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Wis dom in infinite thought,
Expanding time, endlessly sought,
An ancient starjourneying here
Sofa r, so near, bright seer
This unseen dance
A brilliant chance
-Anonymous

Abstract

Serine proteinase inhibitors, also called serpins, are an ancient group ing of proteins found
in primitive organisms from bacteria, protozoa and horseshoe crabs and thus likely present
at the time of the dinosaurs. up to all mammals living today. The innate or inflammatory

immune system is also an ancient metazoan regulatory system. providing the first line ofdefense
against infection or injury. The innate inflammatory defense response evolved long before ac­
quired. antibody dependent immunity. Viruses have developed highlyeffective stratagems that
undermine and block a wide variety ofhost inflammatory and immune responses. Some of the
most potent of these immune modifying strategies utilize serpins that have also been developed
over millions ofyears. including th e hijacking by some viruses for defense against host immune
attacks . Serpins represent up to 2-10 percent ofcirculating plasma proteins. regulating actions as
wide ranging as thrombosis. inflammation. blood pressure control and even hormone transport.
Targeting serpin-regulated immune or inflammatory pathways makes evolutionary sense for viral
defense and many of these virus-derived inh ibitory proteins have proven to be highly effective.
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working at very low concentrations-even down to the femptomolar to picomolar range. We are
studying these viral anti-inflammatory proteins as a new class ofimmunomodulatory therapeutic
agents derived from their native viral source. One such viral serpin, Serp-I is now in clinical trial
(conducted by VIRON Therapeutics, Inc.) for acute unstable coronary syndromes (unstable
angina and small heart attacks), representing a 'first in class' therapeutic study. Several other viral
serpins are also currently under investigation as anti-inflammatory or anti-immune therapeutics.
This chapter describes these original studies and the ongoing analysis ofviral serpins as a new class
ofvirus-derived immunotherapeutic.

Innate Immunity
Many investigators have studied the antigen-dependent, antibody-mediated immune response,

which is only found in vertebrates. Over a century ago, however, llya Ilyich Mechnikov described
a more ancient and yet extraordinarily powerful immune response, known as the innate immune
system. Mechnikov studied the response ofa transparent starfish (bipinanaria) to wood splinters
and recorded the early massing of cells around these splinters inside this organism. Mechnikov
thus provided the first description of the cell-based innate immune response that forms the first
defense response to injury or infection.' This 'inflammatory: cell-based immune system recognizes
and then eradicates or blocks pathogen and parasite infection, invasion and dissemination long
before antibodies are formed and the acquired, antibody dependent immune response is activated.r"
The innate immune response also orchestrates the first stages of tissue repair after other forms of
injury produced by physical or chemical insults.

The vascular endothelium, together with the circulating inflammatory blood cells, monocytes/
macrophages, T'Iymphocytes and polymorphonuclear leukocytes (also called neutrophils), rec­
ognize patterns ofmicrobial molecular expression through pattern recognition receptors (PRR)
forming the prelude to this innate response. The PRRs now recognized include toll-like receptors
(TLRs), nucleotide bindingand oligomerization domain-like receptors (NLRs), C-type lectin-like
receptors (CLRs), cytoplasmic double stranded RNA (dsRNA) helicase-like receptors and cyto­
plasmic dsDNA receprors." These receptors comprise an alarm system that alerts inflammatory
cells to danger or infection, signaling through MyD88, NFKB and MAPK signal-transduction
pathways. The endothelial cell layer is the innermost layer ofcells in the arterial tree and is com­
posed of miles of interconnected cells, a living carpet of cells that encompasses the vasculature,
the cardiac valves and the inner chambers of the heart. This endothelial cell layer is in constant
contact with the circulating blood. Injury or infection of the endothelium causes loss and/or
activation ofendothelial cells with increasing expression ofselectins on the activated cells. These
selecrins, when expressed, slow down circulating leukocytes that pass by in the blood stream. Once
slowed, mononuclear cells (leukocytes composed of neutrophils, monocytes and lymphocytes)
can then recognize cell adhesion molecules and adhere to the endothelium and in turn become
activated." Circulating and activated inflammatory cells also can recognize connective tissue and
Iipids exposed under areas ofdamaged endothelium. The activated endothelium expresses increased
amounts ofselectins and adhesion molecules that further stimulate cell adherence and activation.
Once activated, inflammatory mononuclear cells, together with endothelial cells, begin to release
chemoattractant proteins, particularly chernokines, which bind to surface glycosaminoglycans
(GAGs). Also induced are pro-inflammatory immune signaling molecules, cytokines and growth
factors that signal cells to migrate through the vessel wall and into the surrounding tissue, become
further activated, proliferate and then release more inflammatory cytokines, Damaged cells also
can become apoptotic and act as small cytokine release factories, further stimulating this inflam­
matory response.

Platelets, small clotting cell fragments derived from megakaryocytes, are also activated at sites
ofdamaged or apoptotic endothelium. Platelets carry reserves ofproteins in storage granules that
are released upon platelet activation. Initially, platelets adhere to areas ofarterial or tissue damage,
secreting pro-inflammatory proteins from storage granules into this mix ofcells and proteins. This
activated and inflamed milieu then further stimulates cell invasion and activation. The clot forming
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(thrombotic) and clot dissolving (thrombolytic) cascades are made up of sequentially activated
serine protease enzymes. These protease cascades are initiated by intrinsic and extrinsic clotting
factors (factor VII and tissue factor complex and thrombin) that cleave fibrinogen to form fibrin
(Fig. 1).1hrombosis and fibrin formation occurs on the surface ofplatelets and the fibrin mesh that
is deposited on and around the activated platelets, endothelial cells and leukocytes. Clot deposi­
tion will then stimulate fibrinolysis, the serine protease cascade that acts to break up the forming
clot and maintain a natural homeostasis in the arterial wall, the balance between the clot forming
(coagulation) and clot dissolving (fibrinolytic) pathways. When cellsbecome apoptotic and engage
in cell suicide, there is again a change in activation and in some cases, such as apoptotic endothelial
cells and monocytes/macrophages, there is an increased release of cytokines and clot activating
serine proteases into the local tissues which leads to a crescendo in the inflammatory responses.l'"!
Extrinsic apoptotic pathways can also be driven by serine proteases, particularly granzyme B.

At one further level of complexity, the connective tissue components, specifically collagen,
elastin and glycosaminoglycans (GAGs) have many roles only now being uncovered. Connective
tissues surrounding cells provide storage sites for release of growth factors and cytokines. Thus
breakdown ofthese cellular-embeddingand tensile-building materials can lead to a local increase in
released inflammatory factors. The connective tissue layers also form adhesive platforms on which
chemokines and cellsadhere and throughwhich cellsmigrate and invade tissues.Additionally GAGs
directly regulate serine protease and serpin activation. The serpin antithrombin III is well known
to have a 1000 fold or greater increase in activity when exposed to infusions ofthe GAG heparin,
a drug commonly used in vascular patients.12•13 When cells lose adhesion to connective tissue or
basement membranes, an apoptotic state can be induced further activating these pathways. Serine
proteases activate the proteases then that breakdown collagen, elastin and GAGs, the matrix metal­
loproteinases (MMPs).The fibrinolytic serine proteases, tissue- and urokinase-type plasminogen
activators (tPA and uPA, respectively), plasmin and the thrombotic protease thrombin also directly
cleave collagen and elastin. Thus the serine protease pathways in the coagulation and fibrinolytic
pathways interact on many levels with the inflammatory and apoptotic responses.P:"

In summary, inflammatory cells and activating factors perform in concert to initiate host in­
nate immune/inflammatory responses that heal sites of infection and injury but can also damage
tissues when present in excess.Serine protease pathways are regulated by serpins, and many viruses
have acquired and developed their own serpins over many millions ofyears ofevolution that are
designed to modulate host immune responses. These viral serpins probably target a variety of in­
nate sensors, particularly PRR signals such as the extracellular TLRs and intracellular NLRs that
trigger innate immune responses.

Serine Protease Inhibitors/Serpins

Serpin Structure andFunction
The symphony of interactive responses between cells, cytokines, serine proteases, connective

tissue and growth factors acts as a composite, and it is unclear if there is a single, controlling
conductor for the inflammatory pathways. Several of these pathways, however, are known to be
regulated by serpins (serine protease inhibitors), guiding these factors to play in concert. The
term serpin was first introduced by Carrell and Travis in 198514 and describes a family ofproteins
with up to 30% sequence identity (ranging up to 70% when limited to hydrophobic sequences)
that is believed to have arisen from countless gene duplications ofan ancestral gene. Serpins are
large complex proteins that exist in strained, latent and cleaved (inactive) conditions (Fig. lA).
The serpin basic protein secondary structure is fairly well conserved consisting of a 350 amino
acid core with 00 ~-sheets (A, Band C) and 7 to 9 a-helices, labeled hA_hl. ls The reactive site
loop and the ~-sheet A are labile and have key roles in serpin inhibitory function. The reactive
site loop (RSL) sits exposed above the serpin folding framework, thus presenting the P1-P 1/ site
as bait. The ~-sheet opens to incorporate the RSL loop after cleavage by a target protease. IS Of
course, each of the serpins has a variable inhibitory activity for a range ofproteases and thus can
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Figure 1. A) Serpin binding to target proteases occurs via interaction of the protease with the
RSL Pl -Pl ' scissile bond . This interaction can result in either (1) a form of suic ide inhibition
wherein the serpin RSL is cleaved, but the protease remains bound to the serpin and isdragged
across the face of the serpin to remain stuck to the opposite pole of the serpi n (top serpin/
protease interacti ve pathw ay) or (2) the serpin RSL is cleaved and the serpin rendered inactive
(the bottom serpin/protease interacti ve pathway). B) Diagram of throm bot ic and thrombolyti c
pathways as well as potenti al targeted pathways for the mammalian, PAI- , and vi ral, Serp-l ,
serpins in an injured arterial wall.

be a true inhibitor for selected proteases or can be a target for protease cleavage (Fig. lA). The
earliest evolved serpins are found in simple arachaea and bacteria. O ther scrpin-related proteins
are found in the more complex horseshoe crab, un changed since the time ofth e dinosaurs are still
used for clot lysisassays.InSerpins repre sent a large proportion ofcirculatin g prot eins in the blood
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ofall vertebrates, with estimates ranging up to 2-10% ofhuman serum proteins. Serpins have been
classified into clades A-I based upon structure and function and these complex and highly effective
inhibitors are now known to regulate processes ranging from thrombosis (clot formation), throm­
bolysis (clot dissolution), complement activation, inflammatory responses, sperm development,
to hormone transpon.F" There are also serpin family members that, while having classical serpin
folding structure, lack functional serpin-like inhibitory activity.'? These serpins have been found to
function in a noninhibitory capacity in diverse roles such ashormone transport, tumor suppression
and as molecular chaperones'S":" Three notable examples ofthese serpin family members include
chicken ovalbumin, angiotensinogen the angiotensin (blood pressure controlling) precursor and
the corticosteroid (SERPIN A6) and thyroxin (SERPIN A7) binding globulin. ls.ls

The basis for the inhibitory activity of true serpins lies in the fact that the active, inhibitory
molecules exist in a rnetastable intermediate state, instead of their more stable latent conforma­
rion." Ofthe more than 80 crystal structures that have been resolved for serpins to date, there is a
clear indication that the inhibitory serpins prefer a metastable native state instead of their latent,
lower energy folding." Although it is surprising that the serpins avoid a more thermodynamically
favorable conformation, this state is necessary for the inhibitory activity ofthe serpin. The folding
pathway that yields the most stable state for serpins can be triggered by the cleavageofthe RSL by
the target protease (Fig. lA). This protease-response mechanism relies on the serpin rnetastable
structure and conformational mobility," Within this pathway, there are two possible outcomes,
inhibition or noninhibition ofthe substrate protease." However, they both begin with the approach
ofthe protease to the RSL and interaction with the residues surrounding the P 1-PI' scissilebond,
thereby resulting in the formation ofa noncovalent Michaelis-like complex in which neither the
serpin nor the protease are conformationally changed.i-" Hydrolysis of the scissile bond by the
protease results in the cleavage of the RSL and the formation ofan acyl intermediate; the serpin
thus efficiently traps the targeted protease and drags it across to the face of the serpin following
cleavage at its PI' position with the aid of the covalent acyl bond.ls.2o This changes the native
conformation of both the serpin and the protease, causing loss of activity in both of them. It is
at this point that the two potential pathways diverge. In the case of the noninhibitory pathway,
the protease is able to deacylate the acyl intermediate complex before loop insertion and trapping
can occur, resulting in the release ofthe active protease along with the inactive cleaved serpin. 1S.21

In the case of the inhibitory pathway, both the serpin and the protease remaines entrapped in a
1:1 inhibitory complex exhibiting an extremely long half-life that effectively removes both parties
from further biological roles."

The RSL is also a key factor in serpin function consistingofa region of- 20 residues that projects
above the body of the serpin, presenting the P-Pl' bond as a protease bait." Any conformational
change in the overall structure of the RSL will also significantly affect the serpin's activity. This
has been observed in the case ofantithrombin, which by itselfis a poor inhibitor ofthrombin, as a
result ofa poorly exposed RSL.18.2S Upon interaction with heparin cofactor, the RSL flips out from
its native partially inserted (into beta-sheet) confirmation thus exposing and greatly enhancing
its acriviry." Similarly alteration of the amino acids in the PI-PI' position also results in the loss
of activity as observed in the case ofviral serpin Serp-I mutant where replacing the PI-PI' R-N
sequence with A-A results in a total lossofserpin protease inhibitory activity and anti-inflammatory
activity.27,2S Interestingly, mutation ofthe Serp-I P2-P7 arm ofthe RSL to aseriesofAla (A)residues
in the Serp-I (Ala6)mutant, leads to a complete reversal ofanti-inflammatory actions and instead
creates a now highly pro-inflammatory and pro-thrombotic protein."

As noted above, the structural scaffold of the serpin has some advantages, but the thermody­
namically unfavorable state means the active serpin can transition to spontaneous conformational
changes as observed for PAI- L24 The large energetic barrier between the serpin's native state and
its latent state prevents the inactive protein from spontaneously attaining this activated state."
This makes serpins less forgiving to mutations which can cause them to fold into their more stable,
noninhibitory or latent state, in which the RSL is inserted into ~-sheetA.29 Such mutations can
lead to disorders known as serpinopathies that are characterized by the misfolding ofthe serpins
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and formation ofserpin oligomers, i.e.,polymeric forms ofthe protein.P'Ihe polymers are formed
by insertion of the RSL ofone serpin into the ~-sheet ofanother serpin, known as the "trans" or
foreign insertion. 24.291hus, misfoldingofserpins can lead to an inactive conformation ofthe serpin
whose thermodynamic stability is comparable with that of the cleaved serpin.

Thrombotic and Thrombolytic Serpins
At sites of injury to any tissue in the body, damaged blood vesselsrespond to limit blood loss

through vasoconstriction and clot formation (thrombosis). With endothelial cell damage there is
a loss ofanticoagulant signals and the exposed inner connective tissue layersofarterial and venous
walls stimulate platelet activation. These activated platelets form a surface on which serine proteases
in the clot thrombotic pathways create a clot. Such clots are driven by factor VII, factor IX and
tissue factor complexes in the extrinsic cascade and factors IX and VIII in the intrinsic cascade all
ofwhich lead to the activation of factor X and thrombin formation (Fig. lB).Thrombin in turn
activates fibrinogen to form fibrin and factor XIII leads to crosslinking to form a fibrin and platelet
mesh. This clot forms when there is damage, whether caused by outside physical trauma or internal
damage such as high cholesterol, diabetes or smoking. The sudden formation of a thrombus on
the damaged inner arterial surface occludes the arterial lumen and blocks blood flow.This causes
heart attacks (myocardial infarctions) and strokes (cerebrovascular accidents) and/or gangrene
with peripheral vascular occlusions. Antithrombin III (AT Ill, SERPIN Cl) and heparin cofactor
II (HC II, SERP1N D 1) are the main inhibitors of the thrombotic protease pathway.

The thrombolytic pathway is best known for its role in clot breakdown or dissolution. 'Clot
busting' or thrombolytic therapies are used to treat acute heart attacks and strokes where throm­
bosis in coronary and cerebrovascular arteries occludes blood flow to the heart or brain. These
thrombolytic agents include streptokinase and tPA or uPA (urokinase). The clot dissolving drugs
are mammalian or bacterium derived serine pro teases, plasminogen activators that cleave the
pro-form ofplasminogen to form active plasmin. The clot dissolving thrombolytic cascade also
has a central role in acute inflammation. tPA, uPA, plasmin, the uPA receptor (uPAR) and the
mammalian serpin that inhibits these serine proteases, plasminogen activator inhibitor-I (PAl-I)
are all up-regulated at sites oftissue injury (Fig. lB).Thus the thrombolytic pathway is part ofan
acute phase, inflammatory response to tissue injury. The uPA/uPAR complex also regulates this
pathway, asdescribed byBlasi.30 Cellular invasion, whether inflammatory cellsresponding to tissue
damage or invasive tumor cells (Fig. lB), can be initiated by the uPA/uPAR complex. S Collen and
P Carmeliets groups have utilized mouse genetic 'knock out' models to demonstrate the key roles
ofuPA, tPA, uPAR and PAI-l in arterial responses to injury in vascular disease."

tPA and uPA have chernoattractant activities attracting cells into areas ofdamage. The uPA/
uPAR complex sits at the leading edge ofinvading cellswhere uPA activates plasminogen to form
plasmin, and the plasminogen activators together with plasmin also activate matrix degrading
pro-enzymes, the pro form ofmatrix metalloproteinases (pro-MMPs), to form active MMPs that
degrade local connective tissue, collagen and elastin. These actions are believed to allow cells to
invade damaged or infected tissues by creating a path in the connective tissue layers through which
cellsmigrate. The plasminogen activators (PAs) also activate growth factors and can releasegrowth
factors from connective tissue stores.

Native mammalian serpins regulate these pathways, with PAI-l (SERPIN El) functioning as
the major serpin regulator for the tPA and uPA pathways. Other serpins that target and regulate
this system include PAI-2 (SERPIN B2), PAI-3 (SERPIN AS), a-2 antiplasmin (SERPIN F2),
protease nexin-I (PN-l, SERPIN E2) and neuroserpin (SERPIN Il). These serpins exhibit dif­
fering degrees of inhibitory activity where PAI-l has a 20 fold faster interaction with tPA than
neuroserpin, whereas neuroserpin has a 20 fold faster inhibition rate than protease PN_1,32·33 PAI-l
can also alter its regulatory patterns in the presence ofvitronectin to become a stronger inhibitor
ofthrornbin. PAI-l is up-regulated increased amounts in inflammatory disorders such as unstable
arterial plaque (unstable angina and impending heart attacks). PAl-1 forms a tripartite complex
with uPA and uPAR which is then internalized, effectivelyblocking uPA/uPAR complex activity.
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PAI-I can also act on circulatingserine proteases and under varied conditions, aswith the presence
of the GAG heparan sulfate, PAI-I can inhibit thrombin. uPAR is a GPI linked nontransmem­
brane protein and relies upon a large array ofassociated membrane proteins that exist associated
with other proteins in a large and complex lipid raft. Proteins associated with uPAR in the lipid
raft complex include integrins, lipoprotein related proteins (LRP or alpha 2 macroglobulin),
chemokine receptors, as well as many other proteins that can provide relays for signaling into the
cell. The uPA/uPAR complex has been reported to modify cell signals through the intracellular
signalingpathways (Fig. lB).

PAI-I binding blocks uPA/uPAR mediated actions, and the inhibition or knock out ofPAI-I
has been shown to reduce plaque growth in animal models ofvascular injury.33.34 Similarly, exces­
siveexpression ofuPA in the rabbit carotid after angioplasty led to increased plaque growth.t? This
observation has however been variable, with PAI-I demonstratingexacerbation ofvascular plaque
growth in other models," Similar variability has been seen in studies assessingPAI-I up-regulation.
For example, one study reported that elevated PAI-I levelswere associated with reduced restenosis
after angioplasry? whereas many other reports have associated elevated PAI-I with increased in­
flanunation and risk ofvascular disease." Neuroserpin isup-regulated at sites ofcerebral injury and
is reported to reduce cerebral ischemic scarring in mouse stroke models. In preliminary work our
lab has detected reductions in plaque growth in rodent models after neuroserpin infusions." Thus,
overall, native manunalian serpins have had varied and sometimes contradictory effects in both
animal models and in patient clinical trials on inflammatory responses and vascular disease.

Serine Proteases andSerpins in Apoptotic Pathways
Apoptosis, or cellular suicide, can be activated by proteases. Aspartate specificcysteine proteases,

named caspases, are considered the predominate mediators ofclassical cellular apoptosis (Fig. 2).
The proteolytic cleavage and activation ofa seriesofcysteine proteases is considered a key pathway
to apoptosis, wherein caspases 8, 9 and 10 are believed to initiate the activities of caspases 3, 6,
9 that execute the apoptotic command through cleavage of a large number of cellular substrate
proeeins." Extrinsic apoptotic pathways are mediated via death receptors (e.g., TNF and Fas
receptors) and activate caspase 8 and 3, while activators, such as many anti-cancer drugs, trigger
intrinsic mitochondrial pathways that induce apoptosis through Apaf-l and recruitment ofcaspase
9 (Fig. 2). However, other diverse proteases such as the cysteine proteases calpain and cathepsin B,
the threonine protease ofthe proteosome and other serine proteases have more recently also been
linked to cell death. Cellular serine proteases that can initiate apoptotic responses include granule
enzymes (granzymes) that interact with intracellular caspase pathways and others that associate
with the bcl-2 pathways." Granzyme B is a serine protease secreted by Cytotoxic T Lymphocytes
(CTLs) or Natural Killer (NK) cells. Granzyme B is reported to have the strongest apoptotic
activity of all the known granzymes. Granzyme B enters cells through pores formed on the cell
membrane caused by perforin, which is also secreted by activated CTLs and NKs, and initiates
apoptosis through direct cleavageand activation ofcaspasesand also cleavageofthe anti-apoptotic
Bid. The cleaved form ofBid inserts into the outer mitochondrial membrane to induce the intrinsic
apoptotic/death pathway. Granzyme has alsobeen reported to enter cellsthrough pathways separate
from perforin pore structures. Another serine protease in the thrombotic pathway, thrombin, also
activates apoprosis.f Once inside the cell, granzyme B cleaves the "pro" form ofcaspase 3 which
then activates the apoptotic machinery (Fig. 2). The caspase enzymes are proven activators of the
inflammasome complex through activation of the pro-forms of the interleukin-If and ILl8 by
interleukin convertingenzyme (ICE, also named caspase 1). Caspase 1 (ICE) drives inflammation
through the activity ofa cellular structure named the intlammasome.tv'" Other researchers have
reported direct-protease driven inhibition of poly-ADP-ribose polymerase (PARP) and iCAD
that can act to protect cells against DNA damage and apoptosis.

The first apoptotic inhibitor identified was a viral cross-class cysteine and serine protease
inhibitor isolated from Cowpox virus, called Cytokine response modifier A (CrmA) or Serine
protease inhibitor-2 (Spi_2).45 CrmA will be described in greater detail in a later section of this
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Figure 2. Apoptotic pathways-serine and cysteine proteases. Intrinsic and extrinsic Fas and
granzyme B apoptotic pathways that are potentially targeted by Serp-2 and Crm A are illus­
trated. Staurosporine activates mitochondrial apoptotic pathways, Fas ligand and Granzyme
B activate extrinsic apoptotic pathways; Camptothecin inhibits topoisomerase and blocks
DNA repair.

chapter. Several mammalian serpins have more recently been identified as playing a part in the
regulation ofapoptotic responses.v CTLs also synthesize their own serpin inhibitors ofgranzyme B.
Among these serpins are Protease Inhibitor-9 (PI -9, SERPIN B9), Plasminogen Activator inhibi­
tor-2 (PAI-2) and maspin. Each of these cellular serpins has proven unusual, having both known
extracellular actions as well as in many cases intracellular and even nuelear localization and func­
tion. PI-9 is a mammalian serpin that binds to and inhibits the actions ofgranzyme B effectively
blocking cellular apoptosis mediated by Granzyme B.47 PAI-2 preferentially binds uPA but is also
localized in intracellular compartments and is poorly secreted. PAI-2 has been shown to alter
apoptotic pathways and has been reported to have similarity in structure to Bel-2 with potential for
overlapping functions in this cell suicide pathway," This potential overlap in function with Bcl-2
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has potential impact in that Bcl-2 itself represents a larger family of anti-apoptotic intracellular
proteins. Neuroserpin is a mammalian serpin that preferentially binds to and inhibits tPA and
has now also been reported to alter apoptotic cell responses." Maspin (mammary serine protease
inhibitor, SERPIN B5) was first discovered as a breast cancer suppressor and also has both intra­
cellular and extracellular functions by bindingwidely divergent proteins that include uPA, uPAR,
HSp79 and 90, glutathione peroxidase, 13-1 integrin and collagens I and Ill, among others." In
addition, the trypsin-like serpin PI-6 (SPI 3, SERPIN B6) in mouse brain can bind granzyme B
and block cathepsin and downstream caspase 7 activation in neurons.l':" PI-6 also incidentally
binds thrombotic and thrombolytic proteases, thrombin, uPA and plasmin. Three serpins that are
best known as regulators ofthe thrombotic and thombolytic pathways, AT-Ill, PAI-l and protein
C inhibitor (PCI also named PAI-3, SERPIN AS), have also been found to alter apoptosis in hu­
man cells.54Nitric oxide nitrosylation ofc-l anti-trypsin (AAT) serpin which targets the trypsin
protease modifies AAT such that it becomes an inhibitor ofcysteine proteases." Serpin activity is
blocked through specific serine protease cleavage,nonspecific metalloproteinase (MMP) cleavage,
oxidation and polymerization. Some ofthese cleaved serpins have additional activities as has been
reported for AT-III.The precise mechanisms through which some ofthese serpin-driven changes
in apoptotic responses are under investigation and are not yet fully defined.

These serine and cysteine protease cellular pathways are both preferentially targeted byvirus-en­
gineered serpins which are now known to block protease activity in the thrombotic/thrombolytic
and apoptotic pathways and exhibit amazingly potent anti-inflammatory activities.

ViralSerpinsand TheirAnti-Inflammatory Activities

Viral Serpins That Target the Thrombotic and Thrombolytic Pathways; Serp-I
andSpi3

Myxoma virus is a member ofthe leporipoxvirus family ofpoxviruses that infects only rabbits.
Myxoma virus induces a lethal infection in European rabbits with over 99% mortality.56 The initial
observation ofthe profound pathogenicityofthis virus in rabbits was made in the late 1800sby Dr
G Sanarelli in South America who had imported the European rabbit to his lab where they became
inadvertently infected with myxoma virus.l" Infection with myxoma virus in the European rabbit
was lethal, causing a rapidly disseminated infection, immune dysfunction and overwhelming sepsis
with over 99% mortality in the animals (European rabbits). In the early 1990sthe McFadden lab
reported that targeted genetic knockout ofthe myxoma virus Serp-I gene resulted in a virus that
could only cause a benign infection in normally susceptible European rabbits.57 This Serp-l gene
knockout ofmyxoma virus produced only mild local dermal lesions that were eradicatedwithin 1-2
weeks, similar to what is observed in rabbit infections with the closelyrelated Shope fibroma virus,
which has a naturally inactivated Serp-I gene and also produces a benign, self-limiting infection in
rabbits. Each ofthese infections, rabbits infected with wild type myxoma virus, myxoma virus with
engineered Serp-I knockout, or the Shope fibroma variant, differed greatly in lesion pathology.
The Serp-I knockout myxoma virus and the natural variant Shope fibroma virus, exhibit a more
effective host inflammatory response to viral infection, while with the wild type myxoma infection,
inflammatory cells do not properly migrate to tissue sites ofviral infection.

In later studies, McFadden and Lomas demonstrated that the myxoma virus-encoded Serp-I
has sequence similarity to serpins, and the protein inhibits tPA, uPA and plasmin in the throm­
bolytic pathways as well as factor Xa in the thrombotic pathway," However, despite the marked
effects ofSerp-I on viral pathogenesis, the K.ss for Serp-I is a lower affinity reaction at 7-8.6 x 104

M-IS-I,whereas the mammalian serpin PAI-l has higher affinity and activity with K.ss on the order
of 1.1-2.3 x 107M- 1s-l.59 Serp-I also binds human thrombin but acts as a protease target and is
cleaved by thrombin under physiological conditions." In the presence ofheparin, however, Serp-I
becomes a more potent thrombin inhibitor with potential to become more anti-thrombotic than
anti-thrombolytic in character,"
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Spi-3 is a related but distinct viral protein expressed by orthopoxviruses like vaccinia virus and
rabbitpox, which unfortunately has a confusing nomenclature with similarity to the unrelated
PIG/SPI3 mammalian serpin nomenclature. The poxviral Spi-3 binds to and inhibits uPA and tPA
and plasmin.62.63Spi-3 is also capable offorming weaker complexes with thrombin and factor Xa
as measured by gel shift assays.63 Spi-3 from vaccinia/rabbitpox and Serp-I from myxoma virus
share only 30% sequence similarity despite targeting similar host protease pathways. The K'sfor
Spi-3 was measured as 0.51,1.9 and 0.64 nM for uPA, tPa and plasmin, respectively. The Ks for
Serp-I were similar at 0.16, 0.14 and 0.44 nM, respectively for uPa, tPa and plasmin.f However,
whereas Serp-I is secreted into the surrounding environment, Spi-3 remains tethered to the cell
surface and exhibits a secondary function in the inhibition ofcell fusion that is independent of
its serpin-based activities.

Preclinical Analysis ofSerp-I

Pilot Studies-RabbitModel
Our founding hypothesis was that native, virus-derived, immunomodulatory proteins can be

developed as a new classofprotein therapeutics to treat inflammatory-based diseases. Rather than
using a live virus or a viral vector in animal models or in patients and thus risk reactions to the viral
construct Itself we followed the lessons ofnatural evolution and the selection pressures exerted by
the immune system. Large DNAviruses, like many parasites, have evolved highly effective defenses
against the host and inflammatory systems and thus such viruses have already accomplished the
necessary research and development that created these viral immune evasion proteins. In other
terms, rather than relying on man's imperfect knowledge and understanding ofthe inflammatory
and immune responses, we utilized viral proteins already discovered, engineered, developed and
proven effective as immune modifying agents and used these naturally-derived reagents in the form
ofthe expressed and purified protein. We directed our initial studies to express secreted proteins
encoded and engineered by complex poxvirus DNA genomes. Indeed, native viral immunomodu­
latory proteins that are often highly potent and naturally function at very low concentrations to
divert the host immune response away from the invading viral organisms.

For the first preclinical animal studies, the viral serpin, Serp-I protein, was expressed from a
vaccinia virus expression system and the secreted serpin protein was purified on FPLC columns
(J Macen, McFadden lab). Using our first generation purification strategy, only submicrogram
(picogram to nanogram) quantities ofpurified protein were isolated, and it is these early prepara­
tions ofsecreted Serp-I that were used for the first studies in 74 cholesterol fed New Zealand white
rabbits. It was reasoned that the intact virus onlyexpressed and secreted very low levels (femtomolar
amounts) ofSerp-l protein into the surrounding tissues and thus the viral serpins might be capable
ofanti-inflammatory action even at very low dosages. Lower concentrations oftherapeutic protein
would also reduce the risk of inducing antibody and immune responses as well.

As this serpin was derived from a rabbit virus, the first disease model we tested was a rabbit
angioplasty injury model, where the timing ofinitial injury and inflammatory response activation
would be known, e.g., initiated with specific angioplasty injury. In the first studies, one bolus of
30-3000 picograms ofSerp-I protein per rabbit was then infused locally at sites ofballoon injury
in studies performed by LYLiu and E Dai in the Lucas lab.64The Serp-I protein was infused locally
using a Wolinsky catheter, which is an angioplasty balloon catheter with small perforations on the
balloon that allowed the protein to be sprayed on the arterial surface while inflating the balloon
(Fig. 3A). Later analyses with Evans blue dye delivered with the same device demonstrated that the
majority ofthis presumed local infusion was in fact delivered in both trans-arterial and systemic
fashion, with 90% ofthe delivered dose spilling into the blood stream. Efficacyofintravenous and
intra-arterial infusion of 0.3 to 300 ng of Serp-I protein were then tested, again demonstrating
effective inhibition ofplaque growth at 4 weeks follow-up after a single bolus injection given at
the time ofballoon angioplasry/"
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D. Serp-l infusion

Figure 3E-F. In the first two panels representative histological cross sections of rabbit arteries
taken at 4 weeks follow-up after balloon angioplasty injury and treatment with either inac­
tive control Serp-l (SAA) control (A) or active wild type Serp-l (B) demonstrate the marked
reduction in plaque area after a single bolus injection with Serp-l (B) when compared to
control (A). In this study rabbits were fed a high cholesterol diet and the drug was given as
a single embolus injection immediately after balloon angioplasty. In the second two panels
cross sections of ApoE null mouse carotid arterial histology sections are shown at follow-up
after treatment with control saline treatment (C) or Serp-l (D) infused by osmotic pump con­
tinuously. Again a marked reduction in plaque area was demonstrated with Serp-l infusions.
Large arrows bracket plaque growth areas in the intimal layer. Small arrows indicate areasof
inflammatory cell invasion. Figure 3, continued on following page.

In these initial studies, early (Le., 24 hrs to 7 days mer angioplasty injury) inflammatory cell,
macrophage and T-cell invasion was effectivelyblocked. Atherosclerotic plaque growth was signifi­
cantly reduced at sites ofangioplasty injury at 4 weeks follow-up, following injection ofa single dose
ofSerp- I protein (Fig. 3B). Smooth muscle cell and B cell invasion were not significantly altered
in this model. Injection ofa mutated Serp-I protein, bearing a genetic replacement ofthe normal
PI-PI' Arg-Asn (R-N) scissilebond with Ala-Ala (A-A), produced an inactive serpin that was no
longer able to block either inflammatory cell invasion or plaque growth.64 In this original study
there were no adverse effects observed; specifically no increased bleeding or clotting, infection or
sepsis, no delay in wound healing, no increased mortality and overall no side effects. Inhibition
of inflammation and plaque development was observed even mer a single injection ofpicogram
to nanogram doses ofSerp-I up to 4 weeks follow-up with no further bolus injecdons.r' The half



The Serpin Saga; Development ofaNewClass o/Virus 143

E. Chronic rejection F. Serp-l treatmen t

Renal transplant rat Renal transp lant rat

Chronic rejection No Chronic rejection (kidney)

Figure 3, continued. PanelsEand F illustrate treatment of rats after allograft renal transplant
(F344 to Lewis rat) with either cyclosporine alone (E) or cyclosporine plus Serp-l (F) at 5
months follow-up. Treatment was given as daily bolus injection i.v, for the first 10 days after
renal transplant with no additional treatment. Areas of renal transplant scarring and loss of
cellularity are indicated by the marker.

life ofSerp-l in normal rabbits was reported by Dr M Hatton (McMaster U, Hamilton, ON) to
be less than 24 hours/?

Pre-ClinicalAnimalModels Studies ofAngioplasty Injury
In subsequent work, the efficacyof Serp-I therapy was tested across species and in differing

models to assessthe range of action and to confirm the anti-inflammatory and anti-atherogenic
actions (blockade of atherosclerotic plaque growth) of Serp-I in angioplasty injury models
(Table 1). Both in the Lucas lab and in a collaborating lab (J Stroney, Case Western Reserve,
OH) angioplasty-induced plaque was reduced at 4 weeks follow-up in cholesterol fed Yucatan
microswine after peripheral arterial balloon angioplasty injury.66 Plaque development was also
significantly reduced after balloon angioplasty in rat iliofemoral and rooster aortic models (Lucas
lab). In each case, early inflammatory mononuclear cell (macrophage and T-cell) invasion was
significantly reduced with Serp-I treatment at the site of injury. In these studies, doses ofSerp-I
protein ranged from picogram/kg up to nanogram/kg body weight. Injections were given by
either local Wolinsky perforated balloon injection (microswine) or by intravenous bolus (rabbit,
rat and rooster), with Serp-I infused immediately after angioplasty. No further injections were
given until the time offollow-up at 4 weeks after angioplasty. While initial work was limited by
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the amount ofpurified Serp-I protein available from the original small protein preps produced,
for use later studies a CHO cell expression system was developed in collaboration with Biogen
(Leona Ling, Boston, MA USA and Viron Therapeutics, Inc, London, ON, Canada). The Serp-I
protein expressed and purified after secretion from CHO cells was produced at much higher
quantities and allowed for higher dose infusions. In the most recent work, Serp-I protein used
for preclinical animal models was expressed in CH0 cells and secreted Serp-I protein was puri­
fied under good manufacturing practice (GMP) conditions, in a format suitable for clinical use.
In all of the initial studies in rabbits and Yucatan microswine models, the perforated Wolinsky
balloon was used for Serp-I delivery at the site of angioplasty injury, based upon the original
rabbit srudies/" However, later work demonstrated efficacy on an equivalent level with systemic
intravenous (Lv.) or intra-arterial (La.) systemic blood infusions. Many of these studies assessing
the local perforated balloon vs systemic i.v, injection routes proceeded in parallel such that local
infusions were still utilized in the swine models while work was ongoing in rabbits demonstrated
efficacy when Serp-l was infused as an i.v, bolus infusion. Once proven effective, animal studies
were in general performed using i.v.,dosing ofSerp-I protein.

Subsequent to these initial studies, Serp-I was tested for efficacy in preventing plaque growth
after both balloon angioplasty injury and bare metal stent implant.66 Plaque was reduced after 2,3
or 11 daily injections ofSerp-I given i.v,and starting immediately after stent implant in cholesterol
fed rabbit aorta. 66 However, Serp-I was not effectivewhen given as a single bolus after stent implant
in either cholesterol fed New Zealand white rabbit or Yucatan microswine models.66 With repeated
balloon angioplasty injury in microswine there was a trend toward reduced plaque when Serp-l was
infused after the final angioplasty injury in a series ofthree angioplasty injuries over 1.5 months,
but this trend did not reach significance.v In none of these cases was baseline preformed plaque
reduced by subsequent Serp-I treatment. Specifically,only plaque at the site ofballoon angioplasty
or stent implantation was reduced, but plaque caused by cholesterol feeding outside the range of
the vascular injury was not affected by Serp-I treatment.66 Thus, with ongoingor recurrent injury,
as with repeated balloon angioplasty or with indwelling arterial stent implants one observes less
effective reductions in plaque with single i.v., bolus injections. Multiple Serp-l injections, however,
did reduce plaque significantly in the rabbit stent implant model. 66 With repeated Serp-I dosing
(2 up to 11 daily i.v,boluses) starting on the day of aortic stent implant in cholesterol fed New
Zealand rabbits, there was effective plaque reduction at 4 weeks follow-up.v ln each animal model
assessed, when early histological specimens were taken, there was evidence for Serp-I mediated
reductions in monocyte and nonspecific T-cell invasion at sites ofvascular injury.66

Spi-3 Treatment in Balloon Angioplasty Models
Spi-3 protein from Vaccinia virus binds uPA and tPA, with weaker binding to fXa and plas­

min as described in preceding sections. Spi- 3 was also tested in parallel with Serp-l in a limited
study after balloon angioplasty injury in rat models. Spi-3, as for Serp-I, reduced plaque growth
significantly when a single injection was given i.v, after balloon injury (A. Lucas and R. Moyer,
unpublished observations).

Preclinical Animal Models Study ofInflamed Plaque in Apopun

Mouse Carotid CuffInjury
The capacity ofSerp-I to reduce plaque inflammation and growth after carotid cuffcompres­

sion in hyperlipidemic ApoEnull mouse models was also assessed. In this study, Serp-l was infused
at 2 /-lg/kg/day subcutaneously by continuous osmotic pump over 4 weeks. A markedly significant
67.7% reduction in plaque size and a reduction in histological markers for plaque instability (Fig.
3C, D) were both detected following Serp-I treatment starting one week after carotid cuffplace­
ment. Serp-I plasma levelswere measured at approximately ng!mL concentrations."When Serp-I
treatment was started at 5 weeks post cuffplacement, a nonsignificant trend toward a reduction
in plaque size (30% reduction) was observed. The plaque development in Serp-I treated mice
at the site ofcarotid cuff compression displayed reduced numbers of invading macrophage with
increased smooth muscle cells and increased collagen deposition suggesting improved stability of
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Table 1. Viral anti-inflammatory serpins assessed foranti-inflammatory activity
in preclinical animal models

Viral RSL/Pl-Pl' Protease Viral Route/X
Serpin Sequence Target Origin No Doses Preclinical Model Findings

Serp-l EADERGTTAS tPA, uPA, Myxoma Wolinsky Balloon Inflammation-D,

SDTAITLlPRN plasmin, virus local x 1 angioplasty-mouse, plaque-D

ALTAIVANKP FXa rat, rabbit, rooster,

FMFLlYHKP microswine

V. Xl, X2, Balloon angioplasty Inflammation-D,

X3 or Xll and stent plaque-D
implant-rabbit, plaque-NE

microswine

Wolinsky Repeat balloon Plaque-D

Local x l angioplasty plaque-NE
Wolinsky injury-microswine

Local x 1

S.c. pump Carotid cuff-mouse Inflammation-D,

30 days plaque-D

inflammation-D,

plaque-D.

LV. Xl Renal artery vein Inflammation-D,

bypass plaque-D.
scar-D

LV. XlO Aortic Scar-D

transplant-mouse, plaque-D

rat renal chronic

transplant-rat rejection-D

LV. XlO Cardiac Prolonged
transplant-mouse, allograft
rat survival-I, acute

rejection-D

I.J. Xl Antigen induced Inflammation-D,
LV. XlO arth rit is-rabb it,-rat erosion-D

Surface CAM-chicken Angiogenesis-D
xl

Spi-3 DVDEQGTVA tPA, uPA, Vaccinia LV. xl Balloon Inflammation,
EASTIMVAT plasmin, virus, angioplasty-rat plaque-D
ARSSPEQLEF throm- cowpox
NTPFIIRHDI bin, fac- virus

tor Xa

continuedon next page
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Table 1. Continued

Viral RSL/P1-Pl' Protease Viral Route/X
Serpin Sequence Target Origin No Doses Preclinical Model Findings

Serp-2 ... VTDFGG Gran- Myxoma I.V. Xl Balloon Inflammation,
zyme B, virus angioplasty-rat plaque-D
caspase
1 (ICE)

Capri- S.c. pump Carotid cuff-mouse Inflammation,
pox x 30 days plaque-D
virus,
Yatapox I.V.Xl Aort ic trans- Inflammation,
virus plant-rat, mouse plaque-D

CrmAI ATCALVAD- Gran- Cowpox I.V.Xl Balloon angio- NE
Spi2 CAST zyme B, virus, plasty-rnouse, rat
Serpin caspase
B13R

1 (ICE), Vaccinia S.c. pump Carotid cuff-mouse NE
caspase virus x 30 days
8, 10,6, I.V. Xl
3,7

Aortic trans- NE
plant-mouse, rat
Prostate cancer Cell growth-I
leukemia

Resistance to
chemotherapy

uPA-urokinase type plasminogen activator, uPA receptor-uPAR, D-decrease, I-increase,
NE-nu ll or equ ivocal effect s, Rb-rabbit, Rt-rat, Ms-mouse, MSw- microswine.
1. Srikanth S, KraftAS. Inhibit ion of caspasesby cytokine response mod ifier A blocksandrogen

ablation-mediated prostate cancer cell death in vivo. Cancer Res 1998; 58:834-8 39.
2. Antoku K, Liu Z, lohnson DE. Inhibit ion of caspase pro teases by CrmA enhances the re­

sistance of human leukemic cells to mult iple chemotherap eutic agents. Leukemia 1997;
11:1665-1672.

3.Boo mker JM, Luttikhu izen DT, Veniga H. The modulation of angiogen esis in the foreign
body response by the poxviral protein M -T7. Biomaterials. 2005; 26: 4874-4881.
4.Richardson M, Liu L, Dunphy L, et al. Viral serpin, Serp-l , inh ibits endogen ousangiogenesis
in the chi cken chorioallantoic membrane model. Cardiovasc Pathol. 2007; 16: 191-202.

the plaque and redu ced risk ofplaque rupture.? Unstable atherosclerotic plaqu e is characterized
by a necrotic lipid core with highly active macrophage and T-cell components that release factor s
that lead to thinning of the surface cap covering the inn er plaqu e core. The core has activated
macrophage and T-Iymphocytes as well as smooth muscle cells, but can also con tain apoptotic
cells.The apoptotic macrophage cells in par ticular can act as small cyto kine factor ies releasing large
quantities of inflammatory activato rs. Prot eases, such as the thrombolytic serine prot eases (tPA,
uPA and plasmin) and the matrix metalloproteinases (MM Ps), are also released that breakdown
the local connective tissue. In addition to these activated and apoptotic cells, layers of cholesterol
deposits and connective tissue also can serve to activate cells and initiate inflamm atory reactions.
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With erosion, this thinned protective cap can rupture, exposing the underlying connective tissue,
inciting thrombus formation and leading to heart attacks and strokes. Mice treated with Serp-I
in this study displayed reduced macrophage content and increased SMC and collagen content
suggesting a more stable plaque phenotype."

Preclinical Animal Model Studies ofTransplant Rejection­
Acute and Chronic Rejection

Aortic TransplantModels
Marked reductions were detected in both inflammatory cell invasion into the arterial wall

along with associated reductions in late plaque growth in the balloon angioplasty and stent im­
plant models, and thus the capacity of Serp-I to reduce chronic inflammation in aortic allograft
and renal transplant models was examined in rat models. In later studies mouse aortic transplant
models were also utilized in order to analyze the effects ofselected genetic 'knock out' on serpin
mediated anti-inflammatory activities. Chronic transplant rejection ofsolid organ transplants is
characterized by chronic vascular occlusion and associated end organ ischemic damage. Although
inhibition ofT-cell mediated rejection is efficacious in reducing chronic transplant vasculopathy
and organ damage, it has been estimated that approximately 50% ofchronic rejection responses
are not adequately blocked and some ofthis chronic rejection and vasculopathy is now attributed
to ongoing smoldering excesses in inflammation and scarring. Two collaborating labs, H Wong
with R Zhong at the University of Western Ontario (ON, Canada) and R Morris at Stanford
(CA, USA), examined the capacity of Serp-I treatment to reduce the long term inflammation
that contributes to chronic rejection.

The initial rat aortic transplant work was performed by Miller and Dai in the Lucas lab.68With
a single i.v., bolus infusions ofeither ACI rat donor to Lewis rat recipient or Lewis rat donor to
Sprague Dawley (SD) recipient rat aortic transplants, a significant reduction in early monocyte/
macrophage and nonspecific CD2 positive T-cell invasion as well as a significant reduction in
later plaque growth were detected." Serp-I was infused via i.v., bolus injection immediately after
completion ofan end-to-end aortic anastomotic connection once visible blood flow (aortic pulsa­
tion) was detectable. No further bolus doses of serpin were infused afier this initial dose and no
other drugs were given in this aortic transplant model study.

RenalandHeterotopic Cardiac Transplants
E Bedard in the Zhonglab subsequentlyexamined F344 (RTlvl) donor to Lewis (RTl) recipient

rat renal transplants at 5 months follow-up/" In this study Serp-I i.v., plus cyclosporine A (0.75 mg/
kg/day s.c.) treatment reduced both scarring and vascular stenosis at 5 months after giving Serp-I
treatment for only the first 10 days after transplant (Figs. 3E, F). Serp-I treatment with and without
cyclosporine A was compared to cyclosporine A alone." When given together with cyclosporine
A, Serp-I at the higher 50 ug/kg i.v., dose markedly reduced all the classical histological markers
for chronic rejection including tubular and glomerular atrophy, vascular hyalinization and corti­
cal scarring in the renal transplant model at 5 months follow-up."Additional bolus injections of
Serp-I at 1month posttransplant did not produce further reductions in scarring and vasculopathy,
indicating that the anti-inflammatory and anti-rejection activity of Serp-I is realized during the
first 7-10 days after transplant. Unlike the simple aortic transplant model, Serp-I given alone,
without concomitant cyclosporine injections, did not reduce transplant vasculopathy or scarring/"
The work with the renal transplant rejection model provided several important advances in our
work. First, treatment with Serp-I together with cyclosporine for the first 10 days after transplant
markedly reduced both scarring and vasculopathy at 5 months follow-up when compared to
cyclosporine treatment alone.f Second, Serp-I treatment could be limited to the first 10 days
afier transplant and result in continued protection ofthe allografi renal transplant even as late as
5 months follow-up with no further boluses. Finally, the renal transplant in this model was the
only functioning kidney in the recipient rat and there was no evidence for toxicity, adverse events
or adverse effects on renal function with Serp-1 treatment.
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A similar study was performed by B Hausen in the Morris lab, examining the percentage of
coronary vessels with evidence for vasculopathy and narrowing at 3 months follow-up in a rat
cardiac transplant model following treatment with Serp-I and cyclosporine treatment for the first
10 days post transplanr." The number ofvesselsdisplaying significant plaque and narrowing was
significantly reduced with Serp-I treatment at 3 months follow-up.

Acute rejection was more recently studied in a Brown Norway rat to Lewis rat heterotopic heart
transplant model. In this work (H Wang in the Zhong lab) detected significantly reduced acute
rejection following Serp-I treatment." Improved graft survival was also detected in rats treated
with a lower dose ofcyclosporin. Indefinite heterotopic heart allograft survival was demonstrated
with greater than 100 daysfollow-up." The Zhonglab also reported reduced xenograft rat to mouse
cardiac transplant losswith Serp-I treatment when given together with two other immunosuppres­
sants, With this work one can propose that Serp-I treatment together with low dose cyclosporine
or other agents should reduce the toxicity ofthese acute rejection treatments."

Preclinical Animal Model Study ofArthritis
In an early pilot studyof15 rabbits with ovalbumin antigen-induced arthritis, W Maksymovich

and A Russell (University ofAlberta, Edmonton, Canada) demonstrated reduced joint swelling
and inflammation and reduced joint cartilage erosion." In this study, Serp-I protein was infused
in nanogram doses via intra-articular injection. In a larger subsequent work, E Brahn (UCLA,
CA, USA) detected marked reductions in joint swelling, erosions and an associated improvement
in motility in a rat treated with Serp-I prior to antigen challenge.72As this represented a preventa­
tive model and thus is an unlikely scenario in the clinic for arthritic patients, the Brahn group also
proceeded to examine the effects ofSerp-I given after arthritis was already established in the rat
model. In this follow-up study Serp-I was infused either alone or together with cyclosporine.When
given alone Serp-I was not effective at reducing inflammation in this collagen induced arthritis
model, whereas when dosed together with cyclosporine, Serp-I protein treatment resulted in a
synergistic reduction."

Chicken Chorioallantoic Membrane (CAM) Model ofAngiogenesis
In a chicken (Gallusgallus) chorioallamoic membrane (CAM) model ofangiogenesis, Serp-I

treatment reduced new vesselcreation significancly.74An inactive Scrp-I mutant Serp-I (SAA),with
an amino acid replacement ofR-N to A-A at the PI-Pl' site, was ineffective. Treatment with the
mammalian serpin, PAl-I, in the same model alsodid not reduce new vesselformation." Treatment
with Serp-I reduced vascular endothelial growth factor and laminin gene expression at 6 hrs and
24 hrs after treatment in this model which has the potential to alter neovascular proliferation.
Collagen IV expression was also altered but varied from reduced levels at 6 hours to increased at
14 hours follow-up. The role ofSerp-I in potentially controlling dysregulated angiogenesis merits
further investigation."

SERP-l Mechanism ofAction
Initial studies with Serp-I used immunohistochemical analysisoftissue specimens from animal

models ofcellular invasion at early times after injury. In the rat and rabbit models there was a con­
sistent early reduction in the invasion ofmacrophage and nonspecific CD2-positive, nonspecific
lymphocyte (specifically NK cell) invasion from 24 hours up to 72 hours after Serp-I treatment
post angioplasty injury or aortic, cardiac and renal transplant. Similar reductions in macrophage
cellsand CD2-positive lymphocytes were detected at earlyfollow-up after acute cardiac (<48 hours)
and chronic renal transplant models. This reduction was greater than the effects ofSerp-I alone or
cyclosporine treatment alone in these same models. This reduction in inflammatory cell invasion
correlated closely with later reductions in plaque growth and vasculopathy development.

It should be noted that many viral proteins exhibit more than one function, often targeting two
or more host response pathways. Serp-I targets tPA, uPA, plasmin in the thrombolytic cascade
and also factor Xa in the thrombotic cascade which represent more than one receptor and signal­
ing pathway. It is certainly possible that this highly potent viral serpin may have acquired other
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functions during evolution as a host immunomodulator, functions that are as yet undisclosed. As
the uPA/uPAR complex has been clearly demonstrated to play an important role in inflammatory
cell responses after vascular injury, other cellular responses and changes in gene expression in hu­
man endothelial cells, monocytes and T-cells were examined in Serp-I treated cultured human
cells.These studies performed by K Viswanathan (Lucas lab) demonstrated that Serp-I treatment
was capable ofreducing cell activation as measured by calcium content and membrane fluidity in
all cell types tested. As one ofthe earliest cell responders to i.v, Serp-I infusions, it is possible that
endothelial cellsmediate the first inhibitory actions ofSerp-I duringvascular injury," Gene expres­
sion was also noted to be altered in endothelial cells and monocytes after Serp-I treatment and
this activation pattern differed for Serp-I and mammalian PAI-l treatment. Ofparticular interest,
in rat arteries tPA, PAI-l and uPAR exhibited increased expression following Serp-I treatments,
while for human endothelial cells in culture, the genes for PAI-l as well as the ITPR2 receptor
for calcium underwent altered levels of expression. 28.75 In human monocytes, Serp-I treatment,
differed from PAl-1 as measured by microarray analysis, thereby causing an increase in an actin
bindingprotein and a reduction in CD18, beta 2 integrin expression (unpublished observation). 108

In the CAM model ofangiogenesis, Serp-I treatment reduced VEGF and laminin expression and
increased collagen IV. In the acute rejection model, when Brown Norway rat donor to Lewis rat
recipient heterotopic heart transplants were performed, Serp-I treatment significantly reduced
TLR2, TLR 4 and myD88 gene expression." Also, in the early stages after chronic renal allograft
transplant with Serp-l treatment, TGF~ gene expression was reduced. Associated with these
changes in inflammatory gene expression, there was a reduction in macrophage and dendritic cell
invasion. An ApoE nullmouse study similarly detected reduced macrophage invasion and associated
increases in collagen and SMC in the plaque, all ofwhich suggest increased plaque stabilization/"
Serp-I was also found to bind to the surface ofendothelial cells, monocytes and T-cells in vivo
using fluorescent microscopy and FACS (fluorescence activated cell sorting) analysis.

In mouse targeted gene knockout models, Serp-Llost all inhibitory activity in uPAR deficient
(uPAR -1-) mouse model ofaortic transplant. However, Serp-I retained its potent anti-inflammatory
activity in PAI-l deficient (PAI-I-I-) mice after aortic transplant, PAI-l deficient CS7Bl/6 back­
ground donor to PAI-l expressing (PAI-I+I+) Balb/C recipient mouse." Conversely PAI-l treat­
ment only reduced plaque in PAI-l knock out CS7Bl/6 isograft transplants, but not in allograft
transplants." In the PAI-l deficient allograft transplant model PAl-1 deficient CS7Bl/6 background
donor to PAI-l expressing Balb/C recipient mouse, treatment with a single dose ofPAI-l caused
a local excessivethrombotic activation and early mortality." In stark contrast, a single injection
of Serp-I protein markedly reduced inflammation and plaque growth and caused no alteration
in thrombosis or bleeding." Treatment with an array of Serp-lIserpin RSL chimeras did not
reduce inflammation or plaque growth indicating that Serp-I requires an intact R-N sequence at
the PI-PI' site. Alteration of the adjacent P2-P7 amino acids, by replacing these residues with 6
alanines led to a loss ofSerp-I anti-inflammatory and anti-atherogenic activity.

Viral Serpins That Target Apoptotic Pathways: Preclinical Analysis
ofCRMA and SERP-2

Cowpox virus's cytokine response modifier A (CrmA) was the first viral serpin to be identified
and has been intensely studied. CrmA is a stable intracellular protein synthesized early during
cowpox viral infection that mediates the formation of characteristic red hemorrhagic pocks on
the chorioallantoic membrane (CAM) offertile hen eggs. A CrmA-like protein called Spi-2 is
also expressed by certain vaccinia virus strains. This 38 ill intracellular protein is expressed early
in viral infection and inhibits both caspases I (interleukin converting enzyme-If or ICE) and 8
as well as Granzyme B, key players in apoptotic pathways. CrmA inhibits caspases-I (Ki=4-10
pM) and 8 (Ki= <340 pM) most effectively, but also inhibits caspase slO (Ki=4-17 nM), 6, 3
and 7 with decreasingeffectiveness.40CrmA blocks apoptosis induced via death receptor signaling
(Fas receptor and TNF), but is not effective at preventingcell death induced by stress or genotoxic
damage induced through mitochondrial apoptotic (caspase 9) signaling.1hese inhibitions help the
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virus to replicate, as the primary way to eliminate aviral infection is for T-cells to induce apoptosis
in infected cells.A chicken chorioallantoic membrane model demonstrated a strong reduction in
inflammation when treated with CrmA; however, recent research in animal models oforthopox­
virus infection has failed to confirm CrmA's anti-apoproric capabilities in vivo.

CrmA (cytokine response modifier A) a cowpox viral protein and Serp-2 (an intracellular
myxoma viral serpin) are two viral cross class serpins that bind and inhibit both granzyme B, a
serine protease and caspase 1 (cysteine proteases). The presence ofAsp (D) in the PI site of the
RSL ofthese two serpins allows these proteins to function both as serine and as cysteine protease
inhibitors, which is why they are called cross classserpins (Fig. 2). Ofinterest, work by Moyer and
Turner have demonstrated that while CrmA binds to both caspases 1 and 8 as well as granzyme
B with greater affinity (Kass)76.77 than Serp-Z, whereas, Serp-2 displays greater effects on viral
virulence in vivo during viral infections." CrmA inhibits extrinsic apoptosis mediated through
the Fas and TNF pathways, but does not block granzyme B mediated cell death after cytotoxic
T-lymphocyte release ofgranules." Serp-2 cannot block apoptosis in cowpox virus infected cells,
but conversely Serp-2 deficiency in myxoma virus infection markedly attenuates virus infection
in European rabbits with a reduction in mortality from 100%to 10%with inactivation of the
Serp-2 gene." CrmA cannot replace Serp-Z and results in only 70% mortality in myxoma virus
rabbit infections.

Like CrmA, myxoma poxvirus 34kD Serp-2 isable to inhibit ICE. Serp-2 shares 35% similarity
with CrmA. However, despite displaying a lower binding affinity in vitro for ICE and caspase 8,
Serp-2 demonstrates a more robust anti-inflammatory activity in vivoduringviral infections. Serp-2
is capable ofinhibiting apoptosis in CAM models ofinfection but did not block inflammation in
the CAM model." Although both Serp-2 and CrmA are cross-classserpins and target some ofthe
same proteases, in infected cells the insertion ofSerp-2 in place ofCrmA does not cause similar ef­
fects.79Thus these two crossclassserpins are not functionally interchangeable and studies in animal
models have confirmed a marked difference in their potential as anti-inflammatory agents.

Spi-I is a less well described rabbit poxvirus intracellular protein with circumscribed
anti-apoptotic activity. This viral serpin binds cathepsin G similar to the reports for the mam­
malian intracellular PI-6 protein. Spi-I has been reported to inhibit a caspase independent form
ofapoptosis in selected cells.80

SERP-2 Preclinical Studies
In rat and mouse models of angioplasty injury and aortic transplant, effective reductions in

inflammatory cell invasion and in plaque growth were observed following Serp-2 treatment."
CrmA converselyhad no effect on plaque growth in these models, nor did two Serp-2 RSL mutants
(D294A and E) provided by P Turner and R Moyer for these studies. Work by I Bot and E Biessen
similarly detected significant reductions in plaque in the ApoE null mouse model with carotid cuff
compression injury after Serp-2 treatment but not with CrmA.82 While Serp-2 showed a trend
toward reducing plaque at the site of carotid cuff compression injury, this trend did not reach
significance. But, unlike Serp-I treatment, Serp-2 was able to reduce the generalized increase in
plaque detected at the aortic root ofApoPull, mice suggesting that this protein can target and reduce
systemic plaque buildup rather than plaque growth only at sites ofvascular surgical injury."

