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Preface

Wewere just about to organize the 7th International Symposium on Serpin Biology,

Structure, and Function (Serpins 2014) when Springer approached us with the idea

to edit a book on topics of “vascular biology.” Since the meeting, which then took

place in March/April 2014 in Leogang, Austria, was a great success, it was clear to

us that a book reviewing recent advances in the field of serpins in connection with

the serpin meeting is needed by the scientific community. We therefore invited

speakers of that meeting to contribute a chapter to a book about serpins and were

very pleased that most of them agreed. In addition we could get on board some

renowned scientists who were not able to attend the conference but who neverthe-

less agreed to contribute a chapter.

For those who are not members of the serpin community, the term “serpin” in an

acronym for serine protease inhibitor. In fact, the first identified and characterized

members of the serpin family were inhibitors of serine proteases present in plasma

(e.g. antithrombin or α1-antitrypsin). However, the common feature of serpins is

not so much the inhibition of serine proteases but their common structure. There are

serpin family members that not only inhibit serine proteases but also cysteine

proteinases (cross class inhibitors) and other so-called non-inhibitory members

lacking any protease inhibitory activity. These have acquired other functions,

e.g., hormone carriers, chaperones, or storage proteins. We are aware of the fact

that our book does neither cover all serpins nor all aspects of serpin biology. With

this book we rather tried to address some recent developments in serpin evolution,

functions of nonmammalian serpins, new roles of serpins in diseases, or

mechanisms regulating the intracellular maturation and processing of secreted

serpins. The book starts with chapters dealing with the evolution of serpins and

the mechanism of serpin action. These are followed by chapters on specific intra-

cellular and secreted serpins. Finally there are chapters focusing on serpin-related

diseases, disease mechanisms, and disease models, as well as the potential thera-

peutic use of virus-derived serpins.

We would like to thank all authors, who contributed to the book for their

excellent chapters and also for their patience with the editors.
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We hope that this book will also attract readers not so familiar with the serpin

field and stimulate their curiosity for this exciting protein family.

Vienna, Austria Margarethe Geiger

June 2015 Felix Wahlmüller

Margareta Furtmüller

vi Preface



Contents

1 The Human SERPIN Repertoire and the Evolution of 14q32.1

and 18q21.3 Gene Clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Susana Seixas

2 Serpins in Plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Maja Cohen, Thomas H. Roberts, and Robert Fluhr

3 Peptides as Modulators of Serpin Action . . . . . . . . . . . . . . . . . . . . 29

Cathleen Jendrny and Annette G. Beck-Sickinger

4 Genomic and Functional Studies of Serpins from Basal

Vertebrates Provide Insight into the Evolution of Haemostatic

Control and Blood Pressure Regulation . . . . . . . . . . . . . . . . . . . . . 47

Hermann Ragg and Yunjie Wang

5 Regulation of Neutrophil Serine Proteases by Intracellular

Serpins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Charaf Benarafa

6 SerpinB1: A Global Regulator of Neutrophil Homeostasis . . . . . . . 77

Lifei Hou, Kalamo Farley, and Eileen Remold-O’Donnell

7 Serpins in T Lymphocyte Immunity and Blood Development . . . . . 93

Philip G. Ashton-Rickardt

8 Plasminogen Activator Inhibitor Type-2 (PAI-2)/SerpinB2:

A Unique Multifunctional Serpin . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Tierra A. Johnson, Marguerite S. Buzza, Ekemini A.U. Riley,

and Toni M. Antalis

9 Maspin Is a Multifunctional Tumor-Suppressing Serpin . . . . . . . . 127

Heidi Y. Shi, Jeremy S. Zhang, and Ming Zhang

10 Protein C Inhibitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

Felix C. Wahlmüller

11 Protease Nexin-1: A Serpin Involved in Pathophysiology . . . . . . . . 179
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Abstract

The human genome comprises two large clusters of serine protease–inhibitor

genes (SERPINs) originated by duplication events that occurred at different

moments of vertebrate evolution. The 14q32.1 cluster includes 11 members,

all sharing a similar gene structure to alpha-1-antitrypsin, and the 18q21.3

cluster comprises 10 members, characterized by their homology to chicken

ovalbumin. Although the majority of these genes are widespread across mam-

malian species, some are restrained to certain phylogenetic groups, making the

repertoire of each species unique. In primates, events of gene duplication and

divergence were associated to the origin of SERPINA2 and SERPINB3. Evolu-
tionary processes specific to the human lineage included the loss of SERPINA13,
an ancient gene only kept in primates, and the pseudogenization of SERPINB11,
a gene under strong constrains in other species. More recently in humans, natural
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selection acted in SERPINA2 and SERPINB11 favoring, on one hand, a non-

functional allele carrying a 2 kb deletion and, on the other, a resurrected gene

linked to a novel non-inhibitory function. Considering a possible role of

SERPINs in inflammation and immunity, together with the perception of the

impact of infectious diseases in the natural history of human populations and

other species, raised the hypothesis of an evolution driven by host–pathogens

interactions. Overall, gains and losses of genes seem to have had an important

adaptive value in the long-term evolution of 14q32.1 and 18q21.3 clusters with

current implications in SERPIN activities and effects in human diseases.

