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Preface

Those who are inspired by a model other than
Nature, a mistress above all masters, are laboring
in vain.

— Leonardo da Vinci

Nature is wonderful; organisms, whether plants, animals or microbes, have
evolved through competition (including predator-prey and host-parasite compe-
titions) and natural selection. In this long drawn out process, they have devel-
oped, been fine-tuned and improvised a number of strategies to stay ahead of
the competition. Human beings have been fascinated how living organisms have
solved very complicated problems by simple innovative methods (For details,
see http://asknature.org/). These clever strategies have inspired a number of
new technologies, such as Velcro fasteners, Gecko adhesive tapes without glue,
photosynthesis-inspired fuel cells, and insect-inspired autonomous robots (For
details, see http://www.biomimicryinstitute.org/).

A number of pharmaceutical drugs were designed, based on natural compounds.
A classical example is the development of antimalarial drugs from the alkaloid
quinine isolated from the barks of Cinchona trees. Anecdotal evidence for the anti-
malarial properties of Cinchona dates back to seventeenth century although the
indigenous populations used it even earlier. Since then several hundreds of drugs
were designed and developed based on plant secondary metabolites and substances
isolated from animals, microbes and fungi. Despite our computational and syn-
thetic organic chemistry capabilities, nature has inspired the design of new chemical
entities. Epibatidine — an alkaloid isolated from a frog (Epipedobates tricolor), is
a potent analgesic (200 times as effective as morphine). Based on this nicotinic
acetylcholine receptor antagonist, a potent pain-killer ABT-594 (Tebanicline) was
designed and developed. Thus nature provided a large number of templates for the
development of therapeutic agents.

Over the last two decades, protein biotherapeutics have gained popularity and are
fast becoming the major part of the pharmaceutical market. The high affinity, high
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specificity binding to target receptors/ion channels and the consequent low toxicity
and side-effects profile of protein drugs are extremely attractive as lead molecules
in drug development. Endogenous proteins (such as factor VIla, erythropoietin and
insulin) as well as humanized or chimeric monoclonal antibodies to targeted specific
antigens (such as tumor necrosis factor o, vascular endothelial growth factor, and
cytokines) are some of the successful protein therapeutics. In addition, we also use
exogenous proteins as potential prototypes in the development of protein biother-
apeutics. These exogenous factors have evolved for millions of years as a part of
predator-prey and host-parasite competitions. They target specific and critical phys-
iological processes that play crucial roles in the survival of the organism. The aim in
editing this book is to bring out the complexities of structure-function relationships
and mechanisms of exogenous proteins with crucial roles in cardiovascular and
hematological disorders and recent progress in understanding them. Such exoge-
nous factors are found in venoms of snakes, scorpions, spiders and other venomous
animals, saliva of hematophagous animals as well as in many microorganisms. The
43 review chapters are written by leading experts in their field from 22 different
countries. The book focuses on various aspects ranging from modern approaches to
the analysis of venom/saliva contents and identification for new active components
to the wealth and diversity of structures and mechanisms of these proteins. It also
highlights the development of these proteins as (a) novel therapeutic agents for the
treatment/prevention of cardiovascular and cerebrovascular diseases as well as can-
cer; and (b) diagnostic agents for the identification of a number of hereditary defects
and other hematological disorders.

This book is a product of concerted team effort of all members of the Registry of
Exogenous Factors Affecting Thrombosis and Haemostasis, a subcommittee of the
Scientific Standardization Committee of the International Society of Thrombosis
and Haemostasis as well as some of members of the International Society of
Toxinology. The primary intent in producing this book is to elevate awareness and
enthusiasm in the field of exogenous factors. We hope that it will provide greater
impetus to the search for novel proteins based on naturally occurring exogenous fac-
tors. The book should also remind us of the importance of preservation of diversity
of species, even those that are often considered dangerous and nuisance organisms,
to allow access in the future to venoms, salivary gland extracts and other tissues,
which could permit new discoveries and development of novel therapeutics for
a number of life-threatening diseases. It celebrates the role of biotechnology and
advances in newer technologies that are faster and more sensitive thus the way to
many new discoveries. As the first book dealing extensively with exogenous fac-
tors in the last 25 years it should provide a modern, easily accessible reference
to the different approaches being used to solve complex, contemporary problems
in protein chemistry and pharmacology of exogenous factors. It also updates our
understanding of the structure-function relationships and mechanisms of action of
exogenous factors and provides insights into future directions for solving many
remaining challenges. Thus this book helps to foster a wider interest in isolation
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and characterization of novel proteins, to entice new, talented researchers into this

field, and to generate more enthusiasm in the field.
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Chapter 1
Introduction

Kenneth J. Clemetson and R. Manjunatha Kini

Abstract Haemostasis is critical to normal health by preventing blood loss follow-
ing injury and contributing to the maintenance of the vasculatory system, which
supplies oxygen and nutrients to all parts of the body as well as performing
other essential tasks. Thrombosis is the pathological variant leading to blockage
of vessels, cutting off the blood supply to vital organs. Because of these impor-
tant functions there is great interest in the development of new drugs that can
prevent or cure thrombosis. Since platelet malfunction is a major contributor to
thrombus formation and platelet inhibition reduces risk it is a prime target for new
drug development. Many animals have developed naturally proteins or peptides
that affect mammalian haemostasis. They use these mechanisms either to immo-
bilise or kill prey in the case of snakes or to enhance blood feeding in the case
of haematophagous insects or vampire bats. Often these proteins are effective in
extremely small amounts. This book provides descriptions of a number of differ-
ent classes of such proteins from snakes and insects and their target molecules on
platelets, as a way of developing new approaches to anti-thrombotic drugs.

Introduction

Blood circulation has a vital role in vertebrate survival, including man. It carries
nutrients and oxygen to every tissue and organ throughout the body, including the
brain, and transports the waste products and carbon dioxide to be removed via the
liver, kidneys and lungs. It also has a critical role in defense against a wide range
of pathogens by conveying leukocytes and other immune cells to all parts of the
body and recruiting them to the appropriate site in the case of a pathogen attack.
Any major problem with the hemostatic and cardiovascular systems can lead to
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death or severe debility therefore they are normally tightly controlled by a complex
system of proteins and cells that prevent blood loss from injuries or major block-
ages by pathological thrombi and emboli. Hemostasis is a complex process and its
pathological variant thrombosis reflects disequilibrium, often due to poor lifestyle
choices but, in some cases, also thought to have possible genetic origins. Hemostasis
involves ongoing repair mechanisms that maintain the vascular system by covering
subendothelium exposed by loss of endothelium cells. This is accentuated under
high shear conditions, particularly at sites like vascular bifurcations where turbu-
lence occurs, as a side effect of high blood pressure. Of course, stopping bleeding
after menstruation and repair of injuries whether minor or major are also important
functions. Populations living on Western diets, smoking and lacking regular exercise
tend to acquire vascular plaque and other defects that favor heart disease and stroke.
The major mechanisms regulating hemostasis and thrombosis involve the factors of
the coagulation cascade as well as platelets and there is also increasing evidence
that changes in endothelial cells have a role.

Various animals have developed mechanisms to target these systems and exploit
this vulnerability for their own ends. In some species (for example, snakes), such
mechanisms are used to immobilize and kill the prey/victim, and these are also
used as defensive strategies against attacks by larger animals. In others (for example
leeches, or insects such as mosquitoes and ticks), they are used to provide a con-
tinuous supply of blood as food. These mechanisms include, but are not limited
to, procoagulant and anticoagulant agents that affect the coagulation cascade and
platelet aggregation, as well as altering vasodilatory responses. In all these vari-
ous animals, the mechanisms have evolved to perfection over millions of years, in
parallel with the development of their hosts, to allow their survival. Since many
of the components present in venom and saliva target critical hemostatic pathways
they have been and are of great interest in basic research into the mechanisms of
these pathways, as well as in possible applications to modify deviant behavior.
Over the last 3—4 decades, due to the efforts of scientists from various backgrounds
including biology, protein chemistry, molecular biology, pharmacology, hematol-
ogy, and structural biology, significant progress has been made in understanding the
structure-function relationships, as well as the mechanism of action of a number
of exogenous factors from various animals, that affect blood coagulation, platelet
aggregation and vasodilation. These exogenous factors have contributed signifi-
cantly to the development of research tools as well as providing new therapeutic
agents.

The increasing average age of world populations, coupled with recent changes
in life style, has lead to significant increases in cardiovascular and hematological
disorders. Thus, both academic as well as pharmaceutical industry scientists are
working to develop better therapeutic agents to improve both quality of life and
life expectancy. This impetus has lead to the search for novel agents from various
sources that interfere with cardiovascular and hematological processes and could be
used to regulate these. Thus, exogenous factors are excellent sources of such novel
therapeutic lead molecules. In addition, some of them affect angiogenesis of blood
vessels or immunological responses that are only briefly touched upon here. There
are also antimicrobial peptides that may help in design of new antibiotics.
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Animal venoms are complex mixtures of many components, mainly but not
exclusively, proteins and peptides. Within venom these various components often
have synergistic roles aimed at the rapid immobilization or inactivation of their
prey. Most efficient and quick immobilization and death of the prey is achieved
by targeting its main critical systems, namely hemostatic and neuromuscular sys-
tems. Since the venomous animals prey on many different species as well as having
an effective defense against still more, they produce both proteins and peptides with
specific molecular targets as well as those that are active across this wide range of
prey species. Further, the same species from widely differing environments produce
venoms with significant variation in their components. They often show different
patterns of expression, qualitative and/or quantitative, of the various components.
Thus, venom may represent a form of accelerated evolution in responding more
rapidly to varying prey populations. Similarly, salivary glands in hematophagous
animals also produce a wide range of closely related proteins, which have specific
targets in the haemostatic system. These proteins rarely exhibit neurotoxic effects,
as these animals do not intend to kill their host, but depend on them in the longer
term for continuous blood feeds. Despite the key difference, protein components in
both venoms and salivary gland secretions have evolved through gene duplication
events and acquiring new functions through accelerated evolution of protein coding
regions. Particularly in snake venoms, it is becoming clear that the venom proteins
have been adapted during evolution from various tissues, often by gene duplication.
A comparison of the sequences of the “original” and adapted genes can cast light on
evolutionary processes involved in the predator-prey competitions. But the origin of
saliva proteins is not yet clear.

Previously, identification and characterization of individual components relied
primarily on various methods in protein chemistry and subsequent cloning of
specific genes. Individual components were isolated with narrowly defined and
highly specific functions. Such fully defined proteins are of greater interest to the
pharmacological scientist trying to tackle a specific problem. In recent years, tran-
scriptomics and proteomics techniques have been used in deciphering the structural
and compositional aspects of the venome/sialome. These approaches have lead to
a rapid increase in the amount of sequence data available for various classes of
venom proteins. While it has enabled more profound insight into relations between
families of venomous/ hematophagous animals and the enormous diversity in toxin
sequence, it has the disadvantage of not providing any direct input concerning
the targets (or even biological properties) of these proteins. This requires individ-
ual expression of DNA sequences as proteins and careful checking that they have
refolded correctly followed by testing against possible targets in blood or the vascu-
lar system. Despite much research, these approaches do not always lead efficiently
to the required knowledge. Nevertheless, these approaches are the only feasible ones
for dealing with the tiny size of the saliva glands of hematophagous animals. Earlier
methods required the dissection of thousands of insects to provide enough material
for classical protein chemistry approaches. In contrast, proteomic and transcrip-
tomic approaches require a small number of salivary glands. Expression studies
allow the preparation of antibodies that may be used to investigate the protein in
the original saliva since here only micrograms are necessary. These approaches
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have also allowed investigation of the composition of salivary gland proteins as
well as the venom of colubrid snakes, which generally produce only very small
amounts of venom and also that of a range of other reptiles, such as Gila mon-
sters and Komodo dragons (Fry et al., 2006, 2009) that were also inaccessible
earlier.

Platelet aggregation inhibitors have been isolated from various animal sources.
They are proteins or glycoproteins with molecular weight ranging from 5000 to
several tens of thousands. These factors inhibit platelet aggregation by different
mechanisms. A large number of these inhibitors have no enzymatic activity. In
contrast, some of them do exhibit enzymatic activities, such as phospholipase Ass
(PLA; — but not all are active, lacking essential catalytic residues), proteinases
and nucleotidases. In general, the mechanism of inhibition of platelet aggrega-
tion is well understood for several groups of non-enzymatic proteins. However,
further research is required to delineate the mechanism of inhibition by some of
the enzymes. A number of components from animal venom/saliva, which affect
blood coagulation, platelet aggregation, and cardiovascular system have been puri-
fied and characterized. They fall into a wide range of molecular categories ranging
from several categories of enzymes to non-enzymatic proteins and polypeptides.
Enzymatic proteins exert their effects on hemostatically critical components either
by an inactivating cleavage or in many cases an activating cleavage of a precursor
molecule. They also can exert their effects by cleaving agonists such as ADP in
platelet aggregation. Non-enzymatic proteins exert their effects by binding to vari-
ous receptors or ligands and act either as inhibitors or activators of the physiological
process. Factors inducing platelet aggregation remove platelets from the circulation
with high efficiency and prevent hemostasis. The biologically-active molecules tend
to form into separate classes with a number of representatives of each class, often
with specific functions, present in each venom/saliva. Snake venoms in particular
contain a wide range of different classes.

Although at first glance the above exogenous factors appear to function as
“villains”, causing undesirable effects, several life-saving drugs have been devel-
oped based upon these factors. Such drugs or drug leads include those that inhibit
the angiotensin converting enzyme (ACE) (Captopril (Capoten®) and Enalapril
(Vasotec®)), that block platelet receptors (Eptifibatide (Integrilin®) and Tirofiban
(Aggrastat®)), or that inhibit thrombin (bivalirudin (Angiomax®)) to name but
a few. Briefly, we describe below the development of these drugs starting from
exogenous factors.

Captopril was the first ACE inhibitor which helps in controlling hypertension
designed in 1975 based on the structure of bradykinin potentiating peptides (BPPs)
found in Brazilian pit viper Bothrops jararaca venom (Brunner et al., 1978). It
was among the first successes of structure-based drug design. Ferreira and Rocha
e Silva purified BPPs from B. jararaca venom in 1965 (Ferreira and Rocha e Silva,
1965). They are proline-rich oligopeptides of 5—14 amino acid residues which have
a pyroglutamic acid at their N-terminal end. They are naturally occurring ACE
inhibitors. Enalapril (Sweet et al., 1981) and Quinapril (Kaplan et al., 1984) were
developed based on these to reduce the undesirable side effects (see Chapter 2).
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Eptifibatide (Integrilin®) (Tcheng et al., 1995) is based on the structure of a
functional and structural loop present in disintegrins, the snake venom components,
which inhibit integrins present in a range of cells, including platelets, endothelial
and smooth muscle cells. During development the idea was to find a disintegrin
that was specific for platelet alIbB3 and that did not inhibit other integrins. A
wide range of disintegrins from different snakes were tested until barbourin from
the venom of Sistrurus m. barbouri was identified as an allbf3-specific integrin
antagonist (Scarborough et al., 1991). Eptifibatide is based on the KGD containing
conformationally-constrained loop, which is the active region of this disintegrin.
It has become a very effective drug for preventing thrombus formation leading to
occlusion of vessels (or stents) after surgery by preventing fibrinogen and fibrin
from binding to activated allbf3 on platelets.

Tirofiban (Aggrastat®) is a non-peptidic olIbB3 inhibitor that was designed
based on the RGD-containing, the conformationally-constrained loop of another dis-
integrin, echistatin, isolated from Echis carinatus (Hartman et al., 1992). Tirofiban
is also used extensively in surgery for the same purposes as eptifibatide. Roxifiban
is an oral version of tirofiban (Mousa et al., 1999). Originally, there were great
hopes of using orally-available aIlbf3 inhibitors like roxifiban and its competitors to
prevent thrombus formation in patients at risk. However, most of this class of cyclic
peptides and non-peptidic drugs bind preferentially to the active state of the inte-
grin and thus tip an equilibrated situation in the direction of activation. It might be
thought that if the activated integrin is in any case blocked this would not be a prob-
lem. However, when the ollbf3 integrin is activated it signals to the platelet interior
and causes more platelet activation. In patients this may lead to increased thrombo-
sis. Thus, although this route works well in acute situations it is less applicable to
chronic ones (Hantgan and Stahle, 2009).

Bivalirudin (Angiomax®) (Ofosu et al., 1992) and lepirudin (Romisch et al.,
1994) are both direct thrombin inhibitors based on the structure of the leech protein
hirudin that block both the active site and exosites on thrombin. In the leech this sali-
vary protein is largely responsible for inhibition of coagulation at the bite site. Even
after the leech has been removed the bite continues to bleed for a long time showing
how efficient this protein is. Thrombin inhibitors of this class are particularly useful
where heparin or low molecular weight heparin cannot be used because of evidence
of heparin-induced thrombocytopenia however careful dosing is necessary to avoid
a bleeding risk caused by these powerful inhibitors (Tschudi et al., 2009).

All of these drugs were the result of long research programs involving inves-
tigation of a wide range of similar molecules from different snakes or other
hematophagous animals to select appropriate starting proteins. This was particu-
larly important in the development of eptifibatide. After this stage the molecule was
then gradually adapted to yield the desired pharmacology.

In other cases, the entire exogenous protein is used in the treatment of certain dis-
eases. For example, Batroxobin (Reptilase) from Bothrops atrox and Ancrod from
Callosellasma rhodostomata are thrombin-like proteases used to digest and remove
fibrinogen from the blood to reduce risk of, or treat stroke or venous thrombosis in
PTCA (Bell, 1997).
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Although the use of macromolecules may be acceptable for a single use, multiple
chronic uses raise the risk of eliciting immune responses in the patients. In these
cases, smaller and/or less immunological molecules (with tighter folding or exposed
hydrophobic surfaces) need to be developed.

Venom components are extensively used as diagnostic tools in assays of haemo-
static function (Schoni, 2005; see also Chapter 43). Reptilase is used as a rapid
fibrinogen assay in samples containing heparin and also in assay of antithrombin in
plasma where thrombin would interfere with the assay. Snake venom prothrombin-
activating enzymes are widespread, particularly in Australian elapids and are used
in prothrombin assays.

Venom disintegrins as well as snaclecs (snake C-type lectin-like) have been used
extensively to investigate the function of platelet and other cell receptors and have
played important roles in the discovery and characterization of new receptors.

A look into the distant future might see applications for venom/saliva com-
ponents in treating complex diseases such as cancer and neurological disorders.
However, this book is mainly aimed at the exogenous proteins regulating hemostasis
and thrombosis and at using such components to develop assays for physiological
and pathological conditions.

Several new and exciting success stories are currently unfolding. In this book,
recent studies on some of the exogenous factors that play crucial roles in cardio-
vascular and hematological disorders are reviewed in order to consolidate efforts
in this area of research and to entice new, talented researchers into this field by
demonstrating the interesting options available. The review chapters, each written
by experts in their field, are devoted to exogenous factors affecting platelet aggrega-
tion, anticoagulant and procoagulant proteins, fibrinolytic proteins and hypotensive
agents.

The first section starts with several reviews of modern approaches to the anal-
ysis of overall venom/saliva contents, covering applications of transcriptomics and
snake venomics as well as a detailed investigation of wasp venom and then passes
on to a consideration of differences in hemostatic activity between venoms from dif-
ferent species. Finally in this section, the identification and characterization of new
inhibitors from ticks is described. The second section deals with anticoagulant pro-
teins from snakes, hematophagous animals, ticks and, surprisingly, scorpions, which
are generally thought of as having neurotoxic venoms only. The third section deals
with proteins that inhibit platelet function. Many of these affect platelet integrins,
the receptors linking extracellular matrix to the platelet cytoskeleton or aggregating
platelets via fibrinogen/fibrin and involved in clot retraction. From their specificity
for integrins and their ability to inhibit their function they have been named disinte-
grins. A major target of snake disintegrins is the platelet integrin oIIbf3 preventing
platelet aggregation to avoid clot formation. This contributes towards prey blood
losses on the one hand and facilitates swallowing the prey and its digestion on
the other. However, other integrins including avf3, as well as f1 and B2 fami-
lies are also targeted and the function of inhibiting these is only starting to be
uncovered. Inhibition of angiogenesis by disintegrins is a major topic of discussion.
Anti-platelet agents from haematophagous animals are then discussed. These mainly
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fall into categories different from snake venom components. However, one class of
inhibitor found in both sources is apyrases which destroy ADP and ATP, both impor-
tant platelet activators. A fascinating aspect of haematophagous salivas is the range
of molecules adapted to tight binding to small molecule platelet activators such as
ADP and which therefore provide a mopping up function keeping concentrations
below a critical platelet activating concentration in the vicinity of the feeding wound.
Finally, in this section, snaclecs (snake C-type lectins) that inhibit platelet function
are discussed. These fall mainly into those proposed to block GPIba function based
on the assay system used but which, however, may not be their real function as well
as snaclecs that inhibit specific integrin functions.

The fourth section covers fibrinolytic proteins from various organisms. Although
there was interest in direct fibrinogen/fibrin cleaving enzymes at one stage, in recent
years this has shifted to enzymes which activate the physiological plasminogen to
plasmin pathway since this is thought less likely to lead to bleeding complications
in patients. The fifth section deals with a wide range of procoagulant proteins from
various sources including bacteria, caterpillars and plants as well as snakes.

The sixth section covers some of the toxins that activate platelets starting with
a detailed look at the snaclec, aggretin/rhodocytin that has been recently of great
interest because of its use to identify and characterize CLEC-2 as an important acti-
vatory receptor in platelets and an increasing range of other cells. This is followed
by a general review of the various types of snaclec that activate platelets and their
different targets. Lastly, proteins derived from bacteria that activate platelets are
described and the effects that these have on patient health.

The seventh section deals with proteins from venoms that reduce the blood pres-
sure in their prey — hypotensive factors. Various classes from different sources are
described. The eighth section deals with more generalized effects of envenomation
on the overall haemostatic and coagulation system of the prey and the use of anti-
venoms to reduce major and side-effects. This is an area with a lot of open questions
remaining, in particular about long term effects.

Finally, the last section deals with some of the effective applications of toxin
research. These include the use of leeches in microsurgery, reducing scar tissue for-
mation and maintaining microcirculation. Toxins, particularly from snake venoms,
have also been used extensively to develop assays for both pathological haemostatic
conditions and for levels of coagulation factors. This is an active area with new
assays being continually developed. Vascular endothelial growth factor-like proteins
are common components of snake venoms and may function by inhibiting the phys-
iological receptors. This is an area of considerable interest because of the possibility
of designing drugs based on these structures that are effective in treating particular
types of tumour or diseases such as anomalous retinal vessel development.

There remain many highly interesting areas, such as the small phospholipase
Ajs, where non-enzymatic aspects of their mechanisms of cell activation or inhi-
bition are poorly understood, as well as their possible receptors and which may
be addressed in the future. As well as affecting haemostasis, venom proteins in
particular have effects that go way beyond control of bleeding. These involve the
access of the toxins to areas outside the vasculature, critical for transporting the
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venom. Permeabilization of the vessel wall, including removal of endothelial cells
and digestion of extracellular matrix, allow toxins to reach critical muscles, such as
those of the heart, and attack the nervous system including the brain. Many aspects
of heart disease and stroke are touched upon in this way. Most of the venom compo-
nents involved in these effects have been relatively little investigated and constitute
a new area for future research.
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Chapter 2

From the Bothrops Jararaca Bradykinin
Potentiating Peptides to Angiotensin Converting
Enzyme Inhibitors

Sérgio Henrique Ferreira

Abstract When Rocha e Silva received the first samples of synthetic bradykinin
from Boissonnas et al. (1960), was found that it was much less potent than “natural”
bradykinin made by incubation of plasma with the Bothrops jararaca venom. Erdos
and Sloane (1962) demonstrated that the major inactivating enzyme in plasma had
the characteristics of pancreatic carboxypeptidase B. This enzyme was a zinc metal-
enzyme (Vallee, 1961). This knowledge prompted us to investigate the bradykinin
potentiating activity of several metal chelating agents. BAL (dimercaptopropanol)
inhibited bradykinin inactivation by plasma, and potentiated its actions “in vitro”
and “in vivo” (Ferreira and Rocha e Silva, 1962, 1963; Ferreira et al., 1962; Rocha
e Silva, 1963). This venom when added to an isolated guinea pig ileum prepara-
tion causes tachyphylactic contractions. Investigating if BAL could potentiate those
contractions, we observed that the venom itself had a powerful peptidic potenti-
ating substance, which we named bradykinin potentiating peptide, BPF. As the
enzyme that inactivates bradykinin also converts angiotensin in the hypertensive
active peptide the structure of BPF was instrumental for the development of the new
synthetic family of antihypertensive drugs, named Angiotensin Converting Enzyme
Inhibitors.

We started studying the pharmacological potentiation of bradykinin by investigating
agents that are able to inhibit its inactivation. Following the observations that the
major inactivating enzyme in plasma had the characteristics of a carboxypeptidase
(Erdos and Sloane, 1962) and that pancreatic carboxypeptidase B was a metal-
enzyme (Vallee, 1961), we then demonstrated that several metal chelating agents
(in particular, dimercaptopropanol) inhibited bradykinin inactivation by plasma,
and potentiated its actions “in vitro” and “in vivo” (Ferreira and Rocha e Silva,
1962, 1963; Ferreira et al., 1962; Rocha e Silva, 1963). This line of research was
initiated when Rocha e Silva received the first samples of synthetic bradykinin from
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Fig. 2.1 A historic moment:
Diana Bartelt (/eff) showing
the deduced structure of
BPF5a to Sérgio Ferreira
(middle) and Lewis Greene
(right). The N-terminal of
BPF5a was blocked by
pyroglutamic acid, which at
that time was a major
problem for determining the
peptide sequence. Greene had
a classical strategy. However,
Bartelt decided, quietly, to
deduce its structure on her
own. The peptide synthesis of
BPF5a by John Stewart
showed that the structure
proposed by Bartelt was
correct

Boissonnas et al. (1960), which were found to be much less potent than “natural”
bradykinin.

Bradykinin was discovered by incubating plasma with the venom of the Brazilian
snake Bothrops jararaca (Rocha e Silva et al., 1949). In the same venom I found a
strong bradykinin potentiating factor, which was named BPF (Ferreira, 1965). This
factor explained why “natural” bradykinin was more potent than the synthetic one.
BPF potentiated bradykinin in several pharmacological tests, possibly by inhibit-
ing its destruction, since it increased bradykinin half-life both in plasma and in the
circulation (Ferreira, 1966; Ferreira and Vane, 1967a; Erdos, 1966).

It was assumed that bradykinin inactivation and angiotensin conversion were
accomplished by the same tissue/plasma enzyme. This hypothesis was supported
by the observation made at Prof. J. R. Vane’s laboratory, in London, where we
demonstrated that the major site of inactivation of circulating bradykinin was in
the pulmonary vascular bed (Ferreira and Vane, 1967b). At that time, synthetic
angiotensin-I became available and Ng and Vane (1968) found that, during the
passage through the pulmonary vascular bed, it was converted to angiotensin-
II. This conversion appeared to be similar to bradykinin inactivation, since the
carboxy-terminal amino acids of both peptides could be hydrolyzed by the same
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enzymatic activity. However, it was Dr Bakhle, at the same Department, who using
our preparation of BPF first demonstrated its inhibitory action on in vitro enzymatic
conversion of angiotensin-I (Bakhle, 1968; Bakhle et al., 1969). Thus, BPF provided
the first clear demonstration of the association of the conversion of angiotensin-I
with kininase activity. This was later confirmed with purified kininase-II by Yang
etal. (1971).

Our association with Dr L.T. Greene of Brookhaven National Laboratory resulted
in the isolation and characterization of nine low molecular weight pharmaco-
logically active peptides (Ferreira et al., 1970a; Greene et al., 1970). A general
association between the bradykinin potentiation and angiotensin-I conversion activ-
ities was described for those peptides fractions (Ferreira et al., 1970b). The smallest
peptide (PCA-Lys-Tryp-Ala-Pro) was sequenced, synthesized and named BPP5a.
It showed identical activities as BPF and was used to make the first demonstra-
tion of the participation of angiotensin system on a renal experimental model of
hypertension (Krieger et al., 1971). Our work clearly demonstrated that among the
Bothrops peptides the nonapeptide (BPPo,) was the most potent one (Ferreira et al.,
1970a, b). BPPo, structure and synthesis was performed at Squibb by Ondetti et al.
(1971), being rebaptized as converting enzyme inhibitor teprotide, SQ 20,88 1.
Around 1973, the Squibb group realized the impossibility to develop classical
peptides for oral antihypertensive drugs and allowed the publication showing the
effectiveness of SQ 20,88 1 in hypertension (Gavras et al., 1974) and in human
hypertension angiotensin dependent (Rosenthal et al., 1979). The late awareness
of the work of Byers and Wolfenden (1972), showing the strategy to develop non-
peptidic inhibitors from peptides, directed the synthesis of captopril by Cushman
et al. (1977). Byers and Wolfenden proposed that the carboxy-terminal amino acid
of a carboxypeptidase-A substrate would interact with the active site of the enzyme,
and that the carbonyl of the peptide bond interacted with a zinc ion tightly bound
to the enzyme. Based upon this model, inhibitors of carboxypeptidase-A, such as
D-2 benzylsuccinic acid, were designed. Cushman et al. assumed that the active
site of angiotensin converting enzyme inhibitor (ACEi) was analogous to that of
carboxypeptidase-A although the distance between the carboxyl-binding group and
the zinc ion was greater than that in carboxypeptidase-A. The SQ 20,88 1 and BBPs,
had a proline as carboxy terminal amino acid. When a succinyl radical was added
to proline, a weak specific ACEi, but oral active resulted, leading to the invention of
captopril and creating a new class of antihypertensive, ACEi (Cushman et al., 1977).

Although ACEi was marketed as a specific drug for the blockade of conversion of
Angiotensin-II, there were several papers calling attention that they obviously had
a potent action on bradykinin effect. Martorana et al. (1991) showed a bradykinin
dependent antiischemic effect of ACEi. More recently, it was described that the
bradykinin antagonist (icatibant) reduces the hypotensive effect of captopril oral
administration in hypertensive subjects (Gainer et al., 1998).

ACE:i has several side effects that frequently limit its use (allergic reaction, chest
pain cough, loss of taste sensation, etc). This fact, associated with the introduction of
angiotensin receptor antagonists and renin inhibitors in the market, may explain why
ACEFi international market is slowly declining. However, if bradykinin is relevant
for the therapeutic of some special physiopathologic processes (due to bradykinin
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influence) some reflection should be made regarding its substitution by angiotensin
receptor antagonists and renin inhibitors.

The history of the development of the angiotensin converting enzyme inhibitors
reflects the combined efforts of basic and drug-orientated research, a classical
example of a relationship between university and industry research.

As in the case of Captopril, the major pre-clinical discoveries were made by
universities or research institutes, while the clever and practical development of
useful compounds was accomplished by industry scientists

Last but not least, I would like to draw attention to the central role of the bioassay
in the development of this area. The discovery of angiotensin, the demonstration of
the conversion of angiotensin-1 by lungs or tissue homogenates and its inhibition
by BPF, clearly illustrate this point. It is important for medical students and young
scientists to understand that it is not only with the use of sophisticated methodology
that relevant discoveries can be made. Indeed, as shown by captopril history, the con-
tractions of a guinea-pig ileum led to the discovery of a new class of antihypertensive
drugs.
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Chapter 3

Sialomic Perspectives on the Evolution of
Blood-Feeding Behavior in Arthropods: Future
Therapeutics by Natural Design

B.J. Mans and I.M.B. Francischetti

Abstract Blood-feeding behavior evolved more than 20 times independently in
Arthropods. This happened at least 6 times in the Arachnida (Acari) and 15 times in
the Hexapoda (Neoptera). This is recapitulated when transcriptomes from the secre-
tory component of salivary glands (Sialomes) are compared. As such, unique protein
families are found for the different lineages that adapted to a blood-feeding lifestyle
with only a limited number of protein families conserved across all lineages. Closely
related lineages might share similar sets of protein families in their sialomes, even
if no apparent orthologous or conserved functional relationships exist. This sug-
gests that sialomes of such lineages where already defined before adaptation to a
blood-feeding lifestyle, with subsequent innovation. In this regard, the same sets of
shared protein families tend to be abundant and prone to lineage specific expansion
(gene duplication) with specialized functions associated with various gene dupli-
cates. Perhaps not surprisingly, all sialomes show evidence of convergent evolution
in regard modulatory strategies that targets host defenses, even if the molecular
mechanisms differ. As such, a checklist of expected functions can be composed
for any blood-feeding arthropod not yet characterized. The diversity of mechanisms
that counteract vertebrate host immune and hemostatic systems is a veritable phar-
macopoeia, optimized by natural evolution, that can be exploited for therapeutic use.

