





THROMBOCYTOPENIA

Edited by Pankaj Abrol



Thrombocytopenia
http://dx.doi.org/10.5772/intechopen.69080
Edited by Pankaj Abrol

Contributors

Klara Gadd, Luzia De-Oliveira-Pinto, Tamiris Azamor Da Costa Barros, Jen Chin Wang, Thi Huong Nguyen, Gabriela
Droc, Pankaj Abrol

© The Editor(s) and the Author(s) 2018

The moral rights of the and the author(s) have been asserted.

All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH's written permission.

Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2018 by INTECH d.o.o.

eBook (PDF) Published by IN TECH d.o.o0.

Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.

Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Thrombocytopenia
Edited by Pankaj Abrol

p.cm.
Print ISBN 978-953-51-3875-4

Online ISBN 978-953-51-3876-1
eBook (PDF) ISBN 978-953-51-4078-8


DBF_Book Title
DBF_Book Doi
DBF_Editors
DBF_Contributors
DBF_Contributors
DBF_prva objava
DBF_Book Title 2
DBF_Editors 2
DBF_ISBN
DBF_Online ISBN
DBF_eBook (PDF) ISBN

We are IntechOpen,
the first native scientific
publisher of Open Access books

3,350+ 108,000+ 114M+

Open access books available International authors and editors Downloads

Our authors are among the

151 Top1% 12.2%

Countries delivered to most cited scientists Contributors from top 500 universities

WTE ANg
& “’),
()

Y BOOK
CITATION
INDEX

NDEXE®

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editor

Dr. Pankaj Abrol is presently a Professor and the Head
of the Department of Pediatrics, SGT Medical College
Hospital & Research Institute, Gurgaon, India. He is a
-~ former Senior Professor and the Head of Pediatrics-II

i in Postgraduate Institute of Medical Sciences, Rohtak,

- -4 ‘ where he was a Chief of Pediatric Hematology and
Oncology in charge of Thalassemia and Hemophilia Day

Care Centers. He established the Pediatric Cancer Unit after being trained
at the Tata Memorial Hospital, Mumbai, India. He received his MBBS and
MD degrees in Pediatrics from the Institute of Medical Sciences, Banaras
Hindu University, Varanasi. He is a resource person for Pediatric Oncol-
ogy, Thalassemia and Hemophilia at the state and national levels. He has
published many research papers and authored many chapters in text-
books. He is a reviewer for various journals in the field of Pediatrics and
Pediatric Hematology and Oncology. His exemplary services in the field of
Pediatrics and Pediatric Hematology Oncology won him a fellowship from
the Indian Academy of Pediatrics “FIAP.” He has more than 34 years of
teaching experience producing many graduates and postgraduates.







Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Preface XI

Introductory Chapter: Thrombocytopenia 1
Pankaj Abrol

A View of Platelets in Dengue 7
Tamiris Azamor da Costa Barros and Luzia Maria de-Oliveira-Pinto

Not Only Heparin but Also Antibody Induces
Thrombocytopenia 33
Thi-Huong Nguyen

Antiphospholipid Syndrome and Thrombocytopenia 53
Klara Gadé and Gyula Domjan

Interferon-Induced Thrombotic Microangiopathy 69
Ajay Kundra, Mirela Andrei and Jen Chin Wang

Thrombocytopenia in Liver Transplant 85
Gabriela Droc






Preface

Blood is a vital fluid in the human body. It has important cells and plasma as its constituents.
One important type of cell is “platelet” or thrombocyte. Platelet has various functions such as
coagulation and immunology. The number and quality of platelet cells should be optimum
for normal hemostasis. Low platelet count or “thrombocytopenia” interferes with the normal
equilibrium. It gives me immense pleasure to edit a book on this topic. We do not have
enough books/publications to do justice to this important topic. Only the optimum manage-
ment of this condition can affect the clinical outcome of patients with thrombocytopenia.

Science is constantly progressing and it never stops. New concepts are always forthcoming.
This book covers the new literature and is quite up to date. State-of-the-art chapters have
been written by the experienced authors.

Dengue is a common disease in various parts of the world. Patients can recover without any
complication, but some develop severe thrombocytopenia. Inmunopathogenesis of throm-
bocytopenia in patients with dengue must be well understood to provide adequate manage-
ment. This book provides details about this aspect of thrombocytopenia. It also provides
comprehensive studies about thrombocytopenia in antiphospholipid syndrome (APS) and
management of thrombocytopenia in APS. The latest literature has been provided by the
authors. In these days of organ transplantation, one should know the mechanism of throm-
bocytopenia in patients with chronic liver diseases and liver transplant, which is discussed
in light of the latest references. Interferon had been a primary therapy for diseases such as
HCV, CML, multiple sclerosis, etc., for quite a long time. Interferon can induce thrombotic
microangiopathy in many such patients. This observation along with later studies has help-
ed us to understand immunobiology and its consequent application in immunomodulating
therapeutics. This book “Thrombocytopenia” shall provide the latest literature on the topic.
Heparin, an anticoagulant used quite often, is also associated with thrombocytopenia. The
mechanism of thrombocytopenia, whether unfractionated or LMWH, has to be used. Such
studies with latest observations have been included in a chapter on this topic.

Thus, it can be fairly concluded that the book “Thrombocytopenia” covers important topics
and provides a good insight into the latest literature about the topic. I sincerely hope it will
serve as a guide to students, scientists and clinicians working in the field.

Dr. Pankaj Abrol

Professor and Head

Department of Pediatrics

SGT Medical College Hospital & Research Institute
Gurgaon (Haryana), India
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Introductory Chapter: Thrombocytopenia
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Additional information is available at the end of the chapter
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1. Thrombocytopenia

Normal platelet count in blood is 150,000-450,000/uL. Decreased platelet cell count (<150,000/uL)
is called “Thrombocytopenia.” Higher than normal platelet countis called “Thrombocytosis.”
Thrombocytopenia may be an incidental finding or patient can present with fatal hemor-
rhages. The causes of thrombocytopenia may vary from decreased production to increased
destruction.

Platelets or thrombocytes are important blood cells like red and white cells. These are non-
nucleated cellular fragments produced by megakaryocytes in bone marrow. On maturity
of megakaryocytes, cytoplasm budding occurs releasing large number of platelets. Platelet
production is controlled by a growth factor called “Thrombopoietin (TPO).” Life span of
platelets is 10-14 days. Their count and functional status, both are important to maintain nor-
mal hemostasis. Bleeding does not occur usually if platelet count is >100,000/uL. Most of the
patients bleed when platelet count falls to <10,000-20,000/pL. They can bleed at higher counts
if there is associated functional defect with/without additional coagulation disorder.

Platelet surface has receptors for adhesive proteins like von Willebrand factor (VWE), fibrin-
ogen, thrombin, collagen, and adenosine diphosphate (ADP). After tissue trauma, platelet
adhesion occurs, activating platelets and forming platelet plug. This initiates coagulation pro-
cess followed by clot retraction mediated by platelet contractile proteins and cytoskeleton.

Whenever low platelet count is reported in an asymptomatic patient, one must exclude
pseudothrombocytopenia—a condition caused by the aggregation of platelets and result-
ing in false low count of platelets. Repeating the count along with careful look at peripheral
smear can exclude this condition. Another cause of apparent thrombocytopenia is hypother-
mia. Platelets get transiently sequestrated in spleen, liver, and other organs in hypothermic
patients. On rewarming, the platelets return to circulation. This phenomenon is also observed
in cardiac patients undergoing surgery with hypothermic perfusion.

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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2 Thrombocytopenia

All patients having thrombocytopenia do not bleed. Etiology of thrombocytopenia is varied.
It can be an incidental finding when patient is being investigated as routine health check-up
or for some other disease. The patient with thrombocytopenia can be healthy looking, very
sick looking as in sepsis or may be in terminal stages of life as in leukemia.

1.1. Immune thrombocytopenic purpura (ITP)

Major cause of acquired thrombocytopenia in childhood is the increased platelet destruction,
which can be due to immune or nonimmune causes. One such important immune cause is
immune thrombocytopenia which is also called as immune thrombocytopenic purpura (ITP).
It is the most common hematological autoimmune disorder. Antibodies produced target the
membranes of platelet for accelerated destruction by phagocytes of reticuloendothelial cells,
especially those of spleen. After binding of antibodies to platelet surface, circulating antibody-
coated platelets are recognized by the Fc receptor on splenic macrophages, ingested and
destroyed. The inhibition of megakaryopoiesis also contributes to thrombocytopenia. Usual
clinical presentation of acute ITP is in 14 year-old child. There may be a history of preceding
viral infection, 1-4 weeks before the onset of symptoms. There is a sudden onset of bleeding as
generalized petechiae and purpura in otherwise healthy looking child. Gums and mucus mem-
brane may be involved if associated with profound thrombocytopenia (platelet count <10,000/
uL). About 80% of children with ITP have platelet count <20,000/uL. Severe bleeding is still rare.
Some patients have still lower count <10,000/uL. Peripheral smear may show large platelets
reflecting increased platelet turn over. Bone marrow examination is indicated in the presence
of abnormal WBC count and unexplained anemia. Many patients with acute ITP have mild
symptoms —petechiae and purpura. Treatment causes early rise of platelet count to safe level
of >20,000/uL. Treatment options are: (1) No therapy in mild symptoms. (2) intravenous immu-
noglobulin (IVIG) 0.8-1.0 g/kg for 1-2 days. Response occurs in 95% patients in 48 hours. It is
expensive and time consuming therapy. Patient may have headache and vomiting, indicating
IVIG-induced aseptic meningitis. (3) Prednisolone therapy (1-4 mg/kg) usually for short peri-
ods until platelet count rises to >20,000/uL. This avoids the long-term side effects of corticoste-
roids use, like growth failure, osteoporosis, and hypertension. (4) Intravenous anti-D therapy in
Rh positive patients. Intravenous anti-D therapy, at the dose of 50-75 ug/kg increases platelet
count to >20,000/pL in 80-90% of patients in 48-72 hours. It induces mild hemolytic anemia. It
gets bound to Rh positive RBC’s, the complex binds to macrophage Fc receptors and interferes
with platelet destruction thus raising platelet count [1]. Anti-D is not effective in Rh negative
patients. Rarely, it may cause life-threatening intravascular hemolysis. It costs less and also has
lesser side effects compared to IVIG. In 20% of patients of ITP, thrombocytopenia is persistent
for more than 12 months. These patients are diagnosed as chronic ITP. In such patients, evalua-
tion should be done for diseases like SLE, HIV, von Willebrand disease etc. Splenectomy is the
best intervention for long-term results in chronic ITP [2] of such children. Medical therapy with
the drugs such as IVIG, steroids, and anti-D used in acute ITP are also useful. Rituximab [3]
monoclonal antibody directed against CD 20, has also shown good results. Four weekly doses
of 375 mg/m? are given. Up to 60% of cases may respond. Thrombopoietic agents such as romip-
lostim [4, 5] and eltrombopag [6, 7] are also now approved by FDA to treat chronic ITP in adults.
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1.2. Neonatal alloimmune thrombocytopenia (NAIT)

It is characterized by transient severe thrombocytopenia. Maternal antibodies are transferred
from placenta and are directed against paternally inherited fetal antigens present on fetal/neo-
natal platelets. Newborn can have severe thrombocytopenia, with platelets as low as 10,000/uL
on first day of life. There can be bleeding in the form of petechiae, hematoma, GIT bleed, and
ICH. Utero bleeding can result in hydrocephalus, seizures or UID [2]. Inmunophenotyping of
maternal, paternal, and neonatal platelets along with tests for antiplatelet antibodies in mater-
nal and/or or fetal serum can confirm the diagnosis. Severe NAIT (platelet count <30,000/uL)
or severe bleeding can be transfused washed and/or irradiated maternal platelets. IVIG (1 g/kg
x 2 days) or methyl prednisolone 2 mg/kg/day can also be used for transient relief [2].

1.3. Drug-induced immune thrombocytopenia

Some drugs cause immune thrombocytopenia more often. Two types of antibodies can be
formed: drug dependent and drug independent. With former, thrombocytopenia subsides
when drug is stopped. In case of drug independent antibodies, drug-induced antibodies
and low platelet count may persist for longer making it difficult to exclude ITP. Treatment
starts with stoppage of culprit drug. If drug-induced thrombocytopenia is severe, IVIG or
corticosteroids may be used. Platelets may be transfused if life-threatening hemorrhage is
anticipated.

1.4. Heparin-induced thrombocytopenia and thrombosis

This syndrome occurs in 1-5% of adults and is less common in children. Usually occurs
5-10 days after administration of heparin but can occur within hours if patient is already sen-
sitized to heparin. Incidence is higher with higher dose of heparin, bovine heparin (compared
to porcine heparin), and unfractionated heparin (compared to low molecular weight heparin
(LMWH)) [8].

1.5. Thrombotic microangiopathic disorders

It is characterized by thrombocytopenia, capillary thrombosis, and microangiopathic hemo-
lytic anemia. Thrombosis and ischemic necrosis may lead to multiple organ dysfunction
and failure. Two important disorders are: thrombotic thrombocytopenic purpura (TTP) and
hemolytic uremic syndrome (HUS).

1.6. Thrombotic thrombocytopenic purpura (TTP)

In addition to the above-mentioned triad, TTP patient, usually an adult has fever, renal mal-
function, and central nervous changes. Subtle shifting neurological signs such as aphasia,
blindness and seizures may be there. Coagulation studies are usually nonconclusive. Blood
urea nitrogen and creatinine are at times elevated. Treatment is plasmapheresis. Rituximab,
steroids or splenectomy may be indicated in refractory cases.
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1.7. Hemolytic uremic syndrome

It is a classical example of community-acquired acute kidney injury in children. Clinical fea-
tures are common to TTP but are seen usually in young children, whereas TTP is disease of
adults (rarely in adolescents). History of enteritis due to toxin producing Escherichia coli and
Shigella dysenteriae precedes renal involvement. Pneumonia causing Pneumococci can also
cause HUS. As diagnosis is usually clinical, renal biopsy is rarely needed. Anemia is initially
mild but progresses. Platelet count is in the range of 20,000-100,000/uL. Coombs test is usu-
ally positive. Renal insufficiency is variable. It can progress to renal failure. With early diag-
nosis and prompt care, mortality is <56%, another 5% become dialysis dependent, and 30%
may have persistent renal insufficiency in diarrhea-associated HUS. Mortality can be >20% in
Pneumococci-associated HUS.

1.8. Kasabach-Merritt syndrome

Thrombocytopenia is associated with giant hemangioma of infancy. Hemangioma usually
solitary may be present over extremities, neck or trunk. Sometimes hemangioma is retro-
peritoneal. It usually presents in the initial weeks of life, increases in size, and then regresses.
Platelet count may be very low with the evidence of DIC. Mortality is 40%. Surgical removal
is effective but sometimes not possible. Radiation therapy, vascular ligation/embolization,
glucocorticoid therapy, interferon «, vincristine and propranolol are other alternatives.

1.9. Other causes

Infections like systemic bacterial and fungal infections, acute viral infections (e.g., infectious
mononucleosis, dengue, and HIV), immunization with live virus vaccines like MMR, hemo-
phagocytic lymphohistiocytosis, malaria, etc., and procedures such as ECMO, hemodialysis,
apheresis, liver transplant, etc., can also be associated with thrombocytopenia by increasing
their destruction. Dengue is frequently associated with thrombocytopenia. It occurs because
of decreased production as well as increased peripheral destruction. Platelet dysfunction is
also associated. Drugs like heparin, quinidine, antibiotics like rifampicin and vancomycin
also cause thrombocytopenia. Platelets get trapped in enlarged spleen in splenomegaly, por-
tal hypertension, Gaucher disease, etc., and cause low platelet count.

1.10. Thrombocytopenia caused by impaired platelet production

Patients having thrombocytopenia due to the decreased platelet production are more likely
to have severe bleeding than those having low platelet count due to the increased platelet
destruction. Common causes of decreased production are:

A. Hereditary disorders: Examples are congenital amegakaryocytic thrombocytopenia, throm-
bocytopenia absent radius (TAR) syndrome, Fanconi anemia, Bernard-Soulier syndrome,
May-Hegglin anomaly, Gray platelet syndrome, and Wiskott-Aldrich syndrome etc.

B. Acquired disorders: This includes megaloblastic anemia (folic acid and vitamin B12 de-
ficiency), aplastic anemia, myelodysplastic syndrome, sepsis, cytotoxic chemotherapy
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for malignancy, replacement of platelet precursors in bone marrow by malignant cells—
leukemia, neuroblastoma, rhabdomyosarcoma, etc.

Thrombocytopenia is quiet common finding in medical practice and is associated with variety
of diseases. It can be a benign disorder as ITP in otherwise healthy child. Same patient can die
if his intracranial hemorrhage is not managed properly. Thrombocytopenia can be associated
with malignant diseases like leukemia, when daily monitoring of platelet count and proper
management becomes essential. A patient of dengue can die of dengue hemorrhagic fever and
can also recover completely if thrombocytopenia is managed properly. Thus, it is very impor-
tant to be aware of thrombocytopenia, so that the affected patients can be adequately managed.

Author details

Pankaj Abrol
Address all correspondence to: abrolpankajl@gmail.com

Department of Pediatrics, Pediatric Hematologist Oncologist, SGT Medical College Hospital
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Abstract

Platelets were mainly associated with coagulation and hemostasis; however, other biolog-
ical effects have been attributed to platelets, including angiogenesis, extracellular matrix
synthesis, inflammation, and immune response. Dengue virus infection causes 200 mil-
lion cases of severe flu-like illness annually, escalating to life-threatening hemorrhagic
fever or shock syndrome. Some hypotheses are postulated for immunopathogenesis of
dengue, including antibody enhancement theory, T-cell activation of cross-reactive mem-
ory, and original antigenic sin. All hypotheses, to some extent, induce an overproduction
or a skewed profile of cytokine release, giving rise to the term cytokine storm/cytokine
tsunami. Although thrombocytopenia is typical of both mild and severe diseases, the
mechanism triggering platelet reduction is incompletely understood. In dengue, plate-
lets are one of the major cell populations affected by direct and/or indirect mechanisms
of infection. It is common to observe both thrombocytopenia and platelet dysfunction
in dengue, both strongly related to the clinical outcome. Thus, platelets are frequently
affected in dengue, either for alteration of their own functionality, for “silent transport”
of virus, or as an anti-viral immune cell. In this way, we describe some of functional
aspects of platelets on dengue, observing circulating mediators, intraplatelet proteins
contents, morphology, activation markers, and ability to interact with dengue virus.

Keywords: dengue, platelets, thrombocytopenia, dysfunction of platelets,
immunopathogenesis

1. Introduction

As the first cellular components accumulate at sites where there is vascular wall damage,
platelets rapidly initiate events such as aggregation, exocytosis of granule constituents, adhe-
sion protein expression, cytokine, and others inflammatory mediator’s secretion and directly
interact with endothelial cells and immune cells. In addition, they can perform the synthesis

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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of new proteins through their complex post-transcription repertoire for post-activation trans-
lation, corroborating the existence of potential biological functions of platelets. In dengue,
platelets are one of the major cell populations affected by direct and/or indirect mechanisms
of infection.

1.1. An overview of immunopathogenesis of dengue

Dengue is one of the arboviruses transmitted by mosquitoes of the genus Aedes in a human-
mosquito-human cycle. It is endemic in more than 120 countries, where 50 to 100 million
infections occur each year, which correspond to 55% of the world population live at risk
of infection. Therefore, dengue has the greatest impact on public health worldwide with
higher morbidity, albeit fortunately with low mortality rate [1]. The etiologic agent is the
dengue virus (DENV), which has four antigenically distinct viral serotypes, the DENV 1 to
4. DENVs share between 65 and 75% homology in their RNA sequences. As a member of
the Flaviviridae family, the DENV consists of an envelope formed by a lipid bilayer derived
from the endoplasmic reticulum of the host cell into which the envelope (E) and membrane
(M) proteins are inserted. The viral particle is spherical in shape and approximately 50 nm
in diameter. Below the viral envelope is a nucleocapsid composed of an icosahedral viral
capsid formed by the capsid protein (C) and complexed to a single-stranded RNA molecule
with positive polarity [2, 3]. Viral RNA DENYV is approximately 10.7 Kb and is modified at its
5" end by the addition of the cap structure but is devoid of the poly-A tail at the 3’ end and
has a single open reading frame encoding a protein precursor polyprotein viral infection.
This precursor protein is cleaved by both host cell proteases and viral protease, yielding 10
proteins: structural C, pre-Membrane (prM)/ M, E, and nonstructural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5). The translated structural proteins are incorporated into
the viral particles during their maturation, while the nonstructural proteins are involved
in the replication and/ or assembly of the virions. The 3’and 5 noncoding regions are also
important for viral replication [4-6].