1.1 Introduction

The superfamily of serine protease inhibitors (serpins) comprises a large number of

proteins widely distributed among animals, plants, viruses, and bacteria, characterized

by a highly order tertiary structure conserved throughout evolution. The prototypical

serpin structure has three β-sheets, nine α-helices, and an exposed flexible stretch

of approximately 20 residues named as reactive center loop (RCL). In most cases,

serpins neutralize serine or cysteine proteases by a unique suicide substrate-like

mechanism that entails a dramatic rearrangement in protein folding. Briefly, serpins

are able to entrap proteases by acting as a pseudo-substrate. Specificity is determined

by the RCL residue composition, in particular those located at the P1–P10 residues
(scissile bond). Once cleaved by the target protease, the RCL moves through a

functional domain—the shutter—to the opposite pole of the molecule causing the

distortion of protease structure and its loss of catalytic activity. As protease inhibitors,

serpins play key roles in diverse vertebrate processes such as coagulation, fibrinolysis,

angiogenesis, tissue repair, inflammation, and apoptosis. However, a small fraction of

these proteins developed other functions outside of proteolysis regulation and exert

activities as hormone carriers, chaperones, or storage proteins (Irving et al. 2000;

Stein and Carrell 1995; Law et al. 2006).

Currently, in the human genome, there are more than 40 annotated SERPINs,
among them several active genes and a few pseudogenes (Heit et al. 2013). These

are classified into nine phylogenetic clades (A–I) defined by similarities in protein

sequence, gene structure, and/or chromosomal position. Interestingly, all these

clades are restricted to the vertebrate lineage placing the emergence of such serpins

within a maximum time frame of 800 million years (Irving et al. 2000, 2007). Clade

B members, also called ov-serpins due to their homology to chicken ovalbumin,

occupy a more ancestral node in the SERPIN phylogenetic tree and encode mostly

intracellular proteins, while the remaining clades include with few exceptions

extracellular SERPINs (Irving et al. 2000, 2007). The largest SERPIN groups are

clade A (13 members) and clade B (15 members), and these are organized into three

major gene clusters in chromosome 14q32.1 and in chromosomes 6p25 and

18q21.3, respectively. The other groups include unique (clades C, D, and G) or a

2 S. Seixas



low number (clades E, F, H, and I) of sequences and are more dispersed along the

genome (Law et al. 2006; Heit et al. 2013).

1.2 SERPINA Cluster at Chromosome 14q32.1

The clade A cluster located at chromosome 14q32.1 spans over ~370 kilobases

(kb) and contains 11 SERPIN members arranged in the following centromere–

telomere orientation: protein Z inhibitor (SERPINA10), corticosteroid-binding

globulin (SERPINA6), alpha1-antitrypsin-related protein (SERPINA2), alpha1-

antitrypsin (SERPINA1), antiproteinase-like 2 (SERPINA11), centerin

(SERPINA9), vaspin (SERPINA12), kallistatin (SERPINA4), protein C inhibitor

(SERPINA5), alpha 1-antichymotrypsin (SERPINA3), and kallistatin-like

(SERPINA13) (Fig. 1.1) (Namciu et al. 2004; Marsden and Fournier 2005). Most

of these genes share a typical structure comprising at least an untranslated exon and

four coding exons, and accordingly, these were proposed to have evolved from a

common ancestral gene through a series of duplication events (van Gent et al. 2003;

Atchley et al. 2001). However, the vast majority of those events are likely to

represent ancient duplications given the overall low level of protein sequence

identity (average 37 %) and their occurrence in ortholog regions in other annotated

mammalian genomes (Fig. 1.1). The exception to this common pattern is the case of

SERPINA1 and A2, which are recent duplicates originated approximately 90 million

years ago (MYA) in the crown of primates and that still display identity of 60 % and

80 % at protein and gene levels, respectively (Marques et al. 2013).