Independent Evolution of Hematophagy in the Insects

Blood-feeding behavior evolved more than 20 times independently in Arthropods.
It occurred at least 6 times in the Arachnida (Acari) and 15 times in the Hexapoda
(Neoptera). Independent evolution of hematophagy is evident at the Order level in
the insects (5 times independent) when phylogenetic position and the relatively
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Archaeognatha (Bristletails~ 500}
Zygentoma (Silverfish ~ 400)
Ephemeroptera (Mayflies ~ 3,100)

od {Dragon-/Damselflies ~ 5,500)
Plecoptera (Stoneflies ~ 2,000)
Embiodea (Web spinners ~ 500)
Zoraptera {32)

Dermaptera (Earwigs ~ 2,000)
Grylloblattodea (lce crawlers ~ 25)
Mantophasmatodea {Rock crawlers)
Orthoptera (Crickets, Grasshoppers ~ 20,000)
Phasmatodea {Stick insects ~ 3,000}

M (Mantises ~ 1,800)
—‘_: Blattaria {Cockroaches ~ 4,000)
Isoptera (Termites ~ 2900}
Psocoptera (Bark lice ~ 4,400)
Phthiraptera (True lice ~ 4,900) | 4,900 (0 Sialomes)
Thysanoptera (Thrips ~ 5,000}
Hemiptera {Plant lice, True Bugs ~ $0,000) | 241 (4 Sialomes])

— Coleoptera (Beetles ~ 350,000)
Raphidiopt

phidioptera ( flies ~ 150}
\—\_': Megaloptera (Dobson-/Alderflies ~ 300}
Neuroptera (Lacewings ~ 6,500)

Hy p {Wasps ~ 125,000}

Diptera (True flies ~ 120,000) | 11,316 (17 Sialomes)
Mecoptera (Scorpionflies ~ 600)

Siphonaptera {Fleas ~ 2,500) I 2.500 (1 Sialome)

Strepsiptera (Twisted wings ~ 550)
Trichoptera (Caddisflies ~ 11,000)
Lepidoptera (Moths, Butterflies ~ 150,000) | 16 (O Sialomes)

Fig. 3.1 A phylogeny of the insects at order level. Bold lines indicate lineages where blood-
feeding evolved. Common names and number of species are indicated in brackets. Vertical lines
indicate lineages where blood-feeding lifestyles evolved, followed by the number of blood-feeding
species and the number of sialomes constructed thus far in brackets. Phylogenetic relationships
and species numbers adapted from Grimaldi and Engel (2005)

low number of species that feed on blood is taken into account relative to their
non-feeding relatives (Fig. 3.1) (Grimaldi and Engel, 2005). In the case of lice and
fleas where all members of the Order are obligate blood-feeders, the monophyletic
nature of blood-feeding behavior seems to be relatively strait-forward. The same
probably holds for moths where only 16 species have been described that feeds on
blood, all members of the same genus, Calyptra.

Within the Hemiptera and Diptera, where the majority of species are non-
hematophagous, blood-feeding behavior evolved several times independently. In the
Hemiptera, blood-feeding behavior evolved at least twice in the Cimicomorpha,
in the Cimicidae (bed bugs) and the reduvids (assassin bugs) (Fig. 3.2). Even
so, it is suspected that blood-feeding behavior in reduvid bugs are polypheletic

Nepemorpha

— Leptopodomorpha
— Pentatomomorpha
L——— Thaumastocoridae

— Reduviidea (Assasin bugs ~ 155, 4 Sialomes)
Xylastodorinae

Cimiciodea (Bats and Bed bugs ~ 122)
Tingidea
Miridea

Fig. 3.2 A phylogeny of the Chimicomorpha (Hemiptera) at family level as adapted from Schuh
et al. (2009). Bold lines indicate lineages where blood-feeding evolved. Common names and num-
ber of species are indicated in brackets with the number of sialomes described where appropriate
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Nycteribiidae (Bat flies)

Streblidae (Bat flies ~ 237)
Hippoboscidae (Louse flies)
Glossinidae (Tsetse flies ~ 25, 1 Sialome)
Scathophagidae (Dung-flies ~ 500}
Anthomyidae (Root flies)
s Muscidae {Stable flies ~ 50, 1 Sialome)
Tachinidae (Tachina flies ~ 8200)
Sarcophagidae (Flesh flies)
Rhinophoridae

Oestroidea {Bot-flies ~ 150)
Calliphoridae (Blow-flies ~ 1100}
Acalyptrates

Phoridae {Scuttle flies ~ 3000}
Syrphidae {Hover-flies ~ 6000}
Ironomyiidae
Sciadocerridae

Opetiidae {Flat-footed flies)
Platypezidae {Flat-footed flies ~ 250)
Lonchopteridae (Pointed-wing flies)
— A!ele_stfdae

p {Dagger flies ~ 3000}
LE Hybotidae (Dance flies)
Dolichopodidae (Long-legged flies ~ 7000)
Hilarimorphidae
—— Bombyliidae (Bee flies ~ 4500)
Apioceridae (Flower-loving flies ~ 150}
Mydidae (Mydas flies ~ 400)
Asilidae {Robber flies ~ 7100}
Scenopinidae (Window flies ~ 400)
Apsilocephalidae
Therevidae (Stiletto flies ~ 1600)
— Nemestrinidae (Tange-veined flies ~ 300)
L Acroceridae {Hunchback flies ~ 520)
Rhagionidae (Snipe flies ~ 50}
Vermileonidae {(Wormlions ~ 80)
Pelecorhynchidae
Athericidae (Watersnipe flies)
Tabanidae (Horse flies ~ 3500}
Xylophagidae (Awl-flies)
— Pantophtalmidae
LE Xylomyidae {Wood soldier flies)
Stratiomyidae {Soldier flies ~ 1500)
Anisopodidae {(Wood gnats ~ 154}
Pachyneuridae (Root gnats)
Perissommatidae
Axymyiidae

Bibionidae (March flies/Love bugs ~ 700}
Ditomydiidae
Keroplati {Keroplatid fungus gnats)
——— Diadocidiidae
] ———— Bolitophilidae

Lygistorrhinidae
Mycetophilidae s.s (Fungus gnats ~ 30600)
Sciaridae genus group (Dark-winged fungus gnats ~ 1700)
Rangomaramidae
Cecidomyiidae (Gall midges ~ 3000)
— Blephariceridae {(Net-winged midges ~ 200}
— L Deuterophlebiidae (Mountain midges)

Canthyloscelidae

Scatopsidae (Dung midges ~ 250)
Valeseguyidae

Ptychopteridae (Phantom crane flies}
Tanyderidae {Primitive crane flies)
Psychodidae (Moth flies ~ 800, 6 Sialomes;
Culicidae (M i ~ 3000, 7 Si; )

— Chaoboridae (Phantom midges}
Corethrellidae {Frog-biting midges ~ 87)
Dixidae {Meniscus midges)
Nymphomyiidae
Ceratopogonidae (Biting midges, 1000, 2 Sialomes)
Chironomidae (Non-biting midges ~ 5000}
Simuliidae (Black flies ~ 1500, 1 Sialome)

Thaumaleidae (Solidary midges ~ 120}
— Tipuloidea (Crane flies ~ 14600)
L Trichoceridae (Winter crane flies)

Fig. 3.3 A phylogeny of the Diptera at family level as adapted from Grimaldi and Engel (2005).
Bold lines indicate lineages where blood-feeding evolved. Common names and number of species
are indicated in brackets with number of sialomes described where appropriate
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having evolved several times from various predators in triatomines (kissing bugs)
(Schofield and Galvao, 2009). In the Diptera, blood-feeding evolved at least 11
times independently (Fig. 3.3). Even so, blood-feeding flies encompass only ~10%
of all known fly species.

Independent Evolution of Hematophagy in Mites

In the Arachnida, blood-feeding only evolved within the Acari, suggesting that the
evolution of hematophagous behavior is monophyletic (Fig. 3.4). However, blood-
feeding behavior evolved at least three times in the Acari, in the Astigmata and
Prostigmata (Mesostigmata and Ixodida) (Figs. 3.5 and 3.6). Even so, blood-feeding
behavior most probably occurred multiple times in the Trombidiformes (Astigmata)
(Bochkov et al., 2008). It is even suspected that blood-feeding evolved multiple
times within the Dermanyssina, the only lineage within the Mesostigmata for which
blood-feeding behavior has been recorded and for which most species are non-
hematophagous mites (Radovsky, 1969; Walter and Proctor, 1999). Independent

| Scorpiones (Scorpions ~ 2 000)

Opiliones (Harvestmen ~ 6 300)
\—E Pseudoscorpiones (Pseudoscorpions ~ 3 000)

Solifugae (Sun spiders ~ 900)
—— Acari (Mites ~ 45 000) - 12 Sialomes
|—: Palpigradi (Microwhip scorpions ~ 80)

Pycnogonida (Sea spiders ~ 1 300)
| Ricinulei (Hooded tickspiders ~ 60)

Araneae (Spiders ~ 40 000)

Amblypygi (Tailless whip scorpions ~ 140)
Thelyphonida (Whip scorpions ~ 100)
Schizomida (Shorttail whipscorpions ~ 230)

Fig. 3.4 Phylogeny of the arachnids as adapted from Giribet et al. (2002). Bold lines indicate
lineages where blood-feeding evolved. Common names and number of species are indicated in
brackets

| Endeostigmata ~ 120
{ Oribitada ~ 11000
Astigmata ~ 4500
— Eupodina ~ 4800
—‘—: Anystina ~ 250
Parasitengona ~ 8300
s Raphignathina ~ 2200
L Heterostigmata ~ 1500

Fig. 3.5 Phylogeny of the Acariformes at suborder level as adapted from Klompen et al. (2007)
and Bochkov et al. (2008). Bold lines indicate lineages where blood-feeding evolved. Approximate
number of species was adapted from Walter and Proctor (1999)



3 Sialomic Perspectives on the Evolution of Blood-Feeding Behavior 25

Parasitina ~ 600
4|£ Dermanyssina ~ 8000
Arctacarina ~ 3
{ Epicriina ~19
Zerconina~110
— Sejina~55
L Heterozerconina ~ 14
— Cercomegistina ~ 17
L Antennophorina ~ 250
I Diarthrophallina ~ 60
{ Microgyniina ~ 4
Uropodina ~ 2500
] — Holothyrida ~ 32

' [xodida ~ 900 (12 Sialomes)
Opilioacarida ~ 17

Fig. 3.6 Phylogeny of the Parasitiformes at suborder level as adapted from Klompen et al. (2007).
Bold lines indicate lineages where blood-feeding evolved. Approximate number of species was
adapted from Walter and Proctor (1999)

evolution of blood-feeding behavior was also suggested for hard (Ixodidea) and soft
ticks (Argasidae), based on the extensive differences in their biochemical salivary
repertoires and blood-feeding biology (Mans and Neitz, 2004; Mans and Ribeiro,
2008a, b; Mans et al., 2002, 2008a, b, c).

The Vector-Host Interface and Salivary Gland Pharmacopoeias

It was probably a given that hematophagous behavior would have arisen once
a circulatory system that transported nutrients evolved in multi-cellular organ-
isms. The common denominator that arthropods faced during the adaptation
to a blood-feeding lifestyle is the vector-host interface or in simpler terms,
the feeding-site (Champagne, 2004; Ribeiro, 1995). Here arthropods encoun-
tered the host’s defenses against blood-loss and foreign invasion, namely,
the hemostatic and immune systems. These defense mechanisms are com-
plex, redundant and inter-connected and in order to become successful feed-
ers, arthropods had to evolve effective counter-mechanisms (Francischetti et al.,
2009).

Secretion of bio-active components into the feeding site that specifically rec-
ognize and neutralize the molecules involved in hemostasis and immunity were
evolved and these derived mostly from the salivary glands (Ribeiro, 1995; Ribeiro
and Francischetti, 2003). Blood-feeding arthropods thus became veritable pharma-
copeias of bio-active salivary molecules specific for their vertebrate host’s defenses.
On the one hand the study of these molecules is of interest due to their anti-
hemostatic, anti-inflammatory and immuno-modulatory capabilities that may have
therapeutic potential (Champagne, 2004). On the other hand, their study should shed
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light on the evolution of blood-feeding behavior, as they represent the environmen-
tal challenges that hematophagous arthropods had to overcome at the vector-host
interface (Mans and Neitz, 2004). In this regard it is of interest to discover how dif-
ferent lineages found solutions to the same problems faced at the feeding site, either
though convergent or divergent evolution.

A Hundred Years of Salivary Gland Research

More than 100 years of research has been performed on the salivary gland biol-
ogy of blood-feeding arthropods, starting with the identification of anti-clotting
activity in whole tick extracts from Ixodes ricinus, after a similar discovery
was made in leeches (Sabbatani, 1899). Sabbatani made the generalization that
all organisms that feed on blood will possess anti-hemostatics to counter-act
the host’s defenses. This has been confirmed by numerous biochemical studies
on all the major classes of blood-feeding arthropods, starting with the identi-
fication of biochemical functions in crude salivary gland extracts or saliva in
the first half of the previous century (Cornwall and Patton, 1914; Nuttall and
Strickland, 1909). Analysis of salivary components became increasingly complex
in the last half of the previous century, especially in the last decade when numer-
ous salivary gland components were purified and characterized at a molecular
level (Law et al., 1992; Ribeiro and Francischetti, 2003; Ribeiro, 1995). This
yielded a wealth of knowledge on mechanism, function and identity of the dom-
inant functions present in saliva of blood-feeding arthropods. This was obtained
by laborious biochemical approaches that advanced our knowledge a step at
a time.

The introduction of high through-put methods at the turn of the last millennium
changed the field of vector salivary gland biology in significant ways that is still
being realized. The first salivary gland transcriptome was described for the sand
fly Lutzomyia longipalpis with the description of 5 cDNAs implicated in feeding
(Charlab et al., 1999). This was an interesting paper that was a harbinger of what
was to come. It was a fusion of the old school biochemical approach, with the frac-
tionation of the salivary gland components by chromatography, followed by Edman
sequencing, the description of the transcriptome and biochemical confirmation of
the functions predicted by the transcriptome in salivary gland extracts. This study
was expanded by the high through-put sequencing of salivary gland transcriptomes
and their proteomic profiling for the mosquitoes Aedes aegypti, Anopheles gam-
biae and the tick Ixodes scapularis (Francischetti et al., 2002a; Valenzuela et al.,
2002a, b). Since then 34 transcriptomes have been described for various blood-
feeding arthropods with extensive confirmation of proteins present in salivary glands
by proteomic methods (Table 3.1). These include coverage of most major orders of
insects and acarids, except for lice, bedbugs and mites other than ticks (Figs. 3.1,
3.2,3.3,3.4,3.5, and 3.6).
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Trancriptome Sequencing

Transcriptomes have been constructed in different laboratories using a variety of
techniques. In our laboratory the use of the Clontech cDNA library construction kit
coupled with lambda phage packaging has been used to sequence approximately 23
transcriptomes (Table 3.1). Most libraries consisted of three smaller libraries that
were fractionated using size exclusion chromatography to produce a large, medium
and small library. This prevents overrepresentation of smaller EST sequences in the
final library. Library assembly, clustering of contigs to yield full-length sequences
and annotation was performed with in-house software that is now available in the
public domain (Guo et al., 2009). This has led to a system that increased the ease of
comparative analyses for salivary gland transcriptomes.

Proteome Studies of Tick Salivary Gland

The first large-scale proteomic analysis was reported for salivary glands from Ae.
aegypti, A. gambiae and I. scapularis (Francischetti et al., 2002a; Valenzuela et al.,
2002a, b). It consisted of Edman degradation of salivary proteins separated by SDS
gel which were then electroblotted to PVDF membranes in CAPS-methanol buffer.
After staining the membrane in Coomassie blue, bands were sequenced by Edman
degradation. This technique has been useful since determination of the N-terminus
of the protein indicates precisely how the proteins have been processed and found in
saliva. On the other hand, Edman degradation has relatively low sensitivity and our
studies demonstrated that only a small fraction of proteins predicted by sequenc-
ing the cDNA library was found by this technique (Francischetti et al., 2002a;
Valenzuela et al., 2002a). In order to enhance recovery by Edman degration, salivary
gland of the triatomine Rhodnius prolixus was fractionated by HPLC and amino-
terminal sequenced (Ribeiro et al., 2004a). This approach enhanced coverage at the
expenses of a relative large number of salivary glands used for the experiments, a
condition not always evident when working with specimens of a given mosquito or
tick which availability may be limited. Another technique which has been widely
used in proteomics research is separation of protein by a 2-dimensional gel elec-
trophoresis followed by tryptic digestion and MS (Gutierrez et al., 2009; Oleaga
et al., 2007). While 2D gels may improve coverage substantially when compared
to 1D gel followed by Edman degradation it was not more effective than 1D gel
followed by HPLC-MS/MS (Andersen et al., 2007; Francischetti et al., 2008a, b;
Mans et al., 2008a). In addition, 2D gels consume relative large amounts of protein —
approximately 100 pg of sample proteins is needed to achieve good results.

More recently, we have attempted to separate salivary proteins from soft ticks
and other blood-sucking arthropods by 1D gel followed by tryptic digestion and
HPLC-MS/MS of the bands (Andersen et al., 2007, 2009; Francischetti et al.,
2008a, b). This technique has significantly enhanced coverage and proved more
informative than Edman degradation and 2D gel followed by MS/MS. It requires
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salivary glands to be solubilized and resolved by SDS/PAGE. Then, each gel lane
is sliced into approximately 30 gel slices, de-stained, and digested overnight with
trypsin. Peptides are subsequently extracted and desalted and resuspended in 0.1%
TFA prior to HPLC-MS/MS analysis using standard techniques. The results are
blasted against the cDNA library constructed with the salivary gland of the arthro-
pod in focus and the protein identified when it matches the corresponding transcript
or classified as “unknown” when it does not. Overall, our results have consis-
tently demonstrated that this approach has been the most informative and has been
elected as the preferable technique when studying blood-sucking salivary glands.
Nevertheless, Edman degradation and 2D gel followed by MS may provide com-
plementary information to 1D gel HPLC-MS/MS. Figure 3.7 compares the 1D gel
followed by Edman degradation (Fig. 3.7a), 2D gel followed by tryptic digestion
and MS (Fig. 3.7b) and 1D gel followed by tryptic digestion and HPLC-MS/MS

(A) 1D-gel, Edman degradation (B) 2D-gel, tryptic digestion and MS
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Fig. 3.7 Different proteome approaches to study the salivary gland of the soft tick O. parkeri. (a)
1D gel followed by Edman degradation, (b) 2D gel followed by tryptic digestion and MS, (¢) 1D
gel followed by tryptic digestion and HPLC-MS/MS. For details see (Francischetti et al., 2008)
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(Fig. 3.7¢) of the salivary gland of Ornithodoros parkeri (Francischetti et al., 2008a).
In cases where sufficient salivary gland material is available, fractionation by chro-
matographic methods, followed by MS-MS can give quantitative data on the relative
concentrations of various proteins expressed in the sialome, thereby correlating
protein and transcript abundance (Mans et al., 2008a).

Sialome Structure and Problems for Comparative Sialomics

The aim of comparative sialomics would be the derivation of insights into the evo-
lution of salivary gland secretory protein function and protein family repertoires.
This requires firstly, the comprehensive mapping of protein family members present
in a given sialome, and secondly, the accurate annotation of function associated
with these proteins. This allows for the identification and description of multi-gene
families and insights into the influence of gene duplication on sialome diversity
and evolution of function as well as the linkage of particular functions involved in
blood-feeding behavior with their respective protein families.

In sialomes constructed from salivary glands of insects and soft ticks, the major-
ity of contigs code for secretory proteins (50-90% of all sequences in the cDNA
libraries), as exemplified by the presence of a signal peptide (Table 3.1 and refer-
ences cited therein). There is also a good correlation between the most abundant
contigs and the most abundant proteins found in the salivary glands as analyzed by
proteomic methods. This is expected for a simple organ system, where proteins are
synthesized and stored in secretory organelles before secretion during fast feeding
events, with low metabolic activity between feeding events. As such, salivary glands
can be literally compared to bags of proteins vis a vis the bags of genes approach
followed for genome comparisons. In these sialomes, the cataloging of proteins
and protein families is a strait-forward matter that mostly depends on the level of
sequencing coverage, so that only a few thousand clones need to be sequenced to
get an adequate representation of salivary gland complexity. The sialomes of insects
and soft ticks also seem to be fairly small, with perhaps 100-200 secretory proteins
per sialome. Comparative sialomics (vs. for example, full genome sequencing) is
thus attainable, especially when coupled to biochemical confirmation of function.

Comparative sialomics in the case of hard ticks have shown to be more problem-
atic due to a number of reasons. Hard ticks feed for several days and during this
period the salivary glands undergo extensive development associated with the feed-
ing process (Binnington, 1978; Binnington and Stone, 1981). The salivary glands
are thus dynamic entities with significant background expression levels of non-
secretory proteins involved in cellular metabolism. The number of contigs found in
the cDNA libraries thus correlates poorly with the abundance of secretory proteins
(Aljamali et al., 2009; Francischetti et al., 2005; Nene et al., 2002, 2004; Ribeiro
et al., 2006; Valenzuela et al., 2002a). Differential expression of genes over the feed-
ing period also dilute expression signal, as the levels of fluctuation occurs within a
high background. Higher numbers of potential secretory proteins (>500) has also
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been detected in the salivary gland of hard ticks (Ribeiro et al., 2006). To gain
a representative view of sialome diversity in hard ticks a much larger sequencing
effort is thus required.

Confirmation of protein expression in the salivary glands of hard ticks is further
hampered by the relatively low levels of secretory protein that can be detected using
proteomic methods (Francischetti et al., 2005; Ribeiro et al., 2006; Valenzuela et al.,
2002a). This again is due to the more “constitutive-like” release of protein during
the prolonged feeding period compared to the bolus released by soft ticks or insects
during their shorter feeding periods. A further complication is the secretion of non-
salivary gland derived proteins from the host that can mask tick-derived secretory
proteins (Madden et al., 2002).

Generalizations Derived from Sialomes for the Evolution
of Blood-Feeding Behavior

Several comprehensive reviews of salivary gland transcriptomes have been written
recently that comprises catalogues of salivary gland protein families found in dif-
ferent blood-feeding arthropods (Francischetti et al., 2009; Fry et al., 2009). The
current study aims at drawing broad generalizations concerning the evolution of
blood-feeding behavior as viewed from a sialomic perspective.

Unique Sialomes are Found for Different Lineages

In spite of problems associated with comparative sialomics, the analysis of sialomes
has indicated that distinct protein families are expressed in salivary glands from
different phylogenetic lineages (Table 3.1). This correlates with the independent
adaptation of different arthropods to a blood-feeding environment. It implies that the
salivary gland sialomes of ancestral non-hematophagous arthropods from different
lineages have already diverged and was adapted to their previous lifestyles before
evolution of blood-feeding behavior. Ancestral lifestyles include being plant feed-
ers (mosquitoes, flies and moths), scavengers (ticks, various fly families), predators
(reduviid bugs, mesostigmatid mites) and non-hematophagous parasites (mesostig-
matid mites) (Grimaldi and Engel, 2005; Lehane, 2005; Radovsky, 1969; Walter
and Proctor, 1999). Their previous lifestyles would have predisposed them towards
a blood-feeding lifestyle, either via adaptations that allows host finding and feeding,
or being in the proximity of the host, either as parasite or as a commensal habitant
of the hosts nest or burrow.

This would have predisposed the salivary glands to have certain functional
molecules and protein families that were specific for a particular lifestyle. Plant
feeders could be predisposed towards sugar metabolism. Scavengers might have
a variety of proteases, anti-microbials and protease inhibitors in their repertoire.



32 B.J. Mans and I.M.B. Francischetti

Predators would have toxins and digestive enzymes, while non-hematophagous
parasites could have the beginnings of immunosuppressive molecules.

In each case, the ancestral lineage would be dependent on the set of protein
domains found in their salivary glands at the time of the evolution of blood-feeding
behavior for the evolution of new function. This could explain the abundance of
some protein families within specific lineages, that expanded by gene duplication
and subsequent evolution of novel function.

Closely Related Lineages, Share Similar Sets of Protein Families
in Their Sialomes, Even If No Apparent Orthologous or Conserved
Functional Relationships Exist

Comparison of closely related lineages indicates that in many instances the same
protein families are found in their salivary gland repertoires even if evidence sug-
gest that they evolved blood-feeding behavior independently. As such, hard and soft
ticks share a similar protein family repertoire for their abundant protein families
that includes the lipocalins, BPTI-Kunitz, BTSP, metalloprotease families (Mans
et al., 2008a). The major protein family in Triatoma and Rhodnius are the lipocalins
(>80% of all salivary gland protein) (Assumpcao et al., 2008; Kato et al., 2008;
Ribeiro et al., 2004a; Santos et al., 2007). The D7-protein family is found in sand
flies, mosquitoes, biting midges and black flies (Arca et al., 2005, 2007; Andersen
etal., 2009; Anderson et al., 2006; Calvo et al., 2004, 2006, 2007a, 2009a; Campbell
et al., 2005; Francischetti et al., 2002a; Hostomska et al., 2009; Kato et al., 2006;
Oliveira et al., 2006; Ribeiro et al., 2004b; Russell et al., 2009; Valenzuela et al.,
2002b, 2003, 2004).

However, biochemical analysis of function has indicated that in most cases, those
functions considered to be important in vector-host interaction are not orthologous
or even belong to the same protein family (Mans and Neitz, 2004). If proteins with
similar functions belong to the same protein family, their phylogenetic analysis will
indicate no clear orthologous relationships (Mans et al., 2008a). Even if closely
related lineages possess the same protein families, members in different lineages
will not have similar functions.

For example, while the D7-proteins in mosquitoes possess an extra o-helix
involved in the binding of biogenic amines, this helix is absent from the D7-proteins
from sand flies and biting midges, implying that they will not possess biogenic
amine-binding function (Mans et al., 2007). Even though all triatomines possess
lipocalins, all lipocalins from the genus Triatoma lacks the conserved proximal
histidine residue involved in binding of the heme group in the nitrophorins from
R. prolixus and thus cannot function as nitrix oxide carriers (Andersen, 2010; Santos
et al., 2007). Within the Cimicomorpha, nitric oxide carrier function has been
evolved in the Triatomines (Rhodnius) and bed bugs (Cimex lectularius). In bed
bugs, this function is performed by the inositol polyphosphate 5" phosphatase fam-
ily that evolved to bind heme (Weichsel et al., 2005). The inositol polyphosphate 5’
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phosphatase family is also present in triatomines but presumably function in a more
canonical manner (Andersen and Ribeiro, 2006).

In ticks, lipocalins evolved biogenic amine-binding function in both hard and soft
tick lineages, but there are significant differences in their mechanisms of binding,
while thromboxane and leukotriene binding also seem to have evolved indepen-
dently (Beaufays et al., 2008; Mans and Ribeiro, 2008a, b; Mans et al., 2008c;
Paesen et al., 1999; Sangamnatdej et al., 2002). Hard and soft ticks all possess
Kunitz-BPTI proteins, but in the different tick families these inhibitors target differ-
ent enzymes and receptors (Corral-Rodriguez et al., 2009; Mans and Neitz, 2004).
Even in the case of the BPTI thrombin inhibitors, ornithodorin from the soft tick
Ornithodoros moubata, and boophilin from the hard tick Rhipicephalus microplus,
significant differences in mechanism exist that would indicate convergent evolu-
tion of function within the same protein family (Corral-Rodriguez et al., 2009;
Macedo-Ribeiro et al., 2008).

This would imply that even though closely related lineages shared similar protein
repertoires before adaptation to a blood-feeding environment, the evolution of novel
functions associated with blood-feeding occurred after speciation, utilizing the same
common building blocks (protein family repertoires).

The Same Protein Families are Prone to Expansion in Closely
Related Lineages

Lineage specific expansion (gene duplication) of different protein families occurred
in almost all of the blood-feeding lineages (Table 3.1). In fleas this occurred in the
phosphatase and FS1 antigen families (Andersen et al., 2007). Lipocalins expanded
in ticks and assassin bugs (Francischetti et al., 2009; Mans et al., 2008a; Ribeiro
et al., 2006). The odorant-binding/D7-family expanded in mosquitoes, sand flies
and biting midges (Anderson et al., 2006; Campbell et al., 2005; Francischetti et al.,
2002a).

In many cases functions involved in regulation of the hosts hemostatic and
immune systems are associated with these families (Francischetti et al., 2009; Fry
et al., 2009; Mans and Neitz, 2004). Most of these expanded families are also
those which are abundant at protein level. Possible reasons behind these expansions
include increasing the effective secretory concentrations of salivary gland proteins
involved in functions where high concentrations are important, such as scaveng-
ing of bioactive ligands such as ADP, biogenic-amines and eicosanoids (Andersen,
2010). The generation of polymorphism for important functions coupled with differ-
ential expression to evade the host’s immune responses (Francischetti et al., 2009).
Proteins that occur at high levels would also be ideal for the evolution of novel
function, as these already exist in abundant concentrations.

The expansion of highly expressed protein families in the salivary glands could
also indicate that evolution of novel function in the salivary glands is influ-
enced more by the current salivary gland repertoire available than exaptation and
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recruitment of other genes from the existing genome for expression in the salivary
glands. This might be linked to the salivary glands unique role in blood-feeding as
a storage and delivery organ of vector-derived proteins to the external environment.

Specific Host Defense Mechanisms Seem to be Recurring Targets
in the Evolution of Modulating Molecules

Similar strategies were evolved in most blood-feeding arthropods that target com-
mon host defense mechanisms (Ribeiro, 1995). This include targeting of specific
serine proteases involved in the blood coagulation cascade (notably FXa and throm-
bin), targeting of small molecules involved in platelet aggregation, inflammation
and vasoconstriction such as ADP, ATP, histamine, serotonin, nor-epinephrine and
epinephrine, leukotrienes and thromboxane A2 (Francischetti et al., 2009). The fact
that the same host defense mechanisms are targeted by distinct arthropods indicates
that these are central defense mechanisms of the vertebrate host that evolved and
were maintained in diverse vertebrates such as amphibians, mammals, birds and
reptiles. As such, it might be possible to construct a checklist of things you need to
evolve if you want to become a blood-feeding organism. In many cases, the conver-
gence of function correlates with those protein families that show lineage specific
expansions.

This leads to the evolution of common functions (as constraint by the hosts
defense mechanisms), but with innovative solutions that depends on the protein
families present in the sialome and their structural scaffolds. Their structures
will determine which becomes scavengers of bio-molecules (such as the D7 and
lipocalins), or inhibitors of various enzymes and receptors (smaller proteins are
more prone to this), or enzymes that targets host molecules and proteins (enzymes
might normally be exapted).

The fact that most blood-feeding lineages evolved their lifestyles independently,
at the same vector-host interface, facing similar challenges, make convergent evo-
lution a central feature of blood-feeding behavior in arthropods. Each lineage using
different building blocks (sialomes) still found similar solutions to the problems
they faced. This highlights the importance that the vertebrate host’s hemostatic and
immune defenses played in the evolution of blood-feeding behavior. It also provides
tremendous opportunities to exploit the diversity of potential therapeutic agents that
has been generated during the evolution of blood-feeding behavior in arthropods.

Functional Transcriptomics: Providing New Leads for Drug
Discovery

High throughput sequencing of cDNAs has emerged as a powerful technique
which has changed the field of exogenous secretions. As the set of transcripts
and proteomes from different salivary glands are revealed, our understanding of
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hematophagy, vector-host interactions, evolutionary aspects and phylogeny of blood
sucking arthropods has been modified substantially. Further, massive sequencing
has opened our potential to find new biological functions, and has re-emerged
as a platform for the discovery of novel drugs with potential therapeutic applica-
tions. This database, which has been increasing exponentially, has produced more
questions than anticipated, and properties never before hypothesized to exist in
hematophagous saliva.

The question now is how to tackle salivary glands in terms of finding novel bio-
logical activities, based on information available from functional transcriptomes.
Is there a rational, or a particularly informative approach that may produce reli-
able and consistent results? At present, it appears that advances in methodologies
may help us in this endeavor. For example, gene synthesis turned out to be afford-
able and reliable eliminating time-consuming steps such as cloning, and sequence
verification. Expression in bacteria has also been facilitated by new strains avail-
able, user-friendly molecular biology techniques, and refolding protocols that take
into account complex protein domains. Expression in eukaryotic system such as
HEK?293 cells has proven to produce significant amount of proteins which are prop-
erly folded. Expression libraries, novel purification techniques and highly sensitive
mass spectrometry procedures — among other methodologies such as protein arrays,
and crystal structure — may also contribute to our task in identifying salivary proteins
with novel biological functions. Finally, screening assays are often useful and may
serve for fast and reliable function identification. Below we summarize how differ-
ent approaches have helped investigators to reveal novel aspects of hematophagy
which may potentially contribute to drug discovery.

Conventional Purification Techniques

These techniques have been largely used in the first attempts to molecularly charac-
terize salivary proteins with a given property (e.g., an anticoagulant). When the pro-
tein is purified to homogeneity, the N-terminus is identified by Edman degradation
which is then used to generate probes needed to screen a cDNA library. This tech-
nique lead to the discovery of anophelin, a mosquito anti-thrombin (Francischetti
et al., 1999; Valenzuela et al., 1999), which displays potential therapeutic applica-
tions as reported for hirudin (Greinacher and Warkentin, 2008). While this approach
has been widely used (Francischetti et al., 2009; Fry et al., 2009; Koh and Kini,
2009; Maritz-Olivier et al., 2007; Steen et al., 2006), the most important limitation
is the large amount of saliva needed to isolate a molecule which may be present in
minutes amounts.