Dengue fever is generally an acute disease, with a broad spectrum of clinical manifestations
ranging from a clinically inapparent infection, an undifferentiated acute febrile illness, den-
gue fever (DF), to more severe forms, dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS). The first symptoms of DF and DHF are indistinguishable, but DHF is associ-
ated with hemorrhagic manifestations, plasma extravasation, and thrombocytopenia (counts
below 150,000 platelets/mm?). Thrombocytopenia is not necessarily restricted to severe forms
of dengue, since it is possible to see small bleeding in mild infections. DSS is distinguished
from DHEF by the presence of cardiovascular or other organs impairment, which occurs when
loss of plasma to interstitial spaces results in shock. In general, DSS is a serious disease, with
mortality rates of up to 20%, but may also be less than 1% in places with sufficient resources
and with clinical experience [7, 8]. Symptomatic disease typically follows three phases: an
initial febrile phase lasting 3 to 7 days; a critical phase around the defervescence during which
complications may appear in some patients; and a spontaneous recovery phase [9].

A simplified categorization for the classification of dengue severity was proposed by the
World Health Organization (WHO) in 2009 in which DHF and DSS were grouped as severe
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dengue [1]. This classification was based on a multicenter study that treats the illness as a
dynamic and systemic event. The new classification describes three sets of clinical signs and
symptoms: (1) Dengue fever without signs of alarm (DF) characterized by nausea, vomit-
ing, rash, myalgia, headache, arthralgia, and positive tourniquet test with no signs bleed-
ing and leukopenia; (2) Dengue fever with warning signals (DFwWS) includes abdominal
pain or tenderness, persistent vomiting, fluid accumulation, lethargy, agitation, hepatomeg-
aly (increase > 2 cm), elevated serum transaminases, and decreased platelet count; and (3)
Severe Dengue Fever characterized by severe plasma extravasation, leading to shock and
fluid accumulation, accompanied by respiratory discomfort, severe bleeding, and involve-
ment of organs such as the liver, central nervous system (with altered consciousness), heart,
and other organs. This new classification proved to be more sensitive to the identification of
severe forms, reducing the proportion of patients previously unclassifiable, which facilitated
the clinical management of patients [10].

Briefly, immunopathogenesis of dengue is postulated by some hypotheses, including anti-
body enhancement theory [11, 12], T-cell activation of cross-reactive memory, and original
antigenic sin [13]. All hypotheses, to some extent, induce an overproduction or a skewed pro-
file of cytokine release, giving rise to the term cytokine storm/cytokine tsunami [14].

The humoral response is mainly directed to the prM, E, and NS1 proteins, whereas in the
cases of secondary infection, the response against NS3 and NS5 is observed [15, 16]. It is
believed that a primary infection can create effective, lasting protection against reinfection by
the same serotype, but triggers short-term cross-protection against the other serotypes [17].
Neutralization of infection by specific antibodies may occur by inhibiting the entry of the
virus through its specific receptors into the target cell [18] or by inhibiting viral fusion into the
target cell cytoplasm [19]. On the other hand, epidemiological studies suggest that homolo-
gous immunity may increase the severity of the disease during a subsequent infection by a
heterologous serotype [11]. It is believed that low neutralizing antibodies, those that induce
cross-reaction, produced in response to a previous serotype, contribute to the pathogenesis
of dengue by promoting the entry of the virus through Fcy receptors into myeloid cells, a
phenomenon known as antibody-dependent infection (ADE) [20].

The role of T cells during dengue infection is still controversial, with studies supporting either
an immunoprotective or immunopathological role [21]. Pioneer studies proposed that T cells
have a detrimental role during secondary dengue infections in a process termed “original
antigenic sin.” Based on this theory, cross-reactive T cells generated during primary infection,
which recognize secondary-infected DENV serotype with low affinity, are poorly functional
but prone to inducing immunopathology [13]. Thus, as cross-reactive memory, T cells are
present in increased numbers and have a low activation threshold. They may outcompete their
naive subsets that have high affinity for secondary-infected serotype with an overall detrimen-
tal outcome for protective immunity [22]. Collectively, studies showed that dengue infection
elicits a broad-specific T cell response that peaks around day 8-10 from fever onset [23, 24].
Dengue-specific CD8+ T cells are present at higher frequencies compared to their CD4+ coun-
terparts and preferentially target nonstructural proteins NS3, NS4b, and NS5, while CD4+ T
cells are mainly directed toward the capsid envelope and the secreted protein NS1 [23].
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Moreover, studies have demonstrated that high concentrations of circulating cytokines, mainly
released by T cells, monocytes, macrophages, and endothelial cells from patients, would be
involved in the pathogenesis of dengue [24]. Initially, antiviral mechanisms of innate immune
response mediated by interferons (IFNs), mainly produced by dendritic cells (DCs), mono-
cytes, macrophages, and natural killer (NKs) cells, are involved in initial infection control.
The antiviral activity of type I IFNs (IFN-a/p) is initiated hours after infection and promotes
inhibition of viral replication of infected cells, activation of the antiviral state by uninfected
cells, and stimulation of the antiviral activity of the cells NK and CD8+ T lymphocytes [25, 26].
DENYV proteins such as NS4B and NS5 have been shown to inhibit IFN-a/-f3 signaling [27-29].
However, in vitro and in vivo studies have demonstrated that DENV is capable of activating
the production of IFN-a by human plasmacytoid dendritic cells (pDC) [30]. The IFN-y (or
IFN-type II), a cytokine involved with Th1 profile, is produced primarily by T lymphocytes,
NK cells, and to a lesser extent by macrophages. The IFN-vy, like other IFNs, has an antiviral
effect and promotes increased expression of human leukocyte antigen (HLA) class I and 1I
molecules and stimulates antigen presenting and cytokine production by antigen-presenting
cells (APCs) [31]. Kurane et al. reported higher levels of IFN-y in the serum of patients with
DHF and DF compared to healthy subjects, but IFN-y levels were still higher after defer-
vescence in patients with DHF. According to the authors, these results suggest that IFN-y
would play an important role in infection control; however, high levels of this cytokine after
defervescence, together with increased T cell activation, would contribute to the pathogenesis
of DHF [32]. TNF-a is another cytokine that appears to play an important role in dengue.
TNF-a is produced by mononuclear phagocytes, neutrophils, lymphocytes, and NK cells. The
interaction of TNF-a and endothelial cells promotes induction of adhesion molecules, such
as intracellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-
1), and E-selectin (E-CD62), being strongly involved in vascular damage, septic shock, and
anti-tumor immunity [31]. In dengue, TNF-a appears to be involved in vascular damage,
and authors observed an increased permeability and morphological changes in endothelial
cells treated in vitro with TNF-a [33]. Studies have shown elevated plasmatic cytokines in
dengue, such as IL-1, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-13, and IL-18, transforming growth
factor-beta-receptor (TGF-) [34—40]. Chaturvedi et al. reported that DF patients had higher
levels of IFN-y and IL-2, whereas the majority of DHF patients had IL-4, IL-6, and IL-10 eleva-
tion, on the 4th and 8th days of the disease, coinciding with the defervescence phase [41].
Pretreatment of monocytes/macrophages with Th2 profile cytokines (IL-4 or IL-13) increased
the susceptibility of these cells to DENV infection [42]. Plasma levels of IL-10 were correlated
with thrombocytopenia in dengue patients [34, 43]. High production of TNF-«, IL-1f3, IL-12,
IL-17, soluble IL-1 receptor type 1 protein (sST2), and tumor necrosis factor-related apopto-
sis-inducing ligand (sTRAIL), as well as apoptosis in DENV-infected monocyte/macrophages
cultures, was also observed. It has been shown, therefore, that beneficial or deleterious bio-
markers may be present in dengue, regardless of the severity of the disease [44].

2. Thrombocytopenia and dysfunction of platelets in dengue

Reduced proliferative capacity of hematopoietic cells in bone marrow and/or increased destruc-
tion of platelets from peripheral blood are two main events associated with thrombocytopenia
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[45—47]. Thrombocytopenia occurs when platelet formation (thrombopoiesis) is insufficient to
balance physiological or pathological platelet consumption. Thrombocytopenia may occur in
patients with either mild or severe cases of dengue infection and are associated in the early
days of dengue infection [1]. The WHO guidelines for 2009 reaffirmed that a rapid decline or
platelet count below 150,000/mm? of blood are one of the indicators of clinical dengue worsen-
ing. Together, the functional disturbance associated with deregulation of the plasma quinine
system is related with the immunopathogenesis of dengue [1, 48, 49].

2.1. Thrombocytopenia induced by bone marrow suppression, lysis of
megakaryocytes and/or peripheral destruction of platelets

The kinetic observation of platelet counts in dengue patients showed a mild to moderate decrease
in the 3rd to the 7th day, a significant decrease on day 4, reaching normal levels in the 8th or 9th
day of the disease [50, 51]. Profound thrombocytopenia (nadir platelet count <20,000/mm?) was
significantly more likely to detect early warning signs and longer hospital stays, but profound
thrombocytopenia was not affected by DENV serotypes, coinfections, and secondary DENV
infections [52]. However, a study involving 245 dengue patients showed no relationship between
bleeding and platelet count, while 81 nonbleeding patients had a score below 20,000/mm? [53].
In contrast, another study involving 225 dengue patients suggested that bleeding occurred more
frequently in patients with PT [54]. Most clinical guidelines recommend platelet transfusion in
patients with dengue who develop severe bleeding or platelet counts below 10-20,000/mm?®.
However, another study confirms that platelet transfusion does not prevent the development of
severe bleeding or shorten coagulation time [55], and in severe dengue disease with hemorrhagic
manifestations, the need for intensive care was not significantly associated with PT [52].

Previous published data indicated that DENV can induce thrombocytopenia through bone
marrow suppression, lysis of megakaryocytes, and/or peripheral destruction of platelets [56].
Three main mechanisms seem to be involved, although partially explained, such as a direct
lesion of progenitor cells by DENV, infected stromal cells, and modification of bone marrow
regulation [51]. In fact, studies have shown a hypocellularity in bone marrow and inhibition
of megakaryocyte maturation [51, 57]. In vitro studies using an adventitious reticular cell line,
which are bone marrow stromal cells, incubated with DENV found DENV antigens in the
perinuclear region of these cells [58]. These interactions lead to a modification in the cytokine
profile produced in the bone marrow, as in the case of TGF-3 capable of inhibiting the dif-
ferentiation of multipotent stem cells into megakaryocyte precursor cells, leading to inhibi-
tion of the cell differentiation process [59, 60]. Another cytokine, the thrombopoietin (TPO),
regulates megakaryocytopoiesis and platelet production specifically through the activation of
myeloproliferative leukemia virus oncogene (c-MPL), the TPO receptor [61, 62]. When plate-
let counts fall, circulating levels of TPO increase and may function as a useful indicator of
megakaryocytopoiesis in dengue [63, 64]. Recently, authors showed that mice inoculated with
recombinant DENV-envelope protein domain III (DENV-EIII)-suppressed megakaryopoiesis
of progenitor cells from murine bone marrow and human cord blood in vitro, similarly to
those observed with DENV infection. Additional analyses suggested that autophagy impair-
ment and apoptosis are involved in DENV-EIII-mediated suppression of megakaryopoiesis.
Thus, these data suggest that, even without viral replication, the binding of DENV-EIII to the
cell surface is sufficient to suppress megakaryopoiesis [65].
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Although several aspects of the pathogenesis of thrombocytopenia are still not clearly under-
stood, La Russa and Innis in 1995 demonstrated that DENV-induced bone marrow suppres-
sion depressed platelet synthesis [58]. In the same year, Wang et al. found that DENV-2 can
bind to human platelets in the presence of virus-specific antibody, proposing an immune-
mediated clearance of platelets [66]. No infectious model that mimics DHF/DSS has yet been
reported until Huang et al. described that the immunocompetent mice intravenous inoculated
with DENV-2 developed transient thrombocytopenia and generate IgG class anti-platelet
antibody. This was the first evidence of an association between anti-DENV immune response
with cross-reactivity to platelets [67]. Falconar gave a strong contribution when identified a
highly avid subclone monoclonal antibody MAb 1G5.4-A1-C3 from DENV-2 NS1 and oth-
ers anti-NS1 MAbs, which in addition of producing hemorrhage in mice, cross-reacted with
human fibrinogen, thrombocytes, and endothelial cells, with known epitopes or active sites
on human clotting factors and integrin/adhesin proteins present on these cells [68].

Previous study described a strong association between activation status of platelets and their
destruction/depletion from circulation in febrile dengue patients [69]. Peripheral destruction
of platelets can occur through the direct interaction of the virus in the platelet, as well as
indirectly, since the infection leads to the formation of aggregates platelet-endothelial cells
and platelets leukocytes or still to the secretion of anti-platelet antibodies and production of
factors detrimental to platelets [56]. During dengue infection, cross-reactivity autoantibodies,
including antiplatelet antibodies, are generated. In addition, anti-NS1 antibodies belong to
the IgM class cross-react with platelets. This last one has the potential for activation of the cas-
cade complement system, leading to the induction of cell lysis and inhibition of platelet aggre-
gation [70, 71]. Notably, high anti-platelet IgM titers were detected in patients with DHF/DSS
compared to DF. In accordance with high titers of IgM, serum from DHF/DSS patients causes
more platelet lysis than the DF patient serum [71]. Autoantibodies against endothelial cells
and blood coagulation molecules have also been described [72]. In fact, molecular mimicry
between platelets, endothelial cells, or blood clotting molecules and NS1, prM, and E may
explain the cross-reactivity of anti-NS1, anti-prM, or anti-E antibodies between host proteins
and proteins. Cross-reactivity antibodies can cause platelet dysfunction, endothelial cell dam-
age, coagulation deficiencies, and activation of macrophages [73]. In addition, it has been rec-
ognized that platelet surface P-Selectin (P-CD62) activates integrins and mediates adhesion,
aggregation, and secretion of mediators [74].

Among the soluble factors that play a role in the peripheral destruction of platelets, they
include platelet-activating factor (PAF) [75], von Willebrand factor (vWF) [76], TNF-a, IL-13
[35], and IL-10 [34].

Platelet apoptosis and phagocytosis associated with high-serum TPO levels were significantly
increased in dengue patients during the early stages of convalescence when compared to the
late convalescence phase and in healthy volunteers. These results suggest that the abrupt
drop in the number of platelets at the beginning of infection is outweighed by TPO-mediated
thrombopoiesis [77]. Another study confirmed that platelets from patients exhibited classic
signs of the apoptosis intrinsic pathway that include increased phosphatidylserine exposure,
mitochondrial depolarization, and activation of caspase-9 and -3 [78].
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2.2. Dysfunction of platelets in dengue

Platelet activation is a phenomenon common during physiological dysbalance, such as dam-
age to blood vessels when in contact with components of the subendothelial matrix (collagen
and vWF) [79], virus infections such as DENV and human immunodeficiency virus [80], hypo-
thermia [81], diabetes mellitus [82], and arterial thrombosis [83]. Moreover, some agonists
involved in platelet activation include adenosine diphosphate (ADP), thromboxane A, (TXA),
collagen, serotonin, epinephrine, and thrombin [84], in addition to pathogens and toxins [85].

During its activation, the platelets undergo a structural change process, in which the discoid
cells undergo modifications in the cytoskeleton, disassembly of a ring of microtubules, resulting
in an intermediate spherical shape. Next, actin polymerization and filopodia extension occur,
causing the cell to acquire lamellar or dendritic morphology [86]. The major activated platelet
receptors on interactions with other cells are glycoprotein GP IIb/Illa (CD41/CD61) and P-CD62.
The CD41/CD61 binds to adhesion proteins that contain the Arginine-Glycine-Asparagine pep-
tide sequence (RGD sequence), thus allowing the pooling and binding of activated platelets to
leukocytes and endothelial cells via “bridge molecules,” such as fibrinogen [87]. P-selectin is a
glycoprotein stored in platelet a-granules that is translocated to the surface and released in sus-
pension during platelet activation [85]. It is the main adhesion molecule responsible for platelet
interaction with monocytes [85, 88-90], and circulating platelet-monocyte aggregates have been
detected in dengue patients [89, 91]. As for the morphological and physiological profile of the
platelets exposed to DENV-2, it was observed that there is platelet activation with increased
expression of P-CD62 and fibrinogen binding. For morphological changes related to activation,
the authors cited membrane architecture alterations, degranulation, the presence of filopodia,
and dilation of the open canalicular system in platelets exposed to DENV-2 [92].

The events related to activation are not restricted to changes in morphology, having conse-
quences in several biological functions developed by the platelets. It is also observed exo-
cytosis of constituents of platelet granules, expression of adhesion proteins, and secretion
of cytokines and other immunological mediators [93]. Activated platelets secrete mediators
stored or synthesized in their granules, which act on several functions. In addition, during pla-
quetogenesis, megakaryocytes transfer platelet pre-mRNAs, such as tissue factor (TF, inflam-
matory mediator, and coagulation regulator) pre-mRNA to platelet, are processed to mature
mRNA and translated into biologically active TF [94]. In this way, platelets have a complex
post-transcriptional repertoire able to translate new proteins, a phenomenon evidenced in
response to activation [95, 96]. Multiple pathways lead to platelet activation, including ago-
nists such as collagen, ADP, TXA,, epinephrine, serotonin, and thrombin, through interaction
with receptors on platelet surface, leading to release of its granular content, increase of intra-
cellular Ca* levels, and activation of the fibrinogen receptor, allbf33 integrin [97-100]. Studies
have been reporting platelet dysfunction in dengue infections. In this context, suppression of
platelet aggregation has been shown to occur along with an increased release of beta throm-
boglobulin (3TG) and Platelet Factor 4 (PF4/CXCL4) during the acute phase of DHF [101].
Assays using mononuclear leukocytes (MNLs) from healthy donors exposed to DENV-1 and
2 release significantly greater amounts of PAF, TXB,, and Prostaglandin D2 (PGD2) than the
donor not exposed to any DENV serotypes [102]. Previous data showed that TXB, plasma
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levels of DHF patients with shock decreased significantly than those of normal controls and
DHF patients without shock patients, supposing that failure or inadequate TXB, production
may eventually lead to shock [103].

In addition to exerting an effector role, platelets influence the production of cytokines by
peripheral mononuclear cells. Activated platelets exhibit anti-inflammatory properties related
to the CD40 and CD40L interaction, leading to increased IL-10 production and inhibition of
TNF-a by monocytes [104]. The authors also verified that the interaction of apoptotic mono-
cytes and platelets regulates the secretion of IL-10 through the recognition of platelet phos-
phatidylserine. It appears that IL-10 secretion requires only monocyte-platelet contact, but not
phagocytosis, indicating that activated and apoptotic platelets aggregate to monocytes during
infection [86]. Azeredo et al. found that IL-10 levels were correlated with low platelet counts
[34]. Platelets are the major source of TGF-f1 in the human body [105]. One study has shown
that circulating levels of TGF-f31 are significantly lower in patients with DHF than in controls
[106]. Patients with immune thrombocytopenia have low levels of TGF-B1 in the circulation.
However, after therapy to restore normal platelet count, their TGF-f1 levels return to levels
found in healthy controls [107].

The innate immune system recognizes infection and changes in cellular homeostasis to initiate
responses to clear pathogens and repair tissue damage. Toll-like receptors (TLRs) are part of
the innate immune system, key players that modulate the inflammatory response and tumor
dynamics. Many investigators have confirmed the expression of TLR1-9 both human and
murine platelets [108]. Other major complex involved in these processes is the inflammasome,
a multimeric protein complex that activates pro-caspase-1, which then proceeds to cleave
multiple substrates including the pro-inflammatory cytokines IL-13 and IL-18 [109]. The
presence of the nucleotide-binding domain leucine rich repeat containing protein (NLRP3)
inflammasome in platelets activated after infection by DENV has been described, inducing the
production of IL-1§3 by platelets and platelet-derived microparticles of dengue patients [89].

3. Deregulation of the platelets’ role in dengue: Hemostasis, site of
virus, and immune cells

3.1. Deregulation between pro-and anticoagulant mechanisms in dengue

Hemostasis is a dynamic process in which physical and biochemical mechanisms promote
blood clotting in a fast and regulated way [110]. Platelet adhesion and activation are mediated
through the interactions between GP Ib-IX-V receptors with vVWF and GP VI with subendothe-
lial collagen [111]. Alternatively, when the vascular endothelium is damaged, collagen sites are
exposed, facilitating platelet adhesion at these specific sites. Platelets adhere to molecules in the
subendothelial tissues at the lesion site, where they aggregate and interact with leukocytes and
endothelial cells, thus initiating the coagulation cascade [112]. The coagulation factors present in
the bloodstream are involved in a tightly controlled activation sequence, resulting in the forma-
tion of thrombin and subsequently fibrin. These factors circulate as zymogens, which require
processing by proteolysis to be activated. According to the new model of blood clotting, it occurs
in three overlapping stages: initiation phase, amplification phase, and propagation phase [113].
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During acute DENYV infection, coagulation and fibrinolysis are activated, leading to coagula-
tion changes and fibrinolytic parameters that may lead to disseminated intravascular coagu-
lation (DIC) [114-116]. Funahara et al. reported that dengue patients with DIC had decreased
platelet counts, transient prolongations of partial thromboplastin time (PTT) and prothrombin
time (PT), and decreased levels of fibrinogen, prothrombin activity, factor VIII, antithrombin
III, and plasminogen [117]. DIC leads to platelet activation, formation of fibrin, and deposi-
tion of small clots in the microcirculation, possibly contributing to organic failure. Notably,
the consumption of clotting factors usually leads to paradoxical hemorrhagic disorders due to
their consumption [118]. Later, it has been demonstrated that acute DIC that occurs in patients
with DHEF is associated with increased vascular permeability [117]. Thus, parameters such as
platelet count, PTT, and PT present predictive value in the diagnosis of severe dengue [119].

