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Most platelet membrane proteins are modified by mucin-type core
1-derived glycans (O-glycans). However, the biological importance
of O-glycans in platelet clearance is unclear. Here, we generated
mice with a hematopoietic cell-specific loss of O-glycans (HC
C1galt1~"). These mice lack O-glycans on platelets and exhibit re-
duced peripheral platelet numbers. Platelets from HC Clgalt1™~
mice show reduced levels of «-2,3-linked sialic acids and increased
accumulation in the liver relative to wild-type platelets. The prefer-
ential accumulation of HC C1galt1~~ platelets in the liver was re-
duced in mice lacking the hepatic asialoglycoprotein receptor
[Ashwell-Morell receptor (AMR)]. However, we found that Kupffer
cells are the primary cells phagocytosing HC C1galt1™~ platelets in
the liver. Our results demonstrate that hepatic AMR promotes pref-
erential adherence to and phagocytosis of desialylated and/or HC
C1galt1™~ platelets by the Kupffer cell through its C-type lectin re-
ceptor CLECAF. These findings provide insights into an essential role
for core 1 O-glycosylation of platelets in their clearance in the liver.
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latelets are essential for normal hemostasis (1) and also play

important roles in vascular development/function (2, 3), in-
flammation, and immune responses (4). Platelets are primarily
produced by megakaryocytes in the bone marrow and are the
second most abundant circulating blood cells. After entering the
circulation, platelets usually live only 3-5 d in mice and 7-10 d in
humans before they are cleared (5). Multiple mechanisms control
platelet clearance, including antibody and/or T-cell-dependent
immune mechanisms (6-8), and platelet apoptosis (9, 10). Re-
cently, glycan modifications have been found to regulate platelet
clearance (7, 11-16). Most platelet membrane proteins are glyco-
proteins, such as GPIba, GPIIb/IIla, and GPVI. Platelet glyco-
proteins are commonly modified by complex carbohydrates
including N-linked glycans (N-glycans) and mucin-type O-linked
glycans (O-glycans) (17-20). Both N- and O-glycans are com-
monly “capped” by sialic acids. Desialylation of N-glycans on
platelets is important for their removal in the liver. Desialylated
platelets are reportedly cleared by hepatocytes via the hepatic
asialoglycoprotein receptor (ASGPR) (also called the Ashwell-
Morell receptor (AMR); hereafter AMR) (7, 12, 13, 15, 16), a
transmembrane protein with two subunits that bind to terminal Gal
or GalNACc of desialylated glycans (21). This mechanism contributes
to thrombocytopenia associated with sepsis, and anti-GPIba—
mediated immune thrombocytopenia (7, 13).

Although most platelet glycoproteins contain high levels of
O-glycans (22, 23), the biological importance of O-glycosylation in
platelet clearance is unclear. O-glycosylation starts with the addi-
tion of GalNAc to either serine or threonine to form the basic Tn
antigen structure (GalNAca-O-Ser/Thr), which is the precursor for
the extended and branched complex sialylated O-glycans (24). The
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most common are the core 1-derived O-glycans (hereafter O-glycans)
that include the primary core 1 structure (Galp3GalNAca-O-Ser/
Thr) and its derivatives such as sialylated core 1, extended core 1, and
core 2 structures, which are the predominant forms of O-glycans in
hematopoietic cells including megakaryocytes/platelets (25).

Core 1 p1,3-galactosyltransferase (C1GALT1, T-synthase)
catalyzes the formation of core 1 O-glycans (25-29). We gener-
ated mice lacking Clgalt! specifically in hematopoietic cells (HC
Clgalt]™™). HC ClgaltI”~ mice exhibit a reduced life-span and
increased clearance of platelets in the liver due to defective
sialylation. We found that Kupffer cells play a major role in
clearing desialylated WT platelets and HC Clgalt] ™~ platelets in
cooperation with AMR-expressing hepatocytes. This study pro-
vides insights into how sialylated O-glycans regulate platelet
homeostasis and clearance.

Results

Mice Lacking Core 1-Derived O-Glycans in Hematopoietic Cells (HC
Clgalt1~~) Exhibit Increased Platelet Clearance in the Liver. To
confirm the hematopoietic cell-specific deletion of O-glycans in
HC Clgalt]”'~ mice, we first analyzed tissues by immunohisto-
chemical staining with a mAb detecting Tn antigen, which should
be exposed in tissues lacking core 1 O-glycans. Anti-Tn stained
hematopoietic cells including megakaryocytes, but not vascular
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endothelial cells and other cell types, in the HC Clgalt] ™~ tissues
(SI Appendix, Fig. S1). WT tissues were also negative for Tn
staining. In addition, Western blots using bone marrow cell lysates
confirmed the efficient and specific deletion of Clgaltl in hema-
topoietic cells, but not in nonhematopoietic cells such as hepato-
cytes. Flow-cytometric analysis detected Tn antigens on peripheral
blood cells, including red blood cells (RBCs), neutrophils, lym-
phocytes, and platelets, from HC Clgalt]™~ but not WT mice.
Anti-sialyl Tn Ab did not react with HC CIgalt] ™~ platelets, but
reacted with HC ClgaltI™~ platelets after in vitro sialylation
(treated with ST6GalNAcI and CMP-sialic acids), indicating that
exposed Tn antigens on HC Clgalt] ™~ platelets are not sialylated.

Further glycan structure analysis (S Appendix, Figs. S2 and
S3) indicates that WT platelets contained O-glycans such as
sialylated (NeuAc and NeuGc) core 1 and core 2 structures
[Galp1-3(GlcNAcp1-6)GalNAc] at m/z 896, 926, 1,259, and
1,317, respectively, as well as a fucosylated core 4 at m/z 1,794.
However, these structures were absent in HC Clgaltl ™~ plate-
lets. A residual amount of core 1 O-glycans, which might be from
exogenous sources as platelets are known to uptake or bind to
glycoproteins in the circulation, was detected in HC Clgalt] ™/~
platelets. N-glycan profiles were comparable between WT and
HC Clgalt]™~ platelets, indicating that CIgalt] loss does not
appreciably affect N-glycan biosynthesis. These data indicate
that deletion of Clgalt! specifically abolishes the formation of
sialylated core 1-derived O-glycans in platelets.

HC Clgalt]”'~ mice appeared normal, with postnatal growth
rate, and life-span similar to that of WT mice. Compared with
WT mice, HC CIgalt] ™~ mice showed normal peripheral RBC
and leukocyte number but had a reduced number of plate-
lets (Fig. 14 and SI Appendix, Fig. S44). The percentage of
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Fig. 1. HC Clgalt1™ mice develop thrombocytopenia with reduced
platelet life-span, and HC Clgalt1™~ platelets display a greater clearance
than WT platelets in the liver. (A) Peripheral platelet count in WT and
HC C7galt1™~ mice. Data represent means + SD. n = 5 mice. *P < 0.05.
(B) Representative dot plot shows that 10% biotinylated platelets from WT
mice or HC C7galt1™'~ mice were adoptively transfused into WT recipients.
Peripheral blood samples were taken from recipient mice at 0, 0.3, 24, 48, 72,
96, and 120 h after transfusion. Data represent means + SD at each time
point. n = 4 experiments. *P < 0.05. (C) Bar graphs are quantification of
platelets or platelet clusters per 60x image. Data represent mean + SD. n =
10 images/genotype. *P < 0.05. (D) Flow-cytometric analysis of labeling ef-
ficiency of WT and HC Clgalt1™~ platelets by CellTracker CMRA (red)
and CMFDA (green), respectively. Bar graphs are quantification of number
of platelets per 60x field in WT recipients 90 min after the competitive
transfusion of labeled WT and HC C7galt1™ platelets. n = 3 experiments.
*P < 0.05.

Li et al.

reticulated platelets was significantly higher in blood from HC
Clgalt]”~ mice compared with WT mice, and giant plate-
lets were occasionally observed in Wright-Giemsa-stained
blood smears from HC Clgalt1™~ mice (SI Appendix, Fig. S4 B
and C). These results suggest a compensatory enhanced mega-
karyopoiesis and platelet production in HC Clgaltl™~ mice. To
test whether accelerated platelet clearance Plays an important role
in the thrombocytopenia in HC Clgalt]I™™ mice, we performed
adoptive platelet transfer studies in which 10° WT or HC Clgalt]™~
biotinylated platelets were transfused into WT recipient mice
(Fig. 1B). HC Clgalt]™"~ platelets were cleared faster than WT
platelets, with a major reduction of transfused HC Clgalt]l™'~
platelets within the initial 20 min. The half-lives (t;,) of HC
Clgalt]”~ and WT platelets were ~22 and 50 h, respectively.
Furthermore, in vivo biotin labeling experiments show that the
clearance of endogenous platelets was also faster in HC Clgaltl ™~
mice than that in WT mice (SI Appendix, Fig. S5). These findings
indicate that the loss of core 1 O-glycans in platelets results in
their increased clearance, leading to reduced peripheral platelet
counts in HC ClgaltI™~ mice.

To determine where HC Clgaltl™~ platelets are cleared, we
immunostained cryosections of different organs, including spleen
and liver (Fig. 1C). Platelets were detected in the spleen and liver
of both HC Clgalt1~'~ and WT mice, supporting that HC CIgalt] 7~
platelets were cleared in both organs. However, the numbers of
platelets were comparable in HC Clgalt]”~ and WT spleen. In
contrast, HC ClgaltI™~ liver displayed nearly threefold more
platelets than WT liver. To test whether the liver is a major site for
the clearance platelets with O-glycan deficiency in HC Clgaltl ™~
mice, we performed competitive transfusion experiments (Fig. 1D).
Despite transfusing an equal number of HC ClgaltlI”~ and WT
platelets, we detected significantly more CMFDA-labeled HC
ClgaltI”~ platelets than CMRA-labeled WT platelets in WT re-
cipient liver, supporting increased clearance of HC Clgaltl™~
platelets in the liver compared with WT platelets. These data in-
dicate that HC Clgalt]™~ platelets are differentially cleared in
the liver.

The AMR Contributes to HC C1galt1~'~ Platelet Clearance. The AMR
(ASGPR) mediates the clearance of desialylated platelets by
hepatocytes in the liver (7, 12, 13, 15, 16). To investigate the role
of AMR in HC Clgalt1™"~ platelet clearance, we performed
competitive transfusion assays by simultaneously transfusing
CMRA-labeled WT and CMFDA-labeled HC Clgalt1™~ plate-
lets into either WT or Asgrl ™~ recipient mice (Fig. 24). WT
platelets showed similar survival rates in WT and Asgrl ™/~ re-
cipients. In contrast, the survival rates of transfused HC
Clgalt]™~ platelets increased significantly in Asgrl ™'~ compared
with WT recipient mice, at all time points analyzed. Consistent
with these results, significantly fewer HC Clgalt]™'~ platelets
were detected in Asgrl ™'~ recipient liver compared with WT
recipient liver, although more HC Clgalt1™~ than WT platelets
were detected in both recipient livers (Fig. 2B). These results
support that AMR contributes to the increased clearance of HC
Clgalt] ™~ platelets in the liver. To further determine whether
AMR contributes to HC Clgalt] ™'~ platelet clearance, we gen-
erated HC Clgaltl™~;Asgrl™~ double-knockout mice (DKO).
These mice displayed a significant increase in peripheral platelet
counts relative to HC CIgalt] ™'~ mice (Fig. 2C), indicating that
AMR plays an important role in the increased clearance of HC
Clgalt] ™~ platelets in the liver. However, loss of AMR did not
completely rescue the reduction of peripheral platelets, sug-
gesting that AMR-independent mechanisms also contribute to
HC Clgaltl™~ platelet clearance in the liver. To determine
whether hepatocytes phagocytose HC Clgalt] ™~ platelets me-
diated by AMR, we performed binding and ingestion assays us-
ing the hepatocyte HepG2 cell line, which expresses AMR.
CMFDA-labeled platelets were incubated with HepG2 cells,
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Fig. 2. The AMR participates in HC C7galt1~'~ platelet clearance. (4) Sur-
vival percentage of competitively transfused CMRA-labeled WT platelets or
CMFDA-labeled HC C7galt1~'~ platelets in peripheral blood of either WT or
Asgr1™" recipients. n = 3 experiments. *P < 0.05. (B) Quantification of la-
beled WT or HC Clgalt1™ platelets in recipient liver sections. Data are
mean + SD. n equals at least five randomly selected 40x microscopic fields.
*P < 0.05. (C) Peripheral platelet count of WT and HC C7galt1~'~;Asgr1=~
mice. n = 3 mice/genotype. *P < 0.05. (D) Flow-cytometric analysis of
HepG2 cell ingestion of CMFDA-labeled platelets. Platelet adherent to
HepG2 cells were identified as CD41 and CMFDA double positive. CMFDA
single-positive HepG2 cells suggest ingestion of platelets. The dot plots are
representative of five experiments. (E) Representative images of immunos-
taining of platelets (anti-thrombocyte serum, green), Kupffer cells (F4/80,
red), and hepatocytes (albumin, blue) in liver sections. (Scale bar, 10 pm.)
(F) The ratio of competitively transfused fluorescent HC C7galt1~~ platelets
to WT platelets in peripheral blood of WT and Asgr1~'~ recipients with or
without Kupffer cell depletion. Data are mean + SD at each time point. n =
6 mice per group.

washed, and stained with PE-anti-CD41 for flow cytometry
analysis (Fig. 2D). We found that more CMFDA and CD41
double-positive HC Clgalt] ™'~ platelets adhered to HepG2 cells
than WT platelets did. However, almost no single CMFDA-
positive platelets were detected within HepG2 cells incubated
with either HC Clgalt1™'~ or WT platelets (Fig. 2D, “ingested”),
suggesting that HepG2 did not phagocytose platelets under
these conditions.

Kupffer Cells Are the Primary Cells Phagocytosing HC C1galt1~'~
Platelets. We performed confocal imaging analysis of liver sec-
tions from WT and HC ClgaltI”~ mice to further investigate
differential platelet clearance in the liver and found that platelets
were primarily associated with Kupffer cells in liver sinusoids of
HC Clgalt]™ mice (Fig. 2E). In contrast, platelets were rarely
found to be associated with hepatocytes. Confocal imaging
analysis did not detect any other blood cells such as RBCs as-
sociated with Kupffer cells in the HC Clgaltl™~ liver (SI Ap-
pendix, Fig. S6).
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To determine whether Kupffer cells are critical for HC
Clgalt1™'~ platelet clearance, we performed platelet competitive
transfusions in WT or Asgrl ~'~ recipient mice after depletion of
macrophages including Kupffer cells with clodronate liposomes.
We confirmed depletion of Kupffer cells 2 d after clodronate
liposome treatment by immunostaining of liver sections (SI Ap-
pendix, Fig. S7). Two days after treatment with clodronate or
control liposomes, we transfused an equal ratio of CMRA-
labeled WT and CMFDA-labeled HC Clgalt]™'~ platelets into
recipient mice and monitored platelet clearance. WT mice in-
jected with control lrposomes displayed a much lower ratio of
transfused HC ClgaltI”~:WT platelets than WT mice injected
with clodronate liposomes (Fig. 2F). Thus, macrophage de-
pletion preferentially stabilizes HC Clgaltl™~ platelets Fur-
thermore, the ratio of transfused HC Clgalt ~=:WT platelets
was almost normalized to 1 in Asgrl™~ mice treated with
clodronate liposomes, indicating that macrophage depletion and
loss of AMR both stab1l1ze HC Clgalt1™'"~ platelets. These data
indicate that HC Clgaltl™~ platelets were primarily cleared by
the Kupffer cells and that AMR contributes to the Kupffer cell-
mediated clearance.

HC C1galt1~'~ Platelets Are Deficient in «-2,3-Sialylation. Our data
indicate that AMR, which binds to des1alylated glycans, is involved
in clearing HC CIgalt]_/_ platelets in the liver. Therefore, we
analyzed the sialylation profile of HC Clgalt1™'~ platelets. Lectin-
binding analyses indicated that the binding of SNA (specific for
a-2,6-sialylation), RCA 1 (speciﬁc for terminal p-galactose), and
Con A (specific for mannose in N-glycans) were similar on HC
ClgaltI”'~ platelets relative to WT platelets (Fig. 34). In contrast,
MALII (specific for a-2,3-sialylation) binding was decreased for
HC ClgaltI”~ compared with WT platelets. Removal of sialic
acids by neuraminidase, but not N-glycans by PNGase F, reduced
the binding of MALII to WT platelets (Fig. 3B). This result
demonstrates that MALII recognizes a-2,3-sialylation, a major
form of sialylation, on O-glycans (30). Taken together, our results
indicate that a lack of O-glycans considerably reduces o-2,3-sia-
lylation, which corroborates the MALDI-TOF-MS/MS data (SI
Appendix, Fig. S2).

Many platelet glycoprotein surface receptors such as GPIba
contain high levels of O-glycans (SI Appendix, Table S1). We found
that O-sialoglycoprotein endopeptidase (OSGE) treatment, which
specifically removes GPIba levels (31), did not change MALII
binding (SI Appendix, Fig. S8). In addition, OSGE treatment did not
significantly change the survival rate of HC Clgaltl™~ platelets (S7
Appendix, Fig. S9). These data support that desialylated GalNAc
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Fig. 3. (A) Flow-cytometric analysis of WT and HC C7galt1™~ platelets after
being stained with lectin SNA (for «-2,6-linked sialic acids), Con A (for
mannose in N-glycans), RCA 1 (for galactose exposure), and MALII (for a-2,3-
linked sialic acids). Data represent three experiments. (B) MALII profile of WT
platelets with or without neuraminidase (Neu) or PNGase F treatment. Data
represent two experiments.
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epitopes on GPIba are not significantly involved in AMR binding,
and exposed GalNAc on GPIba do not significantly contribute to
the AMR-mediated increased clearance of HC ClgaltI ™~ platelets
in the liver.

AMR-Expressing Hepatocytes Facilitate the Clearance of Both HC
Clgalt1~'~ Platelets and Desialylated Platelets by Kupffer Cells.
Previous reports suggested that desialylated platelets are pri-
marily phagocytosed by AMR-expressing hepatocytes (7, 13, 15,
16). We used confocal imaging to compare the localizations of
transfused, CMFDA-labeled desialylated WT platelets, which lack
a2-3,6,8-sialic acids on both N- and O-glycans after neuraminidase
treatment, or CMFDA-labeled HC ClgaltI™'~ platelets in the
liver. Both desialylated WT platelets and HC Clgaltl ™'~ platelets
were detected to be primarily associated with Kupffer cells in the
recipient livers of WT but not Asgrl ™~ mice (Fig. 44). Further
high-resolution confocal imaging and 3D rendering of z-stack
Kupffer cell images revealed that significant numbers of desialy-
lated or HC Clgaltl”~ platelets were inside the phagocytic
Kupffer cells (Fig. 4 B and C).

To determine whether AMR is specifically expressed on he-
patocytes and mediates the clearance of desialylated or HC
Clgalt]™~ platelets, purified Kupffer cells were analyzed for
expression of Asgrl transcripts by RT-PCR and AMR protein
levels by Western blotting. Asgrl expression was detected in
RNA isolated from WT but not Asgrl ™~ liver, verifying the
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Fig. 4. Desialylated or HC Clgalt1™~ platelets are associated with Kupffer
cells. (A) Representative confocal microscopic images showing association of
CMFDA-labeled platelets with the Kupffer cell (F4/80 staining) in the liver.
Anti-CD31 labels sinusoidal endothelial cells. The upper right inlet in each
panel shows the enlarged image indicated by the white square. (Scale bar,
10 pm.) (B) A 3D reconstructed image with orthogonal projections of z stacks
shows platelets phagocytosed (arrows) by or bound to (arrowhead) the
Kupffer cell (Left), 3D-reconstructed images with nucleus staining by TO-
PRO3 (blue). Arrow marks the Kupffer cell nucleus (Right). (Scale bar,
5 pm.) (C) Quantification of transfused platelets adherent to or inside
Kupffer cells in different recipient liver. Data are mean + SD. n = 6-10; 20x
confocal microscopic fields. (D) RT-PCR analysis of expression of Asgr1 and of
macrophage markers. Lane 1, WT liver; lane 2, Asgri~~ liver; lanes 3-8,
sorted WT Kupffer cells. (E) Western blot analysis of AMR levels in hepato-
cytes or Kupffer cells. (F) Flow-cytometric analysis of F4/80-positive Kupffer
cells from WT and Asgri™~ recipients for association with transfused
CMFDA-labeled WT, desialylated, or HC C7galt1™"~ platelets.

Li et al.

specificity of the RT-PCR analysis (Fig. 4D). The RT-PCR
analysis detected macrophage markers such as EMRI, CDI163,
and CD68 in RNA isolated from purified Kupffer cells, but did
not detect expression of Asgrl. Consistent with the absence of
Asgrl mRNA, Western blot analysis did not reveal any AMR
protein in Kupffer cells (Fig. 4F). These data indicate that
Kupffer cells do not express AMR. In addition, platelet does not
express AMR (SI Appendix, Fig. S10).

To determine whether hepatocyte AMR contributes to Kupffer
cell-mediated phagocytosis of desialylated or HC Clgaltl™~
platelets, we transfused CMFDA-labeled WT, desialylated WT, or
HC ClgaltI™~ platelets into WT or Asgrl ™~ recipient mice, and
subsequently isolated and analyzed CMFDA-labeled platelet-
associated Kupffer cells (Fig. 4F). As expected, WT platelets
were rarely found to be associated with Kupffer cells in WT re-
cipients or Asgrl 7~ recipients. However, a higher percentage of
desialylated or HC Clgalt] ™~ platelets were associated with
Kupffer cells in WT recipients than in Asgrl/ ™~ recipients. To-
gether, these data indicate that AMR promotes preferential ad-
herence to and phagocytosis of HC Clgalt]™'~ and desialylated
platelets by Kupffer cells.

To obtain further evidence that AMR contributes to platelet
clearance by Kupffer cells in the liver, we observed the interac-
tions of transfused, labeled WT, desialylated WT, or HC
Clgalt] ™~ platelets with sinusoidal surface and with Kupffer
cells at real time using spinning-disk confocal intravital micros-
copy (Fig. 5 A-C). Immediately after infusion (early phase), most
labeled—desialylated WT or HC Clgaltl™'~ platelets rolled on
and/or adhered to the sinusoid surface. Many of these “rolling”
platelets subsequently became associated with Kupffer cells (Fig.
5B). After 30 min (late phase), significant more desialylated WT
or HC Clgalt1™~ platelets were associated with Kupffer cells. All
of these interactions were significantly reduced by i.p. adminis-
tration of asialofetuin expressing Gal/GalNAc epitopes, which
competitively blocks the binding of AMR to desialylated Gal or
GalNAc, but not by administration of the control, fetuin, that
expresses sialylated Gal and GalNAc epitopes. Further analysis
shows that GalNAc epitopes on HC Clgaltl ™'~ platelets were not
modified by any other potential glycosylation during circulation
in recipient mice (SI Appendix, Fig. S11).

Kupffer cells express CLECAF (Fig. 5D), which is a member of
C-type lectin with high affinity to desialylated glycoproteins with
terminal Gal or GalNAc (32). However, it is unknown whether
CLECAF binds to desialylated WT and/or HC Clgalt] ™~ platelets,
which express either Gal or GalNAc. To address this question, we
knocked down CLECAF in Kupffer cells isolated from WT mice
using siRNA, and measured desialylated WT or HC Clgaltl™~
platelet binding. CLEC4F-specific siRNA resulted in an over 85%
reduction of CLEC4F on Kupffer cells (Fig. 5D). Significantly
more desialylated WT or HC Clgalt] ™~ platelets bound to WT
Kupffer cells compared with mock-treated platelets (Fig. 5E).
After knockdown of CLECAF, the binding of desialylated WT or
HC Clgalt]™" platelets was reduced to 40-50%. Pretreatment of
Kupffer cells with Gal or GalNAc polymers, which competes for
binding to the CLECAF, further reduced the desialylated WT or
HC Clgalt] ™~ platelet binding to the levels of mock-treated WT
platelets, indicating that the Kupffer cell CLECAF is a major
specific receptor for either Gal epitopes on desialylated WT
platelets, or GalNAc epitopes on HC ClgaltI™'~ platelets. These
results support that hepatocyte AMR coordinates the clearance of
desialylated and HC Clgalt] ™~ platelets by Kupffer cells through
the CLECA4F receptor.

Discussion

We have uncovered an important role of a major post-
translational modification, O-glycosylation, in platelet homeo-
stasis. Many platelet glycoproteins are modified by O-glycans; we
show that HC Clgalt]™~ platelets lacking O-glycans have a
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Fig. 5. Confocal intravital microscopy of recipient livers transfused with WT,
desialylated, or HC C7galt1™ platelets. (A) Representative confocal intravital
images of the WT recipient liver at 20-s (early) or 30-min (late) time points after
transfusion of platelets labeled with CellTracker (blue). Recipients were ad-
ministered with fetuin or asialofetuin (i.p.) before platelet transfusions. The
Kupffer cells were labeled by an injection of PE-anti-F4/80 (i.v.) before trans-
fusion (red). Arrows indicate transfused platelets associated with sinusoidal
endothelium. Arrowheads show Kupffer cells associated with transfused
platelets. (Scale bar, 10 um.) (B) Representative serial images at indicated time
frames (in seconds) of a platelet (arrowhead) first rolling on the sinusoid sur-
face and then interacting with a Kupffer cell. Yellow arrows mark the direction
of blood flow. (Scale bar, 2 pm.) (C) Quantification of interactions of platelets
with liver sinusoid surface and with Kupffer cells (KCs) at different time points
after platelet transfusion. n = 5-10 images/time point. Data represent means +
SD from three experiments. (D) Expression of CLECAF on F4/80-positive Kupffer
cells from WT mice transfected with scramble or CLECAF-specific siRNA mea-
sured by flow cytometry. (E) Flow-cytometric analysis of binding of PHK26-
labeled mock-treated or sialidase-treated (desialylated) platelets or HC
Clgalt1™ platelets to Kupffer cells transfected with either scramble or
CLEC4F-specific siRNA, with or without pretreatments with 100 pg/mL Gal or
GalNAc polymers. Binding was shown as mean fluorescence intensity (MFI). n =
3 experiments. *P < 0.05.

reduced life-span and increased clearance in the liver due to im-
paired sialylation. Furthermore, our results indicate that Kupffer
cells are the major cell-phagocytosing O-glycan—deficient platelets,
and hepatocyte AMR facilitates this process.

Increased platelet clearance has been reported in mice lacking
sialylation of N-glycans (15, 16). Whether sialylation on O-glycans

8364 | www.pnas.org/cgi/doi/10.1073/pnas.1707662114

is important for platelet clearance was unclear, despite the fact
that most platelet glycoproteins are modified by core 1-derived
O-glycans. Indeed, published data and our analyses reveal that
both mouse and human platelets contain high levels of O-glycans,
with more sialic acids on platelet O-glycans than on N-glycans (23)
(ST Appendix, Tables S1 and S2). Previous studies reported that mice
with a global deficiency of Clgalt]l or an endothelial/hematopoietic
deletion of the Clgalt] chaperone COSMC (33) display impaired
megakaryocyte development and proplatelet formation, leading to
reduced peripheral platelet number (33-35). However, it was not
clear which O-glycan—deficient cell types contributed to the phe-
notypes, because these mouse models lack O-glycans not only in
blood cells but also in many other tissues including endothelial
cells, which are known to be important for megakaryogenesis. In
addition, none of these studies examined the role of O-glycans in
platelet clearance. We, therefore, bred C]galtlf/f with PF4Cre mice,
which is a well-established megakaryocyte lineage-specific trans-
genic Cre mouse line that was successfully used in our laboratory to
generate mice with a platelet-specific deletion of CLEC-2 (3).
Unexpectedly, ClgaltI’”/;PF4Cre mice exhibited limited loss of core
1 O-glycans in megakaryocytes and platelets. In a separate study,
we found that the C1IGALT1 enzyme has a relatively long half-
life, which we speculate is the reason why CIgaltl”/;PF4Cre mice
display an incomplete platelet-specific deficiency of O-}glycans.
To overcome this problem, we generated HC Clgalt]I™~ mice,
which lack C1GALT1 specifically in hematopoietic cells, in-
cluding megakaryocytes and platelets. Thus, this mouse model
rules out indirect contributions of O-glycans from other cell
types, such as endothelial cells, to platelet homeostasis. HC
Clgalt]™~ mice exhibit reduced peripheral platelet number,
impaired platelet sialylation, and increased uptake of platelets by
the liver Kupffer cells. These results reveal a function of sialy-
lated O-glycans in platelet clearance in the circulation.

AMR-expressing hepatocytes play an important role in the
clearance of desialylated platelets. AMR has been reported to
recognize desialylated platelets and mediate phagocytosis of
desialylated platelets by hepatocytes (7, 13, 15, 16). Although we
observe differential accumulation of HC ClgaltI™'~ platelets in
the liver by confocal microscopy, these platelets were rarely
found to be associated with or inside hepatocytes. Consistent
with these imaging results, our in vitro assay did not detect
HepG2 cell ingestion of HC Clgalt]™~ platelets, even though
HC Clgalt1™~ platelets bind to HepG2 cells. In contrast, we
found that HC Clgalt1™'~ platelets were primarily phagocytosed
by Kupffer cells, which was partially dependent on AMR.
However, we did not detect its mRNA transcripts and protein in
purified Kupffer cells, consistent with the finding that AMR is not
expressed in human Kupffer cells (36). Thus, these results support
that AMR indirectly mediates the phagocytosis of HC Clgalt] ™'~
platelets by Kupffer cells.

To determine whether Kupffer cells specifically phagocytose
HC Clgaltl™~ platelets, we compared the clearance of trans-
fused HC ClgaltI™'~ platelets with desialylated platelets, which
lack sialic acids on both N- and O-glycans after treatment with
a2-3,6,8-neuraminidase, in WT recipient livers. Our conven-
tional confocal-imaging results reveal that both HC Clgaltl™~
and desialylated platelets are primarily associated with or inside
of Kupffer cells. Further spinning-disk confocal intravital mi-
croscopy analysis show that either HC Clgalt] ™'~ or desialylated
platelets interact with and are phagocytosed by Kupffer cells
after being transfused. Indeed, previous studies have shown that
hepatocytes can only phagocytize particles less than 7.8 nm in
diameter (37). The size of liver sinusoidal endothelial fenestrate
is about 100 nm (38), which presumably are not big enough for
platelets to go through readily. In contrast, about 30% of liver
sinusoids consist of Kupffer cells, which can directly interact with
platelets. Therefore, our experiments indicate that Kupffer cells
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are a major cell type clearing HC Clgaltl™'~

platelets.

Kupffer cells express aMf2 integrin, which plays a role in
clearance of chilled platelets by binding to terminal clustered
GlcNAc on GPIba (39). Kupffer cells also express CLECAF,
which binds to glycoproteins carrying terminal Gal or GalNAc
(32). However, the role of this interaction in platelet clearance has
not been studied. Our data show that Kupffer cell CLECAF is a
major receptor for capturing desialylated or HC Clgalt] /=
platelets. A previous scanning electron microscopy study revealed
that hepatocyte microvilli, which express AMR, are present in the
liver sinusoid lumen through sinusoid endothelial fenestrae (40).
Thus, our results and published studies support a model in which
free-flowing desialylated or HC Clgalt] ™~ platelets adhere to and
roll on AMR on hepatocyte microvilli under flow conditions,
which facilitates their capture by phagocytic Kupffer cells through
the CLECAF receptor (SI Appendix, Fig. S12). This model re-
sembles the P-selectin-mediated initial tether/capture of leukocyte
to endothelium in the leukocyte adhesion cascade (41). Future
studies are required to address how AMR-expressing hepatocytes
cooperate with Kupffer cells for platelet clearance and how
CLECAF receptor mediates phagocytosis of desialylated WT or
HC Clgalt]™~ platelets by Kupffer cells.

A rare autoimmune disease named Tn syndrome is caused
by defective core 1 O-glycosylation arising from somatic muta-
tions in Clgaltl-specific chaperone Cosmc in a subpopulation of

or desialylated
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hematopoietic stem cells (42, 43). Patients with Tn syndrome ex-
hibit moderate thrombocytopenia, leukopenia, and anemia. In
contrast, severe thrombocytopenia accompanied by the occasional
presence of giant platelets is the primary phenotype of HC
ClgaltI™~ mice. Although our study likely provides mechanistic
insights into thrombocytopenia in Tn syndrome, further studies
are needed to determine the phenotypic discrepancies between
Tn syndrome and our mouse model. It also remains to be de-
termined whether or how defective platelet O-glycosylation
contributes to the pathogenesis of other disorders with throm-
bocytopenia such as sepsis and immune thrombocytopenia re-
fractory to splenectomy.

Materials and Methods

Animal studies were approved by Oklahoma Medical Research Foundation’s
Institutional Animal Care and Use Committee. Mice lacking hematopoietic
Clgalt1 were generated as described previously (25). All mice were of C57BL/6J
congenic background and kept in a specific-pathogen-free facility. Detailed
methods and statistics are given in S/ Appendix, SI Materials and Methods.
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