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Abstract

Tumor-associated thrombosis is the second leading risk factor for cancer patient death, and platelets activity is
abnormal in cancer patients. Discovering the mechanism of platelet activation and providing effective targets for
therapy are urgently needed. Cancer cell- derived IgG has been reported to regulate development of tumors.
However, studies on the functions of cancer cell-derived IgG are quite limited. Here we investigated the potential role
of cancer cell-derived IgG in platelet activation. We detected the expression of CD62P on platelets by flow cytometry
and analyzed platelet function by platelets aggregation and ATP release. The content of IgG in cancer cell
supernatants was detected by enzyme-linked immune sorbent assay. The distribution of cancer-derived IgG in cancer
cells was analyzed by immunofluorescence assay. Western blot was performed to quantify the relative expression of
FcyRlla, syk, PLCy2. The interaction between cancer cell-derived IgG and platelet FcyRlla was analyzed by co-
immunoprecipitation. The results showed that higher levels of CD62P were observed in cancer patients’ platelets
compared with that of healthy volunteers. Cancer cell culture supernatants increased platelet CD62P and PAC-1
expression, sensitive platelet aggregation and ATP release in response to agonists, while blocking FcyRlla or knocking
down IgG reduced the activation of platelets. Coimmunoprecipitation results showed that cancer cell-derived IgG
interacted directly with platelet FcyRlla. In addition, platelet FcyRlla was highly expressed in liver cancer patients. In
summary, cancer cell-derived IgG interacted directly with FcyRlla and activated platelets; targeting this interaction may

be an approach to prevent and treat tumor-associated thrombosis.

Introduction

The association between platelet and cancer has been
recognized for centuries, starting with the identification of
Trousseau syndrome in 1865'. The interaction between
tumor cells and platelets was shown to play a key role in
malignant progression, and platelet activation and plate-
lets have been identified as potential new drug targets for
cancer therapy”. It is known that platelets can regulate
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tumor growth, tumor angiogenesis, and tumor metas-
tasis> by virtue of their vast array of surface receptors®™
and secreted products, such as thromboxane!'®, PDGF,
and VEGF'. Our studies also showed that platelet-
derived TGF-p-mediated KLF6 expression and induced
the proliferation of hepatocellular carcinoma (HCC)
cells'®. Additionally, tumor cells can induce platelet acti-
vation by releasing metabolites, thrombin'?, and ADP"?,
which serve as an indirect way to activate platelets.
Mitrugno et al. reported that platelet FcyRIla can
mediate platelet—tumor cell cross-talk and that tumor
cells directly induce platelet secretion'®. FcyRIIa, the low-
affinity receptor for the constant fragment (Fc) of
immunoglobulin G (IgG), is expressed by neutrophils,
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monocytes, macrophages, and human platelets. Roles for
FcyRIla have been identified in processes mediating
interactions between platelets and immune complexes,
specific strains of bacteria'’, and the innate phase proteins
serum amyloid P component and C-reactive protein'®,
However, the cancer cell ligand that stimulates platelet
activation by FcyRIla remains to be elucidated.

Traditionally, it was believed that IgG is produced in B
lymphocytes and plasma cells. In recent decades, studies
have shown that tumor cells'** can also express IgG. An
increasing number of reports have shown that cancer cell-
derived IgG is involved in the progression and survival of
cancer cells; cancer cell-derived IgG can enhance the
growth and proliferation of cancer cells by inducing the
production of low levels of reactive oxygen species in vitro
and in vivo®'. Cancer cell-derived IgG regulates LPS-
induced proinflammatory cytokine production by binding
to TLR4 and enhancing TLR4 expression®>. However, no
study has shown that B lymphocyte-derived IgG can
promote tumor progression. In addition, cancer cell-
derived IgG shows many different features and functions
compared with IgG from B lymphocytes, such as distinct
VHDJH recombinations®’, different gene expression reg-
ulatory mechanisms®*, and different immunoactivity®. In
addition, the glycosylation patterns between the two IgGs
were also quite different®®*”.

In this study, we used different cancer cells to investi-
gate the role of cancer cell-derived IgG. We first con-
firmed that cancer cell-derived IgG could mediate platelet
activation and that it interacted with platelet FcyRIla
directly. We also found that the expression of platelet
FcyRIIa in HCC patients is higher than that in healthy
volunteers. These findings suggest that cancer cell-derived
IgG may be an important cause of tumor-associated
thrombosis and can serve as a diagnostic biomarker
and therapeutic target.

Materials and methods
Study subjects

Healthy volunteers without a history of hematological
diseases (such as platelet and coagulation disorder) and
who did not take any drugs in the preceding 2 weeks were
recruited for this study. We collected blood samples from
cancer patients hospitalized at Tongji Hospital at the
Tongji Medical College of Huazhong University of Sci-
ence and Technology in Wuhan, China. None of the
patients involved in our study used any antithrombotic
drugs or received any prior cancer treatment.