The mechanisms that trigger DIC are mainly related to endothelial lesions and increased cir-
culating TF levels [118]. Several studies have suggested that increased TF expression plays
an important role in the pathogenesis of dengue. Huerta-Zepeda et al. showed that DENV
regulates levels of protease-activated receptor type 1 (PAR-1) and TF in the activated endo-
thelium [120]. These data are reinforced by the evidence of increased plasma levels of TF in
dengue patients, and the expression of TF in monocytes was inversely correlated with platelet
counts [121, 122]. Our previous data found that dengue patients with a good outcome showed
decreased circulating levels of TF than those with a poor outcome (Severe). Similarly to TF,
tissue factor pathway inhibitor (TFPI) levels were significantly lower in patients with a good
outcome, but increased TFPI plasma levels were observed in severe patients. We also demon-
strated that TF and TFPI levels were significantly higher among patients with hemorrhagic
manifestations. In addition, DENV-1 or -2 patients were more likely to have increased levels
of TF than DENV-4 patients [123]. Activation of PAR-1 is accompanied by positive regula-
tion of adhesion molecules and production of proinflammatory cytokines [124]. The coagula-
tion enzymes generated in DENV infection can activate PAR-1 receptors, thus increasing the
increase of pro-inflammatory cytokines and leukocyte migration. These cytokines, along with
coagulation enzymes (and vice versa), perpetuate the inflammatory response, which promotes
increased interaction between activated monocytes, activated endothelial cells, and platelets.
The result is a convergence of signals that lead to exacerbated expression of TF. Therefore,
the coagulation and inflammation processes are closely related and establish a bidirectional
relationship mediated by the activation of PARs [125].

Since hemostasis depends on the balance between coagulation and fibrinolysis, Huang
et al. evaluated some coagulation parameters (platelet count and PTT) as well as fibrinolytic
parameters (tPA and PAI-1) in patients with DHF and DF. Patients with DF show thrombo-
cytopenia, PTT prolongation, and increased tPA levels, indicating coagulation activation and
fibrinolysis. However, the parameters used indicated much more severe activation of coagu-
lation and fibrinolysis in patients with DHF. In the convalescent phase, there is an increase in
PAI-1 and platelet counts with concomitant decline in tPA levels and normalization of PTT,
both in patients with DHF and in DF. According to the authors, the activation of coagulation
and fibrinolysis during the acute phase of DENV infection is compensated by the increase of
platelets and PAI-1 during the convalescence phase. These results suggest that the degree of
activation of coagulation and fibrinolysis induced during dengue infection is associated with
the severity of the disease [114].
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3.2. Platelets as target cells for DENV replication

Platelets contain receptors related to DENV entry, such as Dendritic cell-specific intercellu-
lar adhesion molecule-3-grabbing nonintegrin (DC-SIGN) [126]. In vitro infection by DENV
induces activation, mitochondrial dysfunction, and platelet apoptosis through mechanisms
dependent on the DC-SIGN receptor [127]. A study detected DENV RNA by conventional
reverse transcription polymerase chain reaction (RT-PCR) and DENV-like particles by elec-
tron microscopy in patients’ platelets [128] and later confirmed the presence of viral antigen
in platelets by immunofluorescence and confocal microscopy [129]. It is still unclear whether
platelets are involved in the spread of viral infection. Recent data from our group have con-
firmed the in vitro interaction of DENV with platelets, leading to subsequent morphological
modifications characteristic of platelet activation, such as presence of membrane extensions
(filopodia), loss of cytoplasmic content and dilation of the membrane system [Azamor and
Oliveira submitted]. A study using blood cells from dengue patients and rhesus monkeys
experimentally infected revealed DENV antigens present in vesicles of varying sizes and often
in nuclear cells like platelets. The DENV RNA was detected in a highly enriched population
of rhesus platelet-characteristic CD61+ cells in the acute phase of infection, indicating that the
virus may be directly linked to dysfunction and low platelet counts [130]. More recent and for
the first time, authors demonstrated in fact that platelets directly bind DENV saturably and
produce infectious virus. Interestingly, at 37 and 25°C, platelets replicated the positive sense
single-stranded RNA genome of DENV by up to ~4-fold over 7 days, with production of viral
NSI1 protein. The infectivity of DENV intrinsically decayed in vitro, which was moderated by
platelet-mediated generation of viable progeny. DC-SIGN and heparan sulfate proteoglycan
(HSP) were implicated as coreceptors because only the combination of anti-DC-SIGN and
low-molecular-weight heparin prevented binding. Thus, expression of antigen encoded by
DENYV is a novel consideration in the pathogen-induced thrombocytopenia mechanism [131].
Finally, very recent analyze revealed that DENV works as the primary driver of platelet acti-
vation and also enters and replicates in platelets but does not result in a productive infection
of platelets. Moreover, the DENV-exposed/DENV antigen-positive platelets associate with
CD14+CD16+ monocytes may mediate platelet clearance from the circulation [132].

3.3. Platelets as immune cells

Platelets, when interacting physically with leukocytes and endothelial cells, act as a kind of
signaling of inflammation and immune response. When stimulated and activated, these cells
initiate events, such as aggregation, formation of microparticles and exosomes [133], expres-
sion of adhesion proteins and receptors, and exocytosis of constituents present in their gran-
ules [76]. Exocytosis of a-dense granules and lysosomes releases cytokines and biological
mediators with various immunological and inflammatory functions. In addition to secret-
ing soluble mediators, platelets express receptors involved with the immune defense, such
as Fc receptors that are able to recognize IgG, IgE, and IgA classes. These receptors may
confer rudimentary antibacterial activities of platelets, such as the secretion of antimicrobial
peptides and phagocytosis against direct interaction with bacteria, viruses, protozoa, or hel-
minths. These immunoreceptors influence platelet adhesion activity through the modulation
of integrin production [76]. Another set of receptors present on platelets with immunological
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action is that of TLRs. Among the 10 TLRs identified in humans, six are expressed in plate-
lets, the TLR-1, -2, -4, -6, -8, and -9. TLR-4 has been shown to modulate sepsis and inducer of
TNF-a in vivo [134]. TLR-2 modulates IL-13 RNA processing, inducing the production of IFN
type 1 and other inflammatory cytokines [135]. The set of inflammatory, hemostatic, angio-
genic, and coagulators reactions are multicellular events that include chemotaxis, adhesion,
interactions between leukocytes, endothelial cells, and platelets in the walls of blood vessels.
Platelets contribute to these interactions through secretion of adhesion proteins and regu-
lation of chemokine synthesis by leukocytes and endothelial cells [136]. Molecules such as
IL-1B, PAF, and P-CD62 stand out as the main mediators derived from platelets, able of acti-
vating leukocytes [137]. Studies have shown that activated platelets induce increased IL-10
expression and decreased TNF-a by monocytes [101].

Several studies have indicated that DENV infection leads to the activation of endothelial cells,
which increase the expression on the surface of the E-CD62 molecule. E-CD62, as well as
P-CD62, are adhesion molecules responsible for platelet adhesion to endothelial cells [113,
138]. In addition to the endothelium, P-CD62 is expressed on the surface of activated platelets,
promoting their interaction with leukocytes and formation of aggregates between platelets
and monocytes and/ or neutrophils in primates [139]. Platelet-monocyte aggregates are also
observed in DENV-infected patients, leading to the synthesis of IL-13, CXCL8/ IL-8, CCL4/
MCP-1, and IL-10 by monocytes [107]. The formation of cell aggregates results in an increase
in the inflammatory response in dengue, as well as contributing to the generation of thrombo-
cytopenia both by the physical retention of cells, by lowering the number of circulating cells
and by the induction of cell death [140]. In 1992, Butthep et al. showed that platelets, as well
as neutrophils and lymphocytes, preferentially bind to endothelial cells exposed to DENV,
compared to cells not exposed to DENV. It has been suggested that increased platelet endo-
thelial cell binding may contribute to thrombocytopenia in dengue patients [141]. Protein
disulfide isomerase (PDI), an endoplasmic reticular protein, is located on the surface of plate-
lets [142] and is involved in the regulation of integrin-mediated platelet aggregation, since
anti-PDI antibodies block platelet adhesion and aggregation [143]. Previous studies have
demonstrated that platelet surface PDI can be recognized by anti-NS1 antibodies. Rachman
and co-workers observed a similar kinetic profile between anti-NS1 and PDI antibodies [144].
PDI enzyme activity and platelet aggregation were reduced with anti-NS1 action. Amino
acid residues 311-330 (P311-330) of NS1 represent an epitope that shares sequence homology
with the PDI thiorretoxin domain [145]. In contrast, although the serum of dengue patients
inhibits platelet aggregation, there is no correlation between anti-NS1 and PDI with platelet
aggregation dysfunction, suggesting that other mechanisms may be involved in the inhibition
of platelet aggregation [144, 145]. Platelets are responsible for the maintenance of vascular
integrity due to the constitutive release of pro-angiogenic cytokines and growth factors. The
a-granule-derived molecules such as angiopoietin-1, a and B-catenins, and PAF bind to spe-
cific receptors on the surface of endothelial cells, causing intracellular signaling that stabilizes
the intercellular adhesion junctions [146]. Angiopoietins, key molecules of vascular integrity,
are also stored in platelets. Both dengue-associated thrombocytopenia and endothelial activa-
tion are associated with an imbalance in the ratio of angiopoietin-2: angiopoietin-1 plasmatic.
Studies have shown that there is an inverse correlation between angiopoietin-1 and plasma
extravasation markers but a direct correlation between angiopoietin-2 and markers of plasma
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extravasation in patients with DHF/DSS [147]. Hottz et al. demonstrated that DENV-infected
patients who showed signs of increased vascular permeability demonstrated a higher per-
centage of platelets and platelet-derived microparticles (MP) expressing IL-1p3 and caspase-1
activator compared to patients who had no evidence change in vascular permeability. These
results were confirmed in experiments in which platelet-derived MPs exposed to DENV
caused an increase in the permeability of endothelial cells that was blocked by IL-1Ra [127].

More recently, proteome analysis related to platelet activating signaling from platelets from
dengue patients demonstrated an increase of PAR-4 (F2RL3), G protein subunits (GNA12 and
GNA14), and p38 MAPK (MAPK14), in which potentially contributing to increased platelet
activation during dengue infection. Moreover, dengue patients had increased P-CD62 sur-
face expression on platelets from patients presenting dengue with warning signs and severe
dengue syndromes compared to mild dengue. In agreement, they observed exhaustion of
the granule-stored chemokine PF4/CXCL4 in platelets from patients with dengue [148], simi-
larly to another study reported that patients with severe dengue have lower levels of PF4/
CXCL4 in plasma when compared to mild dengue patients [149].

4. Conclusion

Platelets are cellular fragments derived from hematopoietic precursors megakaryocytes, pri-
marily associated with coagulation and hemostasis and also with inflammation, immune
response, angiogenesis, and extracellular matrix synthesis. In fact, platelets contain several
preformed molecules, large amounts of mRNA, and the packaged translational process
required to synthesize new biologically active proteins, including growth factors, cytokines,
and chemokines. Platelets are one of the major cell populations affected in dengue, once both
thrombocytopenia and platelet dysfunction are common manifestations of infection and
strongly related to the patient’s clinical outcome. Dysfunction of platelets is implicated in
prothrombotic complications associated with severe cases of dengue. Thus, platelets could
be considered cells that are active against the anti-DENV immune response, and therefore,
thrombocytopenia is a key prognostic factor in the immunopathogenesis of dengue.
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Abstract

In the last two decades, heparin was widely used as an anticoagulant. Besides numerous
advantages of heparin, some patients with heparin administration suffer from a side effect,
the so-called heparin-induced thrombocytopenia (HIT), which can result in thromboses
such as deep vein thrombosis, pulmonary embolism, occlusion of a limb artery, acute myo-
cardial infarct, stroke, and a systemic reaction or skin necrosis. The basic on HIT compli-
cation have been investigated and led to clinical insights. Recent studies provided detail
mechanisms among binding partners in HIT; especially, it has been shown that not only
heparin but also a subset of antibody induce thrombocytopenia. In this chapter, insights
into both heparin- and antibody-induced thrombocytopenia will be discussed and the novel
mechanism of the autoimmune HIT caused by a subset of antibodies will be introduced.

Keywords: heparin-induced thrombocytopenia, HIT, mechanism, binding force,
PF4, antibody

1. Introduction

Heparin-induced thrombocytopenia (HIT) as a severe adverse drug effect occurs when
patients receive heparin anticoagulant to prevent and treat thromboembolic diseases.
Depending on the length of heparin, HIT occurs in <5% of patients receiving high molecu-
lar weight unfractionated heparin, whereas <1% of patients receiving low molecular weight
heparin. In HIT, the immune system considers the platelet factor 4 (PF4), which is altered in
its conformation after binding to heparin (H), to be “foreign” and the formation of anti-PF4/H
antibodies (aPF4/P Abs) occurs. Upon binding to the PF4/H complex, these antibodies acti-
vate circulating platelets and other cells. Typically, 5-14 days after heparin exposure, platelet
count reduces to <15-20 x 10° cells/L (or a > 50% decrease in platelet count). HIT can result
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in thromboses such as deep vein thrombosis (DVT), pulmonary embolism (PE), occlusion
of a limb artery, acute myocardial infarct, stroke, and a systemic reaction or skin necrosis.
Importantly, there is also a subset of anti-PF4/Heparin antibodies (aPF4/H Abs) which, in
the absence of heparin, can lead to symptomatic thrombocytopenia and excessive vascular
thrombosis. The extreme sequela of the aPF4/H Abs is autoimmune HIT, in which individuals
develop multiple vessel occlusions without drug exposure.

2. Heparin-induced thrombocytopenia

Heparin-induced thrombocytopenia (HIT) is a distinct clinicopathologic syndrome caused
by platelet-activating antibodies that bridge between complexes of platelet factor 4-Heparin
(PF4/H) and platelets [1, 2] or endothelial cells [3]. Human platelets are anuclear cell fragments
with discoidal shapes of 1-2 um, originating from the cytoplasm of bone marrow megakaryo-
cytes [4]. Platelets store PF4 (a positively charged tetramer belonging to CXC chemokine fam-
ily) in their alpha granules. Non-activated platelets release some PF4s (Figure 1A) [5]. When
patients take anticoagulant polyanions like heparin, some of these heparins bind to PF4s form-
ing ultra large PF4/H complexes (Figure 1B). Binding of heparin to PF4 induces a conforma-
tional change in PF4s [6-8] which results in an expression of new epitopes. Some patients
develop antibodies against these neoepitopes (Figure 1B). These human-derived antibodies
are defined as anti-PF4/H antibodies (aPF4/P Abs). Each resulting multimolecular complex
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Figure 1. Cartoon illustrates the formation of heparin-induced thrombocytopenia (HIT). (A) Non-activated platelets
secrete several PF4s. (B) with heparin exposure, PF4s form ultra large complexes with long heparins that induce
conformational changes in PF4s. Some patients develop aPF4/H Abs against PF4 neoepitopes. (C) Human-derived
aPF4/H Abs bound PF4/H complexes can adhere to platelet membrane. (D) Fc parts of the antibodies link fcyRlla
receptors on platelet membranes that leads to platelet aggregation/activation. Adapted from [5].
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of an aPF4/P Ab to a PF4/H complex contains two platelet binding sites, that is, one is on the
PF4/H complexes, and another one is on the Fc part of the IgG which binds to FcyRlIla recep-
tors [9, 10] on platelet membranes (Figure 1C). Cross-linking of the platelet Fc receptor results
in platelet activation that releases more PF4s and facilitates formation additional ultra large
immune complexes. These complexes rapidly recruit other platelets into the prothrombotic
process (Figure 1D). Activation of platelets leads to the loss of platelets, massive platelet acti-
vation and even triggers clotting cascade that results in thrombin generation and increases the
risk for vessel occlusions such as venous thrombosis, myocardial infarction or stroke [7, 11, 12].
The binding strength of a blood thrombus has major biological importance. A recent study
could determine directly the binding strength between two platelets at single platelet level
[13]. The binding force increases proportionally to the degree of platelet activation but reduces
with blockade of specific platelet receptors. The method provides major perspectives for testing
and improving the biocompatibility of new materials, quantifying the effect of drugs on plate-
let function, and assessing the mechanical characteristics of acquired/inherited platelet defects.

Heparins are the glycosaminoglycans (GAGs) containing glucosamine residues with a high
degree of sulfation that dictates their biological activities [6, 14, 15]. GAGs play an important
role in the sequestration of plasmodium falciparum-infected red blood cells in the microvascular
endothelium of different tissues [16, 17]. Their pharmacologic activity is mediated by a chemi-
cally unique pentasaccharide sequence present in about 30% of all heparin molecules. Heparin
behaves like simple entropic spring forces, which is produced by sugar rings of heparin flip-
ping to more energetic and more extended conformations [18, 19]. Both low and high molecu-
lar weight heparins are available. The source of high molecular weight unfractionated heparin
(UFH) influences the risk of HIT, i.e. bovine UFH is more likely to cause HIT than porcine UFH
[20-22]. Besides UFH, the low molecular weight heparins (LMWH) produced from UFH by
chemical fractionation, are widely used in clinical practice [23-27]. Due to their shorter chain
length, LMWHs show less strong interaction with PF4. UFH and PF4 form ultra large complexes
(ULCs) when both are present approximately at an optimal 1:1 ratio. Comparing with UFH,
LMWHs form smaller complexes with PF4. ULCs showed a greater capacity to promote platelet
activation than small complexes [28]. These differences in complex formation between UFH and
LMWHs translate into their risk for inducing HIT in patients. LMWHSs induce HIT about 10 times
less frequent than UFH, but HIT still randomly occurs during treatment with LMWHs [29-32].

2.1. Boundary between antigenic and non-antigenic heparin

PF4/heparin (or polyanions) complexes can become antigenic or not depend on heparin (or
polyanion) characteristics. To expose neoepitopes on PF4s relevant for HIT, at least three bonds
between the polyanion and PF4 in the PF4/polyanion complex should be formed [33]. These
neoepitopes on the PF4/polyanion complexes then allow binding of the aPF4/H Abs. The bind-
ing strength of the single sulfate groups on the polyanion with the PF4 does not differ among
polyanions with a different degree of sulfation [33]. The quantity and resulting density of sulfate
groups on the polyanion chain determine their molecular effects on PF4 [33]. In particular, the
polyanions which bind to PF4 tetramer with less than three sulfate bonds are unable to expose
the neoepitope [6, 34]. The results suggest an existence of a boundary between antigenic (risk
for HIT) and non-antigenic heparins (non-risk for HIT). This boundary has been determined by
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applying multiple techniques such as atomic force microscopy-based atomic force microscopy
(AFS) [35], isothermal titration calorimetry (ITC) [6], or circular dichroism (CD) spectroscopy in
combination with enzyme-linked immunosorbent assay (ELISA) [7] (Figure 2).

AFS shows that both numbers of specific rupture events and magnitude of rupture forces rise
with an increase of heparin length, suggesting that long heparins form with PF4 more bonds
than short ones [35]. A larger variation of the rupture forces for long heparins >8-mer com-
pared with short heparins <6-mer was observed (Figure 3A). The enthalpy obtained by ITC
rises with the increase of heparin length and reaches maximal values at ~11-mer (Figure 3B)
[36]. Combining the results obtained by AFS and ITC, the boundary between non-antigenic
and antigenic heparin is determined between 8- to 11-mer. This boundary is further clarified
by CD spectroscopy which is sensitive to the secondary structure and folding properties of
proteins [37]. For PF4/H interactions, the change in 3-sheet content was found to be <30% for
short heparin and >30% for long heparins (Figure 3C). By ELISA, optical density (OD) was
<0.5 for short heparin, while OD was >0.5 for longer heparins (>8-mer) (Figure 3C). The OD
of 0.5 is the threshold to determine whether a heparin used in the ELISA was able to support
binding of aPF4/H Abs. The combination of B-sheet content and OD values show clearly a
dissimilar behavior between short and long heparins (Figure 3C).
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Figure 2. Determination of the boundary between antigenic and non-antigenic heparins. (A) Rupture force histograms
fitted by Gaussian distributions show narrow widths (green arrows) for heparins <6-mer (HO05, HO06) and wider
widths for longer heparins >8-mer (HO08, HO012, HO016). (B) ITC demonstrates lower enthalpy for short heparins
(black dotted box) and higher enthalpy for long heparins (red-dotted box), while a saturation is found at ~11-mer. (C)
Combination of CD spectroscopy and EIA shows that a boundary between short and long heparins is at ~30% 8-sheet
contents and OD ~0.5. Overall, the boundary is determined between 8- and 11-mer. Adapted from [8, 35, 48].
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Figure 3. Model describing different binding pathways between short and long heparins when interacting with PF4
tetramers. (A) Depending on heparin length, short heparin can bind to one PF4 tetramer, (B) whereas long heparin
bridges two PF4s and forces them closer to each other at a distance 1 < L, merging two hydrophobic surfaces of PF4s
(green shaded area). Adapted from [35].

Linking together all the results from AFS, ITC, CD spectroscopy and ELISA, the bound-
ary between antigenic and non-antigenic heparin has been proved between 8- and 11-mer.
These findings are particularly important to understand PF4-Heparin binding processes
and to develop new heparin-derived drugs with reduced risk for adverse immune reactions.
Combination of these techniques allows better characterizing heparin boundary.

2.2. Kinetic properties and binding model of PF4/H complexes

Thermodynamic and kinetic parameters of the ligand-receptor interactions can be obtained
by applying the Bell-Evans [38] or the Friddle [39, 40] models. The models show that the faster
the molecule is pulled, the higher the rupture force will be measured. For simple ligand-
receptor interaction in which multiple interactions are not involved, the rupture force (F)
increases proportionally to the logarithmic loading rate. Even though there is some variation
in the parameters obtained by these two models, Bell-Evans model is still a powerful tool to
determine the kinetics of ligand-receptor interactions [41, 42]. For the PF4/H system, the PF4
tetramer is considered as one antigen or the interaction between heparin and PF4 is formed
by a single bond, and therefore, applicable to the Bell-Evans model [35]. Short heparins show
higher k . values than long heparins, indicating that PF4/long heparin complexes are more
stable than PF4/short heparin complexes (Table 1). With binding affinity (K,) measured by
ITC [6], the thermal on-rate (k =k .. K,) of PF4/H complexes is calculated. The short hepa-
rins bind to PF4s with ~10-20 times faster than long heparins [35].

PF4-Heparins interaction is more complex than general ligand-receptor interactions which
are attributed to the electrostatic attraction. Based on special features in force-distance curves
and the magnitude of PF4/H binding forces, it has been proved that long heparin bound PF4s
creating additional PF4-PF4 bonds [35]. Long heparins form two types of bonds with PFs, i.e.

Parameter HO06 HO12 HO16
k(s 1.64 1.40 x 107 1.10 x 10
k (M's™) 0.41 x 10° 0.32 x 10 0.55 x 10°
AE (k,T) -0.49 4.27 9.12

Table 1. Thermodynamic and kinetic parameters of PF4/heparin interactions [35].

37



38 Thrombocytopenia

(i) PF4-Heparin and (ii) PF4-PF4 bond, whereas short heparins form only one PF4-Heparin
bond. Even though the concept of the PF4-PF4 bond, in general, cannot be accepted because
PF4s are highly positive proteins, and therefore, strongly repel each other. However, when
forming a complex with a highly negative charged heparin, the positive-charged PF4 is prob-
ably neutralized that results in a mergence of two hydrophobic PF4 surfaces [34]. Based on
these findings, a model for PF4-heparin interaction has been proposed (Figure 3). Due to their
sizes, the short heparins simply bind to a single PF4 tetramer (Figure 3A), whereas the long
heparins neutralize positive charges on PF4 tetramers and switch the charges between two
PF4 tetramers from a repulsion to an attraction. Heparin reacts as a catalyst that forces two
PF4 molecules close to each other within a distance 1 (I < L), resulting in two merged hydro-
phobic PF4 surfaces (Figure 3B). This way of interacting results in the extremely stable PF4/H
complexes, especially for long heparins.

A sequence in the formation of PF4/heparin complexes has been identified. When a long hep-
arin comes closely to PF4s, heparin forms first bonds with positively charged clusters on PF4s
and then it pulls closely PF4s together to form PF4-PF4 bonds [35].

Based on bond energy (AE), quantitative information of bond transitions can be calcu-
lated following the study of Wang et al. [43]. The bond transitions of short heparin from
the weak positive-charged area on PF4 release energy, whereasPF4-PF4 bonds consume
energy [35]. In contrast to short heparin, the bond transitions of long heparins in both
cases release energy, while their interactions with the positively charged clusters consume
energy (Table 1). Based on energy level, PF4-PF4 interaction is attributed to be stron-
ger than the bonds between heparin and non-clusters of positive-charged areas on PF4.
However, PF4-PF4 interaction is weaker than the interaction between heparin and clusters
of positive charges on PF4.

3. Antibody-induced thrombocytopenia

Immunocomplexes composed of aPF4/P Abs and PF4/polyanion (PF4/P) complexes on the
platelet surface induce platelet aggregation via cross-linking FcyRIIA receptors [9, 10]. They
also bind to the surface of endothelial cells and monocytes [44-46], inducing procoagulant
activity [44, 47]. Heparin-induced thrombocytopenia has been well understood. Recent stud-
ies reported that a subset of human-derived autoantibodies in some patients also can induce
thrombocytopenia in a heparin-similar manner.

3.1. Human-derived HIT antibodies

All aPF4/P Abs bind to immobilized PF4/P complexes in ELISA [48], but only some of them
activate platelets in functional assays, e.g. the heparin-induced platelet activation assay (HIPA)
[48] or the serotonin release assay (SRA) [49, 50]. Human-derived aPF4/P Abs compose of three
groups, i.e. the antibodies do not activate platelets in HIPA test (group-1 Abs); the antibodies
activate platelets in HIPA but require heparin (group-2 Abs); the antibodies activate platelets
even without heparin (group-3 Abs) (Figure 4). Group-3 Abs developed from patients who
had clinical autoimmune HIT, and therefore, they are defined as ‘autoantibodies’ [51].
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Figure 4. Different reaction patterns of aPF4/H antibodies. (Right) pyramid shows antibodies of three groups, all positive
in EIA. Group-1 (blue) do not activate platelets (HIPA -); many Abs belonging to group-2 do not induce HIT (yellow),
some induce HIT (gold) and others induce HIT with thrombosis (dark red). Recent studies found an additional small
subset of patient’s content autoimmune group-3 HIT Abs (red). (Left) visualization of platelet aggregates-induced by
different antibody groups imaged by scanning electron microscopy in the presence (+) or absence (-) of heparin: Group-1
abs induce (bottom left) only small aggregates reflecting the background platelet activation; group-2 Abs (middle, left)
cause large aggregates only in the presence of heparin; group-3 Abs induce large aggregates even in the absence of
heparin. Same scale bar for all images. Adapted from [55].

3.1.1. Characteristics of human-derived HIT antibodies

In contrast to the detailed characterization of the PF4/polyanion complexes, little is known
about the features of aPF4/H Abs in the pathogenesis of HIT. Exploring the characteristics
of HIT antibodies bears a potential to better understand general mechanisms of antibody-
mediated autoimmunity HIT. However, there is a difficulty in subtracting the pathogenic HIT
antibody directly from human sera because both pathogenic and non-pathogenic antibodies
bind to the PF4/H antigen.

Newman et al. reported that aPF4/P Abs can be purified by PF4-agarose beads [3]. Later in
2000, Amiral et al. described that affinity purification of aPF4/P Abs resulted in a mixture of
IgA, IgM, and IgG [52]. In this mixture, only a subset of IgG antibodies activates platelets
[49]. Contamination of IgA, IgM, and IgG antibodies will increase the difficulty in character-
izing aPF4/P Abs. To overcome this limitation, two-step affinity chromatography has cur-
rently established to separate aPF4/H Abs from HIT patients sera. By this method, aPF4/P Abs
from sera of patients were successfully isolated for three antibody groups. The purified Abs
showed similar characteristics as the original serum in EIA and HIPA. Titrating the antibodies
in ELISA, all antibody groups show an increase of OD with increasing antibody concentra-
tion (Figure 5A). OD values are highest for group-3, followed by group-2 and then group-1
Abs. In the HIPA test, group-1 Abs did not cause platelet aggregation up to a concentration of
89.7 ug/mL; group-2 Abs induced platelet aggregation from concentrations >43.5 pg/mL, but
only in the presence of heparin; while group-3 Abs induced platelet aggregation from concen-
trations 5.2 ug/mL independently of heparin (Figure 5B). This is consistent with previous
findings that chondroitin sulfate plays an important role in platelet activation by PF4/P Abs,
even in the absence of heparin [53, 54].

39



40 Thrombocytopenia

A 35 Bgw
r=B= Group-2 -k~ Group-3 - = .
3.0 . gw — HIPA: +
] 2] B
2.5 E
35 2,0 < 601
< o
g 115 E 404
1,0 §
c 204
0.5 8 I l pg/mil
0.0 —__~*=Control IgG _-@- Group-1 (g] 0
0 3 60 90 120 150 = -+ - - 4+ Heparin
[ABS] (pg/ml) Group-1 Gruup2 Group-3

Figure 5. Dose-dependent binding of aPF4/P Abs to PF4/H complexes in EIA and HIPA. (A) EIA shows the lowest OD
of control IgG (black) as the background reaction, follow by group-1 (dark cyan), higher for group-2 (blue) and highest
for group-3 (red) Abs. (B) HIPA tests show a dependence of platelet aggregation on antibody concentration: Group-1
Abs do not activate platelets, neither in the absence (=), nor in the presence (+) of reviparin up to a concentration of
89.7 ug/mL (dark cyan); group-2 Abs (blue) induced platelet activation (red part) at concentrations >44 pg/mL but only
in the presence of reviparin; group-3 Abs (red) activated platelets at much lower concentrations (=5 pg/mL) either in the
presence or absence of reviparin. n =5 sera per group. Adapted from [55].

3.1.2. Binding strength of human-derived HIT antibodies

The binding strength between the antibody and PF4/H complexes is determined by AFS. A
single aPF4/H Abs is immobilized on the cantilever and then approach to the PF4/H complexes
coated on a solid phase for interacting and measuring of their binding strength. Weakest bind-
ing forces were measured for monoclonal antibody KKO mimicking human HIT antibodies
(43.6 +8.8 pN, gray) and group-1 Abs (44.0 £ 8.1 pN, green), higher for group-2 Abs (60.6 +15.4
PN, blue) and highest for group-3 Abs (72.4 + 26.2 pN, red). Statistics showed no significant
difference between KKO and group-1 Abs (p = 0.877), significant difference between group-1
and group-2 Abs (p < 0.001), or between group-2 and group-3 Abs (p = 0.006)) (Figure 6) [55].

Group-3 Abs bound to PF4/H complexes with much higher binding energy (AH = -2.87
+2.06 x 10® cal/mol) than group-2 Abs (AH = -2.90 + 0.4 x 10* cal/mol), and their dissocia-
tion constant (K_) (~5.3 nM) was about two orders of magnitude lower than that of group-2
Abs (~1.7 x 10> nM). The binding strength of PF4 to heparin ~150 pN [35] is higher than that
between group-3 Abs and PF4/H complexes (mostly lower than 150 pN) [55]. Besides that,
the group-3 Abs have a highest binding affinity (k , = 0.12 s™') as compared with group-1
Absy (k .=15.6s7), group-2 Abs (k ,=2.0s"), or KKO (k_,=2.2s"). The lowest thermal off-
rate specify that multiplexes induced by PF4/H complexes with group-3 Abs are more stable
than those formed with other antibody groups. Furthermore, KKO and group-1 Abs contain
antibodies with similar characteristics, and therefore, they interacted rather uniformly with
PF4/H complexes. This has been clarified by obtaining the relatively small differences among
the rupture forces (<60 pN, Figure 6A-B) measured from different cantilevers. However,
group-2 Abs contain different types of antibodies as observed by a large variation of all bind-
ing forces (~40% exceeded 60 pN). For group-3 Abs, the variation of binding force is even
higher than that of group-2 Abs as shown by ~44% of all binding forces 260 pN and ~15%
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Figure 6. Binding characteristics of aPF4/H Abs. Each dot shows the mean and standard error of the rupture force
for each respective antibody from five sera per group. (A) KKO and (B) group-1 Abs bind to PF4/H complexes with a
binding strength mostly <60 pN (black dotted line), while (C) group-2 and (C) group-3 Abs consist of Abs with different
binding forces. (D) a subset of group-3 Abs binds to PF4/H complexes with rupture forces higher than 100 pN (red-
dotted line). Adapted from [55].

even exceeded 100 pN. The low variability in binding forces of KKO and group-1 Abs has
been attributed to the fact that they contain homogeneous antibodies, whereas the patient’s
sera such as group-2 and group-3 Abs contained polyclonal mixtures of aPF4/P Abs differ-
ently reactive. Among these human-derived Abs, it has been proved that the group-2 contains
also antibodies reacting like group-1 Abs, while group-3 is highly complicated as it composes
of not only antibodies reacting like group-1 and group-2 Abs but also some additional super
strong reactive antibodies. The aPF4/H Abs show different reactivity patterns under various
pH and ionic strength conditions [56].

3.1.3. Autoimmune antibodies cluster PF4

The autoimmune group-3 Abs activate platelets in the absence of polyanions because they can
self-cluster PF4 to form PF4/group-3 antibody complexes without the need of heparin [55].
This characteristic of autoimmune group-3 Abs has been proved by various methodologies:

First, the autoimmune group-3 Abs could be purified from the patient’s sera using a PF4-
column (instead of the PF4/H column). Hardly any PF4/P Abs were obtained from control and
group-1 sera; group-2 sera showed a minimally increased IgG yield. When these antibodies
are concentrated to 50 pg/ml, only antibodies purified from group-3 sera activated platelets
in the HIPA. The results indicate that group-3 sera contain antibodies with PF4 specificity,
which activate platelets.
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Next, only autoantibodies (group-3) show strong interaction with PF4 alone by ITC. When the
antibodies were tested at the same concentration of 62.5 nM, KKO and group-2 Abs did not
interact with PF4, while group-3 Abs interacted strongly. As the interaction between group-3
Abs and PF4 alone showed two binding sites (stoichiometry n=C,,./C,., = 0.53 £ 0.003), these
Abs can cluster two PF4 molecules. Increasing antibody concentration did not improve bind-
ing of KKO to PF4 whereas group-2 Abs weakly interacted with PF4. However, the binding
energy released by group-2 Abs is only 0.1% compared to that of group-3 Abs.

Consistently, PF4 or PF4/H EIA show that group-3 Abs bound quite strong to PF4 while
other antibodies did not even though all Abs bound much stronger to PF4/H complexes than
to PF4 alone. By AFS, group-1 and group-2 Abs showed much less binding events to PF4
than to PF4/H complexes, while the super-reactive group-3 Abs showed similar bindings. In
addition, the interaction forces of group-3 Abs purified via a PF4-column with PF4/H com-
plexes showed the highest range of binding forces (~100 pN). These results again indicate
that group-3 Abs bind strongly to PF4 alone independently from heparin, while bindings of
group-1 and group-2 Abs are heparin-dependent.

By dynamic light scattering (DLS), group-3 Abs formed the largest complexes with PF4 as
compared to other antibody groups with even larger size than PF4/H complexes further indi-
cate that group-3 Abs can cluster PF4.

The binding energy generated by the interaction of group-3 Abs with PF4 in the ITC experi-
ments (AH =-3.5 + 0.86 x 10’cal/mol) is much higher than the energy released when a 16-mer
heparin interacts with PF4 (AH = -7.26 + 1.36 x 10° cal/mol) [6]. As 16-mer heparin can force
two PF4 molecules together, based on their high energy release, group-3 Abs most probably
also can force two PF4 tetramers together. In addition, the negative entropy of the reaction
(AS =-11.7 + 2.8 x 10* cal/mol. K) is attributed to PF4 conformational change when forming
complexes with the group-3 Abs. By DLS, the size complexes formed by PF4 and group-3 Abs
increases significantly when the group-2 Abs are added, indicating that group-3 Abs, induce a
conformational change in PF4 and the resulting PF4/group-3 antibody complexes allow bind-
ing of group-2 Abs in the same way as polyanions do.

Altogether, PF4 form large complexes with heparin and allow group-2 Abs bind and induce
platelet aggregation/activation (Figure 7A-C). Importantly, a subset of group-3 Abs cluster
PF4 and the resulting PF4/Group-3 antibody complexes also allow binding of group-2 Abs
and enhance platelet aggregation/activation even stronger than heparins do as shown by
tighter and denser aggregates (Figure 7D-F).

3.2. HIT-like antibodies

Many studies in HIT have been performed with human aPF4/P Abs isolated from patient
plasma because only one monoclonal antibody (KKO) mimicking human HIT antibodies did
exist until recently [57]. KKO activates platelets [58] and monocytes [59] in vitro and in vivo
by cross-linking FcyRIIa. KKO has been used to unravel the pathogenesis of HIT and is the
basis for a recently FDA approved plasma-based antigen assay (HIT-HemosIL) for detection
of PF4/P antibodies [60, 61]. KKO mimics the biological activity of human aPF4/P Abs [62]
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Figure 7. Group-3 Abs cluster PF4 and enhance platelet activation. (A) PF4 form large complexes with heparin and the
resulting PF4/H complexes allow (B) group-2 Abs bind and (C) induce platelet aggregation/activation. (D) a subset of
group-3 Abs cluster PF4 forming PF4/Group-3 antibody complexes which also (E) allow binding of group-2 Abs and (F)
enhance platelet aggregation/activation evidenced by tighter and denser aggregates compared to (C). Adapted from [55].

and has been used to understand the binding characteristics of an antibody recognizing PF4/P
complexes and activating platelets [62, 63]. Binding of a non-HIT antibody RTO to PF4 mono-
mers prevents PF4 tetramerization and inhibits KKO and human HIT IgG-induced platelet
activation/aggregation in vitro, and thrombus progression in vivo. The probability and the
interaction force of KKO binding to PF4 are much greater than those of RTO, while KKO/
PF4 dissociation rate was approximately 10-fold slower than RTO/PF4 [62, 63], indicating that
KKO binds stronger than RTO and KKO/PF4 complexes are more stable than RTO/PF4.

KKO interacts with PF4/H complexes coated platelets with ~4-fold higher forces than with
PF4/H complexes coated on a solid phase, while RTO shows only a minor change [64]. The
different binding forces strongly indicate that PF4 and PF4/H complexes either expose differ-
ent epitopes or allow better access of platelet-activating Abs to their epitope when PF4 bound
to the platelet surface compared to the presentation of PF4/H complexes on a solid phase.
Most probably, PF4/H complexes exhibited the antigenic site differently depending on the
bound substrates [53]. The findings provide an explanation for the surprising observation that
KKO interact relatively weak when PF4/H complexes are immobilized on a solid phase [55],
while it strongly activates platelets in functional assays. It is unresolved, which additional
binding partners on the platelet surface interfere with the conformational change or different
presentations of PF4/H complexes. Nevertheless, chondroitin sulfate [53] and polyphosphates
[65] are potential candidates, as they interact with PF4.
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However, KKO is a mouse IgG2b antibody (an absent subclass in humans) [66], while the
platelet-activating aPF4/P Abs present in HIT plasma samples are predominantly IgG1. KKO
behaves differently from human aPF4/P Abs, i.e. it binds only weakly to PF4/H complexes
coated on a solid phase [64]. Recently, a chimeric monoclonal aPF4/H Abs with a human Fc
fragment (5B9) has been developed [67]. The 5B9 antibody has been demonstrated to fully
mimic the cellular effects of human HIT Abs [10, 68].

4. Diagnosis of HIT

Immunologic assays, such as polytypic ELISA, IgG-specific ELISA, and particle gel immu-
noassay (PGI) have a sensitivity, are widely used to detect aPF4/H Abs in the diluted human
sera because of their high sensitivity (295%) and the fast turn-around. However, only ~50%
of aPF4/H Abs detected by antigen tests are clinically irrelevant. The results from positive
immunologic assays may lead to an overtreatment for HIT that can result in serious conse-
quences, such as venous limb gangrene or fatal hemorrhage [69]. However, immunologic
assays are still powerful tools to rule-out patients with HIT. The cut-off optical intensity (OD)
in ELISA was defined at 0.5. An ELISA test showing OD > 0.5 is normally suspected to contain
aPF4/H Abs. To increase the specificity of clinically relevant antibodies, a higher OD cut-off
for the antigen tests (e.g. OD > 1.0) had been suggested [70].

Even though functional assays such as by serotonin release assay (SRA) [71] or HIPA [72] have
a sensitivity of ~90% which is slightly lower than the immunologic assays, these tests show a
much better specificity of over 90%. For the better identifying HIT, it is recommended that a pos-
itive PF4/H ELISA should prompt confirmatory testing by functional assays [73]. However, the
functional assays are only available in specialized laboratories and not available in many coun-
tries. Therefore, many physicians rely on the results of antigen tests, especially for the first days
after clinical suspicion of HIT has been raised until the results of the functional assay is reported.

Besides immunologic assays and functional assays, the chemiluminescent immunoassays
such as HemosIL AcuStar HIT-IgG and HemosIL AcuStar HIT-Ab have been recently intro-
duced. These methods are relatively faster (~30 minutes) than the immunologic assays (hours)
and showed extremely high sensitivity (~100%) [74]. The assays seem to be ideal for ruling out
HIT. Another study used a colorimetric test to detect HIT based on the interaction between
platelets and tetrazolium-based indicator dye [75]. The authors reported the quality of detect-
ing HIT is from 96 to 100% agreement with the functional assay C-SRA.

5. Conclusion

Not only heparin but also autoimmune antibodies induce thrombocytopenia. Large antigenic
complexes formed between PF4 and either heparin or antibody activate platelets, cause a
prothrombotic and result in a variety of thromboembolic and systemic consequences. In auto-
immune HIT, aPF4/P Abs activate platelets in the absence of heparin. These antibodies are
highly reactive. They can self-cluster PF4-molecules forming antigenic complexes and allow
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binding of otherwise aPF4/P Abs. The resulting immunocomplexes induce massive platelet
activation in the absence of heparin. The source and length of heparins play an important
role in inducing thrombocytopenia. Improvement of heparin quality together with discover-
ing new non-heparin drugs should be highly desirable. Patients who are suspected of HIT
need to be immediately stopped heparin exposure and switched to an alternative anticoagu-
lant. Regarding patients with antibody-induced thrombocytopenia, the level of complication
is much higher than the general heparin-induced thrombocytopenia. To date, these human-
derived antibodies are hardly controlled, and therefore, efforts in the field would be appreci-
ated. Clinical tests for detecting HIT antibodies as well as autoimmune HIT antibodies must
be improved to achieve an appropriate identification of clinical HIT patients.
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Abstract

Antiphospholipid syndrome is characterised by arterial and venous thromboembolic
events and pregnancy morbidity (mainly, recurrent foetal losses), in the presence of
antiphospholipid antibodies. Diagnosis is based on the presence of at least one laboratory
and at least one clinical manifestation of antiphospholipid syndrome. There are also so-
called “non-criteria” clinical features, and thrombocytopenia is one of the most important
among them. Thrombocytopenia has been reported with a prevalence between 30 and
46% among patients with antiphospholipid syndrome. The pathogenesis of thrombocyto-
penia related to antiphospholipid antibodies is not absolutely clear. Binding of antiphos-
pholipid antibodies to platelets and the promotion of platelet activation and aggregation
thus thrombus formation must be an important mechanism as well as the immune-medi-
ated clearance of platelets. Thrombocytopenia in antiphospholipid syndrome is usually
mild and does not require clinical intervention. The presence of thrombocytopenia in
patients with antiphospholipid syndrome is typically associated not with haemorrhagic
complications, rather it can trigger thrombotic events. Other causes of thrombocytopenia,
such as TTP, SLE, MDS, and ITP should be excluded. As thrombocytopenia is usually mild
and it predicts later thrombosis, patients may be given platelet aggregation inhibitors and/
or anticoagulant therapy. Anti-thrombotic treatment should be stopped only in case of
severe thrombocytopenia.

Keywords: antiphospholipid syndrome, APS, antiphospholipid antibody,
thrombocytopenia, thrombosis, SLE, pregnancy

1. About antiphospholipid syndrome

Antiphospholipid syndrome (APS) is characterised by arterial and venous thromboembolic events
and pregnancy morbidity (mainly, recurrent foetal losses), in the presence of antiphospholipid anti-
bodies (aPLs). APS (or Hughes” syndrome) was first described by GR Hughes in 1983 [1]. APS is a
non-inflammatory autoimmune disease, or autoimmune thrombotic disorder, because autoantibodies
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are generated against different epitopes of the participant of the coagulation system (mainly
against phospholipid-binding proteins) that result in thrombosis. These antiphospholipid anti-
bodies are a heterogeneous group of autoantibodies. Lupus anticoagulant (LA), anti-cardiolipin
antibodies (ACA) and anti-B2 glycoprotein 1 (a2GPI) are the most important among them [2].

APS may be a secondary disease, as it frequently associates to systemic autoimmune diseases
such as SLE and also to malignant lymphoproliferative diseases and chronic hepatic disorders
[3]. On the contrary, APS can appear without any underlying disease, and in this case, it is
called primary antiphospholipid syndrome.

Neurologic involvement in APS is common and can be manifested by headaches, memory
impairment, dizziness, epilepsy and blurred vision, but the most common presentations are
transient ischaemic attacks and ischaemic strokes. Some of them are not thrombotic manifesta-
tions but are generated by connection of aPL antibodies and an antigen in the nervous system [4].

There is a special form of APS: the obstetric antiphospholipid syndrome (OAPS). It is
characterised clinically only by obstetrical morbidity: at least two unexplained miscarriages,
three non-consecutive miscarriages, preeclampsia, placental abruption, foetal growth restric-
tion, stillbirth, premature birth, or two or more unexplained in vitro fertilisation failures [5, 6].

Catastrophic antiphospholipid syndrome (CAPS) is rare, but very serious form of APS. The
mortality rate is very high. CAPS is characterised by thromboses generating in two or more
organs in a few days. That leads to infarction and necrosis of the affected tissues causing multiple
organ failures [7].

Standard care for thrombotic APS is indefinite anticoagulation with a vitamin K antagonist [8].
There is currently insufficient evidence to recommend the routine use of direct oral anticoag-
ulants (DOAC) in thrombotic APS [9].

The 13th Task Force recommendation for primary thromboprophylaxis in APS supports the
use of aspirin [10]. A recent meta-analysis conducted on a total of 1208 asymptomatic patients
with persistently positive aPL has shown that low-dose aspirin (LDA) is associated with
significant risk reduction in arterial but not in venous thrombosis when compared to placebo
[11]. Aspirin with low molecular weight or unfractionated heparin may reduce the incidence of
pregnancy loss in obstetric APS [12]. Aspirin alone is advised for treating patients with aPL-
associated stroke or acute myocardial infarction [13].

Treatment regimens of APS further include hydroxychloroquine, statins, B-cell inhibitors,
complement inhibitors, blocking of aPL/B2 GPI receptors on target cells and tissue factor
inhibitors [14].

A combined therapy of anticoagulation, glucocorticoids, plasma exchange and intravenous
immunoglobulin (especially in the presence of infection) can be used in complicated cases of
multiorgan failure due to thrombosis as in CAPS. Cyclophosphamide can also be used in
CAPS in the presence of secondary autoimmune disease such as SLE [15]. Rituximab can also
be used in refractory cases after failure or inability to take the above-mentioned combined
therapies or in the presence of micro-angiopathic haemolytic anaemia [16].

However, the majority of aPL-positive patients do not have thrombosis. That is why the
stereotypical treatment for APS patients should be avoided and stratification of the thrombotic
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risks is important as aPLs are prevalently observed in various diseases or elderly population.
Current risk-stratification tools are largely limited to the antiphospholipid antibody profile
and traditional thrombotic risk factors.

Novel biomarkers that correlate with disease activity and potentially provide insight into
future clinical events include domain 1 specific anti-32GPI antibodies, antibodies to other
phospholipids, or phospholipid-protein complexes (such as antiphosphatidylserine/prothrom-
bin antibodies (aPS/PT)), and functional/biological assays such as thrombin generation, com-
plement activation, levels of circulating microparticles, and annexin A5 resistance [17].

Clinical risk scores (antiphospholipid score (aPL-S) and the Global Anti-phospholipid Syn-
drome Score [GAPSS]) may also have value in predicting clinical events [18].

2. Diagnosis of APS

Diagnosis of APS is based on the Sapporo criteria (proposed in 1999 and updated in 2006 after
a conference in Sydney, Australia) [19].

These include at least one clinical and at least one laboratory manifestation of APS. Clinical
criteria include objectively confirmed venous, arterial, or small vessel thrombosis, and/or obstet-
ric morbidity including recurrent miscarriage, stillbirth, or intrauterine growth retardation.

The laboratory criteria require demonstration of a persistent presence of lupus anticoagulant
(LA), anti-cardiolipin (ACA) or anti-2GPI antibody (IgG or IgM). Antiphospholipid antibody
positivity can be stated if at least one of these antibodies could be detected twice, 12 weeks
apart. LA is measured by the help of coagulation tests, while ACA and anti-B2glycoprotein 1
(aP2GPI) are determined by means of ELISA. LA results are expressed as qualitative data and
only strong positivity carries clinical significance. In case of ACA and a2GPl, antibody
medium/high titres of IgM and/or IgG subtype have important clinical value (Table 1).

Clinical symptoms of APS include thrombosis in any blood vessel of any organ. Typically,
thrombosis may recur and can present both in arteries and in veins. Anti-phospholipid anti-
bodies represent the strongest thrombophiliac factors, mainly LA.

Although thrombosis due to APS does not differ from thrombosis caused by any other factors,
some other symptoms and signs may accompany to the elevated blood clotting: for example, if
a patient presents with thrombosis and also has livedo reticularis, it is very likely that throm-
bosis is a manifestation of APS.

Besides, there are only a few situations when arterious and venous thrombosis present on the
same patient. This and the recurrence of the thrombotic event is very likely refers to APS.

There are the so-called “non-criteria” clinical features of APS, such as livedo reticularis, cardiac
valve disease, haematological manifestations (thrombocytopenia and haemolytic anaemia),
nephropathy and neurological manifestations (migraine, chorea and epilepsy).

Non-criteria manifestations mean that the presence of these characteristic features of the
disease is not a requisite of the diagnosis, or with other words, they are not the sine qua non of
the diagnosis.
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Vascular >1 clinical episode of arterial, venous or small vessel thrombosis.

thrombosis Thrombosis must be objectively confirmed.
For histopathological confirmation, thrombosis must be present without inflammation of the vessel
wall

Pregnancy 21 unexplained death of a morphologically normal foetus >10 weeks of gestation

morbidity >1 premature delivery of a morphologically normal foetus <34 weeks of gestation because of:

i severe preeclampsia or eclampsia defined according to standard definition;

®  recognised features of placental insufficiency

>3 unexplained consecutive miscarriages <10 weeks of gestation, with maternal and paternal factors
(anatomic, hormonal or chromosomal abnormalities) excluded

Laboratory Presence of antiphospholipid antibodies (aPLs), on two or more occasions at least 12 weeks apart and
criteria no more than 5 years prior to clinical manifestations, as demonstrated by >1 of the following:

®  Lupus anticoagulant;
i Medium to high-titre (>40 GPL or MPL, or >99th percentile) anticardiolipin IgG or IgM;
®  Anti-p2 glycoprotein-I (anti-B2GPI) IgG or IgM >99th percentile

Table 1. Revised classification criteria for antiphospholipid syndrome [19].

Thrombocytopenia is the most relevant non-criteria manifestation of APS.

However, despite the pro-thrombotic nature of APS, thrombocytopenia is one of the most
common non-criteria findings of the disease. Recently, thrombocytopenia is proposed to be a
diagnostic clinical criterion of APS.

In case of OAPS several disease processes may occur in the placentae of women with
antiphospholipid syndrome due to the antiphospholipid autoantibodies, not only thrombosis
and infarction, but also inflammatory events, mediated by cytokine release, complement
activation, angiogenic imbalance and activation of immune cells [20].

3. Epidemiology of APS

Presence of aPL Abs per se does not guarantee a patient will develop APS as only 8.1% of
patients with aPL antibodies without a history of clinical thrombosis developed thrombosis
during a 5-year follow-up period, suggesting that a patient needs an additional insult to
develop the clinical disease [21, 22]. The prevalence of the antibodies increases with age [23].

Forty percent of patients with APS have SLE. The prevalence of ACA in SLE is from 12 to 30%,
and LA is found in 5-34%. From the patients with SLE and aPL antibodies 50-70% progress to
APS.

The incidence of the APS is around five new cases per 100,000 persons per year, and the
prevalence is around 40-50 cases per 100,000 persons [24].

The aPLs are positive in approximately 13% of patients with stroke, 11% with myocardial
infarction, 9.5% of patients with deep vein thrombosis and 6% of patients with pregnancy
morbidity [16]. These data can underline the significance of APS.
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According to another study, patients with cerebrovascular events who are less than 50 years
old have shown 17.4% prevalence of positive aPL with five times increase in the risk of
ischaemic stroke [25].

Thrombocytopenia is the most common non-criteria hematologic manifestation of APS. It has
been reported with prevalence between 30 and 46% among APS patients [26].

There is a difference between primary and secondary APS patients in respect of the frequency
of thrombocytopenia: in Euro-Phospholipid project, the frequency of thrombocytopenia in
patients with PAPS was 21%, while it was 41.9% in patients with secondary APS [27].

4. Role of platelets in APS

Platelets play a key role in APS-related thrombosis due to the presence of multiple receptors
that can interact with anti-32-GPI antibodies (especially apolipoprotein E receptor 2’ (apoER2’)
and glycoprotein Iba (GPIba)) with consequent release of different pro-coagulant mediators
such as thromboxane B2, platelet factor 4 (PF4) and platelet factor 4 variant (CXCL4L1) [28].

In case of APS, thrombosis results from a hypercoagulable state caused by activation of
endothelial cells, monocytes and platelets. It has been demonstrated that platelets are required
for enhanced activation of the endothelium and fibrin generation by the anti-32GP1 autoanti-
body/B2GP1 complex. Thus, the first event is the activation of thrombocytes, endothelial cells
are activated indirectly [29].

Platelet activation, a major contributing factor of arterial thrombosis in APS, might play a role
in APS-related thrombosis in at least two ways:

First, due to the presence of multiple receptors that can interact with antibodies, platelets can
facilitate the dimerisation of 32-GPI enhancing the coagulation response.

Second, platelets provide a surface for coagulation reactions [30].

The role of thrombocytes in the pathogenesis of APS is supported by the fact that circulating
platelet- and endothelial-derived microparticle level are elevated in patients with primary
APS [31].

Mouse models of APS have shown that platelets are the first target for circulating anti-32-GPI-
[32-GPI complexes, and the enhancement of endothelium activation is also platelet thrombus-
dependent [29].

5. About thrombocytopenia in general

The normal value of platelet count is between 150 and 300 x 10”/L. Platelet number between
100 and 150 x 10%/L is considered as normal in some studies. That may be the cause of some
controversial research data. Decreased thrombocyte number might be present because of
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Increased platelet activation and destruction

Immune-mediated (aPL-related, secondary ITP)

Thrombotic microangiopathy (CAPS, HELLP syndrome, HUS, TTP)
Drug-induced (e.g., heparin)

Decreased platelet production

Haemophagocytic syndrome

Bone marrow necrosis

Increased platelet pooling

Pseudothrombocytopenia

CAPS: catastrophic antiphospholipid syndrome; HELLP: hemolysis, elevated liver enzymes, and low platelet count;
aHUS: atypical hemolytic uremic syndrome; TTP: thrombotic thrombocytopenic purpura.

Table 2. Mechanisms of thrombocytopenia in antiphospholipid antibody (aPL)-positive patients [34].

several reasons. The two main categories are the decreased thrombopoiesis in the bone mar-
row and the increased destruction of platelets in the peripheral blood [32].

Consequences depend on the degree of thrombocytopenia: under 20 x 10%/L it is considered
severe, between 20 and 50 x 10°/L moderate and above 50 x 10°/L mild thrombocytopenia [33].

It is not only the number but also the thrombocyte function has a great importance in respect of
consequences of thrombocytopenia: even a few thrombocytes can provide a satisfactory per-
formance if the underlying disease does not diminish thrombocyte function. For example, in
case of acute leukaemia patient may have bleeding even with a higher platelet number than
that patient with immune thrombocytopenic purpura (ITP) who will be fine with a much
lower thrombocyte count.

In case of the so-called consumptive thrombocytopenia, the basic phenomenon is the activa-
tion of platelets. Activation leads to thrombosis generation, factors of blood coagulation such
as platelets are utilised and the thrombocyte number will decrease. As a secondary process
bleeding occurs (Table 2).

6. Thrombocytopenia in APS

Thrombocytopenia is frequently found in patients with the APS and is usually mild (70-
120 x 10°/L) and benign, with no intervention required. In a few cases it can be severe and
aggressive treatment may be required. Low platelet counts usually appear associated with
other APS manifestations, but sometimes it may be the only sign of APS [35].

The same working group has compared the frequency of thrombocytopenia in different sub-
groups of APS. They found no differences in the occurrence of low platelet number in patients
with primary or secondary APS [35].

Thrombocytopenia is a frequent phenomenon of SLE. Increased concentrations of aPL anti-
bodies have been found to be common in patients not only with SLE, but also with immune
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thrombocytopenic purpura (ITP). No clinical significance or role in mechanisms of thrombo-
cytopenia of aPL antibodies was found [36]. In an earlier study, about 30% of ITP patients had
a positive aCL test at the time of diagnosis [37]. In case of Evans syndrome (thrombocytopenia
and haemolytic anaemia) aPL autoantibodies are also frequently present.

7. Pathogenesis of thrombocytopenia in APS

The pathogenesis of thrombocytopenia related to aPL antibodies is still unclear. It is possibly
caused by direct binding of anti-32-GPI antibodies or anti-B2-GPI-B2-GPI complexes on acti-
vated platelets and promotes their aggregation and thrombus formation, so thrombocytopenia
is a consequence of consumption of platelets.

On the other hand, thrombocytopenia in APS may be due to immune-mediated clearance of
platelets, as in case of ITP [38].

8. Characterisation of thrombocytopenia in APS

Thrombocytopenia in APS is usually mild (70-120 x 10°/L) and does not require clinical
intervention. In most of the cases, the main significance of thrombocytopenia is that it can be
a sign, and when noticed it, the presence of aPL antibodies can be found. Severe thrombocyto-
penia (platelet count <50 x 10°/L) may be seen in 5-10% of patients [37].

9. Clinical significance of thrombocytopenia in APS

Interestingly, the presence of thrombocytopenia in patients with APS is not typically associated
with haemorrhagic complications; rather it can trigger thrombotic events. Even more, it has
been proven that the more severe the thrombocytopenia, the higher the probability of future
thrombosis.

In a retrospective study 138 patients were enrolled with positive aPL without fulfilling clinical
criteria for APS, after a mean follow-up of 146 £ 60.3 months, 29.4% with thrombocytopenia
developed thrombosis. They concluded that aPL-positive patients who develop thrombocyto-
penia have a potential risk of developing thrombosis [39].

Platelet activation plays an essential role in the development of atherosclerosis. In case of
arterial thrombosis, the role of platelets is also essential. Continuous platelet activation in
patients with APS may be involved, among other factors, in accelerated atherosclerosis. More-
over, atherosclerosis and its thrombotic complications may be mediated by local secretion of
molecular effectors embedded or packed into microvesicles from the platelet surface [40].

A fundamental role of platelets and platelet activation in the process of thrombosis generation
of APS patients has been supported by several data. These data suggest that aPL antibodies do
not interact with circulating platelets in these patients. Instead, anti-32-GPI-32-GPI complexes
bind exclusively to the platelet thrombus and not to the endothelium, a phenomenon leading
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to the amplification of platelet activation [29]. A possible explanation might be that aCL
antibodies are able to bind the lipid component of platelet membrane only after platelet
activation. In fact, major binding targets are the anionic phospholipids phosphatidyl-serine
(PS), phosphatidylinositol (PI), and phosphatidyl-ethanolamine (PE), located in the inner sur-
face of the platelet lipid membrane that becomes exposed and accessible to anti-32-GPI anti-
bodies after platelet activation.

10. Thrombocytopenia and risk stratification

Among aPL-positive patients, those with a low platelet count developed thrombosis more
frequently than those without. Among aPL-negative patients, no difference was found in the
predictive value of thrombosis regardless of platelet count [29].

11. Mean platelet volume (MPV) in APS

Beside thrombocytopenia, MCV alterations may have significant importance in APS. Though
conformation of data is still lacking, there are evidences that platelets with increased MPV are
more active than smaller platelets, with a greater pro-thrombotic potential because of higher
levels of intracellular TXA2 and an increased pro-coagulant surface [41]. MPV is largely
regarded as a useful surrogate marker of platelet activation [42].

MPV was found to be significantly higher in APS patients, especially in triple positive patients,
as compared to controls. Moreover, the level of MPV above 7.4 fl was found to be an indepen-
dent predictor of thrombosis recurrence in patients with APS [43].

12. Differential diagnosis of thrombocytopenia in APS

Pseudo-thrombocytopenia should be excluded. Presence of fragmentocytes can refer to TTP.
The observation of the characteristic “pentad” (fever, microangiopathic anaemia, thrombocy-
topenia, neurologic abnormalities and renal involvement) may strengthen the diagnosis.

Bone marrow examination can show out malignant haematological diseases such as multiple
myeloma, or different kind of leukaemia, when there is no place for normal thrombopoiesis.

In case of myelodysplastic syndrome (MDS), there are dysplastic features of the cells of
megakaryocytic cell line and also morphological abnormalities of thrombocytes can be
observed in the peripheral smear.

Haemolytic anaemia is indicative of secondary APS due to SLE, or Evans syndrome. Other-
wise, in case of SLE, not only haemolytic anaemia and thrombocytopenia may be found, but
also aPL antibodies, without any clinical symptoms of APS. Other clinical symptoms of the
systemic autoimmune disease or a history of thrombosis can help to differentiate, but it is not
always an easy task.
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Immune-thrombocytopenic purpura (ITP) is the most frequent cause of “megakaryocytic” throm-
bocytopenia. It is typically an exclusion diagnosis: when we cannot find any other reason of
decreased platelet number, and there are megakaryocytes in the bone marrow we consider ITP.

Thrombocytopenia is often experienced in pregnancy, affecting up to 10% of all pregnancies
[44]. The causes of pregnancy-specific thrombocytopenia are gestational thrombocytopenia,
pre-eclampsia, HELLP syndrome and acute fatty liver of pregnancy.

The most common cause of thrombocytopenia in pregnancy is gestational thrombocytopenia
(75% of all cases) [45]. It may be difficult to differentiate from ITP, which also presents frequently
during pregnancy, mainly in the first and second trimester. However, gestational thrombocyto-
penia generally causes mild thrombocytopenia, usually >70 x 10°/L, from the mid-second or
third trimester, and is not related to adverse events for the mother and new-born. In some cases,
pregnancy might lead to worsening of thrombocytopenia in patients with ITP [46]. This may be
caused by the effects of the hormonal milieu of pregnancy on the reticuloendothelial system.

Thrombocytopenia is usually mild during pregnancy and is caused mainly by haemodilution.
However, ITP, or SLE, even APS can start during pregnancy. Therefore complete examination of
the patient, thorough laboratory checking, detailed medical history and careful follow-up is crucial.

13. How to treat thrombocytopenia in APS?

The first task is to exclude concomitant SLE, or ITP, and ascertain whether thrombocytopenia
refers to an increased activation of the coagulation system or an elevated tendency of bleeding.
If it has been proven that thrombocytopenia is the manifestation of APS, it might have great
importance: it can predict later thrombosis.

As thrombocytopenia is usually mild and if it predicts later thrombosis, usually APS can be
treated by standard therapy. Patients can be given platelet aggregation inhibitors and/or
anticoagulant therapy. Anti-thrombotic treatment should be stopped only in case of severe
thrombocytopenia or bleeding [34].

In the presence of severe thrombocytopenia, rituximab represents a unique drug which can
balance the effect of bleeding and thrombosis. By reducing the production of autoantibodies,
rituximab can simultaneously raise the platelets and reduce the chance of thrombosis.
Rituximab can supersede splenectomy as a second-line therapy in this group of patients [47].

In case of SLE-associated APS, when severe thrombocytopenia is generated by disease activa-
tion SLE should be treated with high-dose glucocorticoids, IVIG, immunosuppressive agents
and plasma exchange [48, 49].

CAPS is a life-threatening disease that requires very aggressive treatment. The treatment strategy
is based on the combination of anticoagulation, glucocorticoids, plasma exchange and/or intra-
venous immunoglobulin, the so-called triple therapy. In refractory cases or in those with initial
life-threatening situation, rituximab may be an effective option [15]. Recently, some cases of
CAPS have been effectively treated with the addition of eculizumab to the triple therapy [50].
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In case of pregnancy-associated APS, the health of the mother is considered always the more
important. If there is a life-threatening situation, the pregnancy must be terminated. Pregnancy
itself represents a higher thrombotic risk, so careful anticoagulation is extremely important. On
the other hand, bleeding during delivery also should be avoided.

14. Conclusion

Thrombocytopenia may be a symptom of APS. Paradoxically, it refers to an elevated throm-
botic tendency, not bleeding risk. The causes of decreased platelet number are complex:
antiphospholipid antibodies that bind to platelets activate them and induce thrombosis.
Thrombocytes are consumed during this process. On the other hand, thrombocytopenia is the
consequence of destruction by immune mechanisms, like in the case of ITP. Sometimes, it
might be the only sign of APS.

Diagnosis is not easy; other causes of thrombocytopenia must be excluded by careful examinations.

Thrombocytopenia in APS is usually mild and per se does not require any treatment. Patients
with or without thrombocytopenia require anticoagulant medication in case of venous throm-
botic event while low-dose aspirin or clopidogrel is recommended after arterial thrombosis.
For OAPS, the combination of anticoagulant and thrombocyte aggregation inhibitor therapy is
advised. CAPS is a life-threatening disease with a rapid progression of multiorgan failure.
Even application of high-dose corticosteroids, plasma exchange, intravenous immunoglobulin
and complement inhibitor agent mortality is very high.

Abbreviations

APS antiphospholipid syndrome

aPL antiphospholipid antibody

a2GPI anti-2 glycoprotein 1

ACA  anti-cardiolipin antibody

CAPS  catastrophic antiphospholipid syndrome
DOAC direct oral anticoagulants

ITP immune thrombocytopenic purpura
LA lupus anticoagulant

MDS myelodysplastic syndrome

OAPS  obstetric antiphospholipid syndrome
SLE systemic lupus erythematodes

TTP thrombotic thrombocytopenic purpura
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Abstract

Interferon (IFN) is an effective therapy for multiple disorders. An infrequently reported
side effect is thrombotic microangiopathy (TMA): thrombotic thrombocytopenic purpura
(TTP) and hemolytic uremic syndrome (HUS). We published the first comprehensive
review analyzing this association with the following observations: (1) there was a higher
incidence of IFN-induced TMA in myeloproliferative disorders (chronic myelogenous
leukemia (CML)) than that in nonmalignant disorders (multiple sclerosis (MS), chronic
hepatitis C virus infection (HCV)); (2) mean age at diagnosis was 47 years; (3) there was
rare association with hairy cell leukemia (HCL), Sezary syndrome (one case each) and
no cases reported for polycythemia vera (PV); (4) sex distribution was balanced (excep-
tion of higher prevalence in females for MS); (5) TMA was insidious in onset with long
incubation periods (average treatment duration 40.4 months); (6) comparative analysis
of mean time (months) to onset of TMA ensuing cumulative IFN exposure was: MS 68.6
vs. CML 35.5 vs. HCV 30.4; (7) confirmed TTP (low ADAMTS 13 levels) was associated
with the presence of an inhibitor; (8) outcome analysis revealed complete remission in 27
(40%), persistent chronic kidney disease in 28 (42%) and fatality in 12 patients (18%); (9)
corticosteroids, plasma exchange (PEX) and rituximab are effective therapies.

Keywords: thrombocytopenia, interferon, thrombotic microangiopathy (TMA),
thrombotic thrombocytopenia purpura (TTP), myeloproliferative disorder, HCV

1. Introduction

Thrombocytopenia is a common side effect of IFN treatment. TMA is a distinct clinical entity
with potentially fatal consequences without precise and expeditious intervention. Classic
clinical presentation includes a triad of anemia, thrombocytopenia, and evidence of micro-
angiopathic hemolysis on the peripheral blood smear. The quintessential pathologic feature
is the development of microvascular thrombi affecting small or larger vessels with variable

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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organ involvement. TMA, including TTP, is associated with a broad spectrum of conditions
such as hemolytic uremic syndrome (HUS), disseminated intravascular coagulation (DIC),
malignant hypertension, infections, autoimmune disorders and drugs. Irrespective of etiol-
ogy, endothelial damage is the fundamental process and is instrumental in the generation of
intravascular microthrombi [1]. Furthermore, TTP is characterized by decreased ADAMTS-13
levels, with most patients having severe deficiency (<10%). There was no prior precedent of a
comprehensive review exploring IFN-associated TMA. We performed a PubMed search of all
articles published between January 1993 and July 2016, focusing on interferon-induced TMA
cross-referenced with the following terms: thrombotic thrombocytopenic purpura (TTP), IFN
and thrombocytopenia, thrombotic microangiopathies, ADAMTS-13, autoimmune disease
and IFN, interferon and hepatitis C, IFN and CML, IFN and multiple myeloma, IFN and renal
cell cancer, IFN and polycythemia vera, IFN and lymphoma. Our analysis of this data was
published in an exclusive review [2] with results outlined in the following sections.

2. Results

2.1. Age

Majority of patients were between 40 and 60 years of age. Mean + SE was 47 (95% ClI, 44-50).
There was no correlation between age and duration of interferon treatment (Figure 1). For
comparison of older (=60 years) to younger (<60 years) patients with regard to the duration of
IFN treatment, Mann Whitney U test was used; median and interquartile range (in months)

r=0.09 p=0.47 n=63
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Figure 1. Correlation of age to duration of interferon (IFN) treatment before developing TMA. Sixty-eight patients
including 29 CML, 20 MS, 17 Hepatitis C, 1 hairy cell leukemia, and 1 Sezary syndrome were studied. Correlation
analysis using nonparametric Spearman’s method was used to correlate age and duration of treatment (months). No
significant correlation between age and duration of IFN usage was found.
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were (28, 5.5-46) and (23.50, 5-60) for older and younger age groups, respectively. Results
were not statistically significant (Figure 2).

2.2. Sex

On cumulative data review, for the cases where information was available, sex distribution
was balanced (30 male and 33 female patients). In subgroup analysis, patients with MS treated
with IFNf had a female predominance (12 out of 16; 75%). This may, however, just be reflec-
tive of higher prevalence of MS in women.

2.3. Associated clinical conditions

An aggregate of 68 cases reported from January 1993 to July 2016 was reviewed. The chrono-
logic distribution of cases of IFN-induced TMA based on underlying diagnosis is shown
in Figure 3. Incidence was highest in patients with CML followed by MS and HCV (29,
20 and 17, respectively) [3—44]. One case each was reported in patients with hairy cell leu-
kemia (HCL) and Sezary syndrome [45, 46]. There have been no reports in patients with
CML in the last 10 years correlating with the change in standard of care for the treatment
of CML with tyrosine kinase inhibitors. There was no apparent difference in age distribu-
tion based on diagnosis. The cumulative duration of IFN exposure was highest in patients
with MS treated with IFN 3 when compared to CML or HCV treated with IFN a: mean
(months) + SE: MS 68.6 (95% CI, 45.85-91.4), CML 35 (95% ClI, 25.3-45.7) and HCV 12 (95%
CL, 0.14-23.94). This was statistically significant (Figure 4) and is probably due to the differ-
ence in interferon type or different disease entity (IFNf in MS vs. IFNa in CML and HCV).
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Figure 2. Comparison between older age (>60) with younger age (<60) in relation to the duration of IFN usage. In order
to compare older (260 years) to younger (<60 years) patients with regard to the duration of interferon treatment, Mann
Whitney U test was used; median and interquartile range (in months) were (28, 5.5-46) and (23.50, 5-60) for older and
younger age groups, respectively. No statistical significance was found.

71



72 Thrombocytopenia

10

o

NUMEBER OF CASES
o

| | [ |
P I
1993 1994 1995 1997 1998 1999 2000 2001 2002 2003 2004 2006 2007 2008 2010 2011 2012 2013 2014
YEAR

mCML = MS HCWV HCL M Sezary Syndrome

Figure 3. Incidence of reported cases of thrombotic microangiopathy by year and diagnosis: Results of incidence data
analysis from the first reported case of IFN-induced TMA in 1993 to July 2016.

§ 200,

[=] [ ]

E 1504

t i

2 100+

£ ‘.
g 504 A5
‘5 &
S 0+

"

E-su Ll L|

R
(n=20) (n=16) (n=29)

p<0.05 MS Vs HCV, MSVs CML
p=NS HCVVs CML

Figure 4. Comparison of cumulative IFN dose exposure prior to the onset of TMA in patients with CML, Hepatitis C,
MS. Patients with MS treated with IFNf showed longest duration of treatment exposure prior to the onset of TMA in
comparison with patients with CML and hepatitis C treated with IFNa. Data were statistically significant.
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Predominant clinical presentation was neurologic dysfunction, anemia, thrombocytopenia,
and renal insufficiency. Platelet counts were analyzed for 50 patients where complete blood
count (CBC) data were available. Sixteen patients were diagnosed with TTP based on clinical
presentation, low ADAMTS13 level, renal biopsy or other evidence of TMA and the remain-
ing as HUS, TTP-HUS or TMA. We grouped the latter for the purpose of our analysis as TMA
unspecified. It appears that all patients with TTP presented with moderate-to-severe throm-
bocytopenia. In the group TMA unspecified, this was not a consistent finding (Figure 5). A
significant number of patients were diagnosed as having TMA based on characteristic renal
biopsy findings of microangiopathy. There were no other clearly discernible features that set
these subgroups of patients apart.

2.4. Treatment and outcome

In our review of the 63 patients with available treatment data, 35 (56%) were treated with
plasma exchange (PEX) with or without steroids, 12 (19%) were treated with steroids with or
without plasma infusion, and 16 (25%) were treated by other means including IFN discon-
tinuation or dose reduction, antihypertensive treatment, rituximab and hemodialysis. Of the
67 patients with available outcome data, 27 patients (40%) had complete response, 28 (42%)
developed persistent CKD and 12 (18%) had a fatal outcome (Figure 6).
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Figure 5. Platelet count trend at the time of diagnosis of TTP and TMA unspecified. Out of the 50 patients with available
CBC data, 16 were diagnosed as TTP and rest as HUS, TTP-HUS or TMA. Data from the latter group of patients were
pooled for the purpose of analysis as TMA unspecified. Patients with TTP presented consistently with moderate-to-
severe thrombocytopenia, whereas there were wide fluctuations in platelet counts in patients with TMA unspecified.
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Figure 6. Outcome analysis data: Of the 67 patients with available outcome data, 27 patients (40%) had complete
response, 28 (42%) developed persistent CKD and 12 (18%) died. Data were shown by underlying diagnosis.

2.5. Role of ADAMTS-13 inhibitor

There were eight cases of TTP where low ADAMTS 13 level was demonstrated, six of these
also had ADAMTS 13 inhibitor. Notably, all patients with ADAMTS 13 inhibitor responded
to PEX, steroids, and, in resistant cases, rituximab and vincristine. These results imply that
IFN-induced TTP is probably an immune-mediated phenomenon with immune suppression
being a key therapeutic intervention. ADAMTS13 levels were not available for all other cases
making clear distinction between TTP and HUS difficult. We therefore analyzed results under
the broader umbrella of TMA. In this context, we used a composite term TTP-HUS for clinical
description.

3. Discussion

IFNs are a family of natural cytokines that interfere with viral replication, cell proliferation
and immune regulation. Endogenous interferon production constitutes the initial nonspe-
cific immune response against viral infections before specific host immune repertoire takes
over. There are two major types of endogenous interferons: type 1 (IFNa—produced by
leukocytes; IFNf —produced by fibroblasts and epithelial cells) and type 2 (IFNy—produced
by activated T cells and NK cells). Viral infection activates pattern recognition receptors
such as toll-like receptors (TLR) on macrophages and induces early IFN-1 activation. This
further accelerates viral clearance by the upregulation of adaptive immune response [47].
Clinical applications of treatment with exogenous IFN include hematologic malignancies
such as CML, lymphoma, PV; solid tumors such as renal cell carcinoma; and nonmalignant
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disorders such as MS and HCV. Besides CML and one case each of Sezary syndrome and
hairy cell leukemia, IFN use has not been associated with TMA in any other myeloid or lym-
phoid malignancy [46, 48-52].

In order to understand pathologic process involved, it is important to outline the known
and proposed mechanisms of action of IFN. Recombinant type I interferons (ot and ) are
pleiotropic cytokines that affect cellular function via immune regulatory mechanisms along
with the regulation of cellular proliferation, apoptosis and angiogenesis. Dominant mecha-
nisms are also disease specific. For example, in MS, T regulatory cell (Treg) dysregulation
and decreased T helper (Th1) activity have been associated with clinical relapses [53]. Also,
more recently, immunopathologic response from Th17 expansion and breakdown of blood
brain barrier (BBB) have been implicated. Among other mechanisms, recombinant IFNp is
thought to restore Th1/Th2 balance, Treg function and regulation of T cell trafficking across
BBB, thereby decreasing neuronal damage.

IFN action in myeloproliferative neoplasms (MPNs) is more complex, is incompletely under-
stood and appears to utilize several pathways. While IFNa is not a Janus kinase 2 (JAK-2)
inhibitor, it is able to eliminate the malignant JAK 2 mutant clone and achieve molecular
remission in PV. There are a few widely accepted hypotheses for the mechanism of action
of IFNa in MPN: enhanced cycling of quiescent leukemic stem cells (LSCs), restoration of
dendritic cell function and promoting T cell activation by overcoming T cell energy [54-56].

Several possible pathophysiologic mechanisms have been described by which IFN may
lead to TMA. In our review, cases with a clear diagnosis of TTP (with measured low levels
of ADAMTS 13) also had ADAMTS 13 antibodies (ADAMTS 13 inhibitor). It appears that
IFN-induced immune response plays a pivotal role in the production of cross-reacting anti-
ADAMTS-13 antibodies with resultant microangiopathic hemolysis. While seemingly specu-
lative, this observation has to be seen in the context of association of interferon therapy with
the development of other autoimmune diseases. Prospective studies from patients treated
with IFNa for hepatitis C showed that approximately 40% patients developed antithyroid
antibodies with 15% developing clinical disease [57]. There are three different types of thy-
roid dysfunction associated with the IFN treatment: autoimmune (often subclinical) hypo-
thyroidism, destructive thyroiditis and Graves hyperthyroidism. Females carry a higher
risk to develop autoimmune thyroid disorders (AITDs) upon IFN treatment, with a relative
risk of 4.4 (95% CI, 3.2-5.9) [58]. The pattern of thyroid disease observed resembles endog-
enous immunostimulation in the postpartum period. Development of multiple sclerosis has
also been reported following the treatment of chronic phase CML with IFNa2b [59]. Taken
together, these observations lend support to our inference that immune activation is funda-
mental for IFN-induced TTP.

The pathogenesis of TMA may also involve inhibition of vascular endothelial growth factor
(VEGF) in renal podocytes [60]. Under physiologic conditions, VEGF stimulates signal trans-
duction pathways and transcription through activation of its receptor VEGFR2. These events
are essential for angiogenesis. The physiologic role of VEGF in kidneys is unclear but it has
been associated with the pathophysiology of various renal diseases. Renal consequences of
VEGEF inhibition have been studied for VEGF antagonist bevacizumab. It has been proposed
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that local production of VEGF plays a critical protective role in microangiopathic processes.
VEGF inhibitors such as bevacizumab disrupt this pathway and promote thrombotic micro-
angiopathy [61]. IFN type 1 family also causes VEGF inhibition and hence may have a shared
pathogenetic mechanism with VEGF antagonists. Vasoconstrictive and pro-coagulant effects
of type I interferon have also been studied in pulmonary arterial hypertension. Experimental
models have shown that IFNa increases pulmonary vascular resistance by the activation of
thromboxane cascade [62].

There are various mechanisms proposed for IFN-induced HUS. Increased leukocyte adhe-
sion to endothelial cells triggers endothelial damage and releases large multimers of von
Willebrand factor causing endothelial swelling, platelet aggregation and intraluminal micro-
thrombi formation causing tissue injury [63]. The development of antiphospholipid antibod-
ies [64], antiendothelial cell antibodies and overexpression of class I antigens rendering cells
vulnerable to cytotoxic response are some of the other described mechanisms [65].

Kavanagh et al. described potential immune-mediated and toxic mechanisms of IFN-induced
TMA in MS patients [66]. They also reported a cumulative dose-toxicity relationship similar
to our observation. In their analysis of data from a single institution involving eight patients,
the duration of exposure was similar for IFNa and IFN, with TMA developing with long-
term therapy at higher doses. In our analysis of a larger patient cohort, however, there is
a statistically significant difference between the duration of exposure in MS (treated with
IFNp) versus CML and HCV (treated with IFNa). Although there is a complex interplay of
a multitude of factors, our observations suggest that the underlying disease process is a key
determinant accounting for the differences in the duration of exposure to IFN preceding onset
of TMA. Additionally, however, the differences in IEN subtype (due to the differences in
potencies of immunomodulatory and antiproliferative properties) is probably an additional,
but secondary factor. In MS, among the accepted underlying mechanisms of IFN action is the
ability to regain immunologic balance by restoring Treg cell function. On the other hand, in
CML, IFN treatment creates a proinflammatory state for effective immune surveillance. This
is supported by the observation of clonal T cell expansion in CML patients treated with IFNa.
This difference between immune modulation and immune escalation could possibly account
for the earlier development of TMA in CML. Similarly, in treatment of HCV, exogenous IFN
binds to cell surface receptors and causes activation of IFN response genes (IRGs) via signal
transduction through JAK-STAT pathway. This augments inflammatory response creating an
antiviral state [67]. Immune dysfunction is commonly seen in lymphoproliferative disorders
wherein the malignant cells originate from the immune system itself. It is therefore possible
that impaired autoantibody production in this setting may be the reason for the lack of any
observed cases of TMA in lymphoma. Limited clinical indications for IFN use may explain
similar finding in PV.

Early diagnosis and prompt institution of treatment is of paramount importance in TMA. In
contrast to drug-induced thrombocytopenia, IFN-induced TMA is insidious in onset with
long incubation periods (average 40.2 months) and may masquerade as a more benign con-
dition. It is therefore imperative that this association is recognized in clinical practice. Since
ADAMTSI13 results are not available in real time, a proposed quick guide to determine the
likelihood of severely deficient ADAMTS13 activity is PLASMIC score (platelets, lysis, active
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cancer, stem cell or solid organ transplant, MCV, INR, creatinine): 0—4 score is associated with
a low risk of severe ADAMTS13 deficiency, 5 score with intermediate risk and 67 scores with
high risk [68].

Determining appropriate treatment for drug-associated TMA is challenging. Discontinuation
of offending medication is the logical first step. Plasma exchange remains the standard treat-
ment for acquired TTP. That said, since antibodies are present in only a small proportion of
drug-associated TMA, the efficacy of plasma exchange in this setting is unclear [66]. A novel
upcoming treatment option for patients with acquired TTP is Caplacizumab. This anti-von
Willebrand factor (vWF) humanized immunoglobulin blocks vWEF-mediated plasma aggre-
gation and showed a 67% reduction in recurrence, 74% reduction in TTP-related death and
a trend toward faster normalization of the three organ damage markers: lactate dehydroge-
nase (LDH), troponin and serum creatinine in the double-blind, placebo-controlled, phase
3 HERCULES trial [69]. These novel strategies may be a harbinger for new, more effective
therapeutic options in TTP.

In the past few decades, most of the reported cases of IFN-induced TMA have been associated
with CML, MS and chronic hepatitis C. Tyrosine kinase inhibitors are now the treatment stan-
dard for CML. Therefore, not surprisingly, there have been no reports of IFN-induced TMA
in patients with CML in the last decade. In addition, with the development of more effective
antiviral agents, interferon-free regimens for chronic hepatitis C are emerging. Taken together,
with diminishing clinical applications of IFN, we may see an overall decrease in the reports
of IFN-induced TMA hereon. The last few years, however, have also seen the emergence of
immunooncology in cancer therapeutics. Inmune checkpoint inhibitors including CTLA-4
antibodies and PD-1 ligands are now approved with expanding clinical applications. These
agents potentiate immune response against tumors exponentially by blocking the inhibitory
pathways utilized by tumors to escape host immune surveillance mechanisms. Augmentation
of host immunity, however, results in breaking self-tolerance and induction of immune-related
side effects (ir-AE). Most common side effects are colitis and pneumonitis requiring immune
suppression for resolution. Cortazar et al. described a 58-year-old male with melanoma who
developed TMA that correlated with treatment with Ipilimumab (CTLA-4 antibody) [70].
This is an interesting observation in the context of our analysis, especially of the mechanisms
involved in IFN-induced TMA. It is yet to be ascertained, as we gain more experience with
these agents whether this will be an isolated or consistent observation. Nevertheless, it would
be prudent to consider the likelihood of these adverse effects in the future.

4. Conclusion

Historically, exogenous IFN (a and 3) has been the primary therapy for a variety of diseases
such as chronic HCV, chronic phase CML, MS, lymphoma and PV. IFN can trigger autoim-
mune diseases such as autoimmune thyroiditis. IFN-mediated immune upregulation with
the production of cross-reacting antibodies to ADAMTS 13 and complement activation from
endothelial injury are the probable pathways for IFN-induced TMA. From our observation,
barring differences in time of onset and cumulative dose exposure, the presentation, clinical
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course and response to treatment appear to be similar among different IFN subtypes and
across all indications of use. Treatment regimens utilizing plasma exchange, steroids and
rituximab result in durable responses. While interferon may have a myelosuppressive effect
causing gradual onset thrombocytopenia, thrombotic microangiopathy, a possible fatal com-
plication should be considered in the differential diagnosis. Once recognized, early institu-
tion of appropriate treatment results in favorable outcome. Our analysis also indicates that
in patients who had positive ADAMTS13 inhibitors, plasma exchange was a very effective
therapy with complete response. Finally, while interferons may have diminishing clinical
applications, interferon-induced thrombotic microangiopathy has provided us with valuable
lessons pertaining to collateral consequences of immune upregulation. This has resulted in a
paradigm shift in our understanding of immunobiology and will have far reaching applica-
tions in immunomodulating therapeutics.

Acknowledgements

Vladimir Gotlieb, MD, Boris Avezbakiyev, MD, Hesham Taha, MD, Brookdale University
Hospital Medical Center, Brooklyn, NY, USA.

Conflict of interest

None.

Author details

Ajay Kundra', Mirela Andrei? and Jen Chin Wang**
*Address all correspondence to: jcwang0005@gmail.com
1 Providence Regional Medical Center, Everett, WA, USA
2 St Mary’s Regional Medical Center, Lewiston, ME, USA

3 Division of Hematology/Oncology, Brookdale University Hospital Medical Center,
Brooklyn, NY, USA

References

[1] Scully M. Thrombocytopenia in hospitalized patients: approach to the patient with
thrombotic microangiopathy. In: American Society of Hematology 59th Annual Meeting
& Exposition. Atlanta, GA: American Society of Hematology Education Program; 2017
Dec 8;2017(1):651-659. DOI: 10.1182/asheducation-2017.1.651



[6]

(10]

(11]

(12]

(13]

(14]

Interferon-Induced Thrombotic Microangiopathy
http://dx.doi.org/10.5772/intechopen.74226

Kundra A, Wang JC. Interferon induced thrombotic microangiopathy (TMA): Analysis
and concise review. Critical Reviews in Oncology/Hematology. 2017;112:103-112

Poddar N, Wang JC. Thrombotic thrombocytopenic purpura in a patient with inter-
feron treated hepatitis C successfully treated with rituximab. Hematology Reports.
2013;5(1):5-7

Schlaifer D, Dumazer P, Spenatto N, Mignon-Conte M, Brousset P, Lumbroso C, Cooper
M, Muller C, Huguet F, Attal M, et al. Hemolytic-uremic syndrome in a patient with
chronic myelogenous leukemia treated with interferon alpha. American Journal of
Hematology. 1994 Nov;47(3):254-255

Harvey M, Rosenfeld D, Davies D, Hall BM. Recombinant interferon alpha and hemo-
lytic uremic syndrome: cause or coincidence? American Journal of Hematology. 1994
Jun;46(2):152-153

Jadoul M, Piessevaux H, Ferrant A, Cosyns JP, van Ypersele de Strihou C. Renal throm-
botic microangiopathy in patients with chronic myelogenous leukaemia treated with
interferon-alpha 2b. Nephrology, Dialysis, Transplantation. 1995;10(1):111-113

Lipton JH, Minden M. CML may not be part of HUS. American Journal of Hematology.
May 1995;49(1):100-101

Honda K, Ando A, Endo M, Shimizu K, Higashihara M, Nitta K, Nihei H. Thrombotic
microangiopathy associated with alpha-interferon therapy for chronic myelocytic leuke-
mia. American Journal of Kidney Diseases. Jul 1997;30(1):123-130

Rachmani R, Avigdor A, Youkla M, Raanani P, Zilber M, Ravid M, Ben-Bassat L
Thrombotic thrombocytopenic purpura complicating chronic myelogenous leuke-
mia treated with interferon-alpha. A report of two successfully treated patients. Acta
Haematologica. 1998;100(4):204-206

Vacher-Coponat H, Opris A, Daniel L, Harle J-R, Veit V, Olmer M. Thrombotic micro-
angiopathy in a patient with chronic myelocytic leukaemia treated with a-interferon.
Nephrology Dialysis Transplantation. 1999;14:2469-2471

Ravandi-Kashani F, Cortes ], Talpaz M, Kantarijan H. Thrombotic microangiopathy
associated with interferon therapy for patients with chronic myelogenous leukemia.
Cancer. 1999;85:2583-2588

Lacotte L, Thierry A, Delwail V, Dreyfus B, Guilhot F. Thrombotic thrombocytopenic
purpura during interferon alpha treatment for chronic myelogenous leukemia. Acta
Haematologica. 1999;102:160-162

Magee CC, Abraham K, Farrell ], Dorman T, Walshe JJ. Renal thrombotic microangiopa-
thy associated with interferon-alpha treatment of chronic myeloid leukemia. American
Journal of Kidney Diseases. Jul 2000;36(1):E5

Denizon N, Beraud J], Mourad G, Blanc P, Bureau JP, Navarro M, Lavabre-Bertrand T.
Hemolitic uremic syndrome with hypertransaminasemia following treatment by interferon

79



80 Thrombocytopenia

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

for chronic myeloid leukemia. Gastroentérologie Clinique et Biologique. Nov 2001;25(11):
1039-1040

Badid C, McGregor B, Marie Faivre ], Guerard A, Juillard L, Fouque D, Laville M.
Renal thrombotic microangiopathy induced by interferon-a. Nephrology Dialysis
Transplantation. 2001,16:846-848

Zuber ], Martinez F, Droz D, Oksenhendler E, Legendre C. Alpha-interferon-associated
thrombotic microangiopathy: A clinicopathologic study of 8 patients and review of lit-
erature. Medicine. July 2002;81(4):321-331

Ohashi N, Yonemura K, Sugiura T, Isozaki T, Togawa A, Fujigaki Y, Yamamoto T,
Hishida A. Withdrawal of interferon-alpha results in prompt resolution of thrombocy-
topenia and hemolysis but not renal failure in hemolytic uremic syndrome caused by
interferon-alpha. American Journal of Kidney Diseases. Mar 2003;41(3):E10

Galesic K, Bozic B, Racic I, Scukanec-Spoljar M. Thrombotic microangiopathy associated
with alpha-interferon therapy for chronic myeloid leukaemia. Nephrology (Carlton,
Vic.). Feb 2006;11(1):49-52

Herrera WG, Balizet LB, Harberts SW, Brown ST. Occurrence of a TTP-like syndrome
in two women receiving beta interferon therapy for relapsing multiple sclerosis.
Neurology. Apr 1999;52(6 supplement 2):A135

Serrano A, Xicoy B, Grifols JR, Ribera JM. Thrombotic thrombocytopenic purpura dur-
ing treatment with interpheron. Medicina clinica (Barc). 2007;128(7):276-277 (Spanish)

Li Cavoli G, Bono L, Tortorici C, Giammarresi C, Rotolo U. Renal thrombotic microangi-
opathy induced by p-interferon. NDT Plus. 2011;4(1):80-80

Broughton A, Cosyns J-P, Jadoul M. Thrombotic microangiopathy induced by long-
term interferon-{3 therapy for multiple sclerosis: a case report. Clinical Nephrology. Nov
2011;76(5):396-400

Bensa C, Sohier E, Pillebout L, Galicier L, Gout O. A case of thrombotic microangi-
opathy associated with subcutaneous beta-la-interferon therapy. Multiple Sclerosis.
2011;17:5227

Olea T, Diaz-Mancebo R, Picazo M-L, Jorge M-A, Robles A, Selgas R. Thrombotic micro-
angiopathy associated with use of interferon-beta. International Journal of Nephrology
and Renovascular Disease. 2012;5:97-100

Modrego PJ], Gazulla J. Arterial hypertension induced by interferon beta 1b in a patient
with multiple sclerosis. Multiple Sclerosis Journal. 2012;18(11):1655-1656

Nerrant E, Charif M, Ramay AS, Perrochia H, Patrier L, de Champfleur NM, Renard D,
Labauge P. Hemolytic uremic syndrome: An unusual complication of interferon-{3 treat-
ment in a MS patient. Journal of Neurology. Jul 2013;260(7):1915-1916. DOI: 10.1007/
s00415-013-6961-8 [Epub May 25, 2013]



[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Interferon-Induced Thrombotic Microangiopathy
http://dx.doi.org/10.5772/intechopen.74226

Mahe ], Meurette A, Moreau A, Vercel C, Jolliet P. Renal thrombotic microangiopathy
caused by interferon beta-1a treatment for multiple sclerosis. Drug Design, Development
and Therapy. Aug 7, 2013,7:723-728

Larochelle C, Grand’'maison F, Bernier GP, Latour M, Cailhier JF, Prat A. Thrombotic
thrombocytopenic purpura- hemolytic uremic syndrome in relapsing-remitting mul-
tiple sclerosis patients on high dose interferon . Multiple Sclerosis. 2014;(13):1783-1787

Orvain C, Augusto J-F, Besson V, Marc G, Coppo P, Subra J-F, Sayegh J. Thrombotic
microangiopathy due to acquired ADAMTS13 deficiency in a patient receiving inter-
feron-beta treatment for multiple sclerosis. International Urology and Nephrology.
2014;46:239-242

Vosoughi R, Marriott ]. Thrombotic microangiopathy in Interferon Beta treated multiple
sclerosis patients: review of literature and report of two new cases. Multiple Sclerosis
and Related Disorders. May 2014;3:321-325

Hunt D, Kavanagh D, Drummond L, Overell J, Evans S, Jackson A, Chandran S.
Thrombotic microangiopathy associated with interferon beta. New England Journal of
Medicine. Mar 27, 2014,370:1270-1271

Kobayashi H, Utsunomiya Y, Miyazaki Y, Tokutome G, Kawamura T, Hashimoto T,
Sakai T, Takahashi S, Tojyo A, Asano S. Case of chronic myelogenous leukemia with
hemolytic-uremic-syndrome like kidney during long-term interferon-alpha therapy.
Nihon Naika Gakkai Zasshi. Jul 10, 1997;86(7):1259-1261

Ubara Y, Hara S, Takedatu H, Katori H, Yamada K, Yoshihara K, Matsushita Y,
Yokoyama K, Takemoto F, Yamada A, Takagawa R, Endo Y, Hara M, Koida I, Kumada H.
Hemolytic uremic syndrome associated with beta-interferon therapy for chronic hepati-
tis C. Nephron. Sep 1998;80(1):107-108

Iyoda K, Kato M, Nakagawa T, Kakiuchi Y, Sugiyasu Y, Fujii E, et al. Thrombotic throm-
bocytopenic purpura developed suddenly during interferon treatment for chronic hepa-
titis C. Journal of Gastroenterology. 1998;33(4):588-592

Creput C, Auffret N, Samuel D, Jian R, Hill G, Nochy D. Cutaneous thrombotic micro-
angiopathy during treatment with alpha-interferon for chronic hepatitis C. Journal of
Hepatology. Dec 2002;37(6):871-872

Kitano K, Gibo Y, Kamijo A, Furuta K, Oguchi S, Joshita S, Takahashi Y, Ishida F,
Matsumoto M, Uemura M, Fujimura Y. Thrombotic thrombocytopenic purpura associ-
ated with pegylated-interferon alpha-2a by an ADAMTS13 inhibitor in a patient with
chronic hepatitis C. Haematologica. 2006;91(8 Suppl):ECR34

Deutsch M, Manesis EK, Hadziyannis E, Vassilopoulos D, Archimandritis AJ. Thrombotic
thrombocytopenic purpura with fatal outcome in a patient with chronic hepatitis C
treated with pegylated interferon-a/2b. Scandinavian Journal of Gastroenterology.
2007;42(3):408-409

81



82 Thrombocytopenia

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[47]

(48]

[49]

[50]

[51]

[52]

Sallée M, Crétel E, Jean R, Chiche L, Bourliere M, Poullin P, et al. Thrombotic thrombocyto-
penic purpura complicating interferon therapy in chronic C hepatitis. Gastroentérologie
Clinique et Biologique. 2008;32(2):145-146

Hepburn IS, Schade R. Thrombotic thrombocytopenic purpura (TTP) associated with
interferon therapy of hepatitis C. Grand Rounds. 2010;10:1-7

Lambot F, Hanson B, Sztern B. Thrombotic thrombocytopenic purpura mediated by an
ADAMTS13-inhibitor related to a treatment with peglyated-interferon alpha-2a and rib-
avarine in a patient with chronic hepatitis C. La Presse Médicale. 2010;39(11):1207-1210

Iskander D, Wickremasinghe M, Bain B]. Thrombotic microangiopathy complicating
pegylated interferon treatment of hepatitis C infection. American Journal of Hematology.
Oct 2011;86(10):859

Michaux C, Randrianasolo D, Vandenhende MA, Hessamfar M, Morlat P, Bonnet F.
Thrombotic thrombocytopenic purpura associated with interferon therapy in a HIV and
HCV co-infected woman. Revue de Médecine Interne. 2013;34(12):773-775

Boctor FN, Chiosea I, Bradley T. Thrombotic thrombocytopenic purpura with unusual
33 recurrences: A case report. Annals of Clinical and Laboratory Science. 2013;43(1):91-93

Evans R, Pavan M, Suri D, Harber M. Thrombotic microangiopathy (TMA) in a patient
treated with antiviral therapy for hepatitis C. BML Case Reports. Apr 2014;4:2014

Stratta P, Canavese C, Dogliani M, Thea A, Degani G, Mairone L, Vercellone A. Hemolytic-
uremic syndrome during recombinant alpha-interferon treatment for hairy cell leuke-
mia. Renal Failure. 1993;15(4):559-561

Politou M, Tsaftarides P, Vassiliades ], Siakantaris M, Michail S, Nakopoulou L, Pangalis G,
Vaiopoulos G. Thrombotic microangiopathy in a patient with Sezary syndrome treated
with interferon-a. Nephrology Dialysis Transplantation. March 2004;19(3):733-735

Rosen HR. Chronic hepatitis C infection. The New England Journal of Medicine.
2011;364:2429-2438

Foon KA, Roth MS, Bunn Jr PA. Interferon therapy of non-Hodgkin's lymphoma.
Cancer. 1987;59(Suppl):601-604

Avilés A. The role of interferon as maintenance therapy in malignant lymphoma.
Medical Oncology. 1997;14:153-157

Gaynor ER, Fisher RI. Clinical trials of alpha-interferon in the treatment of non-Hodg-
kin’s lymphoma. Seminars in Oncology. 1991;18(Suppl 7):12-17

Silver RT. Interferon-2b: A new treatment for Polycythemia Vera. Annals of Internal
Medicine. 1993;119(11):1091-1092

Tefferi A, Elliott MA. Interferon-alpha therapy in polycythemia vera and essential
thrombocythemia. Seminars in Thrombosis and Hemostasis. 1997;23:463-472



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Interferon-Induced Thrombotic Microangiopathy
http://dx.doi.org/10.5772/intechopen.74226

Kieseier BC. The mechanism of action of interferon-g in relapsing multiple sclerosis.
CNS Drugs. June 2011;25(6):491-502

Burchert A, Saussele S, Eigendorff E, Miiller MC, Sohlbach K, Inselmann S, Schiitz C,
Metzelder SK, Ziermann ], Kostrewa P, Hoffmann ], Hehlmann R, Neubauer A.
Hochhaus A Interferon alpha 2 maintenance therapy may enable high rates of treatment
discontinuation in chronic myeloid leukemia. Leukemia. Jun 2015;29(6):1331-1335

Kiladjian JJ, Giraudier S, Cassinat B. Interferon-alpha for the therapy of myeloprolifera-
tive neoplasms: targeting the malignant clone. Leukemia. 2016;30:776-781

Brown S, Hutchinson CV, Aspinall-O’Dea M, Whetton AD, Johnson SM, Rees-Unwin
K, Burthem J. Monocyte-derived dendritic cells from chronic myeloid leukaemia have
abnormal maturation and cytoskeletal function that is associated with defective locali-
sation and signalling by normal ABL1 protein. European Journal of Haematology. Aug
2014;93(2):96-102

Mandac JC, Chaudhry S, Sherman KE, Tomer Y. The clinical and physiological spec-
trum of interferon-alpha induced thyroiditis. Toward a new classification. Hepatology.
2006;43(4):661-672

Fattovich G, Giustina G, Favarato S, Ruol A. Investigators of the Italian Association for
the Study of the Liver. A survey of adverse events in 11,241 patients with chronic viral
hepeatitis treated with alfa interferon. Journal of Hepatology. 1996;24:38-47

Kataoka I, Shinagawa K, Shiro Y, Okamoto S, Watanabe R, Mori T, Ito D, Harada M.
Multiple sclerosis associated with interferon-alpha therapy for chronic myelogenous
leukemia. American Journal of Hematology. 2002;70(2):149-153