Discovery by Sequence Similarity

cDNA library construction generates hundreds of transcripts and has eliminated the
need to collect a large and often impractical numbers of salivary glands to isolate
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a protein. In addition, sequence similarity to a protein previously deposited in the
database provides leads that help investigators to confirm the existence of a given
activity in the saliva. This was the case of Ixolaris, a two-Kunitz Tissue Factor
Pathway Inhibitor (TFPI) from 1. scapularis which displays sequence similarity
to three-Kunitz human TFPI (Francischetti et al., 2002b). However, this approach
can be potentially tricky. Even in cases of Ixolaris, several other single Kunitz-
containing molecules displayed sequence similarity to TFPI but turned out to be
inactive towards tissue factor. Furthermore, two-Kunitz-containing proteins which
display homology to Ixolaris have been reported to inhibit contact phase proteins
(Decrem et al., 2009), or thrombin (Lai et al., 2004). Accordingly, finding the right
sequence to be expressed is critical. Also, evolutionary and molecular plasticity of
some protein families (e.g. Kunitz, lipocalins) may produce surprises in terms of
how these molecules work mechanistically. For instance, Ixolaris displays a remark-
able mechanism of action which — in contrast to human TFPI — was shown to bind
to Factor X (besides FXa). This property accounts for the long half-life of Ixolaris
in vivo, a notable advantage for an anticoagulant with anti-thrombotic properties
(Nazareth et al., 2006).

Massive Expression of Proteins from the Same Family — Nature’s
Version of Directed Evolution

The numerous members from the same protein family found in the sialomes of dif-
ferent arthropods or within the sialome of a particular species provide us with a
plethora of genes with similar or different functions that has been optimized or
tinkered with during the course of natural evolution. As such, proteins with high
sequence similarity may have very specific but related functions that have been
optimized to a remarkable extent. Examples are the ADP, prostanoid and biogenic
amine-binding proteins found in ticks, assassin bugs and mosquitoes that show
specificity, for ADP, nitric oxide, histamine, serotonin, epinephrine, norepineprhine,
leukotrienes B4, C4, D4, E4 and thromboxane A2 (Andersen, 2010; Andersen et al.,
1997, 2003, 2005; Beaufays et al., 2008; Calvo et al., 2006, 2009a; Francischetti
et al., 2002c; Mans and Ribeiro, 2008a,b; Mans et al., 2008c; Montfort et al.,
2000). Site-directed mutagenesis linked with crystallography allows for the accurate
determination of mechanisms and the identification of specific residues involved in
molecular interaction and lays the foundation for the understanding of molecular
causes behind functional specificity (Calvo et al., 2009a; Mans and Ribeiro, 2008a;
Mans et al., 2007, 2008c). This in turn can allow us to re-design and optimize func-
tions via a variety of methods, such as for example directed evolution or rational
engineering, to be even more specific and efficient, as was shown to be the case for
mammalian derived lipocalins known as anticalins (Skerra, 2008). Incorporation of
binding moieties, such as the interactive site of the lipocalin OMCI with comple-
ment C5, can prolong the half-life of lipocalins in the body (Hepburn et al., 2007;
Mans and Ribeiro, 2008a). In this regard, tick derived lipocalins have been tested in
some allergic conditions (Mans, 2005).
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Expression Libraries

The identification of chemokine-binding proteins from R. sanguineus, known as
evasins, has been carried out by using pools of cDNA clones from a library followed
by transfection into HEK293 cells. Then, conditioned media from the transfected
cells were tested for chemokine binding activity and shown to display selectivity for
chemokines (Frauenschuh et al., 2007) and to inhibit experimental colitis (Vieira
et al., 2009). This alternative approach is particularly useful because it potentially
screens several activities simultaneously and is also applicable when a given salivary
component is expressed at very low levels which preclude purification.

Discovery Based on Screening Assays

More recently, we have successfully identified the function of a protein that was
typically characterized as an “unknown”. For many years, an abundant protein of
30 kDa, also known as salivary allergen, was subject of study by different groups.
We have expressed this protein from the salivary gland of Ae. aegypti and named it
aegyptin. Its unique sequence was uninformative concerning its biological func-
tion. Using initially a number of screening assays, and later SPR experiments,
we have discovered that aegyptin is a specific and high-affinity collagen-binding
protein (Calvo et al., 2007b). Aegyptin has now been tested in rats and shown
to prevent thrombosis (Calvo et al., 2010). This is a typical example of how
studying “unknowns” may lead to new drug discoveries. One limitation of screen-
ing assays is finding the right bioassay since these molecules often display high
specificity. Therefore, success rate in function identification will depend on the num-
ber of biological activities tested and novel technologies applied to the discovery
process.

Concluding Remarks

We have challenging and exciting times ahead of us in the field of exogenous secre-
tions. This is particularly true in the sense that many sequences are reportedly
without databases hits, and accordingly their functions are not easily identifiable.
These are the so-called “unknowns”, and these account for ~ 30% of the sequences
depending on the salivary gland in focus. To illustrate this scenario, these are the
“ice” hidden below the tip of iceberg that, in turn, represents what we know. While
challenging, these are the most interesting molecules because they have perhaps
evolved to interfere with biological processes that have not yet been identified in
human or veterinary physiology. For these cases, screening using experimental pro-
cedures designed to study Vascular Biology, Immunology, Pain and Inflammation,
Channel Function, Enzymology, Vector Host interaction, Vaccinology etc will hope-
fully allows us to characterize the activity of “unknowns”. In fact, we have most
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often identified salivary proteins which interact with proteins, channels and recep-
tors that have been described in textbooks as critical components of vertebrate
biology (e.g. coagulation factors, adhesion receptors, enzymes etc). This explains
why anti-thrombin or specific receptor antagonists, just to mention few examples,
have been thoroughly characterized.

However, study of salivary gland proteins may closely accompany a new discov-
ery, or alternatively, may be a source of information that leads to new discoveries.
For example, the Nobel Prize in Physiology or Medicine were awarded in 1998 for
the identification of NO as a novel vasodilator in the mid-1980s (Howlett, 1998).
Soon thereafter it was shown that a vasodilator existed in the salivary secretions
of R. prolixus and that it was delivered by a NO-carrying molecule (nitrophorins)
(Ribeiro et al., 1990, 1993). Another example of the versatility of blood-sucking
salivary gland was the discovery of prostaglandins, which were awarded with
the Nobel Prize in Physiology or Medicine in 1982 (Oates, 1982). This most
potent anti-platelet inhibitor has was found in the saliva of 1. scapularis shortly
after (Ribeiro et al., 1985). Of note, both NO-pathway and prostacyclin display
therapeutic application (Kato, 2008; Krug et al., 2009).

Salivary components may also anticipate discovery in human physiology. For
example, a novel apyrase was molecularly characterized in the salivary gland of the
bedbug Cimex lectularius (Valenzuela et al., 1998). A Cimex-type apyrase was later
found in eukaryotes and to be fully active as a nucleotidase and potentially use-
ful as an antithrombotic (Dai et al., 2004). Therefore, this discovery validates and
exemplifies how the study of salivary proteins as sources of (known) biologic activ-
ities may provide leads for the identification of the (unknown) function of human
counterparts based on sequence similarity. It is possible, and likely, that we have
before us molecules in the salivary gland that awaits identification of its human
counterparts, or molecules that interact with receptors not yet characterized, or as
ligands for orphan receptors. In conclusion, study of blood-sucking salivary gland
has unfolded in several directions as reported for snake venoms (Fox and Serrano,
2007), and may be regarded as a fertile field of research for years to come.
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Chapter 4

Snake Venomics, Antivenomics, and Venom
Phenotyping: The Ménage a Trois of Proteomic
Tools Aimed at Understanding the Biodiversity
of Venoms

Juan J. Calvete

Abstract This review covers the application of proteomic protocols (“venomics”,
“antivenomics”, and “venom phenotyping”) to studying the composition and natural
history of snake venoms, and the crossreactivity of antivenoms against homologous
and heterologous venoms. Toxins from the same protein family present in venoms
from snakes belonging to different genera often share antigenic determinants. This
circumstance offers the possibility of defining the minimal set of venoms contain-
ing the epitopes necessary to generate therapeutic broad-range polyvalent antisera.
Recent work shows how the knowledge of evolutionary trends along with venom
phenotyping may be used to replace the traditionally used phylogenetic hypothe-
sis for antivenom production strategies by cladistic clustering of venoms based on
proteome phenotype and immunological profile similarities.

Introduction: Aims and Goals of Venomics

Venomous organisms are widely spread throughout the animal kingdom, com-
prising more than 100,000 species distributed among all major phyla, such as
chordates (reptiles, fishes, amphibians, mammals), echinoderms (starfishes, sea
urchins), molluscs (cone snails, cephalops), annelids (leeches), nemertines, arthro-
pods (arachnids, insects, myriapods) and cnidarians (sea anemones, jellyfish, corals)
(De Lima et al., 2009; Kem and Turk, 2009; Mackessy, 2009). In any habitat there
is a competition for resources and every ecosystem on Earth supporting life con-
tains poisonous or venomous organisms. One of the most fascinating techniques
of capturing prey or defending oneself is the use of poisons or venoms. Venom
represents an adaptive trait and an example of convergent evolution (Fry et al.,
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2009a, b). Venom proteins are the result of the duplication of ordinary body pro-
teins, often involved in key physiological processes, that were recruited through
still elusive mechanism(s) into the venom proteome (Fry, 2005). Venoms are deadly
cocktails, each comprising unique mixtures of peptides and proteins naturally tai-
lored by Natural Selection to act on vital systems of the prey or victim. Venom toxins
disturb the activity of critical enzymes, receptors, or ion channels, thus disarranging
the central and peripheral nervous systems, the cardiovascular and the neuromus-
cular systems, blood coagulation and homeostasis. The more extensively studied,
medically important clades of venomous animals are cone snails (700 or so known
species) (Norton and Olivera, 2006; Olivera, 2006; Olivera et al., 2009), snakes
(about 725 venomous species) (Doley and Kini, 2009; Fox and Serrano, 2005a,
2009; Mackessy, 2009), scorpions (~1,500 species) (Billen et al., 2008; Chippaux
and Goyffon, 2008; Espino-Solis et al., 2009; Favreau et al., 2006), and spiders
(ca. 37,000 known species) (Escoubas et al., 2008; Espino-Solis et al., 2009; Liang,
2008; Vetter and Isbister, 2008; Wood et al., 2009).

Envenomation is a highly relevant global public health issue, as there are
venomous organisms in every continent and almost every country. Venomous ani-
mals are particularly abundant in tropical regions, which represent the kitchen
of Evolution. Arthropod stings inflicted by bees, wasps, ants, spiders, scorpions,
and -to a lesser extent- millipedes and centipedes, constitute the most common
cause of envenoming by animals, although around 80% of deaths by envenoma-
tion worldwide are caused by snakebites, followed by scorpion stings, which cause
15%. The annual number of scorpion stings exceeds 1.2 million leading to more
than 3,250 deaths (Chippaux and Goyffon, 2008; Espino-Solis et al., 2009). The
yearly number of envenomation accidents by snakebite and its associated mortal-
ity are difficult to estimate, since there are many countries where this pathology
is not appropriately reported, and since epidemiological data are often fragmen-
tary. Furthermore, the majority of snakebite victims seek traditional treatment and
may die at home unrecorded. Nevertheless, the actual incidence of snakebite enven-
oming world wide may exceed 2.5 millions resulting in 125,000 deaths; an even
large number of victims end up with permanent physical disability (Kasturiratne
et al., 2008; Stock et al., 2007). Therefore, if this pathology is analyzed in terms
of DALYs (“disability-adjusted life years”) lost, its impact is even greater (WHO,
2007). Most envenomation accidents occur in low-income countries of Africa, Asia
and Latin America and affect mainly rural workers and children. Although about
2.3 billion of the world population are at risk of this pathology, it has been system-
atically neglected by health authorities. Envenomation has been recognised by the
World Health Organization as a “neglected tropical disease” (Gutiérrez et al., 2006,
2009a; Stock et al., 2007; WHO, 2007).

Adequate treatment of envenoming is critically dependent on the ability of
antivenoms to neutralize the lethal toxins reversing thereby the symptoms of enven-
oming (Espino-Solis et al., 2009; Gutiérrez and Ledn, 2009). Effective treatment of
envenoming is based on immunotherapy using animal-derived antivenoms, which
is not entirely satisfactory. Current antivenoms consist of purified immunoglobu-
lins, which have reduced the incidence and severity of treatment-induced serum
sickness and anaphylactic shock. However, the venom-immunisation protocols have
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not changed in over a century and make no attempt to direct the immune response
to the most pathogenic venom proteins (many venom proteins are not toxic and
many low molecular mass venom proteins are highly toxic but weakly immuno-
genic). Consequently, the dose-efficacy of antivenoms is thought to suffer from the
presence of redundant antibodies to non-toxic molecules and a lack of potent neu-
tralising antibodies to small molecular mass toxins. This in turn results in the need
for high volumes for effective treatment and a consequent increase in the risk of
serum-sickness and adverse anaphylactic effects. Improvements in therapeutic man-
agement would reduce the lethality very significantly. In this respect, a thorough
knowledge of venom composition and of ontogenetic, individual, and geographic
venom variability (“venomics”) may have a positive effect on the treatment of bite
victims and in the selection of specimens for the generation of improved antidotes
(Calvete, 2009a; Gutiérrez et al., 2009). Hence, besides ecological and taxonomical
implications, a major aim of venomics is to gain a deeper insight into the spectrum of
medically important toxins in venoms and to understand the molecular mechanisms
and evolutionary forces that underlie venom variation to uncover clues in order to
improve the medical effectiveness of antivenoms.

Venom proteomes may also be employed as taxonomic signatures (species-
specific fingerprints) for unambiguous species identification independently of geo-
graphic origin and morphological characteristics (Tashima et al., 2008), and to infer
intraspecific effects of gene regulation on protein expression (Barlow et al., 2009;
Gibbs et al., 2009). In addition to understanding how venoms evolve, the application
of venomics to characterize the large molecular variability within toxin families may
contribute to a deeper understanding of the biological effects of the venoms. The
occurrence of multiple isoforms within each major toxin family provides evidence
for the emergence of paralogous groups of multigene families across taxonomic lin-
eages where gene duplication events occurred prior to their divergence, and suggests
an important role for balancing selection in maintaining high levels of functional
variation in venom proteins within populations. The mechanism leading to this
mode of selection is unclear but it has been speculated that it may be related to
the unpredictability with which a sit-and-wait predator like a rattlesnake encounters
different types of prey, each of which are most efficiently subdued with different
venom proteins (Gibbs et al., 2009; Sanz et al., 2006). Thus, to deal with this uncer-
tainty, snakes are required to have a variety of proteins “available” in their venom
at all times to deal with different prey. The selection pressure leading to high lev-
els of variation in venom genes may parallel the selection pressures acting by the
birth-and-death model of protein evolution (Nei et al., 1997).

Paradoxically, although bites can be deadly, snake venoms also contain com-
ponents of theraupeutic value. On relatively rare occasions, toxins are potential
therapeutic agents that have been used for the treatment of pathophysiological
conditions in homeopathy, in folk remedies, and in Western and Chinese tradi-
tional medicine (Fox and Serrano, 2007; Harvey et al., 1998; Koh et al., 2007).
Understanding how toxin genes are regulated and how toxins mutate in an acceler-
ated fashion may reveal not only the molecular basis for adaptive variations in snake
phenotypes (Gibbs et al., 2009), but also how to use deadly toxins as therapeutic
agents (Calvete, 2009b).
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The field of venomics faces the exciting challenges of delineating structure-
function correlations and designing “a la carte” antivenom production strategies.
However, the cost of production of high-quality antivenoms is high relative to most
other drugs. This is mainly due to the complexity of their elaboration, from hus-
bandry and immunization of large animals to processing of plasma and large-scale
antibody purification. Antivenoms have become expensive for fledging health sys-
tems of low-income countries where snake bites are a real medical problem. This
makes production by biotech industries less attractive, which either increase prices,
fueling a vicious circle, or more frequently stop production (Stock et al., 2007,
Theakston and Warrell, 2000). A challenge the venomic techniques described below
is to help to reduce antivenom prices through the identification of venom mixtures
for generating geographically relevant polyvalent antivenoms against the widest
possible range of species.

A further challenge of venomics is unravelling the evolutionary mechanisms
of recruitment and transformation of ordinary proteins into deadly toxins. Modern
venom proteomics have been under investigation since the very earliest biochemical
studies (Fox and Serrano, 2009), though the field has began to flourish owing to the
recent application of mass spectrometry, coupled with improvements of databases
of venom protein sequences provided by transcriptomic analyses of venom glands
(Junqueira de Azevedo et al., 2009), for the characterisation of toxin proteomes
(Calvete et al., 2007a; Serrano and Fox, 2008). The significance of proteomics
methodologies for biological research has been granted by the pace of genome
sequencing projects. However, organisms with unsequenced genomes, including
venomous animals, still represent the overwhelming majority of species in the
biosphere. Thus, despite its exponential progress, venomics is still in its infancy.

To really understand how venoms work, quantitative data on the occurrence of
individual toxins in a given venom are required. Abundant venom proteins may
perform generic killing and digestive functions that are not prey specific whereas
low abundance proteins may be more plastic either in evolutionary or ecological
timescales. Mutations provide the ground on which natural selection operates to
create functional innovations. A subset of low abundance proteins may serve to
“customize” individual venom to feeding on particular prey or may represent orphan
molecules evolving under neutral selection “in search of a function” (Judrez et al.,
2008). Hence, whereas abundant proteins are the primary targets for immunother-
apy, minor components may represent scaffolds for biotechnological developments
(Calvete et al., 2009a).

Snake Venomics: Strategy and Applications

To explore putative venom components, several laboratories have carried out tran-
scriptomic analyses of the Duvernoy’s (venom) glands of viperid snake species,
including Bothrops insularis (Junqueira-de-Azevedo and Ho, 2002), Bitis gabonica
(Francischetti et al., 2004), Bothrops jararacussu (Kashima et al., 2004), Bothrops
Jjararaca (Cidade et al., 2006), Bothrops atrox (Neiva et al., 2009), Agkistrodon
acutus (Qinghua et al., 2006; Zhang et al., 2006), Echis ocellatus (Wagstaff and
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Harrison, 2006; Wagstaff et al., 2009), Lachesis muta (Junqueira-de-Azevedo et al.,
2006), Crotalus durissus collilineatus (Boldrini-Franca et al., 2009), Agkistrodon
piscivorus leucostoma (Jia et al., 2008), and Sistrurus catenatus edwardsii (Pahari
et al., 2007). Transcriptomic investigations provide catalogues of partial and full-
length transcripts that are synthesized by the venom gland. However, transcriptomes
include translated and non-translated mRNAs, transcripts encoding non-secreted
proteins, housekeeping, and cellular genes, in addition to toxin precursor genes.
Also, toxins may undergo posttranslational processing, which will not be evi-
dent from a transcriptomic analysis. Thus, outlining the full map of native toxins
that actually constitute the venom requires a combined biochemical and pro-
teomic approach. In addition, the transcriptome does not reflect within-species
ontogenetic, individual and geographic heterogeneity of venoms, which may
account for differences in the clinical symptoms observed in envenomation.

For a detailed characterization of the toxin content of snake venoms (‘“venome”),
the approach that we have coined “snake venomics” (Juarez et al., 2004) starts with
the fractionation of the crude venom by reverse-phase HPLC, followed by the initial
characterization of each protein fraction by a combination of N-terminal sequenc-
ing, SDS-PAGE analysis, and mass spectrometric determination of the molecular
masses and the cysteine (SH and S—S) content of the isolated toxins. For the further
fractionation of venom proteins we use a reverse-phase HPLC Cig column (250 x
4 mm, 5 pm particle size) eluting at 1 ml/min with a linear gradient of 0.1% TFA
in water (solution A) and acetonitrile (solution B) (typically, isocratic elution with
5% B for 5 min, followed by linear gradients of 5-15% B over, 20 min, 15-45%
B over 120 min, and 45-70% B over, 20 min) (Fig. 4.1a). In our experience, this
procedure allows the quantitative recovery of all venom components present in the
apparent molecular mass range of 7-150 kDa that can be separated by conventional
2D-SDS-PAGE. On the other hand, the initial part of the acetonitrile gradient of the
reverse-phase chromatography resolves peptides and small proteins (0.4-7 kDa),
which would not be recovered from a 2D-electrophoretic separation. Moreover, for
the accurate determination of toxin-specific features, such as the native molecular
mass, the quaternary structural arrangement and the number of sulfhydryl groups
and disulfide bonds, toxins need to be available in solution. In addition, given that
the wavelength of absorbance of a peptide bond is, 190-230 nm, protein detection
at 215 nm allows the estimation of the relative abundances (expressed as percent-
age of the total venom proteins) of the different protein families from the relation
of the sum of the areas of the reverse-phase chromatographic peaks containing
proteins from the same family to the total area of venom protein peaks in the reverse-
phase chromatogram. In a strict sense, and according to the Lambert-Beer law, the
calculated relative amounts correspond to the “% of total peptide bonds in the sam-
ple”, which is a good estimate of the % by weight (g/100 g) of a particular venom
component. The relative contributions of different proteins eluting in the same chro-
matographic fraction can be estimated by densitometry after SDS-PAGE separation
(Fig. 4.1b).

Protein fractions showing a single electrophoretic band and N-terminal sequence
(i.e. fractions 7, 8, 11, 12, 23, 29 in panel b of Fig. 4.1) can be straightforwardly
assigned by BLAST analysis (http://www.ncbi.nlm.nih.gov/BLAST) to a known
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Fig. 4.1 Snake venomics. Schematic representation of some of the steps typically followed in a
snake venomics project. (a) Reverse-phase chromatographic separation of the venom proteins.
Each fraction, from Bitis gabonica gabonica in this illustration, was subjected to N-terminal
sequencing, molecular mass and disulfide bond content determinations, and SDS-PAGE analy-
sis; (b) SDS-PAGE of the RP-HPLC isolated proteins run under non-reduced (upper panel) and
reduced (lower panels) conditions; fractions containing multimeric proteins are highlighted. (c)
Determination of the molecular masses of the proteins contained in a reverse-phase fraction iso-
lated as in (a); this fraction contained a serine proteinase (29 kDa) and a PLAsmolecule (13 kDa);
and (d) amino acid sequence determination by nanospray-ionization CID-MS/MS of a doubly-
and tryptic peptide ion. Sequence-specific “b” and “y” ions are labelled. In this example, the
deduced amino acid sequence (231.2)DYEEF(I/L)E(I/L)AK identified an L-amino acid oxidase
by a BLAST similarity search
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viperid protein family. Most venom proteins and polypeptides exist as monomers,
but some form complexes through covalent and/or non-covalent interactions. These
complexes exhibit much higher levels of pharmacological activity than individual
components and play an important role in pathophysiological effects during enveno-
mation (Doley and Kini, 2009). SDS-PAGE analysis of the isolated protein fractions
under non-reduced and reduced conditions provides clues on the aggregation state
and subunit composition of the toxins (Fig. 4.1b). This information along with accu-
rate mass spectrometric determination of the molecular mass (Fig. 4.1c) and the
cysteine/disulfide bond content (Table 4.1) of the native toxins represents a fast and
efficient way to classify snake venom toxins into defined protein families (Judrez
et al., 2004).

In our snake venomics protocol, protein fractions showing heterogeneous or
blocked N-termini are analyzed by SDS-PAGE and the bands of interest subjected
to automated reduction, carbamidomethylation, and in-gel tryptic digestion (Calvete
et al., 2007a). The resulting tryptic peptides are then analyzed by MALDI-TOF
mass fingerprinting followed by amino acid sequence determination of selected
doubly- and triply-charged peptide ions by collision-induced dissociation tandem
mass spectrometry. Except for a few proteins, the peptide mass fingerprinting

Table 4.1 Classification of snake venom toxins to protein families according to their cysteine
content

Total cysteine residues

Molecular mass

range (kDa) -SH S-S Protein family
1.6-2 - 1 C-NP
4-5 - 3 Myotoxin
- 4 Short disintegrin
6-8 - 3 Kunitz-type inhibitor
5 Dimeric disintegrin subunit
- 6 Medium-sized disintegrin
10-12 1 - Ohanin
13-15 - 2 Cystatin
- (22+ 4b) Dimeric disintegrin
- 7 PLA;
23-33 - 8 CRISP
1 4 PI-SVMP
- 6 Serine proteinase
- (12 + 3b) ap snaclec (C-type lectin)
- (12 + 4P) sVWEGF
- 13 DC-fragment
46-58 - 3 LAO
1 18 PIII-SVMP

C-NP C-type natriuretic peptide, CRISP cysteine-rich secretory protein, SVMP snake venom met-
alloproteinase, DC disintegrin-like/cysteine-rich domains of PIII-SVMP, svWVEGF snake venom
vascular endothelial growth factor, LAO L-amino acid oxidase

3jntersubunit disulfide bonds; Pintrasubunit disulfide linkages
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approach alone is unable to identify any protein in the databases. In addition, as
expected from the complete absence of sequenced snake genomes, and the rapid
amino acid sequence divergence of venom proteins evolving under accelerated evo-
Iution (Ohno et al., 1998), with a few exceptions, the product ion spectra do not
match any known protein using the ProteinProspector (http://prospector.ucsf.edu)
or the MASCOT (http://www.matrixscience.com) search programs against the
1,200 entries of the UniProtKB/Swiss-Prot entries from taxon Serpentes
(http://www.expasy.ch/sprot/tox-prot). Although the lack of any complete snake
genome sequence is a serious drawback for the identification of venom pro-
teins, high-quality MS/MS peptide ion fragmentation spectra usually yield suf-
ficient amino acid sequence information derived from almost complete series of
sequence-specific b- and/or y-ions to unambiguously identify a homologuous pro-
tein in the current databases by BLAST analysis of de novo sequenced tryptic
peptide ions (Fig. 4.1d). Since some snake venom toxin families, such as the
hemorrhagic Zn>*-dependent metalloproteinases, comprise multidomain protein
subfamilies, whose pharmacological activities are modulated by their different
domain structures (Fox and Serrano, 2005b), accurate molecular mass and disul-
fide linkage content determination along with large sequence coverage are needed
to distinguish between the different protein classes (Fig. 4.2 illustrates this point).

m/z z Amino acid sequence (X=1Ior L) Protein domain
651.8 (2+) NKYQTXYXTNR Zn**-Metalloproteinase
719.5 (2+) SVGXVEDHSSDHR Zn?*-Metalloproteinase
691.7 (3+) NXXVANTMAHEXGHNXGXR Zn**-Metalloproteinase
901.3 (3+) (201.1)FQFSDCSKNKYQTYXTNR Zn?*-Metalloproteinase
6793 (2+) VAXVGXEYQXPR Zn**-Metalloproteinase
826.3 (2+) (FE)YENVVVADX(546.3) Zn**-Metalloproteinase
764.9 (2+) ATVAQGGCFEFNR Zn**-Metalloproteinase
752.8 (2+) GVTPSYQFSDGXPR Zn?*-Metalloproteinase
893.4 (2+) TDXVSPPVCGNEXVER Disintegrin-like
737.9 (3+) XHSWVQCGNSECCQQCR Disintegrin-like
627.3 (2+) NNPCCNAEVCK Disintegrin-like
910.8 (24) GQPSCNNNNGFCYGSK Disintegrin-like/Cys-rich
964.9 (2+) XYCSYDSFGYQXPCR Cysteine-rich
698.3 (2+) XFCETVPQSCR Cysteine-rich
957.6 (2+) ENNXENNTNVXEYVXR el L, Cysteine-rich
566.3 (2+) XGNQYGYCR P S e Cysteine-rich
764.9 (2+) ATVAQDACHQFR Cysteine-rich

. SVMP

Cys-rich \\‘."ﬁ?
S

Fig. 4.2 Sequence coverage. List of tryptic peptide ions sequenced by collision-induced dissocia-
tion MS/MS from an in-gel tryptic digest of a Zn**-dependent snake venom metalloproteinase. The
simultaneous occurrence of ions corresponding to the metalloproteinase (SVMP), disintegrin-like,
and cysteine-rich (Cys-rich) domains identified this particular metalloproteinase as a PIII-SVMP
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The outlined venomics strategy allows us to assign unambiguously all the iso-
lated venom toxins representing >0.05% of the total venom proteins to known
protein families. A major conclusion from these studies is that in spite of the
fact that viperid venoms may contain well over 100 protein components (Serrano
et al., 2005), venom proteins belong to only a few major protein families, includ-
ing enzymes (serine proteinases, Zn>*-metalloproteases, L-amino acid oxidases,
group II PLAjs) and proteins without enzymatic activity (ohanin, disintegrins, C-
type lectins (or snaclecs in the nomenclature proposed by Clemetson et al., 2009),
natriuretic peptides, myotoxins, CRISP toxins, nerve and vascular endothelium
growth factors, cystatin and Kunitz-type protease inhibitors) (Table 4.2). This
situation may reflect the fact that toxins likely evolved from a restricted set of
protein families with normal physiological functions that were recruited into the
venom proteome before the diversification of the advanced snakes, at the base of
the Colubroidea radiation (Fry, 2005; Fry and Wiister, 2004; Fry et al., 2008; Vidal,
2002).

A long-term goal of our snake venomics project is a detailed analysis of all
viperid venomes. Understanding how venoms work requires quantitative data on
the occurrence of individual toxins in a given venom. To date, we have explored a
number of venom proteomes of medically relevant vipers (Table 4.2) from different
regions of different continents (Fig. 4.3) (Alape-Girén et al., 2008; Angulo et al.,
2008; Bazaa et al., 2005; Calvete et al., 2007b, ¢, 2009b, c; Gutiérrez et al., 2008;
Juarez et al., 2004, 2006; Lomonte et al., 2008; Nufez et al., 2009; Sanz et al., 2006,
2008a, b; Tashima et al., 2008; Wagstaff et al., 2009). A few other laboratories have
also reported qualitative proteomic studies on several venoms, including those from
the European vipers, Vipera ammodytes ammodytes and Vipera ammodytes merid-
ionalis (Georgieva et al., 2008), Vipera aspis (Ferquel et al., 2007), Asian Daboia
russelli siamensis (Risch et al., 2009), Amazonian Bothrops atrox (Guércio et al.,
2006), and Brazilian Bothrops jararaca (Fox et al., 2006) and Bothrops insularis
(Valente et al., 2009). These studies have allowed the inference of phylogenetic
alliances within genera Bitis (Calvete et al., 2007c) and Sistrurus (Sanz et al.,
2006); to rationalize the envenomation profiles of Atropoides (Angulo et al., 2008)
and Bothrops (Gutiérrez et al., 2008) species; to reveal gene regulation effects on
venom protein expression in Sistrurus rattlesnakes (Gibbs et al., 2009); to corre-
late geographic intraspecific venom composition variation and reappraisal of Vipera
aspis venom neurotoxicity (Ferquel et al., 2007); and to define venom-associated
taxonomic markers (Tashima et al., 2008).

A critical step in the preparation of antivenoms is the selection of venoms to be
used in the immunizing mixture. Assessing the occurrence of qualitative differences
in the composition of the venom of the same species are of fundamental importance
in snakebite pathology and therapeutics, since, as a rule, ophidian envenomation
results from the venom of a single snake. Knowledge of intraspecies venom variabil-
ity is necessary for the selection of the regions from which snake specimens have to
be collected for the preparation of the reference venom pool. We have applied snake
venomics to establish the molecular basis of geographic, individual, and ontogenetic
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C. 0. abyssus C. m. molossus
C. Horridus C. lepidus lepidus,
C. ruber ruber C. v. nuntius
C. lepidus klauberi C. o. helleri
C. m. pyrrt C. Ad;
C. s. scutulatus C. c. cercobombus
C. Tigris C. m. stephensi
C. o. lutosus C. v. viridis
3 C. 0. cerberus C. 0. oreganus

B. caribbaeus
B. lanceolatus

| B. g. gabonica

Sitrurus miliarius
S. catenatus
C. atrox

A.c. contortrix

A. nummifer
B. schlegelii

A, picadoi
L. o

ys

B. lateralis

B. asper

C. simus

C. godmani

P. nasutum

P. ophryomegas

C. durissus

Fig. 4.3 Geographical distribution of viperid snakes. Phylogeographical distribution of species
whose venom has been investigated within the framework of our snake venomics project. The
relative occurrence of proteins (in percentage of the total HPLC-separated proteins) of the different
toxin families found in the venoms is listed in Table 4.2

venom variations in B. atrox (Nufiez et al., 2009) and Bothrops asper (Alape-Girén
et al., 2008); to assess the impact of such regional variation in the design of antiven-
oms (Gutiérrez et al., 2010); to reconstruct the natural history and cladogenesis
of Bothrops colombiensis (Calvete et al., 2009b), a medically important pitviper
of the Bothrops atrox-asper family endemic to Venezuela; and to identify evo-
lutionary trends in venom toxicity evolution among neotropical Crotalus species
(Calvete et al., 2010), which may affect the selection of specimens for the genera-
tion of improved antidotes targeting intra- and intergeneric species (Gutiérrez et al.,
2009).

The crisis in the availability of therapeutic antivenoms calls for an interna-
tional effort to facilitate the transfer of technology to affected countries (WHO,
2007). With this in mind, in addition to snake venomics, we have developed a sim-
ple proteomic protocol termed “snake antivenomics” (Guti€rrez et al., 2009) for
investigating which venom proteins bear epitopes recognized by an antivenom and
which toxins escape the immunological response of the hyperimmunized animal.
Antivenomics can aid in assessing the cross-reactivity of a polyvalent antivenom
against venoms not included in the immunization mixture, thus expanding its range
of clinical application. A further aim of antivenomics is to define the intra- and
interspecific complexity of venoms in terms of common and unique antigenic
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determinants. This information is relevant for defining the minimal set of venoms
containing all epitopes necessary to generate therapeutic broad-range polyvalent
antisera.