Fig. 1.1 Schematic representation of 14q32.1 and 18q21 SERPIN gene clusters. Upper diagram
shows the relative position of human genes in the two clusters. Lower diagrams illustrate the

presence/absence of ortholog sequences in annotated mammalian genomes (NCBI: http://www.

ncbi.nlm.nih.gov/ and ENSEMBL: http://www.ensembl.org/index.html databases). Functional

genes are shown in black, polymorphic gene/pseudogenes in dark gray, annotated functional

genes in light gray, and known pseudogenes in white. Numbers indicate gene copy number without

predicted pseudogenes. Genes labeled with (asterisk) are annotated as SERPINA14

1 The Human SERPIN Repertoire and the Evolution of 14q32.1 and 18q21.3 Gene. . . 3
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1.2.1 SERPINA1 and SERPINA2 Duplicates

SERPINA1 is the archetypical protein and probably the most studied member of the

superfamily. This molecule is the major protease inhibitor in the human serum and

an important acute phase protein, which underlies a rare genetic disorder prevalent

among individuals of European descent—the alpha1-antitrypsin deficiency

(AATD). The main clinical manifestations of AATD are emphysema and hepatic

disease due to mutations in SERPINA1 gene which may lead to the unopposed

activity of neutrophil elastase released in the lower respiratory tract during inflam-

mation (loss-of-function mutations) and/or to the polymerization of misfolded

proteins in the endoplasmic reticulum of hepatocytes causing cellular damage and

death (gain-of-function mutations) (Gooptu et al. 2014; Janciauskiene et al. 2011).

Conversely, SERPINA2 is still mostly unknown in spite of its sequence identifica-

tion several decades ago (Bao et al. 1988; Hofker et al. 1988). Originally,

SERPINA2 was thought to be a pseudogene because no promoter region or liver

expression was detected, and a significant level of sequence degeneration was

observed, including a disrupted starting codon (ATG to ATA) and a 2 kb deletion

encompassing exon IV and part of exon V (Bao et al. 1988; Hofker et al. 1988).

More recently, a study centered in the characterization of the sequence variation in

the proximal region of the SERPINA cluster confirmed the existence of two distinct

SERPINA2 isoforms segregating within human populations: an inactive SERPINA2
or pseudogene, carrying two disrupting mutations in strong linkage disequilibrium

(ATA and 2 kb deletion) and without any recognizable transcript, and an active

SERPINA2 or gene, mostly expressed in testis and leukocytes that if translated

would encode a regular SERPIN with a distinct inhibitory activity from

SERPINA1—P1–P10 residues composed by tryptophan and serine instead of methi-

onine and serine (Seixas et al. 2007). Later on, the in vitro expression of SERPINA2

and A1 uncovered additional differences between these close homologs; while

SERPINA1 was processed into a fully glycosylated protein and secreted,

SERPINA2 was only partially glycosylated and was localized inside the cells in

the endoplasmic reticulum (ER) (Marques et al. 2013). Nevertheless, SERPINA2

did not show any evidence of polymerization in the endoplasmic reticulum in

contrast to the common misfolded variants of SERPINA1 (Z allele, Glu342Lys,

and S allele, Glu264Val) suggesting that SERPINA2 is a correctly folded protein

with intracellular activity (Marques et al. 2013). So far, all clade A SERPINs were

found to be extracellular molecules, and only SERPINH1 (also known as HSP47)

was identified in the ER as a chaperone with a role in the biosynthesis of collagen

(Christiansen et al. 2010; Mala and Rose 2010).

The divergence of SERPINA2 is also supported by phylogenetic studies. Overall,
the evolution of SERPINA2 and A1 in primates has been shaped by functional

constrains, as it could be expected for two active genes; however, SERPINA2
has experienced higher evolutionary rates than SERPINA1 with several residues

evolving under positive selection (Marques et al. 2013). One of those residues

was the reactive site (P1: Met358Trp), which—based on previous assays done

in SERPINA1 scaffold—is predicted to change the inhibitory affinity toward

4 S. Seixas



chymotrypsin and to slower the formation of protease–inhibitor complexes (Futamura

et al. 1998). Other selected residues (Arg196Asp, Pro197Lys, Leu241Ala, and

Met242Gln) were located in the breach, a crucial structural domain where signifi-

cant residue changes are known to affect SERPIN folding rearrangements and to

increase protein stability with a concomitant decrease in the inhibitory activity (Seo

et al. 2002; Askew et al. 2007a). According to this evidence, while one duplicate

has maintained its original function (SERPINA1), the other copy has undergone an

accelerated divergence possibly associated with the emergence of novel advanta-

geous function in primate evolution (SERPINA2) (Marques et al. 2013). Similarly,

other examples of gene duplication and divergence occurred in rodents, after the

mouse–rat split approximately 25 MYA; in the mouse genome, Serpina1 repertoire
has expanded into six members (a–f; Fig. 1.1) with diverse activities as indicated

by the composition of their reactive sites (P1–P10: Met-Ser, Tyr-Ser, Leu-Ser, or

Ser-Thr).