Other Mammalian Serpins
These studies with Serp-I and other viral serpins provide a guide to the development ofagents

targetingpathways identified ashaving potential for high impact in the regulation ofinflammatory
and apoptotic pathways. Thus, mammalian serpins that inhibit the thrombolytic serine proteases,
more specificallythe uPA and tPA pathways, were studied to assesshow close an analogy one might
find for mammalian serpin inhibition ofinflammation. PAl-1 and neuroserpin were tested in similar
rodent models and compared to Serp-I for anti-inflammatory and anti-atherogenic activity in the
preclinical models. PAl-1 binds and inhibits tPA, uPA and thrombin aswell as activated protein C
(APe) with a higher K.., than Serp-I (often with an increase ofK.., on the order oftwo logs (107
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versus 104)).59Neuroserpin binds and inhibits tPA and uPA, but with a greater predilection for tPA.
As noted in prior reports, infusion ofPAl -1 demonstrated anti-inflammatory and anti-atherogenic
actions in some preclinical models, while other studies found a marked pro-inflammatory activity
for PAl -1.35-38 The work by Carmeliet demonstrated an increase in plaque afrer iliac injury in PAI-l
deficient mice," while work by Plopis demonstrated reduced plaque in FeCl3 injured arteries in
PAl-1 deficient mice.36 In our lab, PAl-1 infusion did reduce cell invasion and even plaque growth
in PAl -1 deficient mice in both cell migration assays and in isograft aortic transplants where the
donor and recipient mice both lacked PAI-l expression." In aortic allografis, however, with
transplant ofa PAI-l deficient CS7B1I6 mouse aorta into a PAI-l expressing Balb/c mouse there
was excess local thrombosis and 100% mortality." Thus, adding this natural mammalian serpin
to a mouse already expressing background levels ofPAI-l leads to excess clotting and death. This
pro-coagulant property is not seen following Serp-I treatment.

Mammalian neuroserpin preferentially inhibits two chain tPA (Ki=6.2 x 105 M-Is-I), but also
inhibits single chain tPA, trypsin, uPA, nerve growth factor-y, plasmin and thrombin (Kiranging
from 2.1 x 102 to 8.0 x 104 M -I S-1).32 Neuroserpin has also been implicated in neurological diseases
such as dementia with neuroserpin mutation and polymer formation, cerebrovascular diseases,
epilepsy, multiple sclerosis and schizophrenia. In mouse cerebral ischemia models neuroserpin
appeared to have a protective role as evidenced by the finding that delivery ofneuroserpin to the
affected area (or overexpression of neuroserpin) decreased the ischemic territory and reduced
the numbers of apoptotic cells in the setting of cerebral infarction." Neuroserpin has also been
reported to play a central role in development of the visual cortex in axonal growth and in the
regulation ofsynaptic plasticity. We thus tested neuroserpin in a collaborative study with D Lomas
(U Cambridge, Cambridge, UK).In our rat model ofangioplasty injury and in the mouse aortic
transplant models, neuroserpin injection did significantly reduce plaque growth (unpublished
observations).

In summary, we have assessed two mammalian serpins that target thrombolytic pathways,
plasminogen activators, in preclinical vascular surgery models. One, PAl-1, induced excess throm­
bosis and mortality but the second, neuroserpin, reduced inflammation. Analysis ofthese cellular
serpin proteins and discovery work on the mechanism ofaction ofthese viral serpins has therefore
provided insights into new therapeutic targets for drug discovery and treatment ofinflammation
based disorders. This work in effect adds to the serpin chorus as potential therapeutic agents and
new pathways to target in treating inflammation based diseases.

Other Parasite Derived Serpins
Investigation ofdiverse genomes has yielded a wide range oforganisms that encode serpins, from

poxviruses to mammals to more recently discovered bacterial and unicellular serpins.The function
ofthe majority ofthese proteins are unknown, although most are thought to have inhibitory activ­
ity based on sequence homology ofknown serine protease inhibitors. In this section, serpins from
various organisms are presented and their importance in possible immunotherapies discussed.

Insects are hosts to a wide variety ofdisease causing organisms and act as vectors oftransmis­
sion to man. Serpins in haematophagous (blood-feeding) insects are expressed for two different
purposes; immune evasion/invasion for feeding from their host and defense against infection."
Tsetse flies are responsible for harboring and transmission ofAfrican sleeping sickness in humans.
These insects express the serpins Tsall and Tsal2 in their saliva, which are important for transmis­
sion ofTrypanosomes by suppression ofB and T-cell activity."

Mosquitoes serve as an intermediary in the transmission ofmalaria-causing Plasmodium para­
sites into humans. There are mechanisms in the mosquito gut designed to inhibit the invasion of
the parasites." Anopheles mosquitoes express several serpins that have important actions for the
killing and/or clearing ofparasites from the insect. Thus the mosquito can carry and transmit the
infecting parasite to other hosts such as man without succumbing to infection itself For example,
inA.gambiae, SRPNI0 is expressed as four isorypes, with variations in the RSL.85 Invasion ofthe
midgut ofA. gambiaemosquitoes by Plasmodium berghei ookineses up-regulates the mRNA ofa
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specific subset ofisotypes, KRAL and RCM, possibly regulating the apoptosis ofinfected cells,"
Progression of the timeline of infection can be observed just by the localization and expression
ofSRPNI0. SRPNIO normally resides in the nucleus, but when invaded by ookineses, SRPN 10
translocates to the cytoplasm." Once a parasite is ready to exit from the gut basolateral membrane,
SRPNIO protein expression is then increased." Down-regulation of another mosquito serpin,
SRPN2, by RNAi decreases oocyst formation after infection with Plasmodium berghei in the
midgut," however, in field isolates ofPlasmodiumfalciparum, this did not reduce oocyst forma­
non." SRPN6, another Anopheles expressed serpin, is expressed in both Anopheles gambiae and
stephensi and has an identical 28 residues for their RSL yet result in slightly different activities
in the organisms when faced with Plasmodium Infection." InA. stephensi, SRPN6 is thought
to have parasite killing activity whereas in A. gambiae, Plasmodium berghei SRPN6 possibly has
a role in the clearance ofparasites by delaying the progression of infection." Interestingly, in A.
gambiae, SRPN6 is also up-regulated upon exposure of the gut to Escherichia coli,9O as observed
in Drosophila melanogaster.91

Insects are not the only organisms to express serpins that allow these organisms to invade
their hosts and evade the host inflammatory responses. Helminthes, such as Schistosomes92.93 and
Brugia·94•95express serpins that dampen the immune responses oftheir hosts in not one, but several
pathways.96-102 In blood feeding, ticks also secrete serpins in their saliva to inhibit the local inflam­
matory response and blood clotting to prolong their ability to feed without detection.103·107

Thus these disease-causingorganisms over time havedeveloped an arsenalofproteins to facilitate
successful invasion of their host organisms. By understanding the mechanism of action, serpins
from parasitic organisms could be refined and utilized in therapeutics as anti-inflammatory and
antithrombotic compounds. Serpins have potential uses other than specific protease activity. For
example, serpin-coupled peptides, such as ovalbumin (a serpin that lacks classicalserpin inhibitory
functions) and coupled TcS2 peptides from T.cruzi, have been shown to inhibit T-cell activiry.!"
By using ovalbumin as a carrier protein to reduce immunogenicity, specific host pathways can be
targeted. Beneficial activities from proteins with more than one function can be dissected and
isolated for couplingwith ovalbumin, to minimize nonspecific activities. Utilizing already known
mechanisms ofimmune modulation can be an efficient method oftherapeutic development.

Clinical Study ofSERP-1Treatment in Acute Unstable Coronary
Syndromes; Unstable Angina and Non-ST Elevation Myocardial
Infarction (NSTEMI)

Like any new discovery in the drugfield and clinical testing ofa new classofprotein therapeutics,
this work could not have been done without the efforts of many investigators. A small biorech
company was established in 1997 by Drs Lucas and McFadden, called Viron Therapeutics Inc,
(London, ON, Canada). Viron was initially established around the Lucas and McFadden research
laboratories and founded with the guidance ofDr M Ponansky, the then Director ofthe Robarts
Research Institute, University of Western Ontario, London, ON, Canada. Viron coordinated
the expertise and funding necessary to produce viral proteins according to good manufacturing
practices (GMP) and to set up the preclinical animal toxicity screening according to good lab
practice (GLP) mandates. With this foundation Serp-I has been successfully taken through a
Phase 1 safety trial in man and is being tested for safety and efficacy in a Phase Ha clinical trial
conducted in the US and Canada.

For the Phase 1study, single doses ofSerp-I protein were infused in normal volunteers as man­
dated by the FDA. This was the first trial in man with a new class ofvirus-derived native protein
therapeutic. No changes in cardiac, renal or hepatic function, as well as no changes in clotting
parameters were detected in this study. This Phase 1safety study demonstrated that Serp-I infu­
sion was safe with no adverse events detected or reported. A Phase Ha study is currently ongoing
in which the effects of a Serp-l infusion is given for three days starting immediately after bal­
loon angioplasty and stent implant in patients with acute unstable angina and non-ST elevation
myocardial infarction (NSTEMI). This trial is still ongoing at 7 sites in Canada and the US. The
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results ofthis study have yet to he reported. This Phase 2a study represents a first in man clinical
trial ofa native anti-inflammatoryviral serpin. Clinical efficacyand safety thus remain to be finally
determined for this protein, but, if safe, this study potentially opens the door to testing ofother
viral anti-inflammatory proteins in inflammation driven diseases.

While taking Serp-I to clinical trial is a first step in the path toward using viral anti-inflammatory
proteins as a new therapeutic, this work really represents only the first step in our symphony and
our first passage in the study ofserpins as guides to new therapeutic modalities.
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