George JN, Terrell DR, Vesely SK, Kremer Hovinga JA, Limmle B. Thrombotic micro-
angiopathic syndromes associated with drugs, HIV infection, hematopoietic stem cell
transplantation and cancer. Presse Médicale. Mar 2012;41(3 Pt 2):e177-e188

Eremina V, Jefferson A, Kowalewska J, Hochster H, Haas M, Weisstuch J, Richardson C,
Kopp JB, Kabir MG, Backx P, Gerber HP, Ferrara N, Barisoni L, Alpers CE, Quaggin S.
VEGF inhibition and renal thrombotic microangiopathy. The New England Journal of
Medicine. 2008;358:1129-1136

Rot U, Ledinek AH. Interferons beta have vasoconstrictive and procoagulant effects: a
woman who developed livedo reticularis and Raynaud phenomenon in association with
interferon beta treatment for multiple sclerosis. Clinical Neurology and Neurosurgery.
2013 Dec;115(Suppl 1):579-581

Ruggenenti P, Noris M, Remuzzi G. Thrombotic microangiopathy, hemolytic hemo-
lytic syndrome, and thrombotic thrombocytopenic purpura. Kidney International.
2001,831-846

Piette JC, Papo T. Potential role for antiphospholipid antibodies in renal thrombotic
microangiopathy induced by interferon-alpha. Nephrololgy Dialysis Transplantation.
1995;10(9):1781

83



84 Thrombocytopenia

[65]

[66]

[67]

[68]

(69]

[70]

Leung DY, Moake JL, Havens PL, Kim M, Pober JS. Lytic anti-endothelial cell antibodies
in haemolytic-uraemic syndrome. Lancet. 1988;2(8604):183-186

Kavanagh D, McGlasson S, Jury A, Williams J, Scolding N, Bellamy C, Gunther C, Ritchie
D, Gale DP, Kanwar YS, Challis R, Buist H, Overell ], Weller B, Flossmann O, Blunden M,
Meyer EP, Krucker T, Evans SJ, Campbell IL, Jackson AP, Chandran S, Hunt DP. Type I
interferon causes thrombotic microangiopathy by a dose-dependent toxic effect on the
microvasculature. Blood. Dec 15, 2016;128(24):2824-2833

Feld ], Hoofnagle J. Mechanism of action of interferon and ribavirin in treatment of hep-
atitis C. Nature. Aug 2005;436:967-972

Bendapudi PK, Hurwitz S, Fry A, Marques MB, Waldo SW, Li A, Sun L, Upadhyay V,
Hamdan A, Brunner AM, Gansner JM, Viswanathan S, Kaufman RM, Uhl L, Stowell
CP, Dzik WH, Makar RS. Derivation and external validation of the PLASMIC score for
rapid assessment of adults with thrombotic microangiopathies: A cohort study. Lancet
Haematology. 2017;4(4):e157-e164

Scully M, Cataland SR, Peyvandi F, et al. Results of the randomized, double-blind, placebo-
controlled, phase 3 HERCULES study of capecitabine of caplacizumab in patients with
aquired thrombotic thrombocytopenic purpura. Oral presentation at: American Society of
Hematology 59th Annual Meeting & Exposition; 2017 December 9-12; Atlanta, GA

Cortazar FB, Marrone KA, Troxell ML, Ralto KM, Hoenig MP, Brahmer JR, Le DT,
Lipson EJ, Glezerman IG, Wolchok ], Cornell LD, Feldman P, Stokes MB, Zapata SA,
Hodi FS, Ott PA, Yamashita M, Leaf DE. Clinicopathological features of acute kid-
ney injury associated with immune checkpoint inhibitors. Kidney International. 2016
Sep;90(3):638-47. DOI: 10.1016/j.kint.2016.04.008. Epub 2016 Jun 7



Chapter 6

Thrombocytopenia in Liver Transplant

Gabriela Droc

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72510

Abstract

Thrombocytopenia is a common complication of both chronic liver disease and liver
transplantation (LT). The mechanism of thrombocytopenia is multifactorial implicating
not only sequestration in the spleen, or in the graft, reduction in the mean platelet survival
but also decreased platelet production due to low synthesis of thrombopoietin (TPO) or
direct toxicity to the bone marrow. Platelets play a dualistic role in liver transplant, both
beneficial and detrimental. The beneficial role of platelets is due to platelet-derived sero-
tonin that is involved in liver regeneration. During surgery for liver transplant, in addi-
tion to the preoperative causes for thrombocytopenia, we have other mechanisms that
will contribute to further deterioration of the platelets count and function: hemodilution,
immunological reactions, and sequestration in the newly transplanted graft. This might
result in a life-threatening level of thrombocytes. The concern is when we should treat
thrombocytopenia because despite life-saving benefits, transfusion has also been related
to complications and platelet transfusion has been identified as an independent risk fac-
tor for postoperative complications. Risks related to platelet concentrate administration
are allergic reactions, alloimmunization, bacterial sepsis, and transfusion-related acute
lung injury (TRALI). Administration of platelets is not indicated if there is no bleeding or
immediate bleeding risk. New emerging therapies like thrombopoietin-receptor agonist
will furthermore limit the administration of blood products.

Keywords: thrombocytopenia, liver transplant, thrombopoietin, splenectomy, cirrhosis

1. Introduction

Thrombocytopenia is a common complication of both chronic liver disease and liver trans-
plantation (LT) contributing to the complex hemostasis disturbances of those patients. Liver
disease induces a complicated imbalance between pro- and antihemostatic elements, throm-
bocytopenia just being one of them. The mechanism of thrombocytopenia is multifactorial
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implicating not only sequestration in the spleen, reduction in the mean platelet survival but
also decreased platelet production due to low synthesis of thrombopoietin (TPO) [1].

In chronic liver disease, a low platelet count is a marker of severity and is associated with
poorer prognosis [2].

Liver transplantation (LT), the main treatment of end-stage liver disease, can also induce
decrease of thrombocytes starting intraoperative with the reperfusion syndrome and going on
after the procedure due to several mechanisms among which sequestration in the graft plays
an important role [1]. Platelets have a dualistic role in LT, both beneficial and detrimental [3].

Thrombocytopenia is defined by platelet count <150,000/mm?; it is mild if platelets are
between 75,000 and 150,000/mm?3, moderate for values between 50,000 and 75,000/mm?, and
severe if the count is <50,000/mm?. Definitions may vary and the limits of platelet count might
be different in different studies [4].

The incidence of decreased platelets in chronic liver disease is as high as 76% but moderate
in only 13% and severe in 1% of cirrhotic patients [5]. The degree of thrombocytopenia is
dependent on the stage of cirrhosis. However, spontaneous bleeding does not occur unless
the values reaches 10,000-20,000/mm?®. There is a difference if an invasive procedure such as
liver biopsy, variceal ligation, paracentesis, or major surgery is intended; platelet threshold
levels are higher and differ depending on the invasiveness of the maneuver. However, bleed-
ing is not the only concern with thrombocytopenia as platelets have other roles in inflamma-
tion, angiogenesis, antimicrobial defense and, of specific importance, in ischemia/reperfusion
injury and a beneficial role in liver regeneration [6].

2. Causes/mechanisms for thrombocytopenia in liver transplant

2.1. Thrombocytopenia and platelet dysfunction in liver disease

Platelet count, as well as their function, is altered in patients with cirrhosis in the waiting
list for transplantation. The pathogenesis of this phenomenon is not well understood. There
are several mechanisms implicated in this process: on one hand, depletion of platelets due
to destruction and on the other, an altered production. The main cause seems to be platelet
sequestration in the enlarged, congestive spleen due to portal hypertension.

Apart from hypersplenism, other causes are reduced production of platelets, low TPO levels,
existence of antiplatelet antibodies, alcohol toxicity, folate deficiency, chronic low-grade dis-
seminated intravascular coagulation, and direct viral suppression of platelet production as
provided in Table 1 [7, 8].

There is a strong correlation between spleen volume and thrombocytopenia, thus measures
that aim to diminish hypersplenism will probably have a good impact on platelet count.
Splenectomy prior to transplantation has been proposed as a therapeutic option to increase
platelet count but this approach remains controversial because splenic pooling is not so
significant as it was first described and the removal of the spleen does not always lead to
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Mechanisms
Altered production Low TPO levels
Bone marrow suppression (HCV, alcohol)
Medication
Sequestration Congestive spleen due to portal hypertension
Enhanced destruction/loss Platelet antibodies

Chronic low-grade disseminated intravascular coagulation

Bleeding

Table 1. Causes for thrombocytopenia in chronic liver disease.

substantial and persistent increase in thrombocytes. On the other hand, elimination of the
spleen increases the risk of septic complications and portal thrombosis [4].

Shunt procedures done either surgically or percutaneously [transjugular intrahepatic por-
tosystemic shunt (TIPS)] are intended at decreasing portal hypertension and hypersplenism
might also have a beneficial effect on platelet count. Massoud, following 92 patients that had
a TIPS placement, reported a significant increase in platelet number after the procedure, this
increase being more important in patients with more severe thrombocytopenia. But TIPS
would not have any effect on TPO, this being a possible reason why in some cases there was
no effect on platelet number [7].

Cirrhotic patients waiting for transplantation are sometimes in need for invasive procedures
like liver biopsies, endoscopic variceal ligation, paracentesis, and transjugular intrahepatic
portosystemic shunt. There is no absolute threshold of platelet count for performing any of
those procedures but if platelets are <75,000/mm?, the risk of bleeding seems to be higher [4].

Thrombocytopenia was also a concern in patients with hepatitis C virus (HCV), who needed
antiviral therapy with interferon and had to reduce doses or even stop treatment. Nowadays
with the new antiviral therapies, this should not be a problem anymore.

TPO is a thrombopoietic hormone produced in the liver by both parenchymal cells and sinu-
soidal endothelial cells at a constant rate. The blood level of TPO is dependent on the uptake
by platelets and megakaryocytes, where it is destroyed so if platelet count decreases, less
TPO will be uptake and destroyed and its level will rise. Production of TPO is dependent on
liver cell integrity; if that is impaired, production will decrease as in cirrhosis. This explains
why with a reduction in platelet number TPO level in liver disease would not be elevated, as
production is lower. TPO level is inappropriate to platelet level and as a consequence the bone
marrow stimulation to produce thrombocytes would not be adequate [2, 4].

Antiplatelet antibodies contribute to the premature destruction of the thrombocytes. It was
shown among patients with liver disease that up to 64% irrespective of the etiology have
platelet-associated anti-glycoprotein (anti-GP) antibodies that are directed against the GP
IIb-IX complex. The serum of those patients also has higher levels of platelet-associated
immunoglobulin G also implicated in the immune-mediated destruction of platelets [2].
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Decreased platelet production by the bone marrow is also one of the mechanisms impli-
cated in thrombocytopenia of chronic liver disease. HCV directly inhibits the growth and
differentiation of bone marrow stem cells and alcohol leads to ineffective megakaryopoiesis.
Production of platelets is also inhibited by some of the medication those patients might need,
for example, interferon [2].

Bleeding is not as frequent in cirrhotic patients as one can imagine and that can be explained
by some compensatory mechanisms. Part of the complex problem of platelet function in cir-
rhosis is the demonstrated capacity of platelets to sustain thrombin generation at an equal
level with control if adjusted to normal levels. This concludes that their function might not
be as altered as primary thought [9]. And there are compensatory mechanisms to bleeding
disorders of the cirrhotic patient, one of them being the elevated level of von Willebrand fac-
tor reaching 10-fold the plasma level of control and supporting platelet adhesion better than
in healthy volunteers [3, 10].

2.2. Intraoperative challenges

Liver transplantation is a huge challenge with any anesthesiologist for two main problems
such as hemodynamic changes during surgery and coagulation status of the patient. Surgery
consists of three phases: removal of the cirrhotic liver during which, due to portal hyper-
tension, there is a high bleeding risk aggravated by the patients’ coagulopathy; the anhe-
patic phase with hemodynamic disturbances; and the neohepatic phase that starts with the
reperfusion of the graft inducing hypotension, cardiac rhythm disturbances, and impacts on
coagulation.

During surgery, in addition to the preoperative causes for thrombocytopenia, we have other
mechanisms that will contribute to further deterioration of the platelets count and function
such as bleeding, hemodilution, immunological reactions, and sequestration in the newly
transplanted graft [3].

Several authors present the hypothesis that removal of the spleen during LT procedure will
ameliorate platelet count. Ohira et al. [11] reported an analysis of the relationship between
preoperative spleen volume and thrombocytopenia and suggested that splenectomy might
be considered simultaneously with LT in chronic hepatitis C virus (HCV) patients with a
preoperative platelet count of <60,000/mm?®. The intent is to facilitate an interferon therapy
immediately after LT. Almost all recipients will have a reinfection of the graft with HCV; they
need antiviral therapy during the postoperative period but this might be impossible to apply
due to thrombocytopenia. However, there are risks related to splenectomy; patients are prone
to develop portal vein thrombosis and have a higher risk for infection and sepsis.

Morimoto et al. [12] analyzed their results for 36 patients undergoing LT and reported similar
conclusions. Their criteria for performing splenectomy were a platelet count <50,000/mm?® and
a spleen volume reported to the body surface area of >400 ml/m? and so it was done in six
patients, all of them completing their interferon therapy after LT. They registered only one
systemic infection possibly related to splenectomy.
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In the publication by Chu et al. addressing 40 patients selected for splenectomy during LT
because they had HCV infection associated with hypersplenism or they were expected to
develop small-for-size syndrome or they had huge spleens that affected surgical maneuvers
during transplant. In this selected group of patients, the authors indicated that simultaneous
splenectomy did not increase the rate of perioperative complications or risk of mortality [13].

All the authors do not have the same opinion. In a recently published study recording 169
patients who underwent living-related LT with splenectomy [14], the authors found that con-
comitant splenectomy with LT surgery did not increase platelet count in the early postopera-
tive period but they had more reinterventions due to hemorrhage, the operative time was
longer, intraoperative blood loss was higher, and the incidence of lethal infectious disease was
higher when compared to patients not having splenectomy during living donor LT.

Reperfusion of the graft is one of the most delicate moments during transplant surgery result-
ing not only in hemodynamic changes but also in alterations of the circulating platelets.
Decreased aggregation of thrombocytes has been observed after reperfusion of the liver with
a peak value within 1 hour and postoperative reduction in platelet surface markers glycopro-
tein (GP) IIb/Ila and P selectin [15]. Secondary to ischemia/reperfusion, platelets will suffer
in number and function. They undergo a decrease by 30-55% due to entrapment in the graft.
Platelets will adhere to the sinusoidal endothelium that has been activated during the cold
and warm ischemia and will induce direct injury to the liver cell [3].

There is also a rare condition that might lead to severe thrombocytopenia after transplanta-
tion such as de novo development of idiopathic thrombocytopenic purpura [3].

2.3. Postoperative outcome

After transplantation, thrombocytopenia occurs during the first days and is a common dis-
order. The lowest values are observed on days 3-5 and if no complication happens, the reso-
lution of the process will start after the first week. The main mechanism implicated in this
thrombocytopenia is the sequestration of the platelets in the graft (Table 2). However, the
lowest the platelets count in this period, the most severe and complicated the course of the
posttransplant period [16].

Mechanisms

Altered production Bone marrow suppression (medication)
Sequestration Liver graft

Enhanced destruction/loss Bleeding

Infectious complications
Platelet antibodies

Heparin-induced

Table 2. Causes for thrombocytopenia post liver transplant.
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Lesurtel et al. proposed a new criterion in evaluating the extent and impact of thrombocy-
topenia they called the 60-5 criterion. In their study, they demonstrated a strong correlation
between a platelet count of <60,000/mm?® on postoperative day 5 and the incidence of severe
complications and a twofold increase in mortality at 90 days [17].

A rare cause of low platelet count in this stage is heparin-induced thrombocytopenia, heparin
therapy being the standard of care in many centers post LT. Bachmann et al. in a single center
study looking at 205 LT found in 1.95% of patients, a suspicious clinical platelet course with
elevated antibody levels [18].

Chang et al. looked at the role platelets have in antimicrobial host defense. They analyzed 50
LT recipients and looked at the impact of thrombocytopenia as a related variable to infectious
complications in the posttransplant period. They found a significant correlation between low
platelet count (<30,000/mm?) and infections in the first month following transplantation. The
correlation was very strong for fungal and bacterial infections but not for viral ones. Infection
can determine thrombocytopenia but the authors stated that the lowest platelet count pre-
ceded the infection with a median time of 7 days [19].

Generally, platelet transfusion is not needed during the postoperative period and one can
wait for the spontaneous resolution. Resolution starts after the first week due to increasing
levels of thrombopoietin. It will reach normal values on time due to the regression of spleno-
megaly once portal hypertension has been resolved [20].

After liver transplantation, the blood level of TPO increases but it will take several days for
the rise of platelet number to happen [21].

The beneficial role of platelets is due to platelet-derived serotonin that is involved in liver
regeneration. This phenomenon is of great importance in living-related LT, small-for-size syn-
drome, and also plays a role in hepatic repair after ischemia/reperfusion injury. Serotonin
accumulates in thrombocytes and is released in areas of tissue injury stimulating mitogenesis
[3]. All the mechanisms promoting liver regeneration and involving platelets are not yet very
well understood but they certainly play an important role through the release of various medi-
ators like serotonin, hepatocyte growth factor, insulin growth factor, and vascular endothelial
growth factor. The last one supports liver regeneration by stimulating neoangiogenesis [22].

3. Treating thrombocytopenia

Blood loss is a major concern during liver transplantation due to the precarious hemostatic
condition of these patients combined to a surgical procedure at high risk for bleeding. Since the
beginnings of LT, surgical techniques and anesthetic patient management have improved and
the blood loss and transfusion needs have decreased. Despite life-saving benefits, transfusion
has also related complications and platelet transfusion has been identified as an independent
risk factor for postoperative complications. Risks related to platelet concentrate administra-
tion are allergic reactions, alloimmunization, bacterial sepsis, and transfusion-related acute
lung injury (TRALI), and nowadays to a lesser extent viral transmission [23]. Therapeutic
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rather than prophylactic administration of platelets concentrate is recommended with a pos-
sible threshold of 50,000/mm?® during surgery associated with diffuse bleeding [24].

In a study analyzing possible complications related to platelet administration during LT,
Pereboom [25] has shown that patients who received platelet concentrates had lower patient
and graft survival than patients who had only blood loss or low level of thrombocytes but
were not transfused with platelets. Their main complication was related to platelet transfu-
sion and at the same time the specific cause of death was TRALI. TRALI is more frequently
associated with plasma-rich blood products such as platelet concentrates and fresh frozen
plasma and this might be related to the growth of inflammatory mediators in the stored plate-
lets. It has been shown that cytokine levels are 1000-fold greater in stored platelets when com-
pared to healthy volunteers and this might be related to the fact that platelets need to be kept
at room temperature that also makes them prone to bacterial contamination. One could argue
that transfusion needs are related to sicker patients but the author has shown that survival
rates for those patients with severe blood loss and a low platelet count are similar to reference
population if they were not transfused with platelet concentrates [25].

Despite the general consensus that platelet transfusions are related to worse outcome, there
is a type of LT, the living-related LT where recipients might benefit from exogenous throm-
bocytes. Kim et al. on a series of 227 living-related LT conducted a study to define the effects
of platelet transfusion on the liver regeneration and reached the conclusion that it has a ben-
eficial effect [26].

The use of blood products and fibrinogen concentrate following a thrombelastometry-guided
protocol (TEG/ROTEM) has led to a decrease in overall transfusion requirements, platelet
concentrates as well, by offering a picture of the complete coagulation process with informa-
tion on the dynamics of clot formation [27, 28].

Eltrombopag is an oral thrombopoietin-receptor agonist still looking for its place in the treat-
ment of thrombocytopenia in chronic liver disease. It has got an indication for patients with
chronic HCV infection for the initiation or maintenance of interferon therapy. Afdhal et al.
published in the name of the ELEVATE study group a paper showing that eltrombopag
reduced the need for platelet transfusion in liver disease patients undergoing invasive pro-
cedures [29].

4. Conclusion

In conclusion, thrombocytopenia is a common figure of chronic liver disease and liver trans-
plant with multifactorial etiologies. Platelet count exclusively is not a good marker to antici-
pate risk for bleeding in cirrhotic patients because compensatory mechanisms increasing
production of von Willebrand factor will interfere. Splenectomy is not indicated anymore as
a therapeutic measure for regulating thrombocytopenia in the pretransplant period. It still
may have some indications if done concomitantly with the transplant procedure especially in
living-related LT or when small-for-size complication is anticipated.
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Thrombocytopenia will be aggravated during the surgical procedure due to bleeding and
entrapment in the graft secondary to reperfusion. The decrease in platelet number will con-
tinue in the initial postoperative phase but a spontaneous resolution will take place if no
complication.

Administration of platelets is not indicated if there is no bleeding or immediate bleeding
risk. New emerging therapies like thrombopoietin-receptor agonist will furthermore limit the
administration of blood products.
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