Conversely, SERPINA2 has also suffered two independent events of gene loss;

one in the chimpanzee lineage caused by a 7.5 kb deletion, which removed the

entire SERPINA2 sequence, and another in humans caused by the polymorphic 2 kb

deletion, as previously mentioned. Interestingly, a remarkable discrepancy in the

2 kb deletion frequency was observed between European and African populations

(18 % vs. 58 %), where the finding of an unusual homogenous haplotype has raised

the hypothesis of a selective advantage through SERPINA2 pseudogenization

(Seixas et al. 2007). Here, the adaptive value of SERPINA2 divergence and

pseudogenization in primate evolution may sound contradictory, yet such events

of gene gains and losses are common within gene families and often correlated with

significant differences in species immunity and reproductive biology (Puente

et al. 2003, 2005).

1.2.2 SERPINA13 Pseudogenization

SERPINA13 is another example of gene loss in the 14q32.1 SERPIN cluster

(Fig. 1.1). In this case, SERPINA13 pseudogenization occurred through the inser-

tion of a premature stop in the third coding exon, which is already fixated in modern

humans and also present in Neanderthal and Denisova genomes but absent in

nonhuman primates. Indeed, the lack of additional inactivating mutations in the

closest primate species suggests SERPINA13 as a possible functional gene silenced
in the human lineage after the split from chimpanzee 6 MYA (Hedges et al. 2006).

SERPINA13 has been reported as a sequence related to SERPINA4 (Namciu

et al. 2004); however, the low level of protein identity (33 %) presupposes that a

long time has elapsed since their origin in a common ancestral sequence. Accord-

ingly, the RCL has diverged from all other members of the cluster indicating that

active SERPINA13 will encode a molecule with an unknown activity (P1–P10:
Gly-Pro). It is worth to note that among annotated mammalian genomes, only

primates seem to have kept SERPINA13 orthologs (Fig. 1.1), which may imply

the conservation of an ancient function with some relevance to those lineages.

1 The Human SERPIN Repertoire and the Evolution of 14q32.1 and 18q21.3 Gene. . . 5



1.3 SERPINB Cluster at Chromosome 18q21.3

The clade B cluster located at chromosome 18q21.3 spans over ~ 513 kb and

contains 10 SERPIN members arranged in the following centromere–telomere

orientation: maspin (SERPINB5), yukopin (SERPINB12), hurpin (SERPINB12),
squamous cell carcinoma antigen-2 (SERPINB4), squamous cell carcinoma

antigen-1 (SERPINB3), epipin (SERPINB11), megsin (SERPINB7), plasminogen

activator inhibitor-2 (SERPINB2), bomapin (SERPINB10), and protease inhibitor

8 (SERPINB8) (Fig. 1.1). The typical structure of clade B genes comprises seven or

eight exons, in which the eight-exon genes encode an additional protein structure of

variable length—the CD loop (Silverman et al. 2004). This structure found among

SERPINB12, B13, B7, B4, B3, B11, B7, B2, and B10 does not affect protein

folding, and it may inclusively contribute to protein function as it happens with

SERPINB2, which is able to crosslink with fibrin and other proteins (Silverman

et al. 2004; Benarafa and Remold-O’Donnell 2005). The acquisition of the CD loop

occurred by the insertion of extra genetic material into the third exon of an ancestral

gene, dating backwards into a tetrapod lineage (450 MYA) from which all eight-

exon genes originated by serial events of duplication (Benarafa and Remold-

O’Donnell 2005). Most of clade B genes located in 18q21.3 cluster are also

widespread across mammalian genomes in ortholog regions, and they tend to

show low rates of identity at the protein level (average 44 %). Here, the exception

to the rule are SERPINB3 and SERPINB4, which result from a recent duplication

originating approximately 30 MYA after the split from Old Word monkeys and

which still preserve 92 % and 95 % identity at protein and gene level, respectively

(Gomes et al. 2014).

1.3.1 SERPINB3 and SERPINB4 Duplicates

Originally described as important cancer biomarkers, SERPINB3 and B4 were

found to be upregulated in several squamous epithelial carcinomas (e.g., the uterine

cervix, lung, esophagus, and head and neck) and in diverse inflammatory conditions

(e.g., pneumonia, psoriasis, scleroderma), but their role outside of pathological

circumstances is far from being fully understood, and like other members of

clade B, SERPINB3 and B4 are thought to be implicated in the control of lysosomal

enzymes and apoptosis (Silverman et al. 2004; Vidalino et al. 2009). Remarkably,

these molecules share only 54 % identity at the RCL and present quite different

protease affinities. SERPINB3 has two serine residues at the reactive site, and it is

able to regulate the activity of cysteine proteases such as the cathepsins L1, L2, K,

and S (CTSL1, CTSL2, CTSK, and CTSS). On the other hand, SERPINB4 has

leucine and serine residues at the reactive site, and it is a potent inhibitor of the

serine proteases like cathepsin G (CTSG) and mast cell chymase (CMA1) and a

poor inhibitor of CTSS (Schick et al. 1997, 1998a, b).