Reagents

Thrombin, ADP, and U46619 were ordered from Sigma
(St. Louis, MO, USA). Collagen and CHRONO-LUME
reagent were purchased from Corp (Havertown, PA,
USA). IV.3 Fab was kindly provided by Prof. Peter
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Newman (Blood Center, Wisconsin, USA). Anti-syk, anti-
PLCy2, and RP215-HRP antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA),
Anti-FcyRIla antibody was obtained from Abcam
(Massachusetts, US). Anti-phospho-PLCy2 (Tyr1217) and
anti-phospho-syk (Tyr525/526) antibodies were obtained
from Cell Signaling (Beverly, MA, USA).

Cell culture and cell supernatant preparation

The human cancer cell lines SMMC.7721 (hepatocel-
lular), LoVo (colorectal), SiHa (cervical), DU145 (pros-
tate), MCF7 (breast), and EJ (bladder) were purchased
from the Chinese Center for Type Culture Collection
(CCTCC, Wuhan, China). SMMC.7721, LoVo and SiHa
were cultured in DMEM (HyClone, US) with 10% FBS
(Gibco, NY). DU145, MCF7, and E]J were grown in RPMI
1640 with 10% FBS. The siRNAs against the IgG1 con-
stant region (siRNA1 and siRNA2) and the control siRNA
(siCN) (Genechem Corporation, China) were transfected
into SMMC.7721, EJ and SiHa cells with Lipofectamine®
3000 siRNA Transfection Reagent (Invitrogen, USA).
Cells were further analyzed at 72h after transfection.
siRNA sequences were as follows: siRNA1l-: 5'-GGUG
GACAAGACAGUUGAG-3/, siRNA2: 5'-AGUGCAAGG
UCUCCAACAA-3', and siCN: 5-UUCUCCGAACGUG
UCACGU-3'. For the preparation of the cell supernatant,
tumor cells (2 x 10°, 1 mL) were seeded in six-well plates
and cultured for 12 h; then, the medium was replaced with
1mL fresh medium. Supernatants were collected after
24 h, and particulates were removed by centrifuging at
1000xg for 10 min.

Enzyme-linked immunosorbent assay

Cancer cell culture supernatants were collected and
analyzed for the levels of IgG (LIANK, China) and C-
reactive protein (Neobioscience, China) in the super-
natant according to the manufacturers’ instructions.

Determination of cancer cell-derived 1gG isotype

Cancer cell culture supernatants were collected, and the
subclasses of cancer cell-derived IgGs were determined
using a Quantibody Human Ig Isotype Array (RayBiotech,
USA). The experimental procedure was performed
according to the manufacturer’s instructions.

Platelet preparation

Human blood was collected from healthy volunteers
and cancer patients who had provided informed consent.
Washed platelets®® were prepared as described previously.
Human blood was drawn from the cubital vein without
stasis into siliconized vacutainers containing 1:9 (v/v)
3.8% sodium citrate. Platelet-rich plasma (PRP) was
obtained by centrifuging whole uncoagulated blood for
10 min at 150xg. Platelets were pelleted by centrifuging
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the PRP fraction at 800xg for 10 min. Platelets were
washed with Tyrode’s buffer (137 mM NaCl, 13.8 mM
NaHCOs3, 5.5 mM glucose, 2.5 mM KCl, 20 mM HEPES,
and 0.36 mM NaH,PO,; pH 7.4) containing 1 uM PGE;
and 2.5mM EDTA and finally resuspended in Tyrode’s
buffer that did not contain PGE; or EDTA. All of the
platelet preparations were conducted at room tempera-
ture. The resuspended platelet stood for at least 30 min
before the experiment.

Platelet aggregation and ATP release assay

Platelet aggregation and ATP release assays were per-
formed as described previously*”. The platelet pellet was
resuspended in Tyrode—HEPES buffer, the concentration
was adjusted to 900 x 10°/L, and the platelets were pre-
incubated at 37 °C with cancer cell supernatant or culture
medium (final concentration was 300 x 10°/L) for 15 min.
CaCl, (1 mM) was added prior to agonist stimulation.
Platelet secretion was determined by measuring the
release of ATP using a luciferin—luciferase reagent
(CHRONO-LUME, Chrono-Log, USA). The quantifica-
tion was calculated from the actual aggregation and
release plots.

Flow cytometric analysis

Platelets (300 x 10°/L, 50 uL) were incubated with can-
cer cell supernatant or culture medium (100 pL) for
15 min, and the binding of FITC-conjugated anti-CD62P
or anti-PAC-1 antibody to human platelets was conducted
by incubation in the dark at room temperature for 15 min
and analysis with a BD Biosciences flow cytometer (San
Jose, USA).

Western blot analysis

Platelets (900 x 10°/L) were preincubated with cancer
cell supernatant (1:2, V/V) for 15 min and lysed in 2x lysis
buffer on ice. The proteins were separated by 10%
SDS-PAGE, transferred to PVDF membranes, blocked
with 5% milk in TBST (50 mM Tris (pH 7.5), 250 mM
NaCl, and 0.2% Tween 20) and probed with antibodies
overnight at 4°C. The membranes were washed three
times with TBST and incubated with the appropriate
secondary antibodies for 1h at room temperature.
Immunoreactive bands were visualized using a DNR Bio-
imaging system according to the manufacturer’s instruc-
tions and quantified by Image]J software.

Co-immunoprecipitation (Co-IP)

Cell cultures were digested with trypsin to collect the
cancer cells, and then the cell suspensions were carefully
washed twice with PBS, resuspended in PBS and soni-
cated. High-speed centrifugation (13,000 rpm for 15 min)
was used to collect the cell supernatant, which was
incubated with the platelets for 30 min. Cells were lysed

Official journal of the Cell Death Differentiation Association

Page 3 of 13

with 2x lysis buffer on ice for 15 min. Cell lysates were
centrifuged for 15 min at 13,000 rpm to pellet insoluble
material, 2pg RP215 or irrelevant IgG antibody was
added, and the solutions were incubated at 4 °C overnight.
Then, 40 pL protein A/G agarose was added, and the
solution was incubated with gentle mixing for 2-3 h at
4°C. Complexes were washed three times in PBS at 4 °C,
boiled in 50 pL SDS—PAGE buffer and immunoblotted.

Statistical analysis

Data were analyzed using GraphPad Prism version
5.0 software. The results are expressed as the mean +
standard error of the mean (SEM). Differences between
groups were evaluated using two-tailed Student’s ¢-test or
one-way ANOVA. For all statistical analyses, P < 0.05 was
considered significant.

Results
Platelet hyperactivity in cancer patients

We collected fresh blood samples from healthy volun-
teers (n=20), HCC patients (n=30), cervical cancer
patients (n =30), and bladder cancer patients (n=22).
We prepared and washed the platelets and detected
the expression of CD62P (also known as p-selectin),
which rapidly translocates to the cell surface of platelets
upon activation. As the results showed, the rate of
positive platelet CD62P expression in cancer patients
is significantly higher than that in healthy volunteers
(Fig. 1).

Cancer cell supernatant induces platelet activation

We observed that cancer cell supernatant is a potent
inducer of platelet activation without additional agonists.
The percentage of CD62P-positive platelets in cancer cell
supernatant group were much higher than that in culture
medium group (Fig. 2a). We also analyzed the active form
of integrin olIbp3, determined by binding of the mono-
clonal antibody PAC-1. The PAC-1-positive platelet per-
centage in the cancer cell supernatant group was also
higher than that in the culture medium group (Fig. 2b).
With an additional agonist, collagen (0.5pug/mL) or
thrombin (0.04 U/mL), the percentage of aggregated pla-
telets in the group incubated with cancer cell supernatant
was significantly higher than that in the group with cul-
ture medium incubation (Fig. 3a—d), and ATP release
followed the same pattern (Fig. 3e, h). Collectively, these
data indicated that platelet activation could be induced by
the cancer cell supernatant, although cancer cell super-
natant could not induce the aggregation of platelets
directly (Supplementary Figure 1).

Cancer cell supernatant activates platelets via FcyRlla
It has been reported that there is a direct correlation
between prethrombotic state and the grade malignancy of
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Fig. 1 Platelet activity is increased in cancer patients. Washed platelets from healthy volunteers (n = 20) and patients with hepatocellular
carcinoma (HCC) (n = 30), bladder cancer (n = 22) or cervical cancer (n = 30) were prepared, and the expression of CD62P was detected by flow
cytometry. Representative curves are shown in a. The corresponding scatter diagram is shown in b and the data are represented as the mean + SEM.

100+ 100+
—~ . 801
x 804 8 ool i
2 g 3o i
£ 2
& 4
g ; 204
© [®] #HH
9 < 101
R 0\@ @ 5 K
¢ XN Q @ . QO
& N &
Ny '@@ Q& o)
Q
Fig. 2 Cancer cell supernatant-induced platelet activation. Washed human platelets were preincubated with cancer cell supernatant, and then
the expression of CD62P (a) and PAC-1 (b) was detected. Thrombin groups were positive control. Data are represented as the mean + SEM for three
independent experiments. *, # P < 0.05; **, ## P <0.01; and ***, ### P <0.001 compared with the appropriate RPMI 1640 or DMEM medium group

cervical cancer’®®’.We also found platelet activity in
patients with cervical cancer was significantly higher than
that in normal human platelets. To analyze the mechan-
ism of platelet activation in the presence of cancer cell
supernatant, we used several antagonists, ML-161(block
PAR1), Eptifibatide (selectively blocks the platelet a II
bp3), and IV.3 Fab. IV.3 is a murine IgG2b monoclonal
antibody whose Fab terminus specifically binds to the
132-137 (FSHLDP) amino acid in the second Ig-like
domain of human platelet FcyRIla, and this domain is
located within the region where IgG binds®*. When used
in monomeric form, IV.3 can block the binding of the
ligand to FcyRIIa. Based on this, in basic research or
clinical diagnosis, IV.3 monomer or its Fab segment or F
(ab’)2 is often used to study the function of FcyRIIa>.
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Here, we used IV.3 Fab as an inhibitor. We found ML-
161, Eptifibatide, and IV.3 Fab all reduced CD62P
expression (Supplementary Figure 2). The blocking effect
of ML-161 probably by blocking the effects of thrombin,
which can also be released by cancer cells***°. It has been
reported that allbB3 was essentital for FcyRIla signal-
ing®®, here we found inhibiting FcyRIla or allbf3 both
reduced the expression of CD62P, we hypothesize that
there may be some factors in the cancer cell culture
supernatant that can affect platelet activity by acting on
FcyRlIla. To further confirm the role of FcyRIla, we used
three tumor cell lines to analyze platelet CD62P expres-
sion, aggregation, and ATP release. As shown in Fig. 4a, d,
coincubation with cancer cell supernatant and IgG Fab (as
a control group) had no effect on CD62P expression
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compared to expression after supernatant treatment
alone, while IV.3 Fab coincubation reduced CD62P
expression significantly not only in the SiHa sup-treated
group but also in E] and SMMC.7721 sup-treated groups.
The aggregation percentage (Fig. 4b, e) in the IV.3 Fab
co-treated groups was also significantly reduced com-
pared to that in the IgG Fab co-treated groups, as well as
ATP release (Fig. 4c, f).
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The IgG secreted by cancer cells is mainly IgG1

It has been recognized that cancer cells can express IgG
and that IgG has membrane-bound and secretory forms®”
Here, we detected the IgG content in the cancer cell
culture supernatants. Different cancer cells had different
expression capabilities, but the levels ranged from 2 to
4 ng/mL (Fig. 5a). The IgG subtypes secreted by tumor
cells were IgG1l-4, but the main subtype was IgGl
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(Fig. 5b). This result was consistent with the Gregory Lee
report®® on mRNA levels. RP215 is an antibody that
specifically recognizes carbohydrate-associated epitope(s)
localized in the wvariable region of the cancer
cell-expressed immunoglobulin heavy chains. It does not
react with normal human IgG*’. Using RP215, we also
detected the expression of IgG in cancer cells by western
blot and Immunofluorescence (Fig. 5¢, d).
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Cancer cell-derived IgG mediates platelet activation
Studies have shown that tumor-derived IgG can pro-
mote tumor cell proliferation and invasion®. However,
the function of tumor-derived IgG in other aspects has
not yet been clarified. We reduced the expression of IgG1
in cancer cells by siRNA treatment and detected the
activation of platelets by cell supernatants. Western
blotting confirmed that we efficiently knocked down IgG1
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by siRNA2, but not siRNA1 (Fig. 6a) and in the following
experiments we used siRNA2 to knock down IgGl
(silgGl). ELISA analysis also confirmed IgGl was effi-
ciently knocked down by silgGl (Fig. 6b). Treatment
with silgGl supernatants reduced CD62P expression
(Fig. 6c, f). Although the platelets were stimulated by the
same dose of collagen, the percentage of aggregated pla-
telets in the group treated with silgG1 supernatants was
lower than that of the group treated with siCN super-
natants (Fig. 6d, g), and ATP release followed the same
pattern (Fig. 6e, h). We found that human recombinant
IgG protein did not induce CD62P expression (Supple-
mentary Figure 3). This result implied that cancer cell-
derived IgG is different from normal IgG, especially in
regard to platelet activation.

Cancer cell-derived 1gG1 can activate platelet FcyRlla
signaling

Blocking FcyRIIa attenuated CD62P expression induced
by cancer cell supernatant, we further analyzed the effect of
cancer cell supernatant on downstream signal of FcyRIla.

We found cancer cell supernatant incubation increased
the phosphorylation of FcyRIla, PLCy, and syk in platelets
compared with the culture medium treatment (Fig. 7a)
and pretreating platelets with IV.3 Fab reduced the
phosphorylation of FcyRIla, PLCy, and syk (Fig. 7b),
indicating that FcyRIIa-signaling pathway was involved in
the activation of platelet induced by the cancer cell
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supernatant. The phosphorylation levels of FcyRIIa, PLCy;,
and syk were also reduced when platelets were incubated
with silgGl supernatants (Fig. 7b). These results
demonstrate that cancer cell-derived IgG is involved in
platelet FcyRIla phosphorylation and signal transduction.

Cancer cell-derived IgG interacts with platelet FcyRlla

B lymphocytes-derived IgG plays an immune role by
binding to its receptor, FcyRIla, and whether cancer cell-
derived IgG can also bind to FcyRIIa is not known. Pla-
telets were incubated with cancer cell lysates, and the
mixture was immunoprecipitated with RP215. Western
blot results showed that a band appeared at ~40 kDa,
which was consistent with the molecular size of FcyRIla
(Fig. 8a). Because there was no cancer cell-derived IgG in
platelets and RP215 cannot bind to B lymphocytes-
derived IgG, we confirmed that FcyRIIa interacted with
cancer cell-derived IgG. Furthermore, treatment with a
small molecule inhibitor, huRII6, that was shown to be a
potent competitive inhibitor of IgG binding to recombi-
nant FcyRIIa* reduced the expression of CD62P com-
pared to the expression level after control peptide
treatment (Fig. 8b, d). In addition, the aggregation of
platelets was reduced by 30% in the huRIl6-treated group
compared with that in the control peptide-treated group
(Fig. 8¢, e). These data illustrated that cancer cell-derived
IgG can bind to FcyRIla and that this interaction can be
blocked by huRII6.
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FcyRlla is highly expressed by HCC platelets and activates
downstream signaling

Flow cytometry results showed that the mean fluores-
cence intensity of FcyRIIa on patients’ platelets was higher
than that on healthy volunteers’ platelets (1052 + 140.7,
n=21 vs. 221.4+20.91, n=19) (Fig. 9a). In addition,
phosphorylation of FcyRIla downstream signaling mole-
cules in patients was also stronger than that in healthy
volunteers (Fig. 9b). We speculated that cancer cell-
derived IgG promotes the phosphorylation of FcyRIla and
its downstream signaling molecules.

Discussion

In the present study, we found that cancer cell culture
supernatants-activated platelets and that platelets incu-
bated with cancer cell culture supernatants were more
prone to the aggregation and release of dense granules.
Herein, we provide evidence that cancer cell-derived IgG
is involved in the process of platelet activation by inter-
acting directly with FcyRIla. The mechanisms of platelet
activation described here can explain the cause of
abnormal platelet activity in cancer patients and provide
new ideas for the prevention and treatment of tumor-
associated thrombosis.

Le et al.* reported that tumor cell-released HMGBI is
the key factor that interacts with TLR4 on platelets and
mediates platelet—tumor cell interactions that promote
metastasis. Here, we found that several cancer cell culture
supernatants directly activated platelets by inducing the
expression of CD62P and that FcyRIla was involved in
this process. In platelets, FcyRIIa has been identified as a
transmembrane receptor responsible for mediating “out-
side-in” signaling through allbp3**. Inhibitors of allbp3
had a parallel profile of inhibition of tumor cell-induced
platelet activation'®**, Similarly, blocking alIbB3 or inhi-
biting FcyRIla also reduced the platelet activation trig-
gered by cancer cell culture supernatants (Supplementary
Figure 2). A collaborative role for the allbp3 and FcyRIla
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receptors may exist in the recognition of cancer cells or
some other factors in supernatants.

It has been identified that platelet FcyRIla can interact
with immune complexes, specific strains of bacteria*¥, and
innate pentraxins, such as the acute phase proteins serum
amyloid P component and C-reactive protein'®, Here, we
showed that blocking FcyRIla decreased the activation of
platelets triggered by supernatant treatment. We hypo-
thesize that there may be some factors in the tumor cell
culture supernatant that can activate platelets via FcyRlIIa.
We detected no C-reactive protein in the cancer cell
culture supernatants by ELISA (Supplementary Figure 4).

In recent decades, studies have shown that human
tumor cells can also express IgG'®, which has quite dif-
ferent functions from B lymphocytes-derived IgG.
Blockade of cancer cell-derived IgG increased apoptosis in
colorectal cancer cells*®. However, the specific mechan-
ism by which cancer cell-derived IgG promotes tumor
progression has not yet been fully elucidated, and the
function of tumor-derived IgG in other aspects has not yet
been clarified. We found that the CD62P expression, ATP
release, and aggregation of platelets induced by cancer cell
culture supernatants was significantly reduced when IgG1
expression was reduced (Fig. 6). We found that the
recombinant IgG protein cannot induce CD62P expres-
sion directly (Supplementary Figure 3), which is con-
sistent with the findings of other studies*>*”. This result
demonstrates that cancer cell-derived IgG is involved in
platelet activation.

RP215 is a specific antibody for cancer-derived immu-
noglobulins, and it does not react with normal human
IgG®. We used RP215 for co-IP. The results showed that
FcyRIla bound with cancer cell-derived IgG (Fig. 8).
Peptide huRIl6 (***CTGNIGYTLFSSK'®®), which corre-
sponds to the putative F-G loop of FcyRlIla, can interact
with human IgG, inhibiting the binding of human IgG to
soluble huFcyRIIa*, We found that platelets treated with
huRII6 had a lower aggregation ability than the control
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Fig. 8 FcyRlla binds with cancer cell-derived IgG. Coimmunoprecipitation (co-IP) of cancer cell-derived 1gG with platelet FcyRlla.
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Fig. 9 FcyRlla was highly expressed by HCC platelets, and its downstream signaling pathway was activated. Mean fluorescence intensity of
APC-FcyRlla was analyzed by flow cytometry, and the histograms are shown (a). Data are represented as the mean + SEM. ***P < 0,001 compared
with normal platelets. b Expression and phosphorylation of FcyRlla, syk, PLCy2 were tested by Western blotting (N normal platelets, P patient

group (Fig. 8). Similar to B lymphocytes-derived IgG
binding, the F-G loop of FcyRIla is also essential for
cancer cell-derived IgG binding to FcyRIIa.

Glycans are multifunctional, they play crucial structural
roles, participate in binding events, and maintain solubi-
lity and conformation®®, Glycosylation of IgG is essential
for its recognition and activation of FcyRs**>°. Deglyco-
sylation of the CH2 domains of IgG abrogated sFcyRIIb
binding and resulted in the lowest thermal stability
accompanied by noncooperative unfolding®®*'. The gly-
cosylation patterns of Cancer cell-derived IgG are quite
different from those of B lymphocyte-produced IgG. O-
linked glycans are not detected in normal human IgG*®
but can be detected in cancer cell-expressed IgG. In the
case of N-glycans, high-mannose structure and NeuGc
were detected in cancer cell-expressed IgG but not in
normal human IgG”’. In 2016, Theodoratou et al. repor-
ted that changes in glycosylation of plasma IgG corre-
spond with significantly increased IgG proinflammatory
activity, which is associated with poorer colorectal cancer
prognosis, especially in late-stage cancer®”. These findings
indicate that the abnormal glycosylation of IgG is closely
related to its diverse biological functions, which may
explain why cancer cell-derived IgG can induce platelet
activation. However, the mechanism of interaction
between tumor-derived IgG and platelet FcyRIla still
needs further study.