Antivenomics: Expanding the Range of Possible Clinical Use
of Antivenoms by Defining Evolutionary and Immunological
Trends

The deficit (“crisis”) of antivenom supply in some regions of the world can be
addressed to a certain extent by optimizing the use of existing antivenoms and
through the design of novel immunization mixtures for producing broad-range
polyspecific antivenoms. Toxins from the same protein family present in venoms
from snakes belonging to different genera often share antigenic determinants. A
practical consequence of this circumstance is that it might be possible to formulate
a mixture of venoms on an immunologically sound basis for generating antivenoms
against a wide range of species, i.e. by including a representative set of cross-
reacting epitopes from each toxin family present in the venom pool. A deep insight
into inter- and intraspecific variation of the antigenic constituents of venoms from
snakes of different geographic origin represents the key for designing novel polyva-
lent pan-generic antivenoms. Polyspecific antivenoms that cover the range of snakes
in a given area are preferred to monospecific ones, because their use simplifies
production, distribution, and therapeutic procedures. However, the extent of cross-
protection of many monospecific or polyspecific antivenoms against heterologous
venoms not included in the immunizing mixtures remains largely unexplored.
Antivenomics is based on the immunodepletion of toxins upon incubation of
whole venom with antivenom followed by the addition of a secondary antibody
(Gutiérrez et al., 2008, 2009; Lomonte et al., 2008). Antigen-antibody complexes
immunodepleted from the reaction mixture contain the toxins against which anti-
bodies in the antivenom are directed. By contrast, venom components that remain in
the supernatant are those which failed to raise antibodies in the antivenom, or which
triggered the production of low-affinity antibodies. These components can be easily
identified by comparison of reverse-phase HPLC separation of the non-precipitated
fraction with the HPLC pattern of the whole venom previously characterized by
venomics. According to their immunoreactivity towards antivenoms, toxins may
be conveniently classified as: C-toxins, completely immunodepletable toxins; P-
toxins, partly immunodepleted toxins; and N-toxins, non-inmunodepleted proteins
(Fig. 4.4). Assuming a link between the in vitro toxin immunodepletion capability of
an antivenom and its in vivo neutralizing activity towards the same toxin molecules,
improved immunization protocols should make use of mixtures of immunogens
to generate high-affinity antibodies against class P and class N toxins. On the
other hand, our antivenomics approach is simple and easy to implement in any
protein chemistry laboratory, and may thus represent another useful protocol for
investigating the immunoreactivity, and thus the potential therapeutic usefulness, of
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Fig. 4.4 Antivenomics. Panels b, d, and f show, respectively, reverse-phase separations of the pro-
teins recovered after incubation of the crude venoms of Bitis gabonica (a), Echis leucogaster (c),
and Naja nigricollis (e) with the polyspecific EchisTab-Plus-ICP® antivenom (generated against
a mixture of the venoms of Echis ocellatus, Bitis arietans and Naja nigricollis (at a weight ratio
of 1:1:1.33), as described by Gutiérrez et al., 2005), followed by rabbit anti-horse IgG antiserum
and immunoprecipitation. The inserts shows SDS-PAGE analyses of B-mercaptoethanol-reduced
fractions labelled as in the respective chromatograms. Molecular mass markers (in kDa) are indi-
cated at the side of each gel. Except for the fractions labelled with asteriks, all B. gabonica
toxins represent C-toxins. Fractions 1-3, and fractions 1-5 from E. leucogaster, are examples of
P-toxins (disintegrins, PLA> molecules). The toxins of N. nigricollis venom were essentially not
immunorecognized by the antivenom and were thus quantitatively recovered in the supernatant of
the antivenomic assay. These venom proteins (neurotoxins and PLA> molecules) were classified
as N-toxins. The failure of snake antivenoms to recognize specific components of the venom used
for hyperimmunization has been previously reported (Fry et al., 2001; Gutiérrez et al., 2008; Judge
etal., 2006; Lomonte et al., 2008). In particular, a study on the spectrum of venom proteins from the
Australian snakes Pseudonaja affinis affinis, P. textilis and P. nuchalis recognized and neutralized
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antivenoms towards homologous and heterologous venoms. The potential value of
antivenomics, together with preclinical neutralization tests, in assessing antivenom
cross-reactivity has been addressed in (Calvete et al., 2009b; Gutiérrez et al., 2008,
2009; Lomonte et al., 2008) and is clearly illustrated by the following example. A
highly effective antivenom (Sanofi-Pasteur “Bothrofav®”) has been developed for
the treatment of envenomings by B. lanceolatus (Bucher et al., 1997; Thomas and
Tyburn, 1996), endemic to the Lesser Antillean island of Martinique. It exhibits an
excellent preclinical profile of neutralization (Bogarin et al, 1999) and its timely
administration prevents the development of the most serious effects of envenoming,
including thrombosis (Bucher et al., 1997; Thomas and Tyburn, 1996). However, the
restricted availability of the antivenom in the neighboring island of Saint Lucia and
in zoos and herpetariums where these species may be kept is a matter of concern.
Gutiérrez and colleagues (2008) have performed detailed proteomic studies of the
venoms of B. caribbaeus and B. lanceolatus and have evaluated the immunoreactiv-
ity of a Crotalinae polyvalent antivenom produced in Costa Rica (by immunization
of horses with a mixture of equal amounts of the venoms of Bothrops asper,
Crotalus simus, and Lachesis stenophrys) towards the venoms of B. caribbaeus and
B. lanceolatus. This study showed that the antivenom immunodepleted ~80% of
the proteins from both B. caribbaeus and B. lanceolatus venoms, and was effective
in neutralizing the lethal, hemorrhagic, PLA, and proteolytic activities of the two
venoms.

Several authors (i.e. Kulkeaw et al., 2007) have employed Western blot analysis
to assess the immunoreactivity of antivenoms. Western blot and immunodepletion
analyses yield complementary information. However, the immunochemical detec-
tion of blotted proteins provides a Yes/No response: a given protein is recognized
or not by the antivenom, and it is essentially a non-quantitative technique. Further,
proteins are denatured to an unknown degree when solubilized by boiling in sample
buffer containing SDS. This treatment may introduce artifacts such as loss of con-
formational epitopes and/or artifactual recognition of non-native epitopes. On the
other hand, the degree of recognition of native proteins by the antivenom IgGs can
be easily quantitated by measuring the amount of non-immunodepleted proteins.

A thorough understanding of snake speciation and venom diversification dur-
ing ophidian evolution may influence the selection of specimens for the generation
of improved antidotes targeting intra- and intergeneric species (Gutiérrez et al.,
2009). This point is illustrated by comparative proteomic studies of the venom
composition of Costa Rican B. asper and Venezuelan B. colombiensis popula-
tions pointing at the ancestor of B. colombiensis as the founding Middle American
B. asper ancestor species (Calvete et al., 2009b). The close kinship between B.
asper and B. colombiensis is also indicated by the virtually indistinguishable

<
<

Fig. 4.4 (continued) by a brown snake antivenom (Judge et al., 2006), raised in horse against the
venom of P. textilis by the Australian Commonwealth Serum Laboratories (CSL), highlighted a
deficiency in the interaction between this antivenom and protein constituents of the Pseudonaja sp.
snakes of 6 kDa to <32 kDa, predominantly PLA; proteins and o-neurotoxins
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immunological cross-reactivity of a divalent Venezuelan antivenom (raised against
a mixture of B. colombiensis and Crotalus durissus cumanensis venoms) and a
Costa Rican trivalent antivenom (generated against a mixture of B. asper, Crotalus
simus, and Lachesis stenophrys venoms) towards the venoms of B. colombiensis
and B. asper (Calvete et al., 2009b). This antivenom study suggests the possibility
of using either the Venezuelan or the Costa Rican antivenoms for the management
of snakebites by any of these Bothrops species. On the other hand, the high degree
of of cross-reactivity of the Costa Rican antivenom against B. atrox venoms (Nufiez
et al., 2009) also suggests the close evolutionary relationship between B. asper and
B. atrox.

Proteomic analysis of the venoms of Bothrops atrox from Colombia, Brazil,
Ecuador, and Pert showed the existence of two geographically differentiated venom
phenotypes (Nufiez et al., 2009). The toxin profiles of the venoms of Brazilian,
Ecuadorian, and Peruvian B. atrox correlate with the venom phenotype of juvenile
B. asper from Costa Rica, whereas the venom composition of Colombian B. atrox
is more similar to that of adult B. asper. These observations suggest that paedomor-
phism (the retention in the adult of juvenile characters first described by Garstang in,
1922) represented a selective trend during the trans-Amazonian southward expan-
sion of B. atrox through the Andean Corridor. Strikingly, the Costa Rican polyvalent
antivenom is more efficient immunodepleting proteins from the paedomorphic ven-
oms of B. atrox from Brazil, Ecuador, and Pert than from Colombia (Nuifiez et al.,
2009). Such behaviour may be rationalized by the lower content of poorly immuno-
genic toxins, such as PLA, molecules and PI-SVMPs in the paedomorphic venoms.
The immunological profile of the Costa Rican antivenom strongly suggests the pos-
sibility of using this antivenom for the management of snakebites by B. atrox in the
Amazon regions of Colombia, Ecuador, Perd and Brazil, thus expanding the range
of its clinical use.

The recent realization that neurotoxicity represents an adaptive paedomorphic
trend along Crotalus dispersal in South America (Calvete et al., 2010) may also have
implications for improving current antivenoms. The driving force behind paedomor-
phism is often competition or predation pressure. The increased concentration of
neurotoxins crotoxin and crotamine in South American rattlesnake venoms strongly
argue that the gain of neurotoxicity and lethal venom activities to mammals may
have represented the key axis along which overall venom toxicity has evolved dur-
ing Crotalus durissus invasion of South America. The proteomic and antivenomic
characterization of Middle and South American rattlesnake venoms (Calvete et al.,
2010) provides a molecular ground for understanding a) the failure of the polyva-
lent antivenom generated in Costa Rica using the venom of adult specimens of C.
simus in the immunization mixture to neutralize the neurotoxicity and rhabdomyol-
ysis induced by young Central American rattlesnake venoms (Gutiérrez et al., 1991,
2001; Gutiérrez, 2009), and b) the ineffectiveness of an anti-crotalic antivenom
produced at Instituto Butantan (Sdo Paulo, Brazil) against adult C. d. terrificus
venom to neutralize the hemorrhagic activity of C. simus and C. d. cumanensis
venoms (Saravia et al., 2002). The immunization mixtures used in Costa Rica and
Brazil may simply lack, respectively, immunogenic concentrations of neurotoxins



64 J.J. Calvete

(crotamine and crotoxin, which represent the major toxins in the venoms of neonate
C. simus and adult C.d. terrificus) and hemorrhagins (PIII-SVMPs, the more abun-
dant toxins in adult C. simus venom), respectively (see Table 4.2). To assess this
assumption we have investigated the immunodepleting ability of the Costa Rican
polyvalent antivenom towards the toxins of C. simus (adult and neonate) and C. d.
terrificus venoms using an antivenomics approach. The antivenom partially immun-
odepleted (~80% for PIII-metalloproteinase) or not at all (disintegrins, crotoxin
acid and basic subunits, crotamine, and certain serine proteinases) toxins from the
venom of adult C. simus. The negligible titre of this antivenom towards crotoxin
was consistently confirmed in experiments with venoms from newborn C. simus
and adult C. durissus terrificus. In addition, the antivenomic results also explain
why the Costa Rican antivenom effectively neutralizes the hemorrhagic activity
of adult C. simus and C. cumanensis venoms but does not protect against the
neurotoxicity produced by adult C. durissus and newborn C. simus envenoming
(Calvete et al., 2010; Saravia et al., 2002).

Venom Phenotyping: Clues for Formulating a Pan-Generic
Antivenoms

The identification of evolutionary trends may help to define how to prepare the
mixture of venoms for immunization to produce effective antivenoms. For exam-
ple, the evolutionary and immunological trends among Bothrops species revealed
by our antivenomic investigations (Calvete et al., 2009b; Nufez et al., 2009), and
described above, expands the geographic range for clinical use of the Costa Rican
antivenom. In addition, the finding that both, the Costa Rican and the Venezuelan
antivenoms immunodepleted with higher efficiency the toxins from paedomorphic
B. atrox venoms than the toxins from venoms exhibiting a “adult-type” phenotype,
let us predict that these antivenoms may also neutralize the lethal activity of other
PIII-SVMP-rich bothropoid venoms. This hypothesis can be easily tested through
venom phenotyping by reverse-phase HPLC, antivenomic analysis, and functional
neutralization assays (Gutiérrez et al., 2009), and is being addressed in our labora-
tory. Similarly, the venoms of neotropical Crotalus subspecies belong to one of two
distinct phenotypes, which broadly correspond to type I (high levels of SVMPs and
low toxicity, LDsg >1 g/g mouse body weight) and type II (low metalloproteinase
activity and high toxicity, LDsg <1 pg/g mouse body weight) venoms defined by
Mackessy (2008), who has demonstrated an inverse relationship between toxicity
and metalloprotease activity in the crude venoms of 25 taxa of North American
rattlesnakes. We have initiated a venomic project aimed at phenotyping the ven-
oms of neartic crotalid species. Accumulating evidence suggests the occurrence of
a high degree of toxin profile overlapping between type I North American venoms
and neotropical venoms exhibiting an "adult C. simus/C. d. cumanensis" phenotype.
On the other hand, neurotoxic (i.e. Mojave toxin positive) neartic type Il venoms
possess toxin phenotypes closely resembling those of neonate C. simus and C. d.
terrificus (Fig. 4.5). It is relevant to this point that the subunits of the Mojave toxin
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Fig. 4.5 Venom phenotyping. Panels a and b display, respectively, reverse-phase HPLC separa-
tions of the toxins from type-I (western diamondback rattlesnake, C. atrox) and type-II (Mojave
rattlesnake, C. scutulatus scutulatus type A) neartic Crotalus venom phenotypes. Panels ¢ and d
show the reverse-phase HPLC toxin profiles of adult and neonate Crotalus simus (Costa Rica),
respectively, and illustrate the ontogenetic transition from a neurotoxin (type-I) to a hemorrhagic
(type-1I) venom phenotype. Peaks belonging to major toxin families are labelled

(SwissProt accession codes P18998 and P62023), a heterodimeric PLA, presynap-
tically acting neurotoxin, share 95 and 100% amino acid sequence identity with
the acidic (A, P0O8878) and the basic (CB1, P62022) subunits of crotoxin. The
major PIII-SVMPs of C. simus venom (Q2QA02) also displays 96-97% sequence
identity with homologuous proteins from C. atrox (catrocollastatin, Q90282; vas-
cular apoptosis-inducing protein 2A, BAF56420; and VMP-III, ACV83931) and
C. v. viridis (VMP-III, ACV83933).

The extensive immunochemical similarities among neotropical and neartic
crotalid venoms is further highlighted by the realization that the antivenom
Antivipmyn (FabH), produced by Instituto Bioclon in Mexico against a mix-
ture of C. tzabcan and B. asper venoms, cross-reacted with a number of North
American venoms and neutralized their lethal, hemorrhagic, fibrinolytic, and gelati-
nase proteolytic activities (Dart and McNally, 2001; Sanchez et al., 2003a, b). In
addition, a polyvalent antivenom (CroFab, FabAV) produced using venom from
4 North American crotaline snakes, eastern and western diamondback rattlesnake
(C. adamanteus and C. atrox, respectively), Mojave rattlesnake (C. scutulatus scu-
tulatus), and the cottonmouth (Agkistrodon piscivorus), crossreacted and decreased
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lethality in a murine model of intraperitoneal venom injection of the South
American pit vipers, C d. terrificus and B. atrox (Richardson et al., 2005). In par-
ticular, the inclusion of C. s. scutulatus venom in the immunization protocol may
explain the immunologic cross-reactivity and subsequent decreased lethality in the
C. d. terrificus envenomation. Similarly, a monovalent antivenom produced in Brazil
against C. d. terrificus venom effectively neutralized a challenge with 5LDs intra-
venous dosage of C. s. scutulatus venom (Arce et al., 2003). On the other hand, the
Costa Rican antivenom described above effectively neutralized the venoms from
several pit vipers found in the United States, including A. piscivorus piscivorus,
A. contortix laticinctus, C. adamanteus, C. horridus atricaudatus, C. viridis viridis,
and C. atrox, when mice were administered 4LDsy of venom by the intraperi-
toneal route or 2LD5q by the intravenous route (Arce et al., 2003). Interestingly,
immunization with cDNA encoding the major C. simus P-1II metalloproteinase,
which is highly conserved in neartic species, elicited antibodies which neutral-
ized 69% of the hemorrhage induced by the whole venom (Azofeifa-Cordero et al.,
2008). However, the polyvalent antivenom produced in Costa Rica was ineffective
at neutralizing lethality triggered by the neurotoxic effects induced by the venom of
C. s, scutulatus (Arce et al., 2003).

Our venomic and antivenomic studies on Central and South American Crotalus
explain why the Costa Rican antivenom generated against a mixture of type I ven-
oms (adult C. simus, B. asper, and L. stenophrys) does not protect against the
neurotoxicity produced by type II venoms. This conclusion is in line with the
suggestion of Arce et al. (2003) that “a venom containing presynaptically-active
neurotoxic phospholipases A; related to “mojave toxin” needs to be introduced in
the immunizing mixture in order to increase the neutralizing scope of this product
in North America”. Our findings also suggest that an effective pan-American anti-
Crotalus antivenom should primarily neutralize the toxic actions of four major toxin
groups, PIII-SVMPs, crotoxin, crotamine, and thrombin-like serine proteinases.
Such antivenom might be achievable by hyperimmunizing with a mixture of neartic
and neotropical venoms comprising conserved antigenic determinants for each of
the major toxin families of the genus. Work is in progress in our laboratories to
define this magic-bullet venom mixture.
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Chapter 5

Insights in to Venom and Toxin Activities
and Pharmacological/Therapeutic Potential
Using Gene Expression Profiling

Jay W. Fox

Abstract Traditionally, venoms are assessed, usually following a standard list of
potential activities including hypotensive, hemorrhagic, edema and neurotoxicity.
This is then followed by the search of toxins in the venoms which contribute to
the observed pathophysiological effect. Typically this is done by isolation of the
toxin from the venom via biochemical procedures. Alternatively, toxins are cloned
and expressed from cDNA libraries generated from venom gland RNA followed
by assessment of biological/biochemical function and ultimately pathophysiologi-
cal effect on the experimental model. These approaches have provided the field with
a rich understanding of the potential role of toxins, but may fall short in terms of
fully describing the actual function of the toxin in the context of the whole venom
and whole animal. This mode of investigation likely does not provide a full under-
standing of the complete range of biological activities of the venoms and toxins
since the suite of assays conducted are generally limited. One data-rich approach
that has recently been exploited for further understanding the biological activities
and functional potential of venoms and toxins is the study of their ability to alter
gene expression in the host. This chapter will discuss how this approach may be
of value in terms of drug discovery based on venom produced alteration of gene
expression profiles using Connectivity Maps.

Introduction

The study of venoms, animal, insect and others, generally follows a standard experi-
mental approach. The pathophysiological effects of the venoms are assessed, usually
following a standard list of potential activities such as hypotensive, hemorrhagic,
edema, neurotoxicity etc. This is then followed by the search of toxins in the venoms
which contribute to the observed pathophysiological effect. Typically this is done
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by isolation of the toxin from the venom via biochemical procedures whereby the
biological or biochemical action is assayed over the course of the isolation (Fox
and Serrano, 2007). Alternatively, as is now often the case, toxins are cloned and
expressed from cDNA libraries generated from venom gland RNA followed by
assessment of biological/biochemical function and ultimately pathophysiological
effect on the experimental model (Pahari et al., 2007). This approach has provided
the field with a rich understanding of the potential role of toxins during an enveno-
mation event, but may fall short in terms of fully describing the actual function of the
toxin in the context of the whole venom and whole animal (Gutierrez et al., 2009).

The effects described for the venoms and toxins are likely due to the overt
biochemical activities of the toxins in the venoms. For example, the production
of hemorrhage by snake venom is very likely due to the presence and activities
of snake venom metalloproteinases in the venom and the sort of study described
above does provide significant information on the action of the venom and its
constituent toxins to afford some logical basis for therapeutic intervention (Calvete,
2009; Fox and Serrano, 2007, 2009). However, this mode of investigation likely
does not provide a full understanding of the complete range of biological activities
of the venoms and toxins since the suite of assays conducted are generally limited
and rather overt and straightforward, i.e. inject hemorrhagic toxin and observe
production of hemorrhage.

One could argue that subtle, less overt and heretofore unassayed for activities
may also be elicited by venoms and toxins. One data-rich approach that has recently
been exploited for further understanding the biological activities and functional
potential of venoms and toxins is the study of the ability of venoms and toxins to
alter gene expression in the host. In the remainder of this treatise I will discuss the
experimental efforts that have been conducted to date and the insights these investi-
gators have provided on the activity of the venoms and toxins with regard to altering
gene expression and how this may impact, albeit perhaps only slightly, the overall
pathophysiology of the venoms. Finally I will discuss how this approach may be
of value in terms of drug discovery based on venom produced alteration of gene
expression profiles using Connectivity Maps (Lamb et al., 2006).

Snake Venoms and Toxins

In 2005 Gallagher and colleagues (Gallagher et al., 2003) reported on the use of
microarrays (GeneChips ™) on the subtoxic effects of two crotalid snake venoms,
Crotalus atrox and Bothrops jararaca on human umbilical vein endothelial cells.
The authors dosed the cells at levels which did not produce any overt phenotypic
effect on the cells and then examined the changes in gene expression in the treated
endothelial cells particularly looking at changes with regard to ontological cate-
gories and pathways. Interestingly there were both similarities as well as differences
observed between the results from the two venoms underscoring the different ani-
mal source of the venoms. The main similarity observed between the results for the
two venoms was the up-regulation of genes involved in Fas ligand/TNF-a receptor
apoptotic pathway. As this was the first reported such study with animal venoms
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it most importantly demonstrated the potential power of toxicogenomics to investi-
gate the subtoxic effects of venoms and discover novel activities which had not been
previously considered.

These studies were followed by an investigation using a PIITa SVMPs jararhagin
isolated from the venom of B. jararaca on its effect upon the gene expression pro-
file of human fibroblasts (Gallagher et al., 2005). The most significant finding from
this study was that the metalloproteinase, although delivered at doses below that
which causes phenotypic changes in the cells, altered the gene expression pattern of
the fibroblasts toward a pro-inflammatory profile with up-regulation of transcripts
for IL-1B, IL-6, CXCL1, CXCL2, CXCLS8 (IL-8) thus eliciting an inflammatory,
pro-apoptotic response (Fig. 5.1). Further investigations using jararhagin were per-
formed in vivo in mice where samples from affected gastrocnemius tissue were
subjected to laser capture microdissection followed by quantitative real time-PCR
(qRT-PCR) and were observed to be similar to the results of gene expression anal-
ysis via Affymetrix GeneChips"™ of the toxin on human fibroblasts. Taken together
these results suggest that there is a potential that the venom and thus its toxins could
play a pathological function via alteration of gene expression profiles in the host
tissue.

The studies on the effect of SVMPs on gene expression profiles was
complemented by Cominetti and colleagues (Cominetti et al., 2004) when they used
a PIIIb disintegrin-like/cystine-rich domain fragment termed Alt-C that was isolated
from the venom of Bothrops alternatus. This protein displayed the ability to block
fibroblast adhesion to collagen I and supported the adhesion of human umbilical
vein endothelial cells (HUVECs) suggesting the functionality of integrin ligation.
Furthermore Alt-C induced proliferation of HUVECs. In light of these observed
activities the authors hypothesized that they were modulated by signal transduction
pathways which ultimately result in an altered gene expression. What was observed
was that when fibroblasts were grown on either Collagen I or Alt-C, 45 genes were
up-regulated including VEGF. This was confirmed by detection of VEGF produc-
tion by ELISA thus providing a potential explanation for the proliferation activity
of the protein modulated by regulation by gene expression.

Alteration of gene expression in human glial cells by a snake venom three-
fingered neuroxin, candoxin, isolated from the venom of Bungarus candidus was
assayed by Pachiappan and colleagues (Pachiappan et al., 2005). A variety of
genes and pathways were detected to be affected by treatment with the neurotoxin
including signal transduction, ubiquitin-inflammation and others. The conclusion
of the authors was that the toxin caused neurodegeneration via toxin induced glial
inflammation, DNA-damage and degeneration.

Spider Venom

Brown recluse (Loxosceles spp.) spiders produce necrotic arachnidism which can
be rather sever and persist over a significant period of time (Swanson and Vetter,
2006). Sphingomyelinase D is thought to be one of the predominant toxins in the
venom that causes demonecrotic lesions and is considered to not be a direct inducer
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Fig. 5.1 (continued)
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of the necrosis but instead functions as an initiator of the pathology by launch-
ing an inflammatory response in the endothelium (da Silveira et al., 2006). As one
experimental avenue for exploring this activity Dragulev and colleagues (Dragulev
et al., 2007) treated human fibroblasts with sphingomyelinase D from the venom
of L. recluse following analysis of changes in gene expression. Significant up-
regulation in the transcripts for IL-6, IL-8, IL-1B, CXCL1, CXCL2, CCLS5, TBF-a
and NF-kB were observed thus indicating that indeed the toxin could be the up-
stream initiator of a very potential pro-inflammatory response which ultimately
results in a persistent dermonecrotic lesion.

Caterpillar Venom

The venomous secretion found in the bristles of the South American caterpillar
Lonomia oblique has been shown to have numerous biological activities includ-
ing pro-coagulant, fibrin(ogen)olytic, hemolytic, edematogenic and nociceptive
activities resulting in a profound effect on mammalian hemostatsis (Carrijo-
Carvalho and Chudzinski-Tavassi, 2007). Given the minute amounts of venom
necessary to trigger the collapse of hemostatsis in the host Pinto and colleagues
hypothesized that the dramatic effects of the venom, at least in part, could be the
result of alteration of gene expression in the host to cause biochemical/enzymatic
cascade resulting in the pathophysiology observed when envenomated by the cater-
pillar venom (Pinto et al., 2008). Treatment of human fibroblasts with the venom
was followed by analysis of gene expression using GeneChips™. Key genes that
were upregulated in the fibroblasts by the venom included IL-8, prostaglandin-
endoperoxide synthase 2, urokinase-type plasminogen activator receptor and tissue
factor. The up-regulation of these genes generally fit with the concept that the
increase in production of potent chemokines and enzymes could trigger a cascade
of biochemical events all of which could impinge on the hemostatic condition of the
host in this indirect manner via altering gene expression in addition to the venom
acting in a typical, direct manner on key hemostatic factors in the host.

Bee Venom

In light of the many putative remedies that have been traditionally associated with
bee venom such as pain relief and anti-inflammatory. To further explore the activi-
ties of bee venom and the mechanisms associated with these activities investigators
have performed gene expression analysis of chondrosarcoma cells and macrophages
(Jang et al., 2009; Yin et al., 2005). In the case of the study with the human chon-
drosarcoma cells in one experiment the cells were treated with lipopolysaccharide
(LPS) to induce an inflammatory response somewhat equivalent to that observed in
arthritis in the presence or absence of bee venom. They showed by microarray anal-
ysis that the bee venom was capable of lowering the expression of LPS up-regulated
genes such as IL-6 receptor, matrix metalloproteinase 15 (MMP-15), tumor necrosis
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factor (ligand) superfamily-10, caspase-6 and tissue inhibitor of metalloproteinase-1
(TIMP-1).

In a similar experimental paradigm Jang and colleagues treated LPS-activated
RAW 264.7 macrophage cells with bee venom to determine if it could attenuate the
effects of LPS as assessed with microarray analysis (Jang et al., 2009). It was seen
that bee venom inhibited the LPS-induced expression of several of the downstream
inflammatory factors regulated by NF-kB including MAP3KS, TNF, TNF-a-induced
proteins 3 suppressor of cytokine signaling 3 (SOCS3), TNF receptor-associated
factor 1 (TRAF1), JUN and CREB binding protein. Thus the authors concluded
that bee venom via alteration of gene expression of targets in the NF-kB/MAPK
pathways attenuated the effects of LPS activated macrophages.

Use of Gene Expression Profiling as a Tool for Venom Drug
Lead Discovery

Venoms have long been considered a potentially rich source of pharmaceutically
important toxins or drug lead compounds (Fox and Serrano, 2007; Kini, 2006).
Traditionally, when querying venom for a particular activity of interest a specific
assay is applied to the venom and if a positive resulted is yielded then the toxins is
isolated from the venom based on that activity. This is problematic in that in some
cases the positive result for the activity in the venom may be due to a synergistic
effect of two or more toxins and even if the result of one toxin isolation of the toxin
may be difficult. Furthermore it is unlikely novel activities will be found since the
discovery is circumscribed by the assays used, which in toxinology are generally of
a limited number. We hypothesize that another approach may be valid for identify-
ing novel activities of pharmacological value in the venoms via microarray analysis
and an informatics approach. Lamb and colleagues (Lamb et al., 2006) have devel-
oped an approach where by numerous compounds, many with know effects, are
screened for their impact on the gene expression of various cell lines with the goal
of categorizing pathways associated with disease states that may be perturbed by
alterations of the gene expression profile. Using this database one can perform a
similar assay with the drug or in our case venom or toxin, determine its effect on the
gene expression profile of a specific cell line and then correlate those results with
the Connectivity Map database and look for novel activities elicited by the venom.
One could then isolate the toxin(s) of interest by following the fractions’ effect on
gene expression via microarray analysis or perhaps more efficiently by q-PCR. Of
course this approach also suffers from the potential problem of the readout from
the experiment being due to the activity of two or more toxins acting synergisti-
cally or against one another in terms of affecting gene expression. Nevertheless,
this may be one approach for mining novel activities from venoms for drug lead
discovery.

To test this hypothesis we have examined the effect of Gila monster venom
(Heloderma suspectum) on human breast MCF-7 cells and analyzed the gene chip



80 J.W. Fox

data using the Connectivity Map database. What we have observed is that several of
the pathways upregulated by the venom match that for known diabetes drugs. This is
exciting in that a peptide, extendin-4, which was isolated from Gila monster venom.
Extendin-4 has a structure similar to glucagon-like peptide 1 (GLP-1) and functions
to regulate blood glucose and satiety (Eng et al., 1992). Interestingly, extendin-4
served as a drug-lead compound for the development of the drug exenatide which is
currently FDA approved for the treatment of certain forms of diabetes and marketed
under the trade name Byetta. Microarray analysis of pancreas from mice treated with
exendin-4 showed up-regulation of the mitogenic Reg gene family suggesting that
the peptide may function in its role in terms of attenuating the effects of diabetes by
stimulating pancreatic growth (De Leon et al., 2006). Similarly, the drug exenatide
was used in normal and diabetic islets under lipotoxic conditions (Ghanaat-Pour
and Sjoholm, 2009). What was observed following gene expression analysis was
that exenatide significantly affect epigenetic processes affecting development and
cell proliferation. Further, expression of Bcl2-like 1 and Bcl2 modifying fac-
tor transcripts were altered suggesting an effect on moderating apoptosis in the
islets.

Thus, although not fully developed, these studies suggest that mining the whole
venom for novel functionalities associated with regulation of gene transcription
associated with disease states may be an important new approach for identification
of novel potential drug leads found in animal venoms.

Conclusion

As highlighted in this review the use of microarray analysis to explore the subtle,
indirect effect of venoms and their toxins on the host’s gene expression has proven
successful. The approach has generated many interesting, novel insights into the
mechanism of action of venoms associated with the observed pathophysiological
outcome and thus serves to enhance our understanding of envenomation. Further,
this approach may be of value in discovering new activities in the venom based on
their ability to alter the gene expression of cells in such a manner corresponds to
those of other drugs or disease states.
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Chapter 6
Bioactive Peptides and Proteins
from Wasp Venoms

Ren Lai and Cunbao Liu

Abstract The members of Vespidae family include hornets (genera Vespa and
Dolichovespula), yellow jackets (genus Vespula) and paper wasps (genus Polistes).
The multi-sting capacity of their stingers together with their highly toxic venoms,
makes them more aggressive in the defense of the colony or capture of the pray.
Clinical symptoms induced in humans include local reactions (pain, wheal, edema
and swelling) caused by biologically active peptides such as bradykinin-like pep-
tides, chemotactic peptides and mastoparans, immunological reactions caused by
venom allergens such as phospholipase A (PLA), hyaluronidase, antigen 5 and ser-
ine proteases which usually leading to anaphylaxis with subsequent anaphylactic
shock, and systemic toxic reactions caused by large doses of venoms, resulting in
hemolysis, coagulopathy, rhabdomyolysis, acute renal failure, hepatotoxicity, aortic
thrombosis and cerebral infarction. The active components in wasp venoms, espe-
cially those acts on the cardiovascular system, nervous system and immunological
systems of mammal, including humans, may show a promising perspective for the
future discovery and application of potential pharmacological drugs.

Introduction

The members of Vespidae family include hornets (genera Vespa and
Dolichovespula), yellow jackets (genus Vespula) and paper wasps (genus Polistes).
They all possess highly toxic venom, which is a complex mixture of amines, small
peptides and high molecular weight proteins such as enzymes, allergens and toxins
(de Graaf et al., 2009; Habermann, 1972; Nakajima, 1984). The venoms from these
stinging wasps are important weapons both in the defense of the colony or capture of
the prey. The wasp inserts and withdraws its stinger much more easily than the bee
because of its smooth outer lining, while the bee’s stinger has a barbed outer sheath
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looking like a fish hook, making it easy to insert but difficult to extract. Thus, the
multi-sting capacity of the wasp bestows on this predator a more aggressive nature.

The sting apparatus of the wasp has a venom sac containing the venom and a
redundant egg laying tube, and acts rather like the needle on a hypodermic syringe.
This needle allows the wasp to curl its abdomen, squeeze the venom from the sac
into the sting apparatus and inject the venom into the victim. The amount of venom
released during a sting varies in different groups. Generally, the volume of venom
delivered by a wasp sting is much less than that delivered by a bee. This phenomenon
may be attributed to its repeated stinging abilities. For example, bee sting releases
an average of 50—140 pg of venom per sting. Wasps generally inject less venom per
sting: 1.7-3.1,2.4-5.0, and 4.2—17 pg for Vespula stings, Dolichovespula stings and
Polistes stings, respectively. In fact, the dry weight of wasp venom storage per sac
isup to 260 ng (Bil6 et al., 2005; Edery et al., 1978; Hoffman and Jacobson, 1984;
Schumacher et al., 1994).

A single wasp sting could kill or paralyze its prey insect instantly, and the
clinical symptoms induced in humans include local reactions (pain, wheal, edema
and swelling), immunological reactions usually leading to anaphylaxis with sub-
sequent anaphylactic shock, and systemic toxic reactions caused by large doses of
venom, resulting in hemolysis, coagulopathy, rhabdomyolysis, acute renal failure,
hepatotoxicity, aortic thrombosis and cerebral infarction (Chao and Lee, 1999; Chen
et al., 2004; Evans and Summers, 1986; Korman et al., 1990; Sakhuja et al., 1988;
Watemberg et al., 1995).

Massive envenomation can produce both immediate and delayed toxic reactions
in man, sometimes leading to death. Nevertheless, fatality due to wasp venom is
more frequently related to allergic responses of the victim than to envenomation.
With one sting, up to 17 pg of the wasp venom can be injected into the skin, which
is sufficient for sensitization in man (Reisman and Livingston, 1992). Wasp venom
allergy is an IgE-mediated allergic hypersensitivity of non-atopic origin (Johansson
et al.,, 2001) and the most frequent clinical patterns are (i) large local reactions
exceeding 10 cm in diameter and 24 h in duration, and (ii) rapid-onset (usually
within 10 min after the sting) generalized immediate-type hypersensitivity reactions
such as pruritus, urticaria, angioedema, nausea, vomiting, diarrhea, rhinoconjunc-
tivitis, bronchiospasm, hypertension, cardiovascular collapse and unconsciousness
(Ebo, 2007). Systemic reactions have been reported to occur in 0.8-5.0% of the
general population, and they may be severe and even life-threatening with 0.09-
0.45 deaths per million within the general population (Charpin et al., 1990, 1992;
Mosbech, 1983).

Today venom immunotherapy (VIT) (i.e. subcutaneous injection of increasing
doses of allergen preparations) is the only curative treatment against wasp venom
allergies, and beneficial effects can persist for many years (Bousquet et al., 1998;
Miiller, 2001) though the precise mechanisms responsible for the beneficial effects
of immunotherapy remain a matter of research and debate. Possible mechanisms
are: (1) Reduction of specific IgE — Patients usually receive a course of allergen,
building up gradually until a plateau or maintenance dose is achieved. Allergen-
specific immunoglobulin IgE levels rise temporarily during the initial phase, but
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fall back to pretreatment levels during maintenance therapy. The late-phase skin
test response is virtually abolished after successful immunotherapy. (ii) Induction of
IgG — Immunotherapy also induces allergen-specific IgG antibodies, an observation
that led to suggestions that antibodies might intercept the allergen and block the
allergic response. This hypothesis is supported by the fact that, in patients treated
for venom anaphylaxis, the development of allergen—specific IgG antibody corre-
lates with clinical efficacy. (iii) Reduction of effector cell recruitment — Successful
immunotherapy is accompanied by a reduction in T-cell and eosinophil recruitment
in response to allergen challenge. (iv) Altered T-cell cytokine balance — The shift in
the balance of T-helper 1 (Th1) and Th2 cytokine expression has been demonstrated
in allergic patients after immunotherapy treatment. Increased number of Thl cells
produce more IL-10 which has a complex series of actions on the immune response,
including stimulating production of the IgG4 subclass, which may therefore rise as
an indicator of the beneficial effect (Frew, 2003; Levings et al., 2001; Mamessier
et al., 2006; Reiman et al., 1984).

Vaccines used for immunotherapy are based on extracts derived from natural
allergen sources. For the production of wasp venom vaccines, it is laborious and
cost intensive because it is difficult to obtain large amounts of natural allergen
preparations with homogeneous or standardized allergen composition (Backman
et al., 1991; Littler et al., 1985; Miiller, 1998). Moreover, it is unnecessary for
patients to encounter the whole panel of allergens within the preparations that may
cause adverse effects. Anaphylactic side reactions might be a particular problem
during venom immunotherapy because wasp venoms contain a variety of pharmaco-
logically active amines and enzymes that trigger IgE-independent mast cell mediator
release that present a fatal risk to wasp venom allergic patients (Dudler et al., 1995;
King et al., 1978; Machado et al., 1996). As a result, discovery of wasp venom
allergens is necessary. The major wasp venom allergens are diagnosed as phospho-
lipase A (PLA), hyaluronidase, antigen 5 and serine proteases (Asgari et al., 2003;
Habermann, 1972; Nakajima, 1984; Yamamoto et al., 2007; Yang et al., 2007).

Bioactive Proteins from Wasp Venoms

Antigen 5

Antigen 5 is the major protein component of wasp venom and is considered the
most potent allergen component (Hoffman, 1978, 1985, 1993), but it is not found in
honeybee venom and its biological function has not yet been defined (Cascone et al.,
1995; Henriksen et al., 2001; King and Guralnick, 2004; King et al., 1987). Antigen
5 is one member of a secreted proteins superfamily, and its partial sequence is sim-
ilar to other proteins from diverse sources, especially other hymenoptera venom
allergens. For example, antigen 5 has 44-46% sequence identity with phospho-
lipases of wasps, and 73-92% sequence identity with hyaluronidases (King and
Guralnick, 2004). Antigen 5 from species of the same genus share 98% sequence
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similarity, while it is 57% when antigen 5 comes from different genera (Hoffman,
1993). These sequence similarities between different allergens may explain why
most vespid-allergic patients show multiple reactions to vespid venom (King et al.,
1985; Lichtenstein et al., 1979).

Hyaluronidase

Hyaluronidase is a glycoprotein of approximately 43 kDa belonging to family
56 of the glycosyl hydrolases, whose enzymatic specificity is of the endo-N-
acetylhexosaminidase type. It plays a key role in degrading extracellular matrix
and increasing endothelial permeability by catalyzing the removal of N-acetyl-D-
glucosamine from hyaluronic acid, found in the extracellular matrix of almost all
tissue as a component of the substance that connects protein filament, collagen
fibers and the connective tissue cell. The hyaluronidase in the wasp venom is thus
responsible for the breakdown of the hyaluronic acid after the insect sting (Kasahara
et al., 1989; King et al., 1996; Kolarich et al., 2005). Several studies have observed
the high sequence similarity of different hyaluronidases contained in bee or wasp
venoms and a sequence identity of about 50% between these allergens (Hemmer
et al., 2004; King and Valentine, 1987; Wypych et al., 1989). This similarity of the
glycan structures of wasp and bee venom hyaluronidases could well explain why
hyaluronidase is largely responsible for the cross-reactivity with sera of allergic
patients.

Phospholipases (PLA)

PLAs are relatively common in Hymenoptera venoms. PLAs comprise 6—14% of
the total dry weight of vespid venom and PLA»s comprise 12-15% of the dry weight
of bee venom (de Oliveria and Palma, 1998; Habermann, 1972; King et al., 1983,
1984). PLA| and PLA; hydrolyze the sn-1 and sn-2 of the ester bonds of 1,2-diacyl-
3-sn-glycerophospholipids, respectively, to produce lysophosphatidic acid (LPA)
(Kini, 1997). LPA is a lipid mediator with multiple biological functions: inducing
platelet aggregation, smooth muscle contraction and stimulating cell proliferation
(Aoki, 2004; Baldini et al., 2005; Goetzl and An, 1998; Yang et al., 2007). As a
result, despite their allergenic activities (Hoffman, 1986; King et al., 1996; Lu et al.,
1995., Sanchez et al., 1994; Soldatova et al., 1993), PLA may be responsible for
the uncommon systemic toxic reactions like aortic thrombosis and cerebral infarc-
tion following wasp stings. Recently, a PLA; named magnifin was isolated from
venom of V. magnifica wasp. Magnifin strongly induces platelet aggregation at low
concentrations and thrombosis in vivo. The hydrolysis product of magnifin, 1-acyl-
lysophosphatidic acids, can mediate platelet aggregation and accelerate thrombus
formation (Yang et al., 2007). PLAs also are able to disrupt the phospholipid pack-
ing of several types of biological membranes, leading to pore-formation and/or cell
lysis, which may be responsible for their hemolytic activities (Dotimas et al., 1987;
Kuchler et al., 1989).
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Serine Protease

Serine proteases belong to trypsin family S1 of clan SA, the largest family of pepti-
dases (Halfon and Craik, 1998; Serrano and Maroun, 2005). Some serine proteases
with allergic or melanization-inhibitory activity have been found in wasp venoms
(Asgari et al., 2003; Winningham et al., 2004). Many serine proteases have been
characterized from animal venoms, especially snakes. They can affect the haemo-
static system by acting on a variety of components of the coagulation cascade, on
the fibrinolytic and kallikrein-kinin systems (Markland, 1997, Pirkle, 1998; Seegers
and Ouyang, 1979). Recently, a serine protease named magnvesin was isolated from
wasp venom of V. magnifica, which exerts anticoagulant function by hydrolyzing
coagulant factors TF, VII, VIII, IX and X (Han et al., 2008).

Bioactive Peptides from Wasp Venoms

Local reactions may come from biologically active peptides such as bradykinin-like
peptides, chemotactic peptides and mastoparans (Higashijima et al., 1979; Piek,
1984). These major actions are in vitro antimicrobial effects and inflammation
induction, including initial lysis of cell membranes or mast cell degranulation, lead-
ing to histamine release and consequent vasodilation, increasing neutrophil and T
helper cell chemotaxis (Argiolas and Pisano, 1985; Hancock et al., 1995; Nakajima
et al., 1986; Wu and Hancock, 1999).

Chemotactic Peptides

Vespid chemotactic peptides are an important component in wasp venoms. They
have potent hemolytic activity. Moreover, they have been observed to kill microbes
effectively and induce the cellular chemotactic response (Dohtsu et al., 1993;
Higashijima et al., 1979; Konno et al., 2006; Xu et al., 2006a; Yasuhara et al., 1983;
Yu et al., 2007). Interestingly, vespid chemotactic peptides share high similarity with
temporins (antimicrobial peptides from amphibians). However, the enzyme-cutting
sites and the possible processing enzymes for both peptides are different, which for
vespid chemotactic peptides are dipeptidyl peptidase IV (DPP-IV) and trypsin-like
proteases, while for temporins are only trypsin-like protease. The sequence AXPX,
tandem at N-terminus of vespid chemotactic peptides, is the key reason for the
difference. DPP-IV, a highly specific dipeptidyl aminopeptidase, is characterized
by the ability to release an N-terminal dipeptide, X-Y-|-Z-, from a polypeptide,
preferentially when Y is proline, provided Z is neither proline nor hydroxyproline
(Boonacker and Van Noorden, 2003; Kiihn-wache et al., 2003; Mentlein et al., 1986;
Yu et al., 2007). It seems that DPP-IV is a common enzyme in the processing of pep-
tide components in wasp venoms because the AXPX tandem has also been found in
two other families of bioactive peptides including kinins and mastoparans (Xu et al.,
2006b; Zhou et al., 2006).
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Mastoparan

Mastoparan is the mostly extensively studied bioactive peptide from wasp venoms.
It was first reported in the venom of Vesoula lewisii and then many homologues
of mastoparan were also identified from other wasp species (Cerovsky et al, 2007;
Hirai et al., 1979a, b; Ho and Hwang, 1991; Konno et al., 2000, 2006; Mendes
et al., 2005). They are a family of small peptides composed of 14 amino acid
residues with a C-terminal amidated leucine. Mastoparans exert several biologi-
cal activities, including (i) antimicrobial activity (Konno et al., 2001; Xu et al.,
2006b); (ii) platelet activating activity (Ozaki et al., 1990); (iii) activation of phos-
pholipase A,, C and D, G-proteins and guanylate cyclase, in addition to causing
cell lysis (Higashijima et al., 1988, 1990; Mizuno et al., 1995; Nakahata et al.,
1990; Perianin and Snyderman, 1989; Song et al., 1993; Todokoro et al., 2006).
They also affect phosphoinositide hydrolysis by interacting with lipid rafts (Okano
et al., 1985; Sugama et al., 2005), which may be responsible for increasing the
permeability of ions and small molecules through the biological membranes by
forming pores at high peptide concentrations (Pfeiffer et al., 1995). As an agonist
of G proteins, mastoparans compete with G protein receptors (GPRs) for bind-
ing to the G proteins (GP). Moreover, such binding is often selective, so as to
make mastoparans a great interest in advanced medicine; for example, improved
peptide drugs, to target GP (Holler et al., 1999); (iv) mast cell degranulating activ-
ity. Mast cells are a group of secretory cells vital to specific and innate immunity,
allergy and inflammation. In specific IgE-mediated immune responses, mast cells
are activated by antigens to release chemical mediators such as histamine, protease,
prostaglandin, and cytokines. In innate immune responses against bacteria, mast
cells promote neutrophil phagocytosis and lymph node hyperplasia via the pro-
duction of tumor necrosis factor. Consistent with their role in innate defense, mast
cells can directly kill phagocytes and bacteria (McCafferty et al., 1999; Nakajima
and Yasuhara, 1977; Simmaco et al., 1999). Mastoparans are strong mediators of
mast cell degranulation and histamine release (Xu et al., 2006b); (v) regulation of
Ca’* release. Mastoparan can bind to specific glycoproteins to regulate sarcoplas-
mic reticular CaZ* release in skeletal muscles (Hirata et al., 2000, 2003), which may
be responsible for bronchiospasm or hypertension after wasp sting.

Bradykinin

As an aggressive predator, wasps paralyze their pray (insects or spiders) by injecting
venoms into the victim, and the immobilized prey is then used to feed the wasp’s
larvae. Therefore, wasp venom contains a variety of compounds, especially neuro-
toxins. In fact, research has been focused on wasp venom neurotoxins and some
of them have proven to be highly selective to mammalian nervous systems. Thus,
in addition to being used for studying neuronal mechanisms, these neurotoxins also
show high prospects in the application of neuropathology (Harvey et al., 1998; Piek,
1991; Piek and Spanjer, 1986).
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An important family of bioactive compounds having regulatory or hormonal
functions from wasp is the bradykinin-like peptide (vespakinin), a counterpart of
mammalian and amphibian bradykinins. They participate in a broad spectrum of
biological activities and events in pathophysiological conditions by irreversibly
blocking the synaptic transmission of the nicotinic acetylcholine receptors in the
insect central nervous system (Bhoola et al., 1992; Kitamura et al., 1987; Nakajima,
1984; Piek et al., 1984, 1987,; Yasuhara et al., 1987). The generation of bradykinin
in mammalian blood systems by the action of kallikrein-kinin system has been well
documented (Bhoola et al., 1992; Kitamura et al., 1987). Bradykinin is a hydrolytic
product from the limited proteolysis of kallikrein on kininogens. There are three
types of kininogens in mammals: high molecular weight, low molecular weight
kininogens, and T-kininogens (Kitagawa et al., 1987; Nakanishi, 1987; Takano et al.,
1997). They are single chain glycoproteins consisting of three domains: a bradykinin
moiety, an N-terminal heavy chain, and a C-terminal light chain, bridged by a
disulfide linkage. Additionally, the heavy chain of kininogen may act as a cysteine
proteinase inhibitor. Different from the precursors encoding mammalian bradykinin,
most of the precursors (kininogen) encoding amphibian bradykinin are composed of
several copies of a peptide segment unit including mature bradykinin plus a spacer
peptide (Lai et al., 2001). Wasp kininogen is composed of a predicted signal peptide,
an acidic peptide and a mature bradykinin-like peptide. Furthermore, the kininogens
from mammals and amphibians contain a mono- or di-basic site for trypsin-like pro-
teinases while the wasp kininogen lacks the mono- or di-basic site, suggesting they
do not share the same processing pathways (Zhou et al., 2006). By blocking the
synaptic transmission of the nicotinic acetylcholine receptor or glutamate receptors
(Eldefrawi et al., 1988; Piek et al., 1990) or the slowing/blocking of sodium channel
inactivation (Piek, 1982; Sahara et al., 2000), these brakykinin-like peptides effec-
tively block the transmission of the vertebrate or invertebrate nervous systems, some
of them showing anti-nociceptive effects more potent than that of morphine (Mortari
et al., 2007).

In general, the wasp venom gland is a biochemically, pharmacologically and
physiologically complex organ which fulfills a wide range of functions necessary
for wasp survival. The venoms contain various molecules, especially bioactive
proteins and peptides acting on the cardiovascular system, nervous system and
immunological system of mammals, including humans, and these biomolecules
show a promising perspective for the future discovery and application of potential
pharmacological drugs.
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Chapter 7

The Theory of Intraspecies Variation is Not

the Exception, But Simply the Rule: The Diverse
Hemostatic Activities of Snake Venoms

Alexis Rodriguez-Acosta, Belsy Guerrero, and Elda E. Sanchez

Abstract Clinical unpredictability of snake envenomation by the same species has
been previously illustrated. These symptoms have been well known in the most
common genera, Bothrops and Crotalus. Variations between venoms among vari-
ous geographic regions may be due to evolutionary environmental pressure, which
continually acts on separated populations. Studies concerning the disparity of snake
venom are fundamental for the understanding of snake phylogeny and most signif-
icantly for the investigation and production of suitable antivenoms to treat ophidic
envenomation. In the Americas, a geographic intraspecific variation in snake venom
composition has been described for Crotalus and Bothrops. Intraspecific venom
differences takes place among specific snakes, most likely due to seasonal varia-
tion, diet, habitat, age, sexual dimorphism, along with other unidentified factors that
could possibly be contributing to the individual variability of venom composition.
Furthermore, diverse hemostatic activities of snake venoms differ in their biochem-
ical structure and pharmacological profile, not only between different species, but
also within species, and in snakes of diverse ages, sex and geographical localities.
Most of these studies scarcely demonstrate the interspecies variation of venoms
in specimens from far and near geographical locations, which sustain the need to
incorporate pools of venoms of the same species found in different geographical
environments that will be employed in immunization protocols for the production
of antivenoms.

Introduction

It has been well established that there are intraspecies differences in the snake ven-
oms. Clinical variability of envenomation by snakes within the same species has
been described (Aguilar et al., 2007; Sano-Martins et al., 2001). These clinical
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symptoms have been noted in the most common genera, Bothrops and Crotalus.
The diverse symptoms observed were not associated with the severity of enveno-
mation, or to the age or sex of the patients. Differences in venom composition are
a significant characteristic of intraspecific variability in the family Viperidae, even
though reasons for this variability have not yet been elucidated.

A phylogenetic “advance” to the origin and continuation of species diversity
would require the sampling of all species within a clade. In addition, verification
that they are evolutionarily distinct entities and knowledge of their geographical
distributions would be also required. Compositional variations between venoms
amid diverse geographic territories may be due to evolutionary environmental pres-
sure, which constantly acts on separated populations. All species distribution shows
restriction by obstacles of unsuitable sedimentary habitats, extreme temperatures,
broad regions of rivers and lakes and sea levels above 1,400 km. The geographical
limits of similar species show limited or no overlap, demonstrating that the speci-
ation mode is predominantly allopatric. Additionally, scale of expansion following
speciation seems to have been restricted, since a high degree of allopatry is pre-
served through the known domains of the phylogeny. This may be explained by
habitat specialization, uncommon long-distance colonization, and possibly by inter-
and intra-specific competition (Calsbeek, 2009).

Studies regarding the variability of snake venom are vital for the comprehen-
sion of snake phylogeny and most importantly for the research and production
of appropriate antivenoms to treat ophidic accidents. In the Americas, a geo-
graphic intraspecific variation in snake venom composition has been reported for
Crotalus (Aguilar et al., 2007; Francischetti et al., 2000; Sanchez et al., 2008)
and Bothrops (Alape-Girén et al., 2008; Girén et al., 2008; Salazar et al., 2009).
Descriptive studies comparing snake venom activities on hemostasis from intraspe-
cific species of different countries have been conducted (Aguilar et al., 2007; Salazar
et al., 2009). The hemostatic activities of individual snake venoms from the same
species have been quantified in terms of lethality, hemorrhagic, procoagulant and
fibrino(geno)lytic activities (Giron et al., 2008; Salazar et al., 2008). Results have
demonstrated venom differences amongst similar snake species from close localities
in different countries.

This chapter is intended to accumulate a series of studies regarding the com-
parative hemostatic characterization of snake venoms of the same species of the
genus Bothrops and Crotalus from the family Viperidae, specifically C. durissus
cumanensis, B. atrox, B. colombiensis and B. isabelae from Venezuela; B. asper
from Costa Rica; C. oreganus helleri, C. scutulatus scutulatus, and C. viridis luto-
sus from the United States of America (Aguilar et al., 2007; Alape-Gir6n, 2008,
2009; Girdén et al., 2008; Salazar et al., 2008; Sanchez, 2004; Sanchez et al.,
2005; Yoshida-Kanashiro et al., 2003). These venoms come from geographically
isolated populations from several locations in the Americas, which include ven-
oms from the same species captured in the same geographical areas. The crude
venoms were analyzed for their lethality, hemorrhagic, proteolytic, coagulant, and
fibrino(geno)lytic activities. These results infer patterns of venom diversification
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within the same species. A large degree of variability was observed in these venoms
as defined by several hemostatic assays. These significant variations certainly have
an effect on how antivenom neutralizes venoms, thus, complicating the management
of snakebites and the production of antivenoms.

Venoms of the Genus Crotalus

The genus Crotalus are venomous pitvipers found only in the Americas ranging
from Canada to Argentina (Campbell and Lamar, 2004). Crotalus comes from the
Greek word krotalon meaning rattler or castanet. These snakes have a rattler at the
end of their tail making them a very unique group.

Venezuela has 24 species of medically significant venomous snakes belonging
to the family Viperidae in which 20.8% are from the genus Crotalus (Rengifo and
Rodriguez-Acosta, 2005), and 15% of snakebites are due to this genus (Rodriguez-
Acosta et al., 1995). Despite having more than 80% of Crotalus accidents in
Venezuela being essentially neurotoxic, reports of Crotalus envenomations have
described unusual hemostatic alterations, such as increase of clotting time, par-
tial thromboplastin time (PTT), prothrombin time (PT), fibrinogen consumption,
platelets and hemorrhages in the area of the bite (Yoshida-Kanashiro et al., 2003).
Since most Crotalus species in South America are not considered hemorrhagic,
these reports are an exception in South American Crotalus (Sano-Martins et al.,
2001) and have been found in identical species from different geographical areas.

In Brazil, Amaral et al. (1988) first reported that spontaneous bleeding had rarely
been observed in C. durissus terrificus envenomed patients, and some patients did
not present detectable fibrinogen and thrombocytopenia after the accident. In addi-
tion, Kamiguti and Sano-Martins (1995) showed that Brazilian rattlesnake venoms
rendered blood incoagulable due to fibrinogen consumption. Sano-Martins et al.
(2001) showed that the envenoming by C. durissus was commonly associated with
hemostatic disorders, which were possibly attributed principally to the action of the
thrombin-like enzymes, with possible further secondary effects due to the potent
myotoxic activity of the venom.

Until 2007, fibrinolytic activity in South American Crotalus venom had not been
reported. For this reason, we started to evaluate this activity in C. d. cumanensis
venom from different Venezuelan locations. Our findings demonstrated that C. d.
cumanensis venoms from different locations presented different fibrinolytic activ-
ity by amidolytic and fibrin plate methods (Aguilar et al., 2007). The results with
chromogenic substrates revealed, in all venoms, a high kallikrein-like activity and
a low t-PA-like activity (Table 7.1). On fibrin plasminogen rich plates, the ven-
oms were also active depending on the snake’s geographical location. Significant
fibrinolytic variations were observed, thus the kallikrein-like amidolytic activity
was more elevated in those snake venoms from Santa Teresa (Miranda state) and
Margarita Island. In contrast, higher fibrinolytic activity was observed in Lagunetica
and Carrizales venoms.
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Glenn and Straight (1978) were the first to report significant venom variability
in the venoms of the Mohave rattlesnakes (C. scutulatus scutulatus) from North
America. This work classified the venoms of this snake as Type A (neurotoxic),
Type B (hemorrhagic), and Type (A and B) (both neurotoxic and hemorrhagic). The
hemorrhagic venom of this snake is primarily found in a limited area of Arizona
(Glenn and Straight, 1978; Glenn et al., 1983; Sanchez et al., 2005, 2006). Lethality
doses revealed that the hemorrhagic venoms were less potent with LDsg ranging
from 2.9 to 5.5 mg/kg body weight (Table 7.1), while the neurotoxic venom ranged
from 0.35 to 0.48 mg/kg (Sanchez et al., 2005). Genomic DNA analysis was done on
both types of venoms to determine if the Mojave toxin genes were present. Results
revealed that the hemorrhagic venom lacked the genes (Sanchez et al., 2005), while
the neurotoxic snakes contained them. In addition, these snakes were also analyzed
to determine if a disintegrin gene was present. The disintegrin gene was present only
in the Type B snakes and not in the Type A snakes. Furthermore, Type (A and B)
snakes contained both disintegrin and Mojave toxin genes and their LDso ranged
from 0.83 to 1.05 mg/kg body weight (Sdnchez et al., 2005).

Galdn et al. (2004) reported differences in the venoms of southern Pacific rat-
tlesnakes (C. oreganus helleri). The fact that the color of these two venoms was
very different (one white and the other yellow) sparked an interest to further test
these venoms for qualitative and quantitative differences. The minimal hemorrhagic
activities for these southern Pacific rattlesnakes were 0.7 and 2.1 g, while the
LDsp were 1.84 and 2.95 mg/kg body weight, respectively. In addition, the North
American Crotalid Antivenom (Wyeth™ Pharmaceuticals) was more efficient in
neutralizing the more potent venom (ED5y = 84 mg/kg) as opposed to the less toxic
venom (EDsg = 357 mg/kg). Furthermore, sera from the North American Virginia
opossum (Didelphis virginiana) was not able to neutralize the most potent venom,
but was able to neutralize the least potent one.

These prior studies done with these two southern Pacific rattlesnake venoms
and personal communications with Dr. Sean Bush, MD of Loma Linda University
regarding the difficulties of neutralizing the venom of these snakes, initiated another
study involving not only the hemorrhagic and lethality activities, but the hemo-
static activities as well (Salazar et al., 2009). This study showed that hemostatic
activity of venoms from five specimens of C. oreganus helleri snakes from close
geographical locations varies, both qualitatively and quantitatively. The differences
in hemorrhagic, neurotoxic, and fibrinolytic activities pointed to intraspecies varia-
tion (Table 7.1), such that some possessed neurotoxic and/or proteolytic actions and
others did not (Salazar et al., 2009).

C. oreganus helleri from two counties of southern California (SB: San
Bernardino county; RS: Riverside county) presented significant thrombin-like activ-
ity in their venoms, which by the coagulant method was considerably higher in
SB 1 venom; however, by the amidolytic method, RS 2 venom was more active. The
highest amidolytic thrombin-like activity in RS 2 venom was explained by other
serine proteases containing trypsin-like activity with actions on S-2238 substrate
(Friberger, 1982). SB 2 and 3 venoms were not active or presented an insignificant
thrombin-like activity.
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C. oreganus helleri venoms also contained fibrinolytic enzymes, which were dis-
tinct in the different specimens. SB 3 venom showed the highest activity on fibrin
plates, in the presence or absence of plasminogen, which was inhibited by EGTA,
EDTA and 1,10 phenantroline (metalloproteinase inhibitors) (Enghild et al., 1989;
Salazar et al., 2009). Additionally, the amidolytic method established that all ven-
oms contained kallikrein-like activity (Pu¢kowska et al., 2008). Nevertheless, RS 1
venom showed the highest kallikrein-like activity, which was neutralized by serine
protease inhibitors, indicating the presence of serine proteases that could perhaps in
part activate the plasminogen and thus show fibrinolytic activity. In relation to the
hemolytic activity, the results revealed that RS 1 and SB 2 venoms were the most
active, which correlated with their high phospholipase concentrations (Condrea
et al., 1964; Gutiérrez et al., 2005).

RS 2 and SB 1 venoms showed the highest thrombin-like on plasma and/or
purified fibrinogen and lethal activities. Nevertheless, they presented neither hemor-
rhagic nor fibrinolytic activities. SB 2 and 3 venoms, with the modest coagulant
and lethal activities, showed the highest fibrinolytic and hemorrhagic activities.
These venoms can induce severe hemorrhagic problems in snake bitten patients
due to their high hemorrhagic and/or primary fibrinolytic activities (Matsui et al.,
2000; Swenson and Markland, 2005). These results support the differential pres-
ence of metalloproteinases with activity against fibrin, a criteria that will allow a
different therapeutic conduct according with the regional ophidic accident. Venom
differences have critical implications for snakebite treatment, since diagnosis may
possibly be complicated by intraspecies differences in clinical manifestations, and
antivenom made against venom of an assured species may not be efficient against
envenomations of specimens of the same species (Chippaux et al., 1991). The hemo-
static variations in the venoms of the Southern Pacific rattlesnakes contribute to
our understanding of substrate specificities involved in the hemostasis pathway and
further reaffirm the differential composition of venoms from the same snake species.

Minton and Weinstein (1986) compared geographic differences in venom from
the Western Diamondback Rattlesnake (C. atrox) captured from diverse areas of
the United States (i.e., Southern Arizona, Southern New Mexico, Texas, Oklahoma,
and Western Arkansas). Snakes from the southwest had the highest lethality, while
those from the northeast region of the range had the lowest. Geographic differences
have also been accounted in the venom of the Great Basin Rattlesnake (C. lutosus;
Table 7.1) and from several snakes distributed in Central America (Adame et al.,
1990).

The majority of the venoms have yet to be characterized. For example, venom of
the Grand Canyon Rattlesnake (C. abyssus) has been poorly studied. Young et al.
(1980) used isoelectric focusing to determine relationships of this species and sev-
eral other species and subspecies (i.e., C. lutosus, C. concolor, and C. viridis nuntius)
within the C. viridis complex (see Douglas et al., 2002 for a phylogenetic revision of
this complex). Based on venom proteins, Young et al. (1980) noted that C. abyssus
appeared more closely related to C. lutosus than to others in the complex. However,
their approach did not specifically characterize the venom of C. abyssus, but merely
used its nascent properties in a taxonomic fashion.
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Venoms of the Genus Bothrops

The genus Bothrops is found in Central and South America (McDiarmid et al.,
1999). The name comes from the Greek words bothros and ops that mean pit and
face, which refer to the loreal pit organs. The Bothrops species are responsible for
more human morbidity than any other group of venomous snakes (Campbell and
Lamar, 2004). In Venezuela and Brazil, B. colombiensis, B. atrox and B. jararaca are
responsible for more than 80% of all recorded snakebites (Kornacker, 1999; Rengifo
and Rodriguez-Acosta, 2005). B. asper remains the primary medically important pit
viper in Central America (Ferndndez and Gutiérrez, 2008) since it is responsible
for approximately 50% of snakebite envenomations in that region. In Costa Rica,
Alape-Girén et al. (2008) reported that two B. asper populations, divided since
the late Miocene or early Pliocene (8-5 x 10° years) by the Guanacaste Mountain
Range, Central Mountain Range, and Talamanca Mountain Range, have both similar
and different (iso)enzymes from the PLA,, serine proteinase, and metalloproteinase
families. The similarity of venom proteins between the two B. asper populations
was inferred to be 52%.

Hemostatic disorders are the major signs of systemic envenoming in bothropic
accidents. Patients from the same geographical location and probably envenomed
by the same snake species are described by physicians of having different systemic
symptoms such as internal hemorrhage, hypotension, renal failure and shock, which
may depend not only on human physiological variations against toxins, but may also
depend on varying components in venoms of the same species (Aguilar et al., 2007;
Salazar et al., 2008).

Several investigators (Estrade et al., 1989; Kamiguti et al., 1986) have suggested
that disseminated intravascular coagulation occurs in Bothrops envenomations.
Alterations of the coagulation system are a consequence of venom enzymatic activ-
ity on fibrinogen (thrombin-like enzyme) or of the activation of prothrombin and/or
factor Xa, which in turn induces a decrease of fibrinogen concentration and other
clotting factors. Significant fibrinogen degradation is a characteristic of Viperidae
bites in South America (Amaral et al., 1988).

A number of studies have established that blood coagulation disorders are fre-
quently reported in patients following systemic envenoming mainly by young
Bothrops (Furtado et al., 1991; Ribeiro and Jorge, 1990). These authors also reported
higher levels of prothrombin and factor X activators in the venom of juvenile
B. jararaca compared with adult snakes. Snake venoms from different genera or
species by age differ in their biochemical constitutions. These discrepancies are
also observed in intra-species and in snakes of different sex and age (Furtado et al.,
1991; Zelanis et al., 2007). The prerequisite for the venom to immobilize prey and
begin digestion may modify with the snake dimension, which is related to the age
(Alape-Girén et al., 2008).