The recent analysis of nonhuman primate sequences has demonstrated that

SERPINB3 inhibitory activity has arisen only approximately 9 MYA in a common

6 S. Seixas



ancestor to humans, chimpanzees, and gorillas, whereas SERPINB4 activity is

likely to have been maintained throughout primate evolution merely alternating

the residue allocated to P1 position of the RCL as either leucine or threonine

(Gomes et al. 2014). Furthermore, the analysis of the orangutan and gibbon

genomes indicates that these species have accumulated in independent ways several

disruptive mutations leading in both cases to the inactivation of one of the

duplicates (Fig. 1.1) (Gomes et al. 2014). Altogether, these findings support

contrasting evolutionary fates of SERPINB4 duplication, while in some primate

lineages one of the copies has undergone pseudogenization, in others it appear to

have experienced an accelerated divergence to accommodate a novel function as

SERPINB3. Indeed, this assumption is supported by phylogenetic studies, which

confirmed a general conservation of SERPINB4/B3 structures with several residues

at critical positions evolving under positive selection. Among these seven are

located at the RCL and all of them differ between SERPINB4 and B3 molecules

(Val351Gly, Val352Phe, Glu353Gly, Leu354Ser, Ser356Pro, Pro357Thr, and

Cys364His). Moreover, the amino acid replacements Val351Gly and Val352Phe

located at positions P3 and P2 of the RCL, respectively, were also pinpointed as

major drivers of SERPINB3 divergence in the human, chimpanzee, and gorilla

clade (Gomes et al. 2014). Accordingly, key position replacements in the RCL of

SERPINB4 including several targeted by natural selection (P2, P20, P30, and P100)
were shown by biochemical studies to affect significantly the affinity toward CTSS

and to turn the molecule more alike to SERPINB3 (Luke et al. 2000). A second

cluster of positively selected residues was located at the opposite pole of the

molecule with potential implications in the RCL insertion and the stability of

protease–inhibitor complexes (Gomes et al. 2014).

Conversely, studies done in target proteases have shown that CTSL2, which is

regulated by SERPINB3 activity, has several residues favored by natural selection

during primate evolution (Gomes et al. 2014), while CTSG and CMA1, both

inhibited by SERPINB4, were identified as fast-evolving molecules in primates

and other mammals (Gomes et al. 2014; da Fonseca et al. 2010). Furthermore, in the

human, chimpanzee, and gorilla clade, CTSS was the single protease identified as a

potential target of natural selection, a protease that is more efficiently inhibited by

SERPINB3 than by B4, and thus it might be more closely correlated with the origin

of SERPINB3. Importantly, many of the protease residues identified as positively

selected are located near the protease catalytic pocket and, as predicted by tridi-

mensional models of protease–inhibitor complexes, are placed in the inhibitor/

protease interface in close proximity to the fast-evolving residues of the RCL

(Gomes et al. 2014). These findings give support to a divergence of SERPINB3
and B4 possibly correlated with an improved inhibitory repertoire, in part driven by

the adaptive forces acting in their target proteases. In this context, the fine balance

between pathogens permanently changing in both time and space and the host

immune response has already been hypothesized to have affected CMA1 and

CTSG evolution in mammals (da Fonseca et al. 2010). However, in the particular

case of SERPINB3 evolution, a direct role of exogenous proteases cannot be ruled

out since this molecule has been implicated in the inhibition of diverse cysteine
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proteases released by different infectious agents (Kanaji et al. 2007; Kantyka

et al. 2011). A direct activity in innate immunity is also plausible given that

SERPINB3 has been localized on the surface of B-lymphocytes (Vidalino

et al. 2012), and it is co-expressed with SERPINB4 in squamous epithelium of

mucous membranes, skin, and the respiratory system, where they may act as

primary defense mechanisms by preventing pathogens to cross epithelial barriers.

Furthermore, the duplication event has also encompassed the upstream promoter

region, and thus both SERPINB3 and B4 still share several transcription factors

(e.g., STAT3) enrolled in modulation of cytokine receptors, inflammatory response,

and immune system (Gomes et al. 2014; Ahmed and Darnell 2009).

Interestingly, in mammalian genomes, the number of SERPINB4 homologs

appears to be variable and correlated with several events of gene duplication and

loss (Fig. 1.1). For example, the mouse genome has four gene copies and probably

several pseudogenes (Heit et al. 2013); the rat has only two copies, as the cow,

which is likely to include several pseudogene sequences as well; the sheep has three

copies; and the dog has a single copy annotated in the genome. The analysis of

residues located at the RCL (P1–P10) shows that leucine–serine or threonine–serine
is the most prevalent composition; nevertheless several other configurations are

allowed which seems to imply a large functional divergence of these genes between

and within mammalian species (Askew et al. 2004). Even so, the serine–serine bond

is only observed in humans, chimpanzees, and gorilla, thus confirming the novelty

of SERPINB3 activity.

1.3.2 SERPINB11 Resurrection

SERPINB11 is a member of the 18q21.3 cluster common to different annotated

mammalian genomes, which has probably arisen from an ancient duplication

together with SERPINB7 (protein identity 43 %) (Benarafa and Remold-O’Donnell

2005; Heit et al. 2013). In humans, SERPINB11 has two major isoforms, one

corresponding to a full-length transcript and coding for a regular SERPIN, and

another carrying a premature stop codon at position 90, which results in a nonfunc-

tional variant or pseudogene (Askew et al. 2007a). In addition, biochemical assays

in which the RCL was swapped between human and mouse orthologs showed that

SERPINB11 lost the ability to inhibit trypsin-like proteases due to the accumulation

of a series of amino acid replacements outside of the RCL region (Askew

et al. 2007a).

The comparison of SERPINB11 sequences across multiple primate species

disclosed an initial process of SERPINB11 pseudogenization followed later by its

gene resurrection, as a more parsimonious hypothesis. While all nonhuman

primates have a leucine residue at position 90 generally encoded by a TTA

codon, humans carry either a TAA termination codon or a GAA glutamic acid

codon, pointing out a likely TTA-TAA-GAA mutational pathway (Seixas

et al. 2012). In addition, the discovery of a TAA codon in both Neanderthal and

Denisova genomes strengthens the assumption of an early loss of function that
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occurred some time before their divergence from modern humans, approximately

600,000–800,000 years ago (Reich et al. 2011; Green et al. 2008).

The loss of SERPINB11 contrasts with the strong evolutionary constrains

registered in the primate phylogeny and the high evolutionary rates observed in

the human linage associated to the active SERPINB11. There, several residues
under selection were detected including two fixed positions (Val194Glu and

Thr253Ile) and five polymorphic sites (Leu90Glu, Thr148Met, Ala181Thr,

Trp188Arg, and Ser303Pro). According to three-dimensional models, all these

residues gained in the course of human evolution were predicted to interfere

directly or indirectly with SERPIN functional domains (breach, shutter, and gate

regions) possibly influencing the formation of structural rearrangements and

SERPINB11 shifting of into a non-inhibitory molecule (Seixas et al. 2012;

Askew et al. 2007a). Interestingly, the active SERPINB11 (Glu90, Thr181,

Arg188, Pro303) was also found to be associated with hallmarks of selection in

Africa because it could define a common long-range haplotype even in the presence

of a recombination hotspot. However, the worldwide distribution of the active

haplotype and the decoupling of age estimates obtained for the amino acids

substitutions alone (>240,000 years) and for the entire haplotype (16,500 years)

suggested that the active SERPINB11 isoform might have become beneficial, only

recently under a novel set of environmental conditions. The findings of a slight

overrepresentation of the active SERPINB11 in geographic areas with a pastoral

mode of subsistence, non-humid temperate climate, and greater diversity of

pathogens appear to support such hypothesis (Seixas et al. 2012). Indeed, the

major ecological changes that took place during the Holocene including the end

of the glacial period, the onset of agriculture and animal husbandry, and the social

modification from small groups of hunter-gatherers to more densely settled

communities are known to have had a great impact on the pathogen burden in

human populations and on a faster dispersal of infectious agents, leading to more

severe outbreaks of diseases. Hence, the emergence of an active SERPINB11 could

have been triggered by major environmental changes initiated about 12,000 years

ago and by a selective advantage related to host–pathogen interactions (Seixas

et al. 2012). Although this hypothesis has been built based strictly on genetic data,

the recent evidence from a chicken homolog lacking inhibitory activity and also

displaying an exposed CD loop with strong antimicrobial potential may argue in

favor of a role of SERPINB11 in innate immunity and host defense (Rehault-

Godbert et al. 2013).

1.4 SERPIN Repertoire in Human Health and Disease

As previously described, the number of active SERPIN genes in 14q32.1 and

18q21.3 clusters may vary within human populations and between humans and

other primate or mammalian species. In addition and aside from the copy number

variation, serpins may as well exert different activities across diverse phylogenetic

groups, in result of their functional divergence and organism’s adaption to different
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environments. Even though these events of gain and loss of function are expected to

have contributed to the overall fitness of individuals, nowadays these may have

repercussions in the patterns of human disease and implications in the usage of

animal models to access SERPIN function and dysfunction. Another central issue

about copy number variation within gene families is the possible existence of some

level of redundancy, which in the case of serpins may be correlated with their

ability to inhibit a myriad of different proteases although with variable level of

efficiency.

AATD, a Mendelian disorder affecting SERPINA1 gene located at 14q32.1

cluster, has more severe effects when linked to gain-of-function mutations, which

increase significantly the ability of protein to aggregate and cause cellular stress,

than perhaps those associated only to loss-of-function mutations and reduced

SERPINA1 serum levels. For instance, subjects homozygous for the Glu342Lys

allele may in a low percentage of cases exhibit severe hepatic disease in childhood

or, as it happens more frequently, remain as nearly asymptomatic until later in

adulthood when they start to have respiratory complaints (ATS/ERS 2003). Con-

versely, AATD patients lacking SERPINA1 (null homozygous) do not show any

other phenotype beside the lung disease in fourth decade of life (Vaz Rodrigues

et al. 2012; Fregonese et al. 2008). The late onset of lung disease and the relevance

of patients’ smoking history in its development and progression place AATD as a

health problem possibly correlated with a recent increase in life expectancy. In

accordance, animal models of the human disease were capable of reproducing liver

disease phenotypes through transgenic mouse expressing the Glu342Lys misfolded

allele, but fail in mimicking emphysema, probably due to the multiple copies of

Serpina1 (Askew et al. 2007b).

Conversely, several SERPINs seem to have roles in the inflammatory response,

which is an important underlying factor in complex diseases such as cancer or

autoimmunity disorders. For example, SERPINA1 has been shown to be an anti-

inflammatory and immunomodulatory molecule capable of lowering cytokines

and chemokines released by macrophages and of inducing changes in the expres-

sion of important immune markers in pancreatic islet cells (Jonigk et al. 2013).

In this context, SERPINA1 was also found to protect pancreatic beta-cells from

the immunological attack in type 1 diabetes; to drastically reduce adipose inflam-

mation, insulin resistance, and body weight gain in overfed mice; and to be a

possible therapeutic strategy to increase insulin secretion in type 2 diabetes

patients (Kalis et al. 2010; Mansuy-Aubert et al. 2013). Moreover, in systemic

lupus erythematosus, the loss of SERPINB3 expression on the surface of

B-lymphocytes was proposed to impair B-cell maturation (Vidalino et al. 2012),

whereas in psoriasis, the principal antigen underlying immune reactions was con-

firmed to be an end product of SERPINB3 enzymatic cleavage by mast cell

chymase (Lysvand et al. 2014). Worth to note, some serpins were also found to

accumulate functions as antimicrobial and antiviral molecules when cleaved by

nontarget proteases (Malmstrom et al. 2009; Munch et al. 2007; Rehault-Godbert

et al. 2013; Pellegrini et al. 2004). Despite not exhaustively reviewed, these

examples seem to indicate clade A and clade B SERPINs as pleiotropic molecules
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that may be implicated in many different activities with possible effects in human

health. Even though SERPIN losses do appear to cause strong deleterious effects in

humans, especially before reaching reproductive age, this does not exclude a

possible contribution of the most recent evolutionary events of serpin gains and

losses in the susceptibility to complex disease in particular when taking into

account the new set of environmental conditions of the western societies.

1.5 Concluding Remarks

The human SERPIN repertoire results from the combination of old functions shared

across different mammalian species, which result from early events of gene dupli-

cation in the evolution of vertebrates and novel functions restricted to some

phylogenetic groups, probably associated to adaptive responses not fulfilled by

other activities of standing members. Considering other examples of the evolution

of gene families including those of proteases and the multiple SERPIN functions, it

seems plausible a recent evolution driven by innate immunity with concomitant

effects in current patterns of human health and disease.
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Abstract

The serpins are a family of structurally conserved protease inhibitors found

mainly in the animal and plant kingdoms. This chapter will focus on the

evolution of plant serpins brought to light by mining of the growing number of

whole plant genomes. Our analysis shows remarkable diversification of

plant serpins as compared to those in animals. Indeed, a degree of conservation

between species is noted only at the level of comparison within plant orders,

whereas in animals conservation of structure and function is noted at the phylum

level. Within plants one serpin, containing the amino acids Leu-Arg in the P2–

P1 position of the reactive center loop, is exceptional in that it is conserved in all
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genomes examined. The recently discovered function in programmed cell death

is described for this serpin. We will further review the knowledge recently

acquired on other plant serpins and their possible functions in cellular processes.

2.1 Introduction: Plant Serpins, an Evolutionary Perspective

The comparative analysis of serpin evolution throughout plant and animal phyla,

including close unicellular relatives, offers insights into their structure and function.

Almost all animal serpins are known to inhibit serine proteases, but the best-studied

plant serpin targets cysteine proteases. Serpins of the animal phyla Chordata and

Arthropoda show remarkable islands of conservation, an observation that facilitates

their comparative study. The conservation among gene families of plant serpins is

much less evident except for one group of serpins that contains an LR amino acid

motif in the critical P2–P1 region of the reactive center loop (RCL). This chapter

will highlight insights from new genomic data brought to light by the recent whole

genome sequencing of scores of plant species and will describe the functionality of

the most highly conserved and ubiquitous representative, AtSerpin1, from the

model plant Arabidopsis thaliana.

2.2 Rapid Evolution of Plant Serpins as Compared to Animal
Serpins

Genome families of plant serpins tend to be small, with an average 5–15 members.

This small but highly variable number may indicate specialized conserved

functions. The last review of plant serpins featuring integrative genomics was

completed in 2007 (Roberts and Hejgaard 2008) and was based mainly on inform-

ation from expressed sequence tags (ESTs) and cDNA libraries. The recent addition

of numerous whole genomes made it worthwhile to reexamine the plant serpins for

new insights. Complete genomes, as compared to EST and cDNA data, enabled us

to emphasize evolutionary conservation irrespective of gene expression levels.

Below we analyzed the complete genomes of 31 higher plant species (Fig. 2.1).

In Fig. 2.1a genomes of different species are organized by the orders to which

they belong and for clarity are denoted by the same color. Clearly at this evolution-

ary level of diversification, serpins tend to form order-specific clusters. This

clustering implies that the serpins have rapidly diversified to serve functions that

are specific to the needs of each species. For example, the divergence between

monocots (which include the grasses) and eudicots occurred about 200 million

years (Myr) ago (Wolfe et al. 1989). The lack of obvious homology between serpins

from monocots (Poales in pink) and eudicots (all other colors) observed in the

evolutionary tree (Fig. 2.1a) suggests that serpins acquired their main diversity after

this speciation. Consequently, plant serpins are specifically adapted to the needs of
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Fig. 2.1 Phylogenetic relationships among plant and animal serpins. (a) Evolutionary tree of the

serpins from the plant kingdom. The tree is based on a multiple sequence alignment using

ClustalW2. Sequences within the same length range (400–450 amino acid residues) were selected

in order to avoid intron-exon prediction issues. The longer the branch, the more distant are the

proteins from each other. Scale is in amino acid substitutions. Branches are colored by their

specific order as shown in the tree legend. The following species were included (grouped

according to order): Poales, Oryza sativa, Zea mays, Sorghum bicolor, Hordeum vulgare, Setaria
italica, and Brachypodium distachyon. Rosales: Malus domestica, Prunus persica, and Fragaria
vesca. Myrtales: Eucalyptus grandis. Ranunculales: Aquilegia caerulea. Cucurbitales: Cucumis
sativus. Malpighiales: Populus trichocarpa, Linum usitatissimum,Manihot esculenta, and Ricinus
communis. Fabales: Glycine max, Medicago truncatula, and Phaseolus vulgaris. Brassicales:
Arabidopsis thaliana, Arabidopsis lyrata, Brassica rapa, Capsella rubella, and Thellungiella
halophila. Laminales: Mimulus guttatus. Solanales: Solanum lycopersicum and Solanum
tuberosum. Sapindales: Citrus sinensis and Citrus clementina. Malvales: Theobroma cacao and
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the organism, and their function might not necessarily be related to basic plant

machinery.

Unlike plant serpins, which show species-specific radiation at the level of order,

animal serpins display conserved serpin identity at the phylum, the ancient level

above the order. This is exemplified by a phylogenetic comparison of 16 serpins

from two Chordata species, human and mouse (Fig. 2.1b). Each animal serpin type

has been classified previously (serpin clades A to H; Irving et al. 2000). They form

distinct evolutionary units that are well conserved between human and mouse, a

pattern that likely attests to conservation of function throughout Chordata evolu-

tion. Remarkably, there are almost twice as many serpins in the mouse genome than

in the human genome (60 and 36, respectively) (Heit et al. 2013). This difference

might have arisen from independent gene duplications in order to fit the need to

regulate the larger number of proteinase present in the mouse genome (Kaiserman

et al. 2002). Therefore, some mouse serpins are encoded by gene paralogs that have

human orthologs. It is tempting to hypothesize that several serpin orthologs were

present before the speciation of the Chordata phylum some 1000 Myr ago (Wang

et al. 1999). Thus, serpin functions in these taxons are linked to traits common to all

the Chordata species. For example, all antithrombins (serpin clade C) from each of

the terrestrial vertebrate groups share a similar heparin target and anticoagulant

properties (Jordan 1983). In contrast to these ancient animal lineages, the differen-

tiation of plant monocots and eudicots and within eudicot species occurred more

recently, some 200 Myr ago (Wolfe et al. 1989). Yet, compared to animals, they

have rapidly diversified in their serpin sequences. This may indicate that they have

adopted different functions or, if they are inhibitory-type serpins, that they have

rapidly adapted to new target proteases. Thus, plants and animals have taken very

different strategies in pacing the evolutionary development of serpins. The common

phenomenon of polyploidization in plants and the abundance of transposable

elements in their genomes may explain the rapidity of serpin evolution.

Fig. 2.1 (continued) Gossypium raimