCS
may be an explanation for this phenomenon. Bone mar-
row examination on three separate occasions showed
that erythroid and granulocytic maturation were largely
normal with a marginal left shift. Interestingly, megakaryo-
cytic hyperplasia with an increased number of micro-
megakaryocytes was found (not shown).

Binding of Selectins and IL-8 to Granulocytes

To analyze the molecular cause for this disease, we
turned to granulocytes that were obviously also affected
but considerably easier to obtain from the patient than
platelets. When we analyzed the expression of adhesion
molecules in patient granulocytes, we noticed that bind-
ing of soluble E- and P-selectin-Fc fusion proteins was
reduced by 70% = 14% and 76% = 15%, respectively
[mean fluorescence intensity (MFI) values + SD from five
independent flow cytometry experiments] (Figure 2A).
This defect, however, was not as strong as in leukocyte
adhesion deficiency Il, where the expression of functional
selectin ligands and leukocyte rolling on selectins are
virtually absent.’®2* Indeed, the number of patient and
control leukocytes rolling on immobilized E- and P-selec-
tin in flow chamber assays showed no significant differ-
ence (Figure 2B). Moreover, the velocities of cells rolling on
selectins or on selectins plus intercellular adhesion mole-
cule-1 (slow rolling) were identical for patient and control
leukocytes (Figure 2C). These data suggest that the resid-
ual selectin ligands that we detected in patient cells are
sufficient to preserve selectin-mediated interactions. Finally,
we tested binding of interleukin-8 (IL-8) to granulocytes
since the interaction of this leukocyte arrest-mediating
chemokine was found to be reduced in mice deficient for
a2,3-sialyltransferase IV and in human cells treated with
neuraminidase.?® Figure 2D shows that binding of human
IL-8 to patient granulocytes over a concentration range of
10 to 90 nmol/L was only marginally reduced (MFI: 84% =
29% of control values, n = 9). In fact, only at the highest IL-8
concentration a reduction was detected (an example is
shown in the Figure 2D). Taken together, the data on selec-
tin-mediated rolling and IL-8 binding are consistent with the
finding that the patient shows normal immunity.

Myeloid Cells and Platelets Display a Defect in
a2, 3-Sialylation

Selectin ligands carry fucosylated and sialylated glyco-
structures that are identical with or similar to sialyl-Lewis X
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Figure 2. Hyposialylation only marginally affects binding of selectins and
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representative for three experiments. B: Leukocyte rolling on endothelial
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of view were analyzed in each sample. Data are from three independent
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been shown before.?> The left panel shows representative histograms. Data
in the right panel are from three independent experiments.
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(sLe™) and are required for selectin binding. We found that
patient granulocytes exhibited strongly reduced surface
expression of sLe* (19% + 9% of control MFI, n = 8) and
increased expression of its nonsialylated form Le* (463% =+
96% of control MFI, n = 8) (Figure 3A). Similar results were
obtained for blood monocytes (not shown).

We then studied lectin binding to granulocytes and
found normal binding of concanavalin A and AAL, which
are specific for a-linked mannose and fucose, respec-
tively (not shown). However, the cells showed increased
binding of peanut agglutinin (PNA) which binds to the
nonsialylated, but not to the sialylated, form of the T
antigen (galactosyl-B1,3-N-acetylgalactosamine), sug-
gesting a defect in T antigen sialylation (see Supplemen-
tal Figure S1 at http.//ajp.amjpathol.org). More interest-
ingly, we found that binding of Maackia amurensis lectin |l
(MAL I1), which preferentially recognizes sialic acid linked to
galactose in a2,3-linkage, was reduced (Figure 3B). In con-
trast, binding of SNA, which preferentially recognizes «2,6-
linked sialic acid, was normal (Figure 3B). Together with the
reduced expression of the a2,3-sialylated sLe*, these data
strongly suggested a partial a2,3-sialylation defect.

Hypo-a2,3-sialylation in granulocytes was confirmed
by reduced binding of recombinant myelin-associated
glycoprotein (MAG/Siglec-4), which is specific for a2,3-
linked sialic acid, whereas binding of «2,6-sialylation-
specific CD22 (Siglec-2) was normal (Figure 3C). This
pattern of defective a2,3-sialylation and normal «2,6-sia-
lylation was also found in peripheral blood monocytes
(not shown). In control lymphocytes, Le* and sLe* were
hardly detectable, but MAL Il and MAG readily bound
and gave equal signals in control and patient cells, show-
ing that the defect in «2,3-sialylation is not present in
these cells (data not shown). As skin fibroblasts are de-
void of sLe*, we transfected them with a plasmid contain-
ing the cDNA sequence coding for a1,3-fucosyltrans-
ferase VII. This led to virtually equal expression of sLe* in
healthy and patient fibroblasts (not shown), demonstrat-
ing that skin fibroblasts are not affected by the disease
and that the defect is cell-specific.

In contrast to «2,3-sialylation, the third type of sialic acid
linkage, a2,8-sialylation, was found to be normal in granu-
locytes as judged by normal binding of mAb CGM3, which
reacts with the a2,8-sialylated gangliosides GQ1b and GD3
(Figure 3D). Binding of mAb 735, which is specific for a2,8-
sialylated polysialic acid, bound very weakly to control
granulocytes (not shown). However, it showed detectable
and equal binding to control and patient monocytes (Figure
3D), further excluding a defect in a2,8-sialylation.

Flow cytometry analysis of control and patient throm-
bocytes showed that E- and P-selectin as well as an-
tibodies against sLe*, Le*, GQ1b/GD3, and polysialic
acid did not bind to these cells. However, we found
that, as in granulocytes, binding of «2,3-sialylation—
specific MAL Il and MAG, but not of «2,6-sialylation—
specific SNA and CD22, to patient platelets was re-
duced (Figure 4, A and B). Binding of fucose-specific
AAL was normal (Figure 4C).

Changes in the sialylation patterns of serum trans-
ferrin and/or apolipoprotein C-Ill had been shown for
all types of CDG-I as well as CDG-lla, -d, -e, -f.%¢
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Figure 3. Myeloid cells display a defect in a2,3-sialylation. Granulocytes
(Gr) were tested for binding of the following reagents: mAbs against sLe* and
Le* (A), Maackia amurensis lectin 11 (MAL II, binds preferentially to a2,3-
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(MAG-Fc, Siglec-4-Fc; binds to a2 3-sialylated structures) and CD22-Fc
(Siglec-2-F¢; binds to a2,6-sialylated structures) (C), and a mAb that detects
a2 8-sialylated gangliosides GQ1b and GD3 (D, left paneD. Binding of a
mADb specific for a2,8-sialylated polysialic acid (PSA) to monocytes (Mo) is
show in D (right panel). Background signals were obtained with isotype
control mAbs (for mAbs), secondary reagent only (for lectins), and VE-
cadherin-Fc (for Fe-constructs). Background signals in control and patient
cells were virtually identical. The latter are shown. Results are representative
for at least three experiments per panel.

However, isoelectric focusing of the patient’s serum
transferrin and apolipoprotein C-Ill revealed normal
sialylation (Figure 5 and Table 2). In addition, defects
in the generation of the lipid-linked oligosaccharide
(LLO), which are indicative of CDG-I, were excluded by
high-performance liquid chromatography analysis (see
Supplemental Figure S2 at http://ajp.amjpathol.org).
Taken together, these data show that the novel disease
is characterized, not by a general sialylation defi-

ciency, but rather by a specific defect in «2,3-sialyla-
tion in a restricted set of cells.

No Functional Mutations in the Gene Coding for
the CMP-Sialic Acid Transporter

We performed a large number of experiments in search
for the genetic defect causing this disease. We reasoned
that with impaired «2,3-sialylation and reduced sLe* ex-
pression, an a2,3-sialyltransferase (ST3-Gal) may be de-
fective. Three a2,3-sialyltransferases (ST3-Gal Ill, IV, VI)
can potentially generate sLe*.?”?® We sequenced exon
sequences with flanking intron regions of the enzymes’
genomic DNA obtained from patient monocytes. No
mutations were detected (not shown). We also per-
formed real-time PCR and found that mRNA expression
levels of the three sialyltransferases in patient mono-
cytes were completely normal (not shown). As the dis-
ease described here shows similarities with CDG-IIf, we
also analyzed the gene coding for the CMP-sialic acid
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Figure 4. Defect in a2,3-sialylation but normal GPIb expression in platelets.
Platelets (Plt) were tested for binding of the following reagents: Maackia
amurensis lectin 11 (MAL 1D and Sambucus nigra lectin (SNA) (A), myelin-
associated glycoprotein-Fc (MAG-F, Siglec-4-Fc) and CD22-Fc (Siglec-2-Fc)
chimeras (B), Aleuria aurantia lectin (AAL) (C; left panel), and a GPIb mAb
(C; right panel). Background signals were obtained with isotype control
mAbs (for mAbs), secondary reagent only (for lectins), and VE-cadherin-Fc
(for Fe-constructs). Histograms were obtained from a very small window in
the forward scatter/sideward scatter plot where large normal platelets and
small patient platelets overlap in size to exclude size effects. Results are
representative for at least three experiments per panel.
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CDG-Ia sample, the patient samples show normal distribution of tetra- and
disialylated forms of transferrin. One of three experiments is shown.

transporter (SLC35A7). We sequenced all eight exons of
the Slc35a7 gene in genomic DNA obtained from periph-
eral leukocytes of the patient but found no mutations.
Sequencing of intron 6 revealed that the patient was
heterozygous for an insertion of four nucleotides (CACT)
between bp 40958 and 40959 (NCBI accession number
NG_016207.1) (Figure 6A and see Supplemental Figure
S3 at http://ajp.amjpathol.org). The same insertion had
been found in the mother of the CDG-IIf patient. It was
predicted to cause one of the two mutations found in the
CDG-lIf patient, a 130-bp deletion in exon 6, by modifying
the splicing of this exon.* However, analysis of cDNA of
our patient by PCR that covered exons 5 to 8 led to PCR
products with the expected normal length of 749 bp
(Figure 6B), and cDNA sequencing confirmed that no
deletions of the Slc35a71 coding sequence were present
(see Supplemental Figure S4 at http://ajp.amjpathol.org).
Finally, we searched for the CACT insertion in genomic
DNA samples of 51 healthy individuals and found that 19
samples were heterozygous and 6 were homozygous for
this mutation. This demonstrates that the insertion in in-
tron 6 of the Slc35al gene represents a silent polymor-
phism. Taken together, these data exclude the presence
of a genetic defect of the CMP-sialic acid transporter,

Table 2. Isoeclectric Focusing of Apolipoprotein CIII

Percentage of ApoClll-0  ApoClII-1 ApoClll-2
ApoClIl isoforms* (%) (%) (%)
Patient, sample 1 53 68.4 26.4
Patient, sample 2 6.5 60.4 33.2
Patient, sample 3 9.7 56.5 33.7
CDG-IIf patient 6.0 78.0 16.0
Reference range 0-11.6 33.1-66.9 27.4-60.0

(age: 1-18 yr)
Patient's mother 8.1 59.5 324
Reference range 2.6-18.9 42.9-69.2  23.2-50.0
(age: >18 yr)

*Three independently collected serum samples of the patient and
samples of the patient’s mother were subjected to isoelectrical focusing.
Results obtained for a CDG-IIf patient®® are shown for comparison. The
samples of the patient and her mother show isoform distributions that are
within the respective reference ranges, whereas the CDG-IIf results indi-
cate hyposialylation of ApoClll as seen from the shift of disialylated
ApoCllI-2 to monosialylated ApoClII-1.
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Figure 6. Analysis of the gene coding for the CMP-sialic acid transporter
SLC35A1. A: Genomic DNA was prepared from peripheral blood leukocytes
of the patient and amplified by PCR. Sequencing results of a fragment
containing intron 6 are shown. One allele (1) was found to be normal, the
other (2) to contain a CACT insertion between bp 40958 and 40959 (NCBI
accession number NG_016207.1). B: Patient (lanes 1, 3) and control (lanes
2, 4) ¢cDNA from blood leukocytes (lanes 1, 2) and fibroblasts (lanes 3, 4)
were amplified by PCR covering exons 5 to 8. All PCR products show the
expected normal length of 749 bp.

leaving the genetic cause of this disease unknown. Plate-
let glycoprotein GPIb is reduced in CDG-IIf and is re-
duced or absent in Bernard-Soulier syndrome.®293° |n
contrast to this, the patient's platelets showed normal
GPlb expression (Figure 4C), further excluding the pres-
ence of one of the above-mentioned diseases.

Abnormal Interaction of Platelets with the Liver
Asialoglycoprotein Receptor

Recently, the liver ASGP-R was shown to remove hypo-
a2,3-sialylated thrombocytes from the circulation in mice.®°
We therefore analyzed binding of ASGP-R protein purified
from human liver to control and patient platelets. Figure 7A
shows that the ASGP-R did not bind to control platelets.
Thrombocytes of the Le®-positive patient who received
platelet transfusions of Le®-negative donors are depicted in
Figure 7B. The figure shows that whereas the ASGP-R pro-
tein did not interact with donor platelets, it reacted with
virtually all patient platelets. This result suggests that in-
creased platelet binding to the ASGP-R may contribute to
the thrombocytopenia in this novel disease.

Discussion

Our results show that the disease described here is different
from known disorders with macrothrombocytopenia. The
new sialylation disorder is most similar to CDG-IIf but differs
from it in that it shows no alterations of GPIb expression and
apolipoprotein C-IIl glycosylation and lacks mutations of the
gene coding for the CMP-sialic acid transporter. The small
CATC insert in intron 6 that had been found in the mother of
the CDG-IIf patient* was also found in the new patient but
turned out to be a silent polymorphism.

Interestingly, the glycosylation defect described here
is restricted to «a2,3-sialylation, resulting in reduced ex-
pression of sLe*, as well as of ligands for selectins, for
MAG and MAL Il. This is reminiscent of the phenotype of
mice deficient in ST3-Gal V.7 These mice show re-
duced selectin binding to granulocytes and a macro-
thrombocytopenia that can be counteracted by ASGP-R-
blocking asialofetuin, but no neutropenia. Additionally,
these mice show reduced serum levels of von Willebrand
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Figure 7. Anomalous platelet interaction with the liver asialoglycoprotein
receptor. Platelets were incubated with native purified asialoglycoprotein
receptor (ASGP-R) protein before cells were incubated with anti-ASGP-R
mAb and counterstained with anti-Lewis® (Le®) mAb. A: Platelets of a Le®-
negative control person are shown. B: Platelets of the Le"-positive patient
who received platelet transfusions of Le*-negative donors are shown. Only
the patient’s platelets, but not the donor platelets, bind to ASPG-R protein.
Results are representative for at least three experiments per panel.

factor, which we did not observe in the human disease
described here. Despite the similarities between the
novel disease and the phenotype of ST3-Gal IV~ mice,
we found no mutations and normal gene expression of
ST3-Gal IV and two further sialyltransferases that are
implicated in the generation of sLe*. Thus, the exact
molecular cause for this disease remains speculative.
One possibility is that ST3-Gal expression is blocked at
the translational level. To analyze ST3-Gal protein levels,
we tested a ST3-Gal IV-specific antibody (C-19; Santa
Cruz Biotechnology, Heidelberg, Germany) which, how-
ever, did not give specific signals in a variety of assays
including Western blotting and immunofluorescence. To
our knowledge, no further antibodies against human ST3-
Gal proteins are available. Another possibility is that an
unknown cofactor that may be required for sialyltransfer-
ase activity is defective. However, we were unable to
devise an assay that can detect changes in linkage-
specific sialyltransferase activity in the low number of
affected cells that are available from the patient.

The sialylation defect in this disease is cell-specific. As in
ST3-Gal V™"~ mice, granulocytes and platelets are affected. In
addition, we show that monocytes are defective, whereas lym-
phocytes and skin fibroblasts are not. This might reflect the
expression profile of an ST3-Gal or a cofactor if such proteins
are affected in the way described above.

The defect in a2,3-sialylation appears to have an effect
on the generation of platelets. We detected an increased
number of micromegakaryocytes, indicating defective
megakaryocytopoiesis. In addition, patient platelets were
enlarged and showed abnormalities of the OCS structure.
Furthermore, sphere-like structures were visible within the
OCS that may be the result of abnormal membrane bleb-
bing. It is unclear whether this is directly caused by hypo-
sialylation, although alterations in the demarcation process
in megakaryocytes have been observed in the sialylation
deficiency CDG-If,® suggesting that hyposialylation can in-
deed interfere with membrane formation processes.

How sialylation can influence platelet generation in the
bone marrow is not known. Repulsion by the negative
charge of sialic acid may be required for a correct demar-
cation process. On the other hand, interactions of mega-
karyocytes with E-selectin in the bone marrow appear to be
important for megakaryocyte migration,®' and P-selectin-
deficient mice show enhanced megakaryocytopoiesis.®?
Thus, reduced selectin interactions with hyposialylated li-
gands might contribute to defective platelet generation.

Desialylation of platelets results in their clearance from
the circulation.® Recently, removal of desialylated plate-
lets by liver ASGP-R was found to be a major cause for
this phenomenon.®° Consistent with this, we found that
patient platelets showed increased binding to the liver
ASGP-R. It is tempting to speculate, but also difficult to
prove in patients, that such receptors are at least in part
responsible for the thrombocytopenia in the new disease.

We have previously found that the defect in fucosylation
in CDG-llc can be corrected with oral L-fucose supplemen-
tation.'®3®  N-acetyl-mannosamine (ManNAc) was de-
scribed as a sialic acid precursor that can be taken up,
metabolized to sialic acid and incorporated into the plasma
membrane of mammalian cells.>**> We therefore exten-
sively investigated the effect of exogenous ManNAc (in
concentrations ranging from 2 to 50 mmol/L) on sLe* ex-
pression in cultures of patient granulocytes and monocytes
using incubation times of 12 to 72 hours. In neither case did
the sialic acid precursor increase sLe* expression (not
shown). Thus, thrombocyte transfusion remains the most
effective therapy for this novel human sialylation defect.
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