Our group has also observed (Salazar et al., 2007) that venoms from the same
species, but from diverse geographical locations presented variations in the number
of molecular mass electrophoretic bands and chromatographic profiles. Analysis
concerning the proportions of the main proteins showed differences among the
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four studied venoms; Serrania del Cuao (SC), Parguasa (P), Puerto Ayacucho 1
(PA1) and Puerto Ayacucho 2 (PA2). SC venom had the highest proportion of high
molecular-mass components, while P and PA1 venoms contained low molecular
weight proteins in high proportions. These profiles also evidenced significant differ-
ences in the venoms of closed geographical localities (PA1 and PA2). These results
were in agreement with previous observations carried out with the venom of B.
alcatraz from Brazil (Furtado, 2005). Furthermore, the analysis of these B. atrox
venom samples on fibrin-zymography showed the majority of the activity in bands
of approximately 27, 25 and 45-50 kDa in P and PA venoms, respectively (Salazar
et al., 2007).

A comparative analysis of the clotting and fibrinolytic activities of these snake
venoms was also carried out. The results indicated the presence in PA2 venom of
P-III class active metalloproteinases with molecular masses of 50 kDa. On the other
hand, in P and PA1 venoms, the fibrinogenolytic activity can be associated with a
serine proteinase, trypsin-like or P-I class active metalloproteinases with molecular
masses of 25 kDa. Additionally, these components could be in very low concentra-
tion in SC venom, since no well-defined active bands in SC venom were detected in
the fibrin-zymography.

Fibrinolytic activity was evaluated with S-2251, S-2302, S-2444 and S-2288
chromogenic substrates, which displayed specificity for plasmin, kallikrein, uroki-
nase, and t-PA, respectively. In all venoms, a high t-PA-like activity was observed
(Table 7.2). The fibrinolytic activity also was estimated using fibrin plates. All
venoms were active on plasminogen-rich fibrin plates. PA1 venom presented the
higher fibrinolytic activity by both methods. An appreciable difference in specific
activity among venoms of different areas was observed. The activity determined on
fibrin plates with 10 pg protein was higher in PA1 venom. At this concentration,
venoms from P and PA2 displayed a fibrin area without lysis inside a lysis area
(indicating the presence of possible fibrinolytic inhibitors). These results suggested
the profound effects that Bothrops venoms causes on the hemostatic system of preys
and humans, which would not only depend on the quantity of venom, age and sex
of the snake, but also on the balance between activators and inhibitors in the venom.
These findings could also reflect on the final hemostatic balance of a bitten patient.
For instance, PA2 venom could induce a more intense hemorrhagic syndrome than
other venoms, via endogen fibrinolysis activation by t-PA-like activity. The ami-
dolytic activities present in these four venoms were also assayed in the presence of
protease inhibitors. The results showed that factor Xa-like and t-PA-like activities
decreased 70% in the presence of EDTA—Na, EGTA—Na and 1,10-phenantroline,
and 10% in the presence of soybean trypsin inhibitor, benzamidine, and aprotinine,
suggesting that metalloproteinases are among the most abundant enzymes found in
these venoms.

Intraspecific venom disparity takes place among individual snakes, probably due
to seasonal variation, diet, habitat, age, and sexual dimorphism and other unknown
factors (Daltry et al., 1996a). Venom variation is relevant to research since con-
siderations of the differences in venom constituents are pertinent for antivenom
production. Studies of captive bred snakes may suggest that the intraspecific
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disparity in venom is genetically inherited more than environmentally induced
(Daltry et al., 1996b). Nevertheless, in agreement with Sasa (2002), microevolu-
tionary influences other than selection for vicinity prey should also be proposed as
a basis of the high variation of venom components among populations living in the
same habitat.

Pathological symptoms in hemostasis are the main manifestations of systemic
bothropic envenomation. The presence of numerous clinical manifestations and
hemostatic considerations may be provoked by individual variability of venoms.
Snake venoms differ in their molecular composition and pharmacological activity,
not only among diverse species, but also within a single species and in snakes of
varied ages and different sexes (Aguilar et al., 2007).

Venoms of B. colombiensis from El Guapo (EG) and Caucagua (C) localities
were assayed for hemorrhagic, lethality, as well as fibrino(geno)lytic and coagulant
activities (Table 7.2). Both crude venoms, by amidolytic methods, showed a moder-
ate factor Xa-like activity and an elevated thrombin-like activity. These results were
further corroborated by the coagulant method. EG crude venom had higher activity
than C crude venom. These results evidenced the presence of prothrombin and/or
factor X activators as reported by others (Kamiguti and Sano-Martins, 1995). In the
past, the coagulant activity of venom from B. colombiensis had not been character-
ized. Our data suggest intraspecies variations, both quantitative and qualitative, in
the procoagulant components in these venoms (Table 7.2).

The presence of varied clinical symptoms and hemostatic parameters is more
than likely induced by individual variability of venom composition. Snake venoms
differ in their biochemical structure and pharmacological profile, not only between
different species, but also within species, and in snakes of different ages, sex
and geographical localities (Saravia et al., 2002). These studies strongly illustrate
the intraspecies variation of venoms in specimens from far and near geograph-
ical locations, which supports the need to include pools of venoms of the same
species captured at different geographical regions that will be used in immunization
protocols for the production of antivenoms.
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Chapter 8
Tiny Ticks are Vast Sources of Antihaemostatic
Factors
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Abstract Ticks are obligate blood-feeding ectoparasites. Damage of the skin of
vertebrates leads to hemostatic, inflammatory and immune responses. These would
disrupt tick feeding with detrimental consequences. To avoid host reactions, ticks
inject saliva, a cocktail of pharmacologically active compounds, such as vasodila-
tors, antiplatelet factors, anticoagulants, anti-inflammatory and immunomodulatory
substances. Ticks have evolved powerful tools to prevent or prolong coagulation of
the host blood. Majority of the inhibitors identified so far are proteins that display
a variety of molecular masses, targets and inhibitory mechanisms. These anticoag-
ulants can be classified as thrombin inhibitors, factor Xa inhibitors, extrinsic and
intrinsic tenase complex inhibitors and contact system proteins inhibitors. Based
on the diversity of antihemostatic strategies, it has been assumed that the main
tick families have adapted to blood feeding independently. The key enzyme of the
coagulation cascade — thrombin is often targeted by tick anticoagulants. The most
well characterized thrombin inhibitors are the Kunitz-type proteinase inhibitors, i.e.,
ornithodorin, savignin and monobin from soft ticks, or boophilin, amblin, hemalin
from hard ticks. A class of novel thrombin inhibitors is represented by variegin,
isolated from the hard tick Amblyomma variegatum. This class of inhibitors dis-
play structural and functional similarity to hirulog, a peptide designed based on
hirudin isolated from leech. TAP, a Kunitz-type FXa inhibitor from the soft tick
Ornithodoros moubata has been among the best studied tick anticoagulants. Novel
tick-derived molecules represent potentially useful therapeutic agents for treat-
ment of hemostatic disorders, cardiovascular diseases and disorders of the immune
system.
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Introduction

Ticks are obligate blood feeding ectoparasites of a large number of terrestrial ver-
tebrates. Adults of the fast feeding soft ticks (Argasidae)! can feed repeatedly
and rapidly by deep penetration of the host skin, causing considerable damage
(Binnington and Kemp, 1980), whereas adults of the slow feeding hard ticks
(Ixodidae) feed only once for a prolonged period and penetrate the epidermis either
superficially (Metastriate ticks, e.g., Rhipicephalus (Boophilus) spp., Dermacentor
spp.), or more deeply (Prostriate ticks, e.g., Ixodes spp., Amblyomma spp.) (Bowman
et al., 1997; Sonenshine, 1991). The volume of the ingested blood as well as the
duration of feeding are development stage- and species-specific. Hard ticks may
require several days to weeks to complete their blood meal, whereby tick females
may ingest more blood than 100-times their initial body weight (Sauer et al., 1995).
The insertion of the tick hypostome into the host skin damages the epidermis and
ruptures blood vessels. Damage of the skin normally leads to host haemostatic,
inflammatory and immune responses. These would disrupt tick feeding and cause
rejection of the tick, with detrimental consequences to tick viability and repro-
duction. However, tick saliva contain compounds such as vasodilators, antiplatelet
factors, anticoagulants, anti-inflammatory and immuno-modulatory substances that
counteract host defences, enabling ticks to feed for days to weeks at one site
(Andrade et al., 2005; Ribeiro and Francischetti, 2003; Steen et al., 2006). Tick
saliva composition is complex and in some cases redundant reflecting the complex
and redundant host defence responses (Andrade et al., 2005; Brossard and Wikel,
2004; Steen et al., 2006). In addition, many pathogens (viruses, bacteria, proto-
zoa) exploit host vulnerability at the feeding site, transmitting deadly diseases to
human and livestock (Bowman et al., 1997; Brossard and Wikel, 2004; Nuttall and
Labuda, 2004; Ramamoorthi et al., 2005; Wikel, 1996). Therefore, an understanding
of the physiology of tick salivary glands is important for the appreciation of their
functions.

Salivary Glands of Ticks

Tick salivary glands are multifunctional complex organs and their anatomy, mor-
phogenesis and physiology have been extensively described (Bowman and Sauer,
2004; Sauer et al., 1995, 2000; Sonenshine, 1991). They consist of an anterior region
of acini (generally agranular and primarily involved in osmo-regulation) attached
directly to the main duct; the acini are arranged more caudally in lobules connected
by intra- and inter-lobular ducts to the main salivary duct. The caudal acini increase
greatly in size during feeding and are involved in secretion of salivary bioactive
components. The main salivary ducts (one from each gland) pass antecranially into
the salivarium which fuses with the pharynx of the tick and forms the oral cavity.

I The tick nomenclature used in this chapter is adopted from Barker and Murrell (2004).
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During tick attachment, host tissue fluids and tick saliva flow in alternate directions
through a common buccal canal. The regulation of salivary gland development,
degeneration and fluid secretion are under neuro-hormonal control (Bowman and
Sauer, 2004).

Almost all ixodid ticks produce cement proteins that ensure firm attachment of
the tick to the host and seal the area around the mouth parts to the wound site. In
contrast, argasid ticks do not secrete factors enabling strong attachment to the host.
After a tick attaches to a host, expression of a series of new genes and synthesis
of proteins is initiated in their salivary glands that reflect the stages of the feeding
process. As feeding progresses, the amount of secreted saliva increases and salivary
glands undergo a remarkable and rapid structural reorganization. At the peak of the
feeding process, the glands can increase 25-fold in size and protein content. Once
the tick is engorged and detaches, the glands degenerate through a process of cell
apoptosis (Bowman and Sauer, 2004).

Tick Salivary Compounds and Their Effect on Host Haemostasis

Saliva of the same tick species can contain simultaneously many antihaemostatic
molecules inhibiting different arms of the haemostatic system, or the same com-
pounds can display multiple functions (Bowman et al., 1997; Francischetti et al.,
2009; Mans and Neitz, 2004; Maritz-Olivier et al., 2007; Steen et al., 2000;
Valenzuela, 2004). Research on the mechanisms through which ticks inhibit host
haemostasis led to the discovery and identification of a variety of compounds with
potential to be developed as therapeutic agents (Koh and Kini, 2009; Ledizet et al.,
2005). There are several advantages in investigating tick salivary compounds as the
starting point of drug discovery process, which are:

1. A same ‘library’ of molecules can be explored for multiple targets (a com-
prehensive investigation on a single species, for instance, by high-throughput
transcriptomic or proteomic approach, will provide a wide coverage of chemical
space).

2. The molecules might be aimed at novel therapeutic targets (identifications of
novel targets would otherwise be a lengthy process).

3. Hundreds of millions years of evolution acts as an efficient screening and selec-
tion process (molecules which are present should interfere with physiological
systems; otherwise they would have been discarded).

4. Similarly, evolution acts as a lead optimization process (by natural selection,
mutations that confer greater advantages such as potency and stability, will be
selected for).

5. The molecules are likely to be of low toxicity and immunogenicity (it is in the
best interest of haematophagous parasites that hosts survive their assaults, thus,
exposure to the molecules should not kill the hosts).
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In addition to the drug discovery process, such studies can also contribute to our
understanding of molecular interactions within the haemostatic system. Moreover,
elucidation of the mechanisms of interaction between ectoparasites and their hosts
can lead to the discovery of new vaccine targets against ticks and the pathogens ticks
transmit (Hovius et al., 2008; Maritz-Olivier et al., 2007). It is important to note that
antihaemostatics in ticks differ between species and there is no tick species whose
full antihaemostatic capacities have been fully explored and described. Here we
describe some of the examples of these exogenous factors.

Vasodilators

Following laceration of blood vessels by tick’s mouthparts, arachidonic acid is
released by activated platelets and is converted by other platelet enzymes into
thromboxane Aj, a platelet-aggregating, platelet-degranulating, and vasoconstrict-
ing substance. Activated platelets also release serotonin which, together with
thromboxane A,, is responsible for early vasoconstriction in local inflammation
caused by tissue injury. To antagonise vasoconstrictors produced by the host on the
site of tissue injury, vasodilators are secreted by ticks to the feeding pool. To date,
only non-proteinaceous vasodilatory compounds have been identified in tick saliva.
They include lipid derivatives such as prostacyclin and prostaglandins (Bowman
et al., 1996; Inokuma et al., 1994; Ribeiro et al., 1985, 1988).

Antiplatelet Factors

Platelet aggregation represents the initial and most immediate stage of haemostasis.
Following vascular injury, platelets adhere to the subendothelial tissue, become acti-
vated by agonists such as collagen, thrombin, ADP, and thromboxane A;. Agonists
bind to specific receptors on the surface of platelets and initiate a long and highly
complex chain of intracellular chemical reactions that lead to platelet aggregation
and formation of a platelet thrombus.

Platelet activation and aggregation are inhibited by ticks at several stages.
Inhibition can be mediated through disruption of the action of agonists. For example,
tick saliva contains the enzyme apyrase, which hydrolyzes the platelet agonist ADP
(Valenzuela et al., 2002), moubatin (Keller et al., 1993) and longicornin (Cheng
et al., 1999) inhibits collagen-induced aggregation while inhibitors of thrombin also
inhibit its platelet activating function (Kazimirova et al., 2002). Molecules inhibit-
ing receptors on the surface of platelets that mediate adhesion and aggregation
were also reported. For examples, ‘tick adhesion inhibitor’ inhibits integrin o2f1-
collagen adhesion (Karczewski et al., 1995) while disagregin (Karczewski et al.,
1994), savignygrin (Mans et al., 2002b), variabilin (Wang et al., 1996) and ixodegrin
(Francischetti et al., 2005) inhibit integrin oy, B3-fibrinogen mediated aggregation.
For details, see Chapter 20 by Francischetti, in this volume.
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Anticoagulant Factors

In the blood coagulation cascade, circulating zymogens of serine proteinases are
sequentially activated by limited proteolysis leading to the formation of a fibrin
clot (Davie et al., 1991). Various inhibitory activities on plasma clotting can be
observed in tick saliva or salivary gland extracts and other organs such as gut,
eggs or haemolymph and whole body extracts. Pioneering works on tick antico-
agulants showed inhibition of blood coagulation due to ixodin, a putative enzyme
with antithrombin activity detected in whole body extracts from Ixodes ricinus
(Sabbatini, 1899) or argasin from salivary glands of the fowl tick Argas persi-
cus (Nuttall and Strickland, 1908). Studies carried out between the 1950s and
early 1990s confirmed the presence of anticoagulants and fibrinolytic factors in
salivary glands and other organs of a number of soft and hard tick species, e.g.,
Ixodes ricinus, 1. holocyclus, Ornithodoros moubata, Dermacentor andersoni and
Rhipicephalus (formerly Boophilus) microplus (Anastopoulos et al., 1991; Hawkins
and Hellmann, 1966; Hellmann and Hawkins, 1967; Markwardt and Landmann,
1958, 1961; Willadsen and Riding, 1980). In O. moubata, the anticoagulant activ-
ities of salivary gland extracts were directed against thrombin and factor IX,
but fibrinolytic activity was present in gut, eggs or haemolymph (Hawkins and
Hellmann, 1966; Hellmann and Hawkins, 1967). Extracts from eggs and unfed lar-
vae of R. (B.) microplus prolonged activated partial thromboplastin time (APTT)
and prothrombin time (PT), but the activity seemed to be important only during the
initial phases of feeding (Willadsen and Riding, 1980). Anticoagulant activities have
also been demonstrated in embryos, larvae and nymphs of the camel tick Hyalomma
dromedarii (Ibrahim, 1998; Ibrahim et al., 1998, 2000, 2001a, b) and in salivary
glands and extracts of several tick species, but only during the last decade the num-
ber of tick anticoagulants that have been isolated and characterized has increased. In
addition, with advances in transcriptomic approaches, many sequences that showed
similarity to existing anticoagulants are being determined. Majority of the inhibitors
identified so far are proteins that display a variety of molecular masses, targets and
inhibitory mechanisms. Based on the mechanism of action, these exogenous anti-
coagulants from ticks can be broadly classified as: (1) thrombin inhibitors; (2) FXa
inhibitors; (3) extrinsic and intrinsic tenase complex inhibitors; and (4) contact sys-
tem proteins inhibitors. Molecules within each group can be sub-divided into many
different classes based on their structures (Table 8.1, Fig. 8.1).

Thrombin Inhibitors

Thrombin inhibitors from ticks have many different structures and mechanisms
of action, forming at least seven structural classes (Koh and Kini, 2009). Some
of the most well characterized thrombin inhibitors from ticks are the Kunitz-type
proteinase inhibitors. This class of thrombin inhibitors are present in both soft
[e.g. ornithodorin from O. moubata) (van de Locht et al., 1996), savignin from
O. savignyi (Mans et al., 2002a; Nienaber et al., 1999) and monobin from Argas
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monolakensis (Mans et al., 2008)] and hard [e.g. boophilin from R. (B.) microplus
(Macedo-Ribeiro et al., 2008), amblin from Amblyomma hebraeum (Lai et al.,
2004) and hemalin from Haemaphysalis longicornis (Liao et al., 2009)] ticks.
These molecules consist of two tandem Kunitz domains, inhibiting the thrombin
active-site non-canonically with their N-terminal domain and binding the thrombin
exosite-I with their C-terminal domain (Macedo-Ribeiro et al., 2008; van de Locht
et al., 1996). Kinetically they are all slow, tight-binding, competitive inhibitors,
although soft tick inhibitors are typically more potent and specific for thrombin
(see Chapter 15 for details).

We have isolated a class of novel thrombin inhibitors from the hard tick
Amblyomma variegatum, represented by variegin. A potent and specific 32-residues
peptide, variegin is a fast, tight-binding, competitive inhibitor of thrombin. It
binds to both thrombin active site and exosite-I. Structurally and functionally,
it is almost identical to hirulog/bivalirudin, a group of peptides designed partly
based on hirudin (thrombin inhibitor from medicinal leech). Despite proteolysis
by thrombin, the inhibitory activity of variegin is significantly prolonged even
after completion of its cleavage (Koh et al., 2007). The C-terminal part of the
cleaved peptide non-competitively and potently inhibits thrombin (Koh et al., 2009)
through disruption of the charge-relay system of the thrombin catalytic triad (Koh
et al., submitted). Recently, cDNA sequences coding for larger proteins contain-
ing four to five variegin-like repeats are found in many hard ticks including A.
variegatum (e.g. GenBank: BAD29729), A. cajennense (Batista et al., 2008), A.
americanum (Aljamali et al., 2009) and Rhipicephalus sanguineus (e.g. GenBank:
ACX54030). In situ hybridization revealed that a gene encoding a variant of
variegin from A. variegatum (GenBank: BAD29729) is expressed in large basal
cells of salivary acini type III in partly fed females (Roller et al., 2009). Therefore,
variegin appears to be representative of a large class of thrombin inhibitors that
are post-translationally processed from precursors containing multiple repeats of
the inhibitors. Interestingly, with every precursor presenting multiple iterations of
thrombin inhibiting sequences, the structural information (for thrombin inhibition)
to be uncovered from this class of inhibitors will be enormous.

FXa Inhibitors

There are three structural classes of FXa inhibitors from ticks (Table 8.1). Similar to
thrombin inhibitors, one of the main classes of FXa inhibitors from ticks is also
the Kunitz-type proteinase inhibitors. However, these FXa inhibitors from ticks
have only single Kunitz domain and are reported solely from soft ticks [e.g. tick
anticoagulant peptide (TAP) from O. moubata (Waxman et al., 1990) and FXa-
inhibitor (FXal) from O. savignyi (Gaspar et al., 1996)]. Like the Kunitz-type
thrombin inhibitors from soft ticks, the Kunitz-type has a highly distorted reactive-
site loop which lacks the basic P1 residue, and thus, inhibits the FXa active-site
non-canonically (Wei et al., 1998).

Salp14 (14 kDa) identified in Ixodes scapularis was originally described as an
immuno-dominant antigen due to its ability to induce early antibody responses
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in rabbits infested with these ticks (Das et al., 2001). Subsequent activity-based
purification of I. scapularis saliva uncovered an anticoagulant fraction (9.8 kDa)
that resembles N-terminus sequences of salpl4. cDNA cloned based on the N-
terminal sequence of the anticoagulant fraction translated into a 9.3 kDa protein
named salp9pac. Both Salp14 and salp9pac showed high sequence similarity to
other salp proteins identified from the same tick but not other proteins. However,
recombinant salp14, but not salp9pac, showed anticoagulant activity by inhibiting
FXa (Narasimhan et al., 2002). It was later shown that gene silencing of salp14 and
salp9pac with RNA interference reduce anti-FXa activities of 1. scupalaris salivary
gland (Narasimhan et al., 2004). Salp14 and its isoforms should represent a new
class of FXa inhibitors, hence structural data on these proteins may reveal novel
structures that can inhibit FXa.

Extrinsic and Intrinsic Tenase Complex Inhibitors

Inhibitors of extrinsic tenase complex from ticks such as ixolaris (Francischetti
et al.,, 2002) and penthalaris (Francischetti et al., 2004) from I. scapularis are
Kunitz-type inhibitors. Ixolaris and penthalaris consist of two and five tandem
Kunitz domains, respectively. Both proteins bind to FX/FXa on an exosite before
binding to FVIIa-TF to form a quaternary complex (see Chapter 14 for details).

So far no specific inhibitor of intrinsic tenase complex from ticks has been char-
acterized in detail. Binding of ixolaris to FX on the heparin binding proexosite
prevented the interactions between FX and FVIIIa, attenuating the effect of intrin-
sic tenase complex but direct binding between ixolaris and FVIIIa are not shown
(Monteiro et al., 2008).

Contact System Proteins Inhibitors

All the inhibitors of contact system proteins identified from ticks so far belong to the
Kunitz-type proteinase inhibitor family. For example, a two tandem Kunitz domains
molecule haemaphysalin identified from the hard tick H. longicornis inhibits the
association of both FXII and HMWK with activating surfaces in the presence of
Zn™, after binding to the molecules (Kato et al., 2005). In addition, amidolytic activ-
ity of plasma kallikrein is inhibited by BmTI-A, BmTI-2 and BmTI-D from R. (B.)
microplus (Sasaki et al., 2004; Tanaka et al., 1999) as well as RsTIQ2 and RsTIQ7
from R. sanguineus (Sant’ Anna Azzolini et al., 2003).

Inhibitors of Fibrinolytic System

The fibrinolytic system is responsible for dissolving fibrin and the eventual removal
of the blood clot. In the presence of fibrin and tissue plasminogen activator, the
proenzyme plasminogen is converted to plasmin. Plasmin breaks fibrin into small
soluble fractions. Under conditions of physiological haemostasis there is a dynamic
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equilibrium between fibrin formation by thrombin, its stabilization by factor XIIla,
and the fibrin degrading system. Kunitz-type serine proteinase inhibitors (RsTI) iso-
lated from larvae of the brown dog tick R. sanguineus also target plasmin (and
a number of other serine proteinases such as neutrophil elastase) in addition to
plasma kallikrein as discussed above (Sant’ Anna Azzolini et al., 2003) (Fig. 8.1).
Fibrinolytic activity (instead of inhibition) in saliva of 1. scapularis is due to the
presence of a metalloproteinase. The role of salivary metalloproteinases in tick feed-
ing appears to be related to their antifibrinogen- and antifibrin-specific activities
(Francischetti et al., 2003).

Importance of Tick Biology in the Search for New
Antihaemostatics

There is a total of 899 species of ticks (713 species of hard ticks, 185 species
of soft ticks and the single species Nutalliellidae) (Barker and Murrell, 2004),
presenting enormous opportunities to discover novel inhibitors of haemostatic path-
ways. Antihaemostatics from ticks are extremely diverse in structures and functions.
Although antihaemostatics have been studied and isolated mostly in the saliva or
salivary glands of adult tick females, they have also been detected in larvae, nymphs,
eggs, hemolymph and gut (Ibrahim, 1998; Ibrahim et al., 1998, 2000, 2001a, b;
Iwanaga et al., 2003; Lai et al., 2004; Ricci et al., 2007; Sant’ Anna Azzolini et al.,
2003; Tanaka et al., 1999; Willadsen and Riding, 1980). Moreover, anticoagu-
lant activities in salivary glands of hard ticks change in the course of prolonged
blood meal. For the brown ear tick, R. appendiculatus (Limo et al., 1991), the
Rocky Mountain wood tick D. andersoni (Gordon and Allen, 1991), the lone star
tick A. americanum (Zhu et al., 1997b) and the tropical bont tick A. variegatum
(Kazimirova et al, unpublished observations), most potent anticoagulant activities
were detected in salivary glands of partially engorged ticks, whereas anticoagulation
in unfed and detached ticks was significantly lower.

Adult hard ticks go through extensive changes after attachment to the host, onset
of feeding and mating. During the prolonged slow feeding phase female ticks attain
a weight that can increase another 2—3 times during the last 12-24 h of the fast feed-
ing phase (Sonenshine, 1991). Feeding is also associated with profound changes
in tick salivary gland physiology and structure. Consequently, the spectrum and
expression of antihaemostatics also changes during feeding. For example, highly
potent antithrombin(s) are present in salivary glands of nymphs and partially fed
adult A. variegatum ticks, whereas salivary glands derived from unfed female and
male ticks strongly inhibit FXa. In addition, feeding adult female ticks have stronger
anticoagulant activities than adult male ticks (Kazimirova et al., 2000).

Furthermore, female A. americanum show major changes in gene expression in
their salivary glands soon after attachment. Mainly expression of genes regulating
synthesis of proteins that are involved in the blood feeding process including anti-
haemostatics, increases soon after onset of feeding. During the slow feeding phase,
some of these genes start decreasing in expression, and in the fast-feeding stage,
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most genes decrease expression to a low level (Aljamali et al., 2009). These changes
mostly finish before the ticks detach. Male ticks generally show smaller changes in
gene expression during feeding and mating and the pattern of expression differs
from that in females — less expression was detected in genes involved in counter-
acting host defenses and more in those involved in protein synthesis. The biggest
change in gene expression, almost entirely upregulation, was detected between the
unfed and early fed female ticks. Genes increasing in expression included a num-
ber of protease inhibitors (possible anticoagulants). These are again downregulated
at the end of the feeding process. Between the fast feeding and detached females,
almost no changes were detected (Aljamali et al., 2009).

Investigation of the dynamics of gene expression throughout feeding of 1. rici-
nus based on cDNA libraries from four different feeding stages of females — unfed,
24 h, 4 days (partially fed) and 7 days (fully engorged) after attachment also showed
that several groups of over-expressed genes were associated with feeding, mainly
involved in tick attachment, feeding and evading the host defence systems, includ-
ing antihaemostatics (Chmelar et al., 2008). Therefore, it would be interesting to
investigate the various antihaemostatics that are expressed and secreted in the dif-
ferent organs, life cycles, sexes and phases of feeding, exponentially expanding the
possibilities of uncovering novel antihaemostatics from the large number of ticks.

Future Prospects

Ticks have adapted to blood-feeding by counteracting host haemostasis, inflam-
mation, and immune responses and represent a rich source of various pharmaco-
logically active compounds that facilitate blood-feeding and interfere with host
defence systems. Novel tick-derived molecules may be useful for development of
pharmaceuticals for treatment of a number of haemostatic disorders, cardiovascular
diseases and disorders of the immune system. However, the isolation and identifica-
tion of salivary molecules is often slow and difficult. High-throughput approaches
involving molecular biology techniques, proteomics and functional genomics to
study salivary components of ticks have been introduced and will enable testing
of predicted and novel functions of tick molecules (Valenzuela, 2002, 2004).
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Chapter 9
Sialogenins and Immunomodulators Derived
from Blood Feeding Parasites

Anderson Sa-Nunes and Carlo José Freire de Oliveira

Abstract Several molecules and cell types constitute the innate or “natural” and
the acquired or “adaptive” arms of the immune response. The innate arm repre-
sents the first line of host defense while the acquired arm develops upon recurring
contact with the parasites and promotes long-lasting responses and immunologi-
cal memory. When attempting to intake a blood meal, hematophagous parasites
may face the immune system of their vertebrate hosts. In order to counteract the
host immune protective barriers and facilitate their feeding, these organisms devel-
oped, throughout the evolutionary process, a salivary cocktail with an arsenal of
molecules containing several immunomodulatory properties. Advances in biochem-
ical techniques and molecular biology tools made the genome sequencing and the
development of sialome catalogs possible, allowing the identification and study of
each salivary component. In consequence, an increasing number of immunologists
and immunoparasitologists are now focusing their efforts on unveiling the biological
role of these molecules and contributing to the creation of a database representing
the salivary “immunome” of blood feeding organisms. Thus, the present chapter
illustrates the current knowledge of proteins, here termed “sialogenins” (from the
Greek sialo: saliva; gen: origin; in: protein), and nonprotein constituents present in
the salivary secretion employed by bloodsucking ectoparasites to circumvent such
effector mechanisms of host immunity. Also presented is an updated list of com-
plement system and chemokine inhibitors, histamine- and immunoglobulin-binding
proteins, and modulators of host cell activation and function described in saliva or
salivary gland extract of hematophagous ectoparasites.
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Introduction

During blood feeding on their hosts, hematophagous parasites face two major
challenges. The first is by the host hemostasis barrier represented by platelets, coag-
ulation factors and vascular tonus. In order to counteract these mechanisms, the
number and variety of anticlotting, antiplatelet, and vasodilators contained in their
salivary secretions is so amazing that these parasites might be considered great
invertebrate pharmacologists and the source of many potential therapeutic agents
(Mans, 2005; Ribeiro, 1995). A second challenge is posed by the host immune sys-
tem and begins even before contact with host blood, in the moment that parasite
mouthparts are inserted into the skin and mucous membranes, causing the breaking
of this physical barrier.

Immune responses are classically divided in innate or “natural” and acquired or
“adaptive”. The innate arm is the first line of defense and consists of cellular (e.g.,
neutrophils, macrophages, mast cells, eosinophils, and dendritic cells) and soluble
components (e.g., peptides, acute-phase proteins, complement system, cytokines,
and chemokines) commonly characterized by acute inflammation (Janeway and
Medzhitov, 2002). The adaptive arm, which promotes long-lasting defense and is
represented by memory immune response, comprises B lymphocytes, antibody-
secreting cells responsible for the so-called humoral adaptive immunity, and T
lymphocytes, responsible for helper and cytotoxic functions (Bluestone et al., 2009;
McHeyzer-Williams and McHeyzer-Williams, 2005). These arms work together:
innate immunity has a critical role in early control of pathogen invasion but also
prepares the adaptive immunity, which in turn protects the host through direct action
of its products or cells and improving the effector mechanisms of innate immunity
(Bluestone et al., 2009; Fazilleau et al., 2007). When everything functions optimally,
the parasite is eliminated, and host long-lived specific immunological memory is
established.

Resident leukocytes of epidermis and dermis such as mast cells, eosinophils,
dendritic cells, and macrophages — as well as keratinocytes and antimicrobial pep-
tides — are the first innate defenses to make contact with parasite mouthparts and
parasite-secreted components. Besides their direct effector functions (e.g. phago-
cytosis and cytotoxicity), these cells release pre-formed mediators in addition to
producing chemotactic factors to recruit inflammatory cells such as neutrophils,
eosinophils, and macrophages to the bite site. Recurring contact with the same par-
asite may activate adaptive responses involving T cells and B cells by production
of antibodies and sensitization of mast cells and basophils that, in conjunction with
eosinophils, are predominant cells in most infestation sites. As a result of a long-
time coevolutionary relationship with their hosts, bloodsucking ectoparasites have
also developed ways to protect themselves or, at least, minimize the host immune
responses when taking their blood meal. The array of mechanisms used to overcome
cellular and humoral host responses during the parasitic stage involves a large num-
ber of protein (here also termed sialogenins: protein molecules present on saliva
secretions; from the Greek sialo: saliva; gen: origin; in: protein) and nonprotein
molecules. In general, these molecules are released as soon as the parasite inserts
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the mouthparts into the skin, and continue to be released during the entire period of
parasite infestation. These components have been found to present numerous prop-
erties/activities including binding of chemokines, immunoglobulins, and vasoactive
amines; inhibition of adhesion molecules and cell-signaling components.

As described above, innate and acquired immune responses elicited by blood-
sucking ectoparasites in their hosts are multimediated. The host species and its
genetic background will determine which type of immune response will be trig-
gered, as important differences in cell populations and their mediators exist among
species. The parasite species and saliva composition is another variable to be con-
sidered, as interspecies and intraspecies variations have been extensively found
(Anderson et al., 2006; Inokuma et al., 1994; Lanzaro et al., 1999; Ribeiro et al.,
2001; Ribeiro and Valenzuela, 2003). The raw result of this complex equation is host
susceptibility or resistance to specific parasites. In fact, the pharmacologic activities
of the salivary cocktail in conjunction with the elicited host immunity may deter-
mine a successful or a deleterious blood meal for these ectoparasites. Although
several activities of saliva or salivary gland extracts on host immunity have been
described over the years, their molecular identification remains elusive in the major-
ity of cases. This reality is rapidly changing with the publication of the sialomes,
sets of mRNA and proteins expressed in the salivary glands of bloodsucking species
(Andersen et al., 2007, 2009; Arca et al., 2007; Assumpcao et al., 2008; Calvo et al.,
2007; Chmelar et al., 2008; Francischetti et al., 2002, 2008; Ribeiro et al., 2004;
Valenzuela et al., 2002a, b). Thus, a huge catalog of secreted salivary molecules
is being created, exponentially advancing our knowledge of the immunomodula-
tory activities of such components. Despite the description of some molecules with
related properties in bloodsucking endoparasites secretions, for space limitations
this chapter will focus on identified and characterized molecules of ectoparasites
only (mosquitoes, sand flies, fleas, bedbugs, leeches, and ticks). Some references
on the general activities of whole saliva with no molecular characterization are also
provided. The information available on the salivary immunomodulatory activities of
these bloodsucking ectoparasites is compiled in the Table 9.1.

Complement System Inhibitors

Complement was first described in 1895 by Jules Bordet as a thermolabile activ-
ity in serum that complemented thermostable antibody properties in the killing of
bacteria (Bordet, 1895). Now it is well known that the complement system is a pro-
teolytic cascade comprising at least 35 different proteins (including enzymes and
their regulators) that can be initiated by four different mechanisms and converge
to the assembly of a lytic complex, usually on the surface of a foreign organism
(Francischetti et al., 2009; Zipfel and Skerka, 2009). The classical pathway is ini-
tiated by the complement component Clq, which binds to specific subclasses of
antibodies bound to their antigens (immunocomplexes), or to C-reactive protein;
the alternative pathway is initiated when complement component C3 is sponta-
neously cleaved in the fluid phase and its larger fragment, C3b, binds covalently to
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OH-groups on carbohydrates and proteins from pathogen cell membranes (Gasque,
2004). Then, C3b binds factor B, which is then cleaved by factor D, producing
the cleavage products Bb and Ba. Bb remains bound to C3b, forming the C3bBb
complex (C3 convertase), which cleaves more C3; the lectin pathway is initiated
by binding of lectins (such as mannan-binding lectin or MBL) or ficolins to for-
eign carbohydrate surfaces, leading to activation of MBL-associated serine protease
(MASP) (Ip et al., 2009); the fourth pathway, recently discovered, is initiated by
activation of C5 by thrombin (Huber-Lang et al., 2006). These different processes
converge to form the C5 convertase, generating two C5 convertases, C4b2b3b and
C3bBb3b. These convertases can cleave C5 producing one C5b and one smaller
CS5a anaphylatoxin molecule discussed below. Association of C5b with C6, C7,
C8, and C9 ultimately leads to generation of the lytic membrane attack complex
(MAC), which may kill the pathogen. Moreover, the smaller cleavage peptides of
C3 and C5 — C3a and C5a — are known as the anaphylatoxins, having inflammatory,
edema-producing, and chemotactic properties (Bjork et al., 1985; Guo and Ward,
2005).

The alternative pathway of complement activation has been shown to be involved
in tick rejection reactions by guinea pigs (Wikel, 1979; Wikel and Allen, 1978),
perhaps through the production of inflammatory anaphylatoxins. In fact, the cleav-
age of host complement protein C5 by component(s) from saliva of the hard tick
Dermacentor variabilis has been demonstrated, generating chemoctatic fragments
for neutrophils (Berenberg et al., 1972). Two decades after these first descriptions,
a new molecule displaying regulatory activity on complement activation was char-
acterized: a relatively small (18.5 kDa) Ixodes scapularis anticomplement molecule
(ISAC) that inhibits the alternative pathway by preventing C3b and factor B binding
and by removal of prebound factor B (Valenzuela et al., 2000). Subsequently, sev-
eral other proteins sharing homology with ISAC were identified, constituting a large
family of anticomplement molecules (Couvreur et al., 2008; Ribeiro et al., 2006). Of
those, 1. scapularis Salp20, a 48.0-kDa protein, inhibits the alternative complement
pathway directly by binding properdin, a positive regulator that binds and stabilizes
C3 convertase (Tyson et al., 2007, 2008); Ixodes ricinus orthologs IRAC I and IRAC
II, with predicted mature molecular weights of 18.03 and 17.46 kDa, respectively,
also inhibits the complement alternative pathway (Schroeder et al., 2007). Recently,
five additional sequences — homologous to IRAC (termed IXAC-B1 to -B5) and also
able to inhibit the alternative pathway — have been reported in I. ricinus (Couvreur
et al., 2008). Moreover, the soft tick Ornithodoros moubata is able to secrete a
protein belonging to the lipocalin superfamily (OmCI) that binds and inhibits the
CS convertase, thus inhibiting both the classical and the alternative pathways (Nunn
etal., 2005). In addition, Mans and Ribeiro (2008) have demonstrated that OmCI has
high sequence similarities with moubatin, TSGP2, and TSGP3, three other proteins
from the lipocalin family found in the tick Ornithodoros savignyi. Based on this
fact, it was demonstrated by plasmon resonance analysis that TSGP2 and TSGP3
bind to C5 with affinities similar to that observed for OmCI, indicating that these
proteins may have the same inhibitory effect on the complement system (Mans and
Ribeiro, 2008).
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A few uncharacterized complement inhibitors have been described in groups
other than ticks. Although the active components have not been identified,
excreted/secreted compounds from phlebotomine sand flies and triatomine bugs
are also able to inhibit the complement system. For example, saliva from the
phlebotomine Lutzomyia longipalpis is capable of inhibiting both alternative and
classical pathways, while that from Lutzomyia migonei acted only on the latter.
Moreover, saliva and intestinal contents of the triatomine 7riatoma brasiliensis,
Triatoma infestans, and Rhodnius prolixus were able to inhibit the classical and
alternative pathways (Barros et al., 2009; Cavalcante et al., 2003), while saliva from
the bug Panstrongylus megistus affects the classical pathway (Cavalcante et al.,
2003). It has also been demonstrated that Aedes aegypti have no salivary com-
plement inhibitors; nevertheless, soluble contents of its intestine were capable to
inhibit C3b deposition by the classical and alternative pathways (Barros et al., 2009).
The medicinal leech Hirudo medicinalis produces an uncharacterized inhibitor of
complement component Cls (Baskova and Zavalova, 2001).

Histamine-Binding Proteins

Release of histamine from basophils and mast cells caused by tissue damage dur-
ing ectoparasite feeding induces an inflammatory reaction with increased vascular
permeability and plasma exudation, causing pruritus and triggering grooming host
behavior that might dislodge or even kill such parasites. Thus, these organisms
evolved salivary histamine-blocking agents, first described for the Rhipicephalus
sanguineus tick (Chinery and Ayitey-Smith, 1977) and later identified in
the Rhipicephalus appendiculatus tick as histamine-binding proteins Ra-HBP1,
Ra-HBP2, and Ra-HBP3 (Paesen et al., 1999). These proteins belong to the lipocalin
superfamily, extracellular low-molecular weight proteins that transport small
hydrophobic ligands that, in ticks, evolved to trap cationic, hydrophilic molecules
(Paesen et al., 2000). While histamine-binding activity has been described for
lipocalins from virtually all hard and soft ticks studied to date (Beaufays et al.,
2008; Mans et al., 2008), this feature independently evolved in one insect at least.
Four nitrophorins (NP1-4), nitrosyl-heme proteins with lipocalin folds that bind
nitric oxide and histamine, were described in the kissing bug R. prolixus (Andersen
et al., 2000; Ribeiro and Walker, 1994; Weichsel et al., 1998). Another hemipteran
nitrophorin was purified from the salivary glands of Cimex lectularius; however, its
histamine binding has not yet been tested (Valenzuela and Ribeiro, 1998). Other
lipocalins were described in the salivary transcriptome of 7. brasiliensis (Santos
et al., 2007), T. infestans (Assumpcao et al., 2008), and Anopheles gambiae (Neira
Oviedo et al., 2009); however, their putative histamine-binding function remains to
be elucidated.

Insects seem to have evolved another efficient scavenger of small molecules,
including biogenic amines. The D7 protein family, abundantly expressed in blood-
feeding Diptera, is a distant member of the odorant-binding protein superfamily. To
date, four short D7 proteins from An. gambiae (D7rl, D712, D713, and D7r4) and
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one long D7 from Ae. aegypti (D7Long) have presented histamine-binding proper-
ties (Calvo et al., 2006). Thus, it appears that counteraction of histamine effects has
a strong adaptive value for ticks, bugs, and mosquitoes, which co-opted for either
members of the lipocalin or the odorant-binding protein families.

Chemokine Inhibitors

Cellular migration to peripheral tissues such as the skin where the ectoparasites take
their blood meal is mediated by a superfamily of small chemoattractant cytokines
called chemokines. Leukocyte trafficking and positioning are directly regulated by
these molecules through a process called haptotaxis, in which chemokine gradi-
ents created in the extracellular matrix allow these cells to reach their destination in
peripheral tissues (Thelen and Stein, 2008). Production of secreted proteins that bind
and neutralize chemokine activity has now been elucidated in bloodsucking arthro-
pods. The presence of anti-CXCLS8 (formerly IL-8) activity has been demonstrated
in salivary gland extracts from Dermacentor reticulatus, Amblyomma variegatum,
R. appendiculatus, Haemaphysalis inermis, and I. ricinus tick species (Hajnicka
et al., 2001; Kocakova et al., 2003). In a later study, it was demonstrated that sali-
vary gland extracts from D. reticulatus, A. variegatum, and I. ricinus also have
antichemokine activity to CCL2 (MCP-1), CCL3 (MIP-1a), CCL5 (RANTES),
and CCL11 (eotaxin) (Hajnicka et al., 2005). Evasin-1 was the first protein from
bloodsucking ectoparasites with chemokine-binding properties to be cloned and
characterized (Frauenschuh et al., 2007). This 94-amino-acid protein from the
brown dog tick R. sanguineus binds specifically to the CC chemokines CCL3, CCL4
(MIP-1a), and CCL18 (MIP-4). It has been demonstrated that Evasin-1 belongs to a
family with three other chemokine-binding proteins presenting stringent selectivity:
Evasin-3, with 66 amino acids, binds to CXCL1 (GROa) and CXCLS8; Evasin-4,
with 110 amino acids, binds to CCL5 and CCL11; and Evasin-2, whose ligands
remain to be elucidated (Deruaz et al., 2008).

It has been also demonstrated that saliva of R. sanguineus is able to inhibit cell
migration by decreasing expression of CCRS5 chemokine receptor in dendritic cells
(Oliveira et al., 2008). Nevertheless, the molecule(s) responsible for these effects
remains to be identified and characterized.

An additional mechanism employed by bloodsucking ectoparasites to inhibit
cellular migration is the production of protein homologs. A mammal homolog
transcript of the macrophage migration inhibitory factor (MIF) has been identi-
fied in a cDNA library from the midgut of fed Amblyomma americanum tick, and
its expression was later confirmed in salivary glands as well. This was the first
human cytokine-like protein identified in an arthropod, and the recombinant pro-
tein was confirmed to inhibit migration of macrophages in vitro to the same extent
as the human MIF (Jaworski et al., 2001). Another MIF transcript homolog from
the Haemaphysalis longicornis tick (HIMIF) has been identified in a midgut cDNA
library through the same strategy. HIMIF expression has also been confirmed in
salivary glands of this tick species, and the recombinant protein displayed similar
MIF activity in vitro, (Umemiya et al., 2007).
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Immunoglobulin-Binding Proteins

Immunoglobulins are the best characterized group of serum glycoproteins, detected
for the first time around 120 years ago (von Behring and Kitasato, 1890). There
are five known immunoglobulin classes or isotypes in mammals — IgA, IgD, IgE,
IgG, and IgM - all produced and secreted by B lymphocytes. Immunoglobulins
act as antibodies in the humoral immune response by binding to specific anti-
gens, but they are also recognized by receptors of a variety of effector cells and
systems (Davies and Metzger, 1983). Thus, immunoglobulins can contribute to
host immunity in many ways: by neutralizing antigens, promoting opsonization
and phagocytosis or antibody-dependent cell-mediated cytotoxicity (ADCC), and/or
activating the classical pathway of the complement system (Casadevall and Scharff,
1994; Davies and Metzger, 1983). It has been described that immunoglobulins are
ingested during the bloodmeal, invading many parts of the body of blood-feeding
arthropods, and can be found on the gut, hemolymph, salivary glands, and ovary
(Ackerman et al., 1981; Lackie and Gavin, 1989; Wang and Nuttall, 1994), retain-
ing their immunologic properties (Fujisaki et al., 1984; Sauer et al., 1994). One
strategy used by arthropods to counteract the presence of these possibly deleteri-
ous immunoglobulins is production of proteins that bind on their structure. Many
IgG-binding proteins with molecular weight varying from 14.5 to 54.0 kDa have
been isolated from salivary gland extract of the ixodid ticks R. appendiculatus,
A. variegatum, Ixodes hexagonus, I. ricinus and I. scapularis (Packila and Guilfoile,
2002; Wang and Nuttall, 1994, 1995a, b). Moreover, three specific IgG-binding
from R. appendiculatus ticks have already been identified (GenBank accession num-
bers IGBP-MA [AF001868]; IGBP-MB [AF001869], and IGBP-MC [AF001870])
(Wang et al., 1998). In vivo importance of IGBP-MC in enhancing fecundity was
evidenced by experiments showing that female R. appendiculatus ticks co-fed with
anti-IGBP-MC serum-injected males, but not nonimmune serum-injected ones,
presented decreased body weight (Wang et al., 1998). In addition, a paramyosin
from the Rhipicephalus (Boophilus) microplus tick (BmPRM), present in all tissues
and developmental stages tested, was described; the recombinant protein expressed
showed IgG-binding properties. Its biologic role in host evasion, however, remains
to be determined (Ferreira et al., 2002).

Modulators of Host Cell Activation and Function

As discussed in the beginning of this chapter, different types of immune cells can
mediate host defense against ectoparasites. For example, macrophages, dendritic
cells, and neutrophils are key mediators of the early innate immune response by tak-
ing up antigens (such as those present in saliva from bloodsucking ectoparasites) but
also producing several key cytokines following recognition of pathogen-associated
molecular patterns (PAMPs), for example lipopolissacharide (LPS), through sensor
molecules known as pattern recognition receptors (PRRs), such as Toll-like recep-
tors (TLRs) (Janeway and Medzhitov, 2002). Mast cells, basophils, and eosinophils
contribute to a variety of allergic and other immune responses. In fact, they can
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be relatively abundant at skin bite sites, where their activation and release of
preformed and newly-generated mediators occur as a result of physical damage,
presence of ectoparasite mouthparts, and saliva inoculation. T and B lymphocytes
are the major components of the cellular and humoral adaptive immunity, and the
host long-lasting specific immune response is completely dependent on these cells.
Sialogenins and nonprotein modulators of these cells have been described as follows
and are summarized in Table 9.1.

Nonprotein Mediators

Regarding nonpeptidic molecules, the presence of prostaglandins (PG) was long
demonstrated in tick saliva (Dickinson et al., 1976). PGE, was the first lipid medi-
ator to be identified directly from saliva of R. microplus (Higgs et al., 1976) and
implicated with the antiinflammatory and immunossupressive activities of 1. scapu-
laris saliva (Ribeiro et al., 1985). Since then, PGE; and other prostaglandins such
as PGF,, and prostacyclin (PGI») have been found in the saliva or salivary glands
of several other tick species (Aljamali et al., 2002; Inokuma et al., 1994; Ribeiro
etal., 1988). Concerning host immunity, PGE; isolated from /. scapularis saliva was
demonstrated as being the major inhibitor of dendritic cell maturation and dimin-
ished antigen-specific T cell proliferation triggered by these cells (Sa-Nunes et al.,
2007). PGI;, is a potent antiplatelet — aggregating that may help tick feeding by
preventing host hemostatic and antiinflammatory reactions, by increasing host blood
flow at the tick feeding site, or by preventing leukocyte degranulation. In addition,
PGI, analogs decreased production of proinflammatory cytokines and chemokines,
increased production of the antiinflammatory cytokine IL-10 by dendritic cells, and
presented an immunossupressive effect on T cells (Zhou et al., 2007a, b). Finally,
PGF,, is a vasodilator, but no effect on host cell activation has been described
thus far. The presence of prostaglandins and other eicosanoids has been detected
in several insect species, as well (Stanley, 2006). Particularly, PGE; was found
in Malpighian tubules from adult females of Ae. aegypti by immunohistochem-
istry (Petzel et al., 1993) and in several organs of Anopheles albimanus by enzyme
immunoassay (Garcia Gil de Munoz et al., 2008); however, PGE; has not been
described in saliva of hematophagous insects to date, and its function in this group
seems to be related to physiologic regulation and immune responses in the midgut
and fat body rather than host immunomodulation.

Dopamine has been identified in salivary glands of R. microplus (Binnington and
Stone, 1977; Megaw and Robertson, 1974) and Amblyomma hebraeum (Kaufman
etal., 1999) ticks and it is likely to be the neurotransmitter at the neuroeffector junc-
tion controlling saliva secretion (Sauer et al., 1995). It is also universally found in
different tissues of insects, especially in the central nervous system (Osborne, 1996).
Although recent studies have demonstrated that dopamine is able to modulate the
function of dendritic cells and T cells (Pacheco et al., 2009), the amount of dopamine
secreted in saliva of bloodsucking arthropods has not yet been determined, and its
influence in host immunity, if any, remains to be evaluated.
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The endocannabinoids and/or related congeners, N-arachidonoylethanolamine,
2-arachidonoylglycerol, and N-palmitoylethanolamine, have been described in sali-
vary glands of the Lone Star tick A. americanum (Fezza et al., 2003). The
mechanism of action of such molecules suggests their role as analgesic and anti-
inflammatory. In fact, the regulatory function of cannabinoids on mast cell function
has been established (Samson et al., 2003; Vannacci et al., 2003), suggesting similar
activities in tick saliva.

Adenosine and adenosine monophosphate (AMP) have been also found in the
salivary glands of Phlebotomus papatasi and Phlebotomus argentipes (Ribeiro et al.,
1999; Ribeiro and Modi, 2001). The critical role of adenosine in modulating the
immune response has been widely discussed in recent years. This molecule modu-
lates a variety of immunologic functions such as monocyte, neutrophil, and dendritic
cell activation and function, adhesion, and cell chemotaxis (Bours et al., 2006;
Hasko and Cronstein, 2004). In fact, salivary gland extract of sand fly P. papatasi
inhibits in vivo neutrophil migration and production of cytokines, chemokines, and
lipid mediators involved in neutrophil recruitment (Carregaro et al., 2008); how-
ever, salivary gland extracts from Phlebotomus duboscqi and Lu. longipalpis, which
lack adenosine or AMP activities but rather present an adenosine deaminase, also
present similar effects on neutrophil migration (Carregaro et al., 2008; Monteiro
et al., 2005). Whether adenosine and/or other molecules are responsible for these
activities is still unknown.

Sialogenins

It has been demonstrated that saliva of the 1. scapularis tick is able to inhibit neu-
trophil functions (Ribeiro et al., 1990) such as spreading, expression of a2-integrins,
and bacterial killing (Montgomery et al., 2004). Two salivary proteins from the
ixostatin family, ISL 929 and ISL 1373, were able to reproduce most effects of
saliva on neutrophil functions (Guo et al., 2009). Sialostatin L (SialoL), a cysteine
protease inhibitor from /. scapularis that targets a set of cathepsins, also inhib-
ited in vivo neutrophil migration (Kotsyfakis et al., 2006). In addition, SialoL was
demonstrated to down-modulate dendritic cell inflammatory cytokine production,
expression of costimulatory molecules, and antigen-dependent T cell proliferation
by a cathepsin S-dependent mechanism. Moreover, SialoL administration during
the immunization phase of experimental autoimmune encephalomyelitis in mice
significantly prevented disease symptoms, which were associated with impaired
IFN-y and IL-17 production and specific T cell proliferation (S4-Nunes et al.,
2009).

Salpl5 is another molecule described for I. scapularis with multifunctional
activities on the host immune system. This protein inhibits activation of T cells
through interaction with coreceptor CD4 (Anguita et al., 2002; Garg et al., 2006).
It has also been shown to bind DC-SIGN from dendritic cells and, therefore,
prevented cytokine secretion by these cells (Hovius et al., 2008). Given these
mechanisms of action, Salp15 was successfully employed to prevent development
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of experimental asthma in mice (Paveglio et al., 2007) and also blocked HIV-1
gp120-CD4 interaction in vitro (Juncadella et al., 2008).

Salivary gland fractions from the tick Dermacentor andersoni containing soluble
proteins suppressed murine splenocyte proliferation to mitogen concanavalin A in
vitro (Bergman et al., 1995). A 36.0-kDa protein termed Da-p36, responsible for this
immunossupressant activity, was isolated, characterized, and cloned by the same
group (Bergman et al., 1998, 2000).

A protein named B cell inhibitory factor (BIF) has been purified and character-
ized from the salivary glands of the hard tick, Hyalomma asiaticum asiaticum. The
c¢DNA encoding BIF was cloned, and a 13.0-kDa recombinant protein was able to
inhibit lipopolysaccharide-induced B cell proliferation (Yu et al., 2006). An 18.0-
kDa protein with similar BIF activity was also found in 1. ricinus saliva, but only a
partial purification was performed and its identity remains elusive (Hannier et al.,
2004).

Serpins are a superfamily of proteins described in several kingdoms with similar
structure but functionally diverse activities including, but not limited to, inhibi-
tion of serine proteases (Irving et al., 2000). In vertebrates, serpin activities are
related to blood coagulation and fibrinolisis, nevertheless, they can also modulate
diverse immunological processes such as complement activation, cell apoptosis, and
inflammation (Gettins, 2002). Serpins have been demonstrated in saliva of several
mosquito species, initially as modulators of mammalian hemostasis, such as the
anticoagulant-factor Xa (AFXa) from Ae. aegypti (Stark and James, 1998); more
recently, they have been linked to immunity and protection, as well. In fact, I. rici-
nus salivary glands express a immunosuppressive serpin (IRIS) that modulates cell
responses through inhibition of interferon-y production by lymphocytes and inhibi-
tion of IL-6 and TNF-a production by human macrophages (Leboulle et al., 2002).
In addition to this effect, IRIS was able to inhibit several serine proteases involved
in the coagulation cascade and fibrinolysis (Prevot et al., 2000).

Cytokines and lipid mediators play important regulatory roles in cell immune
responses. One indirect mechanism employed by hematophagous species to mod-
ulate cell migration, activation and function, is the blocking of such activities.
A few studies have demonstrated the presence of TNF-a, IL-2, and IL-4 bind-
ing proteins on tick saliva (Gillespie et al., 2001; Hajnicka et al., 2005; Konik
et al., 2006; Peterkova et al., 2008), but failed to demonstrate the complete iden-
tity of such molecules. In addition, lipocalins from the soft ticks O. moubata
(moubatin) and O. savignyi (TSGP2 and TSGP3), originally involved in other
immune-related functions, were also described as having leukotriene B4 binding
properties (Mans and Ribeiro, 2008). Similarly, an Ae. aegypti D7 protein (AeD7)
that presents a histamine-binding property in its C-terminal domain, has also been
demonstrated to have leukotriene-binding activity in its N-terminal domain (Calvo
et al., 2009). The identification of these molecules will help to clarify the process of
successful ectoparasite infestation and may reveal new therapeutic targets to combat
inflammatory diseases.

Several peptides have been identified in saliva of hematophagous arthropods,
most of them possessing anticoagulant activities (Koh and Kini, 2009), but only a
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few studies investigated their potential role in host immunity. Currently, at least for
horsefly species, some immunoregulatory peptides have been identified and charac-
terized from salivary glands. A 30-amino acid peptide from Hybomitra atriperoides
salivary glands termed immunoregulin HA was able to inhibit secretion of IFN-
y and monocyte chemoattractant protein-1 and to increase the secretion of IL-10
induced by LPS in rat splenocytes (Yan et al., 2008). Similar activity was found for
a 30 residue peptide identified in the salivary glands of Tabanus pleskei and named
immunoregulin TP1 (Zhao et al., 2009). In addition, leech immunocytes are able to
produce mammalian-like proopiomelanocortin-derived peptides, such as the case of
adrenocorticotropic hormone (ACTH) and a-melanostimulating hormone (a-MSH)
(Salzet et al., 1997). Proopiomelanocortin is a prohormone expressed in pituitary
glands and various non-pituitary organs including the skin (Millington, 2006). Both
a-MSH and ACTH suppress production of IFN-vy in the skin under cutaneous stress
(Brummitt et al., 1988; Slominski et al., 2000). Moreover, a-MSH can function as an
antagonist of IL-1 and induces production of many immunosuppressive cytokines
while suppressing the expression of accessory molecules CD40 and CD86 on den-
dritic cells (Becher et al., 1999). These molecules have not been described in leech
secretions yet, but are present in their hemolymph, suggesting potential immunoreg-
ulatory actions on the feeding site (Salzet et al., 2000). Further demonstrations of
immunomodulatory peptides in other hematophagous species is likely in the near
future.

Concluding Remarks

In a review almost 30 years ago, Dr. Stephen K. Wikel noted how rapidly knowl-
edge was growing in immunology, especially in the immunoparasitology field.
He correctly pointed out that this increase was mainly due to studies focused on
protozoa and helminthes and that little attention was paid to ectoparasites (Wikel,
1982). Many years passed before immunologists realized the importance of biolog-
ical roles of saliva from bloodsucking organisms both on the vertebrate immune
system and in host-ectoparasite interactions. Advances in biochemical techniques
for protein isolation, purification, and characterization associated with modern
molecular biology tools made possible genomes sequencing and development
of sialome catalogs. These revolutionary innovations are allowing us to deeply
understand and study the effect of individual salivary components, bringing new
opportunities of scientific exploration. Indeed, an increasing number of groups
are now studying host-ectoparasite interactions from this perspective. This chap-
ter attempted to present one small constellation of this new universe. In the
future, we expect that this salivary “immunome” will be helpful as a valuable
data source for development of immunomodulators and immunopharmacologic
tools, the discovery of molecules that facilitate pathogen infectivity and, per-
haps, new vaccine candidates against such parasites and the diseases transmitted
by them.
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Chapter 10
Salivary Protease Inhibitors with Non
Anti-Hemostatic Functions

Jindfich Chmelar, Ivo M.B. Francischetti,
and Michalis Kotsyfakis

Abstract Arthropod saliva regulates proteolysis in the sites of bite(s). Secreted sali-
vary inhibitors target different proteolytic enzymes (proteases) that have a pivotal
role in vertebrate hemostasis, immunity and inflammation. The aim of this chap-
ter is to give an overview of the salivary protease inhibitors that affect the latter
two physiological procedures. Functional studies, mainly in ticks, have demon-
strated many potent arthropod salivary inhibitors of cysteine proteases (cathepsins)
and serine proteases (elastase and tryptase). Emphasis is given to the function of
these inhibitors and more specifically to the mechanism by which they facilitate
hematophagy.

Introduction

In addition to inhibitors of blood coagulation and platelet aggregation, saliva from
hematophagous ticks is a source of protease inhibitors, which target enzymes not
associated with hemostasis (Francischetti et al., 2009; Koh and Kini, 2009; Ribeiro
and Francischetti, 2003). These molecules, also named sialogenins (from the Greek
sialo, saliva; gen, origin, source; and ins for proteins) with anti-protease activity are
emerging as important components of the salivary secretion with defined enzyme
targets and biologic properties. The aim of this chapter is to describe recent progress
in this field with emphasis on inhibitors obtained in recombinant form and how they
impact host-vector interactions. These inhibitors are classified as cysteine protease
inhibitors or serine protease inhibitors and blockade of protease function may take
place in the extracellular space and/or intracellular environment.
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Cysteine Protease Inhibitors (Cystatins)

Traditionally, cysteine proteases (cathepsins) have been involved in rather
non-specific protein degradation in a strongly acidic milieu of lysosomes. In the last
fifteen years, a series of studies have identified a number of other functions for cys-
teine proteases (Turk et al., 2000) including an important role in antigen presentation
(Honey and Rudensky, 2003), immune system development (Lombardi et al., 2005),
epidermal homeostasis (Reinheckel et al., 2005), neovascularization (Felbor et al.,
2000), extracellular matrix degradation and neutrophil chemotaxis during inflam-
mation (Reddy et al., 1995; Serveau-Avesque et al., 2006). The function of these
enzymes is highly regulated by inhibitors of cathepsins named cystatins. These are
subdivided into three families. The members of family 1 (also known as stefins)
are cytosolic molecules with neither disulfide bonds nor carbohydrates. Family 2
contains all of the secreted cystatins that are mainly found in biologic fluids; they
have two disulfide bridges and they do not bear sugars. Family 3 cystatins (also
known as kininogens) comprise several cystatin modules, and relatively large ml wt
(60-120 kDa).

In this chapter we describe family 2 cystatins from tick salivary glands which—
through inhibition of cathepsins—interfere with the immune system and modulate
vascular and matrix biology. All tick cystatins are efficient inhibitors of cathepsins,
while none of them has been demonstrated as efficient inhibitor of any other cys-
teine protease (legumain, calpain or caspase 3). Even within the cathepsin family,
tick cystatins have been shown as targeting only those that have cysteine protease
activity, namely cathepsins B, H, C, L, S (Table 10.1), and not those that are aspar-
tic (cathepsin D and E) or serine proteases (cathepsin G) (Kotsyfakis et al., 2006).
Two members of family 1 cystatins have been characterized from ticks (Lima et al.,
2006; Zhou et al., 2009), but they will not be further discussed herein since they are
cytosolic (not secreted) inhibitors. In addition, there is no report on the activity of
salivary arthropod kininogens (family 3) against cysteine proteases.

Sialostatins L and L2

Hard ticks feed for a long period of time that can last up to a week. A complex host
inflammatory response to injury takes place during this period which is potentially
counteracted by the pharmacological properties of saliva. For example, cathepsins
can be found in the extracellular environment upon tissue destruction/inflammation
(Reddy et al., 1995; Serveau-Avesque et al., 2006) and also present immunomodu-
latory activities (Zavasnik-Bergant and Turk, 2007). Therefore, targeting cathepsins
by tick saliva is an important strategy to attenuate pro-inflammatory tonus at the
sites of tick feeding. In this context, salivary gland of the hard tick Ixodes scapu-
laris secretes at least two different closely related cystatins named sialostatin L
(12.5 kDa) and sialostatin L2 (12.8 kDa). Both inhibitors bind tightly to cathep-
sin L with a Ki in the low picomolar range (Ki ~ 100 pM) (Kotsyfakis et al., 20006,
2007). Their presence in the tick salivary glands has been demonstrated with both
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biochemical methods and RT-PCR (Kotsyfakis et al., 2006, 2007). Sialostatin L sup-
presses edema formation and neutrophil migration induced by carragenean injection
in the mouse footpad (Kotsyfakis et al., 2006). Sialostatin L, but not sialostatin
L2, also suppresses the function of dendritic cells (DCs) in vitro. Accordingly,
sialostatin L inhibits LPS-induced maturation of dendritic cells and invariant chain
intermediates were accumulated in these cells, resulting in their inability to induce
Ag-specific CD4+ T cell proliferation in vitro (Sa-Nunes et al., 2009). Experiments
with cathepsin L and cathepsin S knock-out mice further demonstrated that this
action is mediated by inhibition of cathepsin S and not of cathepsin L (Sa-Nunes
et al., 2009). Given that sialostatin L. has at least 500 times higher inhibitory
activity than sialostatin L2 against cathepsin S (Kotsyfakis et al., 2007), it is not
surprising that only sialostatin L, but not sialostatin L2, had an impact on DC
function (Sa-Nunes et al., 2009). Remarkably, the pharmacologic action of sialo-
statin L on DCs could prevent the onset of experimental autoimmune encephalitis
in an animal model commonly used for research on multiple sclerosis pathogene-
sis (S4-Nunes et al., 2009). In addition, when sialostatin genes were silenced in the
salivary glands of the tick I. scapularis by RNAI, the ticks acquired lesser blood
from rabbits compared with control ticks; this has been attributed to an increased
recognition of tick salivary antigens from the rabbits that resulted increased inflam-
mation in the attachment sites of the sialostatin-silenced ticks (Kotsyfakis et al.,
2007). Finally, sialostatin’s action can be blocked by vaccinating guinea pigs prior
to tick infestation, making them attractive candidate antigens for the development
of anti-tick vaccines (Kotsyfakis et al., 2008).

Cystatin from Amblyomma americanum

A similar effect on tick feeding success was reported when silencing a gene encod-
ing for a secreted salivary cystatin from the hard tick A. americanum (Karim et al.,
2005). The target proteases for this cystatin are unknown.

HISC-1 (Haemaphysalis longicornis Salivary Cystatin-1)
and Hlcyst-2 (H. longicornis Cystatin-2)

Two secreted cystatins have been characterized from the hard tick H. longicornis.
HISC-1 (12 kDa) is highly upregulated in the early phase of tick feeding. Real-time
PCR revealed five to ten-fold higher transcript abundance in tick salivary glands
compared with that from midguts and a dramatic transcriptional upregulation in
the initial phase of blood feeding (24 h) that declined as feeding reaches comple-
tion (Yamaji et al., 2009). The protein, immunolocalized in the salivary gland type
IT acini of an adult tick, inhibits cathepsin L, but not cathepsin B (Yamaji et al.,
2009). Hicyst-2 (12.9 kDa) is expressed in all tick developmental stages. It inhibits
cathepsin B and cathepsin L, but its transcripts are mainly localized in the midgut
and hemocytes and, to a lesser extent, in the salivary glands (Zhou et al., 2006).
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Its expression was up-regulated upon LPS injection in adult ticks and Babesia gib-
soni infection of larvae ticks, thus revealing an involvement in tick innate immunity
(Zhou et al., 2006). When these two cystatins were compared for inhibitory activity
against cathepsin L, the salivary one (HISC-1) was 5—6 times more potent than the
one related to tick innate immunity (Hlcyst-2) (Yamaji et al., 2009).

Om-Cystatin 1 and Om-Cystatin 2

Expression of two secreted cystatins (Om-cystatin 1 and Om-cystatin 2) of molec-
ular weight 12.4 and 12.2 kDa, respectively, has been described in the soft tick
Ornithodoros moubata (Grunclova et al., 2006). Both cystatins are able to inhibit
vertebrate cathepsins B, H, and C. While Om-cystatin 1 is expressed strictly in the
tick midgut, Om-cystatin 2 is expressed in various tissues including tick salivary
glands (Grunclova et al., 2006). Om-cystatins play an additional role in the regu-
lation of endogenous tick cysteine peptidases involved in blood digestion and in
heme detoxification (Grunclova et al., 2006). Of note, the salivary cystatin from
the soft tick (Om-cystatin 2) inhibits vertebrate cathepsins B and H, but the sali-
vary cystatins from the hard ticks I. scapularis and H. longicornis do not. As soft
ticks imbibe their blood meal much faster than hard ticks, it is tempting to question
whether this difference in target specificity (i.e., the inability to inhibit cathepsins B
and H) is related to the difference in duration of blood feeding between soft and hard
ticks.

Interestingly, cystatins are not found in the two blood-feeding mosquitoes whose
genomes are completed—namely Anopheles gambiae and Aedes aegypti—or in the
salivary glands of any other blood-feeding arthropod (sand flies, fleas) other than
ticks. An Ae. aegypti truncated transcript containing a potential cystatin domain has
been reported, but the function of the mature polypeptide and whether it is able
to inhibit cysteine proteases remains unknown (Ribeiro et al., 2007). Secreted cys-
tatins have also been reported in Drosophila, Bombyx, and the flesh fly Sarcophaga
spp. (Goto and Denlinger, 2002), although it is not known whether these genes are
expressed in their salivary glands. Apart from ticks, only lower eukaryotes such
as the nematode Nippostrongylus brasiliensis utilize cystatin secretion to evade the
vertebrate host defense system (Dainichi et al., 2001).

Serine Protease Inhibitors

The catalytic domains of major coagulation factors (VIla, IXa, Xa, XIa, XIIa and
thrombin) belong to the widespread family of trypsin-like serine proteinases. In fact,
most of the arthropod salivary serine protease inhibitors studied to date act as anti-
hemostatic factors (Corral-Rodriguez et al., 2009). However, other enzymes of the
same family, such as-mast cell B-tryptase and leukocyte elastase play an impor-
tant role in inflammation and tissue response to injury and they are targeted by
tick salivary serine protease inhibitors (Table 10.1). Leukocyte elastase cleaves var-
ious types of collagens (Gadher et al., 1988) in addition to elastin, fibronectin and
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laminin (Heck et al., 1990). It also activates procollagenase, prostromelysin and
progelatinase (Rice and Banda, 1995; Shamamian et al., 2001) thus contributing to
wound healing and tissue repair. Moreover, it plays a role in antimicrobial defense,
since patients with Chediak-Higashi syndrome who lack leukocyte elastase in their
neutrophils suffer from recurrent bacterial infections (Ganz et al., 1988) and elas-
tase deficient mice are more prone to gram-negative bacterial sepsis (Belaaouaj
et al., 1998). B tryptase is another important enzyme involved in different aspects
of tissue remodeling. It activates the zymogens of a series of proteins, including
prostromelysin (Gruber et al., 1989), pro-urokinase (Stack and Johnson, 1994),
PAR-2 (Corvera et al., 1997) and inactivates fibronectin (Kaminska et al., 1999).
Recombinant §; tryptase has also been reported to play a role in anti-bacterial
defenses by enhancing neutrophil recruitment (Huang et al., 2001). In addition,
tryptases promote vascular tube formation (Blair et al., 1997), tumor angiogene-
sis (Coussens et al., 1999) and allergic reactions (Molinari et al., 1995; Molinari
et al.,, 1996). Moreover, P tryptase generates kinins from kininogens; it has been
shown that tryptases in concerted action with neutrophil elastase may enhance the
production of kinins in inflamed tissues (Kozik et al., 1998). Therefore, these two
enzymes are obvious targets for tick saliva since their inhibition may attenuate host
response to injury such as tissue repair and angiogenesis (Francischetti et al., 2005).
Below we refer to each individual inhibitor that blocks either pB-tryptase or elastase
and discuss their properties in the context of vector-host interaction.

Tick-Derived Protease Inhibitor (TdPI)

Paesen et al. identified in the hard tick Rhipicephalus appendiculatus a protein with
molecular weight of 11.1 kDa that inhibits human B tryptase in low nanomolar
concentration. Although the protein is related to the Kunitz/BPTI (bovine pancre-
atic trypsin inhibitor) family, the resolution of its structure in complex with trypsin
revealed an “unusual” non-classical Kunitz/BPTI fold (Fig. 10.1a) that makes pos-
sible the blockade of three of the four catalytic sites of 1 tryptase (Paesen et al.,
2007). More specifically, the TdPI Kunitz domain adopts an arrow-like structure;
this is mainly due to the short length of the loop that connects the p-sheet with
the C-terminal a-helix, the altered pattern of disulphide bridges, and the separation
of its C-terminus from the N-terminus (Fig. 10.1a). As a result, the highly pointed
apex of TdPI gains access to the cramped active sites of Bjtryptase and its overall
triangle-like fold diversifies from the “typical” bullet-like structure of other Kunitz-
proteins (Fig. 10.1b, c). Apart from P;tryptase, TdPI is also able to inhibit trypsin
with a Ki lower than 10 nM and human plasmin with a Ki of 50 nM, but it does not
inhibit urokinase, thrombin, factor Xa, factor XIlIa, elastase, kallikrein, cathepsin G,
granzyme B, chymase, or chymotrypsin, thus having a rather stringent specificity
for B tryptase. The inhibitor is active against two different human tryptases, one
expressed in the skin (B tryptase) and the other expressed in the lung (B, tryptase),
while it inhibits the murine tetrameric tryptase MCP-6, as well (Paesen et al., 2007).
Interestingly, B;tryptase is able to trim TdPI, and this cleavage enhances the ability
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Fig. 10.1 (a) The arrow-like structure of TdPI (PDB: 2UUX) compared to (b) the bullet-like
structure of BPTI (bovine pancreatic trypsin inhibitor) (PDB: 1BPI). Disulfide bridges are shown
in yellow stick model and P1 Lys in blue. (¢) The overlaid structures of TdPI (white) and BPTI

(pink)

of TdPI to inhibit B tryptase. Moreover, immunohistochemistry revealed that TdPI
is able to penetrate mouse mast cells; it was immunolocalized in the cytosolic gran-
ules of dermal mast cells upon TdPI injection into the ears of BALB/c mice (Paesen
et al., 2007). Such a result could not be reproduced in mast cell-deficient mice,
further verifying the ability of the protein to access mast cell intracellular compart-
ments. Consistent with such an action against mast cells, transcription of TdPI by
female R. appendiculatus ticks coincides with that of R. appendiculatus histamine-
binding proteins that sequester histamine, a biogenic amine released upon mast cell
stimulation (Paesen et al., 2007). Although this simultaneous transcriptional induc-
tion of both effectors can be purely coincidental, it may enhance the overall effect
on mast cell activation. The action of TdPI can take place in the extracellular (upon
mast cell degranulation) or intracellular environment. Mast cells are able to inter-
nalize a range of protease inhibitors (Ide et al., 1999; Kido et al., 1988) including
TdPI (Paesen et al., 2007); this internalized TdPI may block the autocatalytic acti-
vation of tryptase required for its biologic action (Sakai et al., 1996). Similarly to
other synthetic tryptase inhibitors, it may in addition block the release of mast cell
mediators (He et al., 2004).

Ixodes ricinus Immunosuppressor (Iris)

Iris cDNA was identified among other transcripts to be specifically expressed during
the blood meal in the salivary glands of Ixodes ricinus female adults; it was chosen
to be further characterized because of its similarity to the pig leukocyte inhibitor
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(Leboulle et al., 2002b). Immunostaining with polyclonal antibodies against recom-
binant Iris revealed a protein on the external surface of salivary acini, within the
cells, and also in the acini’s light in 3-day-fed and 5-day-fed female ticks, but not in
unfed ticks (Leboulle et al., 2002a). Iris molecular weight is 43 kDa, it belongs
to the serpin supefamily, and it inhibits the active site of most serine proteases
tested. The highest Ka was observed for human leukocyte elastase (Prevot et al.,
2006). In addition, Iris is able to immunomodulate the vertebrate host indepen-
dently of its antiprotease activity through the mediation of (an) exosite(s). More
specifically, upon peripheral blood mononuclear cell activation by various Toll-
like receptor agonists, it disturbs the Th1/Th2 balance by inhibiting interferon-y
production and LPS-induced TNF-a production (Leboulle et al., 2002a; Prevot et al.,
2009). Furthermore, Iris protects mice against LPS-induced septic shock (Prevot
etal., 2009). The importance of Iris action for tick blood-feeding success was further
demonstrated in vaccination experiments, where rabbits were partially protected
against tick infestation when vaccinated with Iris (Prevot et al., 2007).

BmSI-6 and BmSI-7 (BmSI: Boophilus microplus Subtilisin
Inhibitors)

Another two inhibitors of elastase have been isolated from the tick Boophilus
microplus, namely BmSI-6 and BmSI-7, with molecular weight of 7.3 and 7.4 kDa
and a Ki for elastase of 0.3 and 0.4 nM, respectively. Both inhibitors also target
subtilisin A with a Ki of 1.4 nM. BmSI-7 belongs to the trypsin inhibitor-like
cysteine-rich domain family (TIL); it has a clear secretion signal and is transcribed
in the salivary glands (Sasaki et al., 2008). There are no data available on the
potential pharmacologic action of these inhibitors in the vertebrate host.

Kunitz Inhibitors of Elastase

Activity against elastase has been reported for the B. microplus protein BmTI-A
(B. microplus trypsin inhibitor-A), a member of the Kunitz/BPTI family with molec-
ular weight of 18 kDa (Tanaka et al., 1999), and for the Rhipicephalus sanguineus
protein RsTIQ2, a 12-kDa member of the same family (Sant’Anna Azzolini et al.,
2003). Both inhibitors have high affinity for elastase (Ki of 1.4 and 1.3 nM, respec-
tively), but they were isolated from tick larvae, and therefore their presence in tick
saliva requires further investigation. The same occurs for another two Kunitz/BPTI
elastase inhibitors isolated from B. microplus larvae, namely BmTI-2 and BmTI-3,
with estimated molecular weight of approximately 17 and 15 kDa, respectively
(Sasaki et al., 2004). A 7-kDa protein belonging also to the Kunitz/BPTI fam-
ily with similarly high affinity for elastase has been isolated from the head and
the thorax of the horn fly Haematobia irritans. This protein (HiTI, Haematobia
irritans trypsin inhibitor)—is not known to be present in saliva (Azzolini et al.,
2004).
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Concluding Remarks

Saliva from blood-feeding arthropods is a rich cocktail of potent protease inhibitors
(Table 10.1). Although inhibition of proteolytic enzymes by tick saliva is often
associated with blockade of hemostasis, a picture emerges where blood-sucking
arthropods—especially ticks—target specific proteases involved in vertebrate
immunity and possibly matrix remodeling, and wound healing. Genomic infor-
mation available for many arthropod disease vectors is expected to contribute
substantially to the field of proteolysis regulation unrelated to hemostasis.

Acknowledgements This work was supported by the Intramural Research Program of the
Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, by the grant No. IAA600960811 from the Grant Agency of the Academy of
Sciences of the Czech Republic and by the Research Center No. LC06009 from the Ministry of
Education, Youth and Sports of the Czech Republic. We thank Professor R. Manjunatha Kini for
the fruitful discussions and comments on the manuscript, Dr. Koh Cho Yeow for preparing the
figure and NIAID intramural editor Brenda Rae Marshall for assistance.

Because LM.B.F. is a government employee and this is a government work, the work is in the
public domain in the United States. Notwithstanding any other agreements, the NIH reserves the
right to provide the work to PubMedCentral for display and use by the public, and PubMedCentral
may tag or modify the work consistent with its customary practices. You can establish rights outside
of the U.S. subject to a government use license.

References

Azzolini, S.S., Santos, J.M., Souza, A.F., Torquato, R.J., Hirata, LY., Andreotti, R., Tanaka, A.S.,
2004. Purification, characterization, and cloning of a serine proteinase inhibitor from the
ectoparasite Haematobia irritans irritans (Diptera: Muscidae). Exp. Parasitol. 106, 103-109.

Belaaouaj, A., McCarthy, R., Baumann, M., Gao, Z., Ley, T.J., Abraham, S.N., Shapiro, S.D., 1998.
Mice lacking neutrophil elastase reveal impaired host defense against gram negative bacterial
sepsis. Nat. Med. 4, 615-618.

Blair, R.J., Meng, H., Marchese, M.J., Ren, S., Schwartz, L.B., Tonnesen, M.G., Gruber, B.L.,
1997. Human mast cells stimulate vascular tube formation. Tryptase is a novel, potent
angiogenic factor. J. Clin. Invest. 99, 2691-2700.

Corral-Rodriguez, M.A., Macedo-Ribeiro, S., Barbosa Pereira, P.J., Fuentes-Prior, P., 2009. Tick-
derived Kunitz-type inhibitors as antihemostatic factors. Insect Biochem. Mol. Biol. 39,
579-595.

Corvera, C.U., Dery, O., McConalogue, K., Bohm, S.K., Khitin, L.M., Caughey, G.H., Payan,
D.G., Bunnett, N.W., 1997. Mast cell tryptase regulates rat colonic myocytes through
proteinase-activated receptor 2. J. Clin. Invest. 100, 1383-1393.

Coussens, L.M., Raymond, W.W., Bergers, G., Laig-Webster, M., Behrendtsen, O., Werb, Z.,
Caughey, G.H., Hanahan, D., 1999. Inflammatory mast cells up-regulate angiogenesis during
squamous epithelial carcinogenesis. Genes Dev. 13, 1382-1397.

Dainichi, T., Maekawa, Y., Ishii, K., Zhang, T., Nashed, B.F., Sakai, T., Takashima, M., Himeno,
K., 2001. Nippocystatin, a cysteine protease inhibitor from Nippostrongylus brasiliensis,
inhibits antigen processing and modulates antigen-specific immune response. Infect. Immun.
69, 7380-7386.

Felbor, U., Dreier, L., Bryant, R.A., Ploegh, H.L., Olsen, B.R., Mothes, W., 2000. Secreted
cathepsin L generates endostatin from collagen XVIII. EMBO J. 19, 1187-1194.

Francischetti, .M., Mather, T.N., Ribeiro, J.M., 2005. Tick saliva is a potent inhibitor of endothelial
cell proliferation and angiogenesis. Thromb. Haemost. 94, 167-174.



162 J. Chmelar et al.

Francischetti, .M., Sa-Nunes, A., Mans, B.J., Santos, .M., Ribeiro, J.M., 2009. The role of saliva
in tick feeding. Front. Biosci. 14, 2051-2088.

Gadher, S.J., Eyre, D.R., Duance, V.C., Wotton, S.E., Heck, L.W., Schmid, T.M., Woolley, D.E.,
1988. Susceptibility of cartilage collagens type II, IX, X, and XI to human synovial collagenase
and neutrophil elastase. Eur. J. Biochem. 175, 1-7.

Ganz, T., Metcalf, J.A., Gallin, J.I., Boxer, L.A., Lehrer, R.I., 1988. Microbicidal/cytotoxic proteins
of neutrophils are deficient in two disorders: Chediak-Higashi syndrome and “specific” granule
deficiency. J. Clin. Invest. 82, 552-556.

Goto, S.G., Denlinger, D.L., 2002. Genes encoding two cystatins in the flesh fly Sarcophaga
crassipalpis and their distinct expression patterns in relation to pupal diapause. Gene 292,
121-127.

Gruber, B.L., Marchese, M.J., Suzuki, K., Schwartz, L.B., Okada, Y., Nagase, H., Ramamurthy,
N.S., 1989. Synovial procollagenase activation by human mast cell tryptase dependence upon
matrix metalloproteinase 3 activation. J. Clin. Invest. 84, 1657-1662.

Grunclova, L., Horn, M., Vancova, M., Sojka, D., Franta, Z., Mares, M., Kopacek, P., 2006. Two
secreted cystatins of the soft tick Ornithodoros moubata: differential expression pattern and
inhibitory specificity. Biol. Chem. 387, 1635-1644.

He, S., Aslam, A., Gaca, M.D., He, Y., Buckley, M.G., Hollenberg, M.D., Walls, A.F., 2004.
Inhibitors of tryptase as mast cell-stabilizing agents in the human airways: effects of tryptase
and other agonists of proteinase-activated receptor 2 on histamine release. J. Pharmacol. Exp.
Ther. 309, 119-126.

Heck, L.W., Blackburn, W.D., Irwin, M.H., Abrahamson, D.R., 1990. Degradation of base-
ment membrane laminin by human neutrophil elastase and cathepsin G. Am. J. Pathol. 136,
1267-1274.

Honey, K., Rudensky, A.Y., 2003. Lysosomal cysteine proteases regulate antigen presentation. Nat.
Rev. Immunol. 3, 472-482.

Huang, C., De Sanctis, G.T., O’Brien, P.J., Mizgerd, J.P,, Friend, D.S., Drazen, J.M., Brass, L.F.,,
Stevens, R.L., 2001. Evaluation of the substrate specificity of human mast cell tryptase beta
I and demonstration of its importance in bacterial infections of the lung. J. Biol. Chem. 276,
26276-26284.

Ide, H., Itoh, H., Yoshida, E., Kobayashi, T., Tomita, M., Maruyama, H., Osada, Y., Nakahata,
T., Nawa, Y., 1999. Immunohistochemical demonstration of inter-alpha-trypsin inhibitor light
chain (bikunin) in human mast cells. Cell Tissue Res. 297, 149-154.

Kaminska, R., Helisalmi, P., Harvima, R.J., Naukkarinen, A., Horsmanheimo, M., Harvima, I.T.,
1999. Focal dermal-epidermal separation and fibronectin cleavage in basement membrane by
human mast cell tryptase. J. Invest. Dermatol. 113, 567-573.

Karim, S., Miller, N.J., Valenzuela, J., Sauer, J.R., Mather, T.N., 2005. RNAi-mediated gene silenc-
ing to assess the role of synaptobrevin and cystatin in tick blood feeding. Biochem. Biophys.
Res. Commun. 334, 1336-1342.

Kido, H., Fukusen, N., Katunuma, N., 1988. Antibodies and inhibitor of chymase are incorporated
into mast cell granules and inhibit histamine release. Biol. Chem. Hoppe-Seyler. 369(Suppl),
95-100.

Koh, C.Y., Kini, R.M., 2009. Molecular diversity of anticoagulants from haematophagous animals.
Thromb. Haemost. 102, 437-453.

Kotsyfakis, M., Anderson, J.M., Andersen, J.F., Calvo, E., Francischetti, .M., Mather, T.N.,
Valenzuela, J.G., Ribeiro, J.M., 2008. Cutting edge: immunity against a "silent" salivary
antigen of the Lyme vector Ixodes scapularis impairs its ability to feed. J. Immunol. 181,
5209-5212.

Kotsyfakis, M., Karim, S., Andersen, J.F., Mather, T.N., Ribeiro, J.M., 2007. Selective cysteine
protease inhibition contributes to blood-feeding success of the tick Ixodes scapularis. J. Biol.
Chem. 282, 29256-29263.

Kotsyfakis, M., Sa-Nunes, A., Francischetti, .M., Mather, T.N., Andersen, J.F., Ribeiro, J.M.,
2006. Antiinflammatory and immunosuppressive activity of sialostatin L, a salivary cystatin
from the tick Ixodes scapularis. J. Biol. Chem. 281, 26298-26307.



10 Salivary Protease Inhibitors with Non Anti-Hemostatic Functions 163

Kozik, A., Moore, R.B., Potempa, J., Imamura, T., Rapala-Kozik, M., Travis, J., 1998. A novel
mechanism for bradykinin production at inflammatory sites. Diverse effects of a mixture of
neutrophil elastase and mast cell tryptase versus tissue and plasma kallikreins on native and
oxidized kininogens. J. Biol. Chem. 273, 33224-33229.

Leboulle, G., Crippa, M., Decrem, Y., Mejri, N., Brossard, M., Bollen, A., Godfroid, E., 2002a.
Characterization of a novel salivary immunosuppressive protein from Ixodes ricinus ticks. J.
Biol. Chem. 277, 10083-10089.

Leboulle, G., Rochez, C., Louahed, J., Ruti, B., Brossard, M., Bollen, A., Godfroid, E., 2002b.
Isolation of Ixodes ricinus salivary gland mRNA encoding factors induced during blood
feeding. Am. J. Trop. Med. Hyg. 66, 225-233.

Lima, C.A., Sasaki, S.D., Tanaka, A.S., 2006. Bmcystatin, a cysteine proteinase inhibitor charac-
terized from the tick Boophilus microplus. Biochem. Biophys. Res. Commun. 347, 44-50.
Lombardi, G., Burzyn, D., Mundinano, J., Berguer, P., Bekinschtein, P., Costa, H., Castillo, L.F.,
Goldman, A., Meiss, R., Piazzon, 1., Nepomnaschy, I., 2005. Cathepsin-L influences the expres-
sion of extracellular matrix in lymphoid organs and plays a role in the regulation of thymic

output and of peripheral T cell number. J. Immunol. 174, 7022-7032.

Molinari, J.F., Moore, W.R., Clark, J., Tanaka, R., Butterfield, J.H., Abraham, W.M., 1995.
Role of tryptase in immediate cutaneous responses in allergic sheep. J. Appl. Physiol. 79,
1966-1970.

Molinari, J.E., Scuri, M., Moore, W.R., Clark, J., Tanaka, R., Abraham, W.M., 1996. Inhaled
tryptase causes bronchoconstriction in sheep via histamine release. Am. J. Respir. Crit. Care
Med. 154, 649-653.

Paesen, G.C., Siebold, C., Harlos, K., Peacey, M.F., Nuttall, P.A., Stuart, D.I., 2007. A tick protein
with a modified Kunitz fold inhibits human tryptase. J. Mol. Biol. 368, 1172-1186.

Prevot, PP., Adam, B., Boudjeltia, K.Z., Brossard, M., Lins, L., Cauchie, P., Brasseur, R.,
Vanhaeverbeek, M., Vanhamme, L., Godfroid, E., 2006. Anti-hemostatic effects of a serpin
from the saliva of the tick Ixodes ricinus. J. Biol. Chem. 281, 26361-26369.

Prevot, P.P,, Beschin, A., Lins, L., Beaufays, J., Grosjean, A., Bruys, L., Adam, B., Brossard, M.,
Brasseur, R., Zouaoui Boudjeltia, K., Vanhamme, L., Godfroid, E., 2009. Exosites mediate the
anti-inflammatory effects of a multifunctional serpin from the saliva of the tick Ixodes ricinus.
FEBS J. 276, 3235-3246.

Prevot, P.P., Couvreur, B., Denis, V., Brossard, M., Vanhamme, L., Godfroid, E., 2007. Protective
immunity against Ixodes ricinus induced by a salivary serpin. Vaccine 25, 3284-3292.

Reddy, V.Y., Zhang, Q.Y., Weiss, S.J., 1995. Pericellular mobilization of the tissue-destructive
cysteine proteinases, cathepsins B, L, and S, by human monocyte-derived macrophages. Proc.
Natl. Acad. Sci. U.S.A. 92, 3849-3853.

Reinheckel, T., Hagemann, S., Dollwet-Mack, S., Martinez, E., Lohmuller, T., Zlatkovic, G.,
Tobin, D.J., Maas-Szabowski, N., Peters, C., 2005. The lysosomal cysteine protease cathep-
sin L regulates keratinocyte proliferation by control of growth factor recycling. J. Cell Sci. 118,
3387-3395.

Ribeiro, .M., Arca, B., Lombardo, F., Calvo, E., Phan, V.M., Chandra, PK., Wikel, S.K., 2007. An
annotated catalogue of salivary gland transcripts in the adult female mosquito, Aedes aegypti.
BMC Genomics 8, 6.

Ribeiro, J.M., Francischetti, I.M., 2003. Role of arthropod saliva in blood feeding: sialome and
post-sialome perspectives. Annu. Rev. Entomol. 48, 73-88.

Rice, A., Banda, M.J., 1995. Neutrophil elastase processing of gelatinase A is mediated by
extracellular matrix. Biochemistry 34, 9249-9256.

Sa-Nunes, A., Bafica, A., Antonelli, L.R., Choi, E.Y., Francischetti, .M., Andersen, J.F., Shi, G.P.,
Chavakis, T., Ribeiro, J.M., Kotsyfakis, M., 2009. The immunomodulatory action of sialo-
statin L on dendritic cells reveals its potential to interfere with autoimmunity. J. Immunol. 182,
7422-7429.

Sakai, K., Long, S.D., Pettit, D.A., Cabral, G.A., Schwartz, L.B., 1996. Expression and purification
of recombinant human tryptase in a baculovirus system. Protein Expr. Purif. 7, 67-73.



164 J. Chmelar et al.

Sant’Anna Azzolini, S., Sasaki, S.D., Torquato, R.J., Andreotti, R., Andreotti, E., Tanaka, A.S.,
2003. Rhipicephalus sanguineus trypsin inhibitors present in the tick larvae: isolation, char-
acterization, and partial primary structure determination. Arch. Biochem. Biophys. 417,
176-182.

Sasaki, S.D., Azzolini, S.S., Hirata, 1.Y., Andreotti, R., Tanaka, A.S., 2004. Boophilus microplus
tick larvae, a rich source of Kunitz type serine proteinase inhibitors. Biochimie 86:643—649.
Sasaki, S.D., de Lima, C.A., Lovato, D.V., Juliano, M.A., Torquato, R.J., Tanaka, A.S., 2008.
BmSI-7, a novel subtilisin inhibitor from Boophilus microplus, with activity toward Prl

proteases from the fungus Metarhizium anisopliae. Exp. Parasitol. 118, 214-220.

Serveau-Avesque, C., Martino, M.F., Herve-Grepinet, V., Hazouard, E., Gauthier, F., Diot, E.,
Lalmanach, G., 2006. Active cathepsins B, H, K, L and S in human inflammatory bronchoalve-
olar lavage fluids. Biol. Cell 98, 15-22.

Shamamian, P., Schwartz, J.D., Pocock, B.J., Monea, S., Whiting, D., Marcus, S.G., Mignatti,
P, 2001. Activation of progelatinase A (MMP-2) by neutrophil elastase, cathepsin G, and
proteinase-3: a role for inflammatory cells in tumor invasion and angiogenesis. J. Cell. Physiol.
189, 197-206.

Stack, M.S., Johnson, D.A., 1994. Human mast cell tryptase activates single-chain urinary-type
plasminogen activator (pro-urokinase). J. Biol. Chem. 269, 9416-9419.

Tanaka, A.S., Andreotti, R., Gomes, A., Torquato, R.J., Sampaio, M.U., Sampaio, C.A., 1999.
A double headed serine proteinase inhibitor--human plasma kallikrein and elastase inhibitor—
from Boophilus microplus larvae. Immunopharmacology 45, 171-177.

Turk, B., Turk, D., Turk, V., 2000. Lysosomal cysteine proteases: more than scavengers. Biochim.
Biophys. Acta 1477, 98-111.

Yamaji, K., Tsuji, N., Miyoshi, T., Islam, M.K., Hatta, T., Alim, M.A., Anisuzzaman, M.,
Kushibiki, S., Fujisaki, K., 2009. A salivary cystatin, HISC-1, from the ixodid tick
Haemaphysalis longicornis play roles in the blood-feeding processes. Parasitol. Res. 106(1),
61-68.

Zavasnik-Bergant, T., Turk, B., 2007. Cysteine proteases: destruction ability versus immunomod-
ulation capacity in immune cells. Biol. Chem. 388, 1141-1149.

Zhou, J., Liao, M., Ueda, M., Gong, H., Xuan, X., Fujisaki, K., 2009. Characterization of an
intracellular cystatin homolog from the tick Haemaphysalis longicornis. Vet. Parasitol. 160,
180-183.

Zhou, J., Ueda, M., Umemiya, R., Battsetseg, B., Boldbaatar, D., Xuan, X., Fujisaki, K., 2006.
A secreted cystatin from the tick Haemaphysalis longicornis and its distinct expression patterns
in relation to innate immunity. Insect Biochem. Mol. Biol. 36, 527-535.



Part 111
Anticoagulant Proteins






Chapter 11
Blood Coagulation Factor IX/Factor
X-Binding Protein

Takashi Morita

Abstract C-type lectin-like proteins of snake have a variety of biological proper-
ties, acting for example as an anticoagulant, procoagulant, and agonist/antagonist of
platelet activation. Dimerization or oligomer formation of carbohydrate recognition
domain (CRD) in C-type lectin by 3D domain swapping generates novel proteins
with new functions such as coagulant-, anticoagulant-, and platelet-modulating
activities. The structural and functional studies of the first identified C-type lectin-
like proteins, IX/X-bp, have been instrumental in defining how new functionally
heterodimeric C-type lectin-like proteins are generated from monomeric CRD (car-
bohydrate recognition domain) in C-type lectin by 3D domain swapping. The crystal
structure of IX/X-bp revealed that the two subunits associated by 3 D-domain swap-
ping, and this dimerization resulted in the creation of a concave surface serving as a
binding site of Gla domain, the functionally important domain of blood coagulation
factors. The strong activities by snaclecs such as IX/X-bp and X-bp are caused by
the binding at the Gla domain of factors IX and X. C-type lectin-like proteins of
snake venom such as IX/X-bp and its structurally-related proteins recognize various
ligands by the higher frequency of mutation in the open reading frames than in the
non-coding regions after duplication of a gene.

Introduction

One class of the functional components of snake venom is the C-type lectin-like
protein (CLP) family that includes IX/X-bp (factors IX/X-binding protein) (Atoda
and Morita, 1989; Atoda et al., 1991; Sekiya et al., 1993), RVV-X (factor X activator
of Russell’s viper venom) (Takeda et al., 2007; Takeya et al., 1992), alboaggregin-B
(platelet agonist) (Peng et al., 1991; Yoshida et al., 1993), and flavocetin-A (platelet
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antagonist) (Fukuda et al., 2000; Shin et al., 2000; Taniuchi, et al., 1995). It was
recently proposed to call the C-type lectin-like proteins the ‘snaclec’ protein family
(Clemetson et al., 2009a, b). In this review I sometimes use this new name. These
snaclec proteins possess a variety of activities, and have proved to be useful tools
in elucidating the complex mechanisms involved in clotting and platelet function.
These functional and structural studies using snaclecs have led to several important
discoveries as follows (Morita, 2004b).

Functional studies of IX/X-bp revealed that Mg>* ions are critical compo-
nents in the blood coagulation cascade system (Sekiya et al., 1995, 1996b). The
crystal structures of Gla domains of coagulation factors X and IX have been elu-
cidated in structural studies of complexes between the Gla domain of factor X and
either factor X-binding protein (Mizuno et al., 2001), or factor IX-binding protein
(Shikamoto et al., 2003). The discovery of a calcium-dependent prothrombin acti-
vator with C-type lectin-like domains, carinactivase (Ca**-dependent prothrombin
activator) (Yamada et al., 1996), has led to its clinical application in measurement of
plasma prothrombin levels (Iwahashi et al., 2001; Yamada and Morita, 1999). Many
snaclecs are used as critical reagents in the study of platelet activation (Clemetson
et al., 1999; Fujimura et al., 1996; Peng et al., 1993). A 3-D domain swapping
phenomenon was discovered during the structural study that identified IX/X-bp, the
first known C-type lectin like protein.

This review describes the results of studies in which snake venom anticoagulants
were used to examine the tertiary structure and function of coagulation factors.

Blood Coagulation Factors-Binding Proteins
as Venom Anticoagulants

Representative C-type lectin-like proteins affecting the hemostatic system, includ-
ing anticoagulants, coagulants in the mammalian blood coagulation cascade (Sekiya
et al., 1996b) are shown in Fig. 11.1. Many biologically active C-type lectin-like
proteins consist of one or more heterodimers C-type lectin-like subunits. These
include the anticoagulant proteins IX/X-bp, IX-bp, and X-bp, which consist of
disulfide-linked heterodimers of C-type lectin-like subunits (Atoda and Morita,
1993). Their biological activity is Ca’*-dependent. RVV-X and carinactivase-1
are metalloenzymes containing two C-type lectin-like domains that recognize the
Gla domains of factor X and prothrombin, respectively (Morita, 1998; Yamada
et al.,, 1996). The complete amino acid sequence of IX/X-bp, the first C-type
lectin like protein to be sequenced, has been reported (Atoda et al., 1991), and its
disulfide-bonding pattern has been compared with those of other C-type lectin-like
proteins (Atoda and Morita, 1993). The amino acid sequences of the A (o sub-
unit) and B (B subunit) chains of IX/X-bp reveal 15-37% sequence identity with the
carbohydrate recognition domain of C-type lectins (Atoda et al., 1991). However, in
contrast to the canonical C-type lectins, IX/X-bp has no lectin activity. C-type lectin-
like pr