Gregory Lee et al.>® reported cancer cell-expressed
immunoglobulins in the plasma of cancer patients is a
meaningful and beneficial pan cancer marker for cancer
monitoring. Nevertheless, cancer cell-expressed immu-
noglobulins in the plasma could be detected at as low as
0.02 AU/mL levels presented in that study. We found that
the expression level of FcyRIla on HCC patients’ platelets
was higher than that on healthy volunteers’ platelets. The
high expression level of FcyRIIa may be one of the causes
of abnormal platelet activity. We speculate that cancer
cell-derived IgG promotes the phosphorylation of FcyRIIa
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and activates platelets. It is necessary to develop more
sophisticated detection methods to determine the prog-
noses of cancers by analyzing cancer cell-derived IgG in
plasma.

Conclusion

In summary, our data clarified another way for tumor
cells to activate platelets. Our data shows that the inter-
action between cancer cell-derived IgG and FcyRIla on
platelets leads to platelet activation. Depletion of cancer
cell-derived IgG or blockage of FcyRlIla inhibited platelet
activation and may be optimal approaches to prevent and
treat tumor-associated thrombosis. This will abolish the
vicious loop between platelet activation and cancer
development.

Availability of data and materials
All data are fully available without restriction.

Acknowledgements

This study was supported by the National Natural Science Foundation of China
(81273574 and 81473270 to Z.Y. Ming) and the Fundamental Research Funds
for the Central Universities (HUST2018 to Z.Y. Ming).

Authors’ contributions

S.M. performed the experiments. Q.5.Z. and Y.L.P. collected blood samples from
cancer patients. D.S. and M.L. carried out the statistical analysis; Y.Z, RM., and B.
X.Z. carried out the analysis and interpretation of the data. SM. and ZY.M.
wrote the manuscript. SM. and Z.Y.M. conceived the ideas and designed the
experiments. All authors have reviewed the manuscript. All authors read and
approved the final manuscript.

Author details

'Department of Pharmacology, School of Basic Medicine, Tongji Medical
College of Huazhong University of Science and Technology, Wuhan, China.
’Department of Urology, Affiliated Hospital of Qingdao University, Qingdao,
China. *Department of Surgery, Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China. “The Key
Laboratory for Drug Target Research and Pharmacodynamic Evaluation of
Hubei Province, Wuhan, China



Miao et al. Cell Death and Disease (2019)10:87

Conflict of interest
The authors declare that they have no competing interests.

Ethics approval and consent to participate

Usage of human blood sample was approved by the Ethics Committee at
Tongji Medical College, Huazhong University of Science and Technology
(Wuhan, China; approval no. [2014]IEC(S043)). Written consent for all patients
conformed to the ethical guidelines of the Helsinki Declaration.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-019-1367-X).

Received: 22 October 2018 Revised: 13 January 2019 Accepted: 14 January

2019

Published online: 28 January 2019

References

1.

Varki, A. Trousseau's syndrome: multiple definitions and multiple mechanisms.
Blood 110, 1723-1729 (2007).

Gresele, P, Malvestiti, M. & Momi, S. Anti-platelet treatments in cancer: basic
and clinical research. Thromb. Res. 164(Suppl. 1), S106-5111 (2018).

Gay, L. J. & Felding-Habermann, B. Platelets alter tumor cell attributes to propel
metastasis: programming in transit. Cancer Cell 20, 553-554 (2011).

Takagi, S, Takemoto, A, Takami, M, Oh-Hara, T. & Fujita, N. Platelets promote
osteosarcoma cell growth through activation of the platelet-derived growth
factor receptor-Akt signaling axis. Cancer Sci. 105, 983-988 (2014).
Schlesinger, M. Role of platelets and platelet receptors in cancer metastasis.
J. Hematol. Oncol. 11, 125 (2018).

Lonsdorf, A. S. et al. Engagement of alphallbbeta3 (GPIIb/llla) with alphanu-
beta3 integrin mediates interaction of melanoma cells with platelets: a con-
nection to hematogenous metastasis. J. Biol. Chem. 287, 2168-2178 (2012).
Lowe, K L, Navarro-Nunez, L. & Watson, S. P. Platelet CLEC-2 and podoplanin
in cancer metastasis. Thromb. Res. 129(Suppl. 1), S30-537 (2012).

Smyth, S. S. et al. G-protein-coupled receptors as signaling targets for anti-
platelet therapy. Arterioscler. Thromb. Vasc. Biol. 29, 449-457 (2009).

Qi, Y. et al. Novel antibodies against GPlbalpha inhibit pulmonary metastasis
by affecting VWF-GPIbalpha interaction. J. Hematol. Oncol. 11, 117 (2018).
Ekambaram, P, Lambiv, W, Cazzolli, R, Ashton, A. W. & Honn, K. V. The
thromboxane synthase and receptor signaling pathway in cancer: an emer-
ging paradigm in cancer progression and metastasis. Cancer Metastas-. Rev.
30, 397-408 (2011).

Faroogi, A. A. & Siddik, Z. H. Platelet-derived growth factor (PDGF) signalling in
cancer: rapidly emerging signalling landscape. Cell Biochem. Funct. 33,
257-265 (2015).

Wiesner, T, Bugl, S, Mayer, F, Hartmann, J. T. & Kopp, H. G. Differential changes
in platelet VEGF, Tsp, CXCL12, and CXCL4 in patients with metastatic cancer.
Clin. Exp. Metastas-. 27, 141-149 (2010).

He, A. D. et al. Platelet releasates promote the proliferation of hepatocellular
carcinoma cells by suppressing the expression of KLF6. Sci. Rep. 7, 3989 (2017).
Adesanya, M. A, Maraveyas, A. & Madden, L. A. PO-27 - thrombin generation in
pancreatic cancer and multiple myeloma with use of calibrated automated
thrombography. Thromb. Res. 140(Suppl.1), S186 (2016).

Kim, S. & Kunapuli, S. P. P2Y12 receptor in platelet activation. Platelets 22,
56-60 (2011).

Mitrugno, A, Williams, D, Kerrigan, S. W. & Moran, N. A novel and essential role
for FcgammaRlla in cancer cell-induced platelet activation. Blood 123,
249-260 (2014).

Arman, M. et al. Amplification of bacteria-induced platelet activation is trig-
gered by FcgammaRIIA, integrin alphallbbeta3, and platelet factor 4. Blood
123, 3166-3174 (2014).

Lu, J. et al. Structural recognition and functional activation of FcgammaR by
innate pentraxins. Nature 456, 989-992 (2008).

Official journal of the Cell Death Differentiation Association

20.

22.

23.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 12 of 13

Kimoto, Y. Expression of heavy-chain constant region of immunoglobulin and
T-cell receptor gene transcripts in human non-hematopoietic tumor cell lines.
Genes, Chromosomes Cancer 22, 83-86 (1998).

Qiu, X. et al. Human epithelial cancers secrete immunoglobulin g with uni-
dentified specificity to promote growth and survival of tumor cells. Cancer Res.
63, 6488-6495 (2003).

Wang, J. et al. Cancer-derived immunoglobulin G promotes tumor cell growth
and proliferation through inducing production of reactive oxygen species. Cell
Death Dis. 4, €945 (2013).

Wang, J, Lin, D, Peng, H, Shao, J. & Gu, J. Cancer-derived immunoglobulin G
promotes LPS-induced proinflammatory cytokine production via binding to
TLR4 in cervical cancer cells. Oncotarget 5, 9727-9743 (2014).

Zheng, J. et al. Immunoglobulin gene transcripts have distinct VHDJH
recombination characteristics in human epithelial cancer cells. J. Biol. Chem.
284, 13610-13619 (2009).

Zhu, X. et al. Distinct regulatory mechanism of immunoglobulin gene tran-
scription in epithelial cancer cells. Cell. Mol. Immunol. 7, 279-286 (2010).

Lee, G, Cheung, A. P, Li, B, Ge, B. & Chow, P. M. Molecular and immuno-
characteristics of immunoglobulin-like glycoproteins in cancer cell-expressed
biomarker, CA215. Immunol. Investig. 41, 429-446 (2012).

Arnold, J. N, Wormald, M. R, Sim, R. B, Rudd, P. M. & Dwek, R. A. The impact of
glycosylation on the biological function and structure of human immu-
noglobulins. Annu. Rev. Immunol. 25, 21-50 (2007).

Lee, G. & Azadi, P. Peptide mapping and glycoanalysis of cancer cell-expressed
glycoproteins CA215 recognized by RP215 monoclonal antibody. J. Carbohyd.
Chem. 31, 10-30 (2012).

Liu, G. et al. Antiplatelet activity of chrysin via inhibiting platelet alphallbbeta3-
mediated signaling pathway. Mol. Nutr. Food Res. 60, 1984-1993 (2016).
Liang, M. L. et al. Pentamethylquercetin (PMQ) reduces thrombus formation
by inhibiting platelet function. Sci. Rep. 5, 11142 (2015).

Sun, Y. H. et al. Analysis of relationships between prethrombotic states and
cervical cancer. Asian Pac. J. Cancer Prev. 16, 6163-6166 (2015).

Satoh, T. et al. Incidence of venous thromboembolism before treatment in
cervical cancer and the impact of management on venous thromboembo-
lism after commencement of treatment. Thromb. Res. 131, e127-e132 (2013).
Tridandapani, S. et al. Regulated expression and inhibitory function
of Fcgamma Rllb in human monocytic cells. J. Biol. Chem. 277, 5082-5089
(2002).

Rosenfeld, S. I. et al. Human platelet Fc receptor for immunoglobulin G.
Identification as a 40,000-molecular-weight membrane protein shared by
monocytes. J. Clin. Investig. 76, 2317-2322 (1985).

Adesanya, M. A, Maraveyas, A. & Madden, L. Differing mechanisms of
thrombin generation in live haematological and solid cancer cells determined
by calibrated automated thrombography. Blood Coagul. Fibrinolysis.: Int. J.
Haemost. Thromb. 28, 602-611 (2017).

Heinmoller, E. et al. Tumor cell-induced platelet aggregation in vitro by human
pancreatic cancer cell lines. Scand. J. Gastroenterol. 30, 1008-1016 (1995).
Boylan, B. et al. Identification of FcgammaRlla as the ITAM-bearing receptor
mediating alphallbbeta3 outside-in integrin signaling in human platelets.
Blood 112, 2780-2786 (2008).

Lee, G, Zhu, M. G, Ge, B. X. & Potzold, S. Widespread expressions of immu-
noglobulin superfamily proteins in cancer cells. Cancer Immunol. Immun. 61,
89-99 (2012).

Lee, G. & Ge, B. X. Cancer cell expressions of immunoglobulin heavy chains
with unique carbohydrate-associated biomarker. Cancer Biomark. 5, 177-188
(2009).

Liao, Q. et al. Aberrant high expression of immunoglobulin G in epithelial
stem/progenitor-like cells contributes to tumor initiation and metastasis.
Oncotarget 6, 40081-40094 (2015).

Xi, J. et al. Increased survival and reduced renal injury in MRL/lpr mice treated
with a human Fcgamma receptor Il (CD32) peptide. Immunology 136, 46-53
(2012).

Yu, L. X. et al. Platelets promote tumour metastasis via interaction between
TLR4 and tumour cell-released high-mobility group box1 protein. Nat. Com-
mun. 5, 5256 (2014).

Zhi, H. et al. Cooperative integrin/ITAM signaling in platelets
enhances thrombus formation in vitro and in vivo. Blood 121, 1858-1867
(2013).

Steinert, B. W, Tang, D. G, Grossi, I. M, Umbarger, L. A. & Honn, K V. Studies
on the role of platelet eicosanoid metabolism and integrin alpha Illb


https://doi.org/10.1038/s41419-019-1367-x
https://doi.org/10.1038/s41419-019-1367-x

Miao et al. Cell Death and Disease (2019)10:87

45.

47.

48.

beta 3 in tumor-cell-induced platelet aggregation. Int. J. Cancer 54, 92-101
(1993).

Cox, D, Kerrigan, S. W. & Watson, S. P. Platelets and the innate immune system:
mechanisms of bacterial-induced platelet activation. J. Thromb. Haemost. 9,
1097-1107 (2011).

Niu, N. et al. IgG expression in human colorectal cancer and its relationship to
cancer cell behaviors. PloS One 7, e47362 (2012).

Boilard, E. et al. Influenza virus HIN1 activates platelets through FcgammaRIIA
signaling and thrombin generation. Blood 123, 2854-2863 (2014).

Kang, J, Cabral, C, Kushner, L. & Salzman, E. W. Membrane glycoproteins and
platelet cytoskeleton in immune complex-induced platelet activation. Blood
81, 15051512 (1993).

Mimura, Y. et al. Role of oligosaccharide residues of IgG1-Fc in Fc gamma Rilb
binding. J. Biol. Chem. 276, 45539-45547 (2001).

Official journal of the Cell Death Differentiation Association

49.

50.

51.

52.

53.

Page 13 of 13

Mimura, Y. et al. The influence of glycosylation on the thermal stability and
effector function expression of human IgG1-Fc: properties of a series of
truncated glycoforms. Mol. Immunol. 37, 697-706 (2000).

Krapp, S, Mimura, Y, Jefferis, R, Huber, R. & Sondermann, P. Structural analysis
of human IgG-Fc glycoforms reveals a correlation between glycosylation and
structural integrity. J. Mol. Biol. 325, 979-989 (2003).

Tao, M. H. & Morrison, S. L, Studies of aglycosylated chimeric mouse-
human IgG. Role of carbohydrate in the structure and effector functions
mediated by the human IgG constant region. J. Immunol. 143, 2595-2601
(1989).

Theodoratou, E. et al. Glycosylation of plasma IgG in colorectal cancer prog-
nosis. Sci. Rep. 6, 28098 (2016).

Lee, G. et al. Positive identification of CA215 pan cancer biomarker from serum
specimens of cancer patients. Cancer Biomark. 6, 111-117 (2010).



	Cancer cell-derived immunoglobulin G activates platelets by binding to platelet Fc&#x003B3;RIIa
	Introduction
	Materials and methods
	Study subjects
	Reagents
	Cell culture and cell supernatant preparation
	Enzyme-linked immunosorbent assay
	Determination of cancer cell-derived IgG isotype
	Platelet preparation
	Platelet aggregation and ATP release assay
	Flow cytometric analysis
	Western blot analysis
	Co-immunoprecipitation (Co-IP)
	Statistical analysis

	Results
	Platelet hyperactivity in cancer patients
	Cancer cell supernatant induces platelet activation
	Cancer cell supernatant activates platelets via Fc&#x003B3;RIIa
	The IgG secreted by cancer cells is mainly IgG1
	Cancer cell-derived IgG mediates platelet activation
	Cancer cell-derived IgG1 can activate platelet Fc&#x003B3;RIIa signaling
	Cancer cell-derived IgG interacts with platelet Fc&#x003B3;RIIa
	Fc&#x003B3;RIIa is highly expressed by HCC platelets and activates downstream signaling

	Discussion
	Conclusion
	Availability of data and materials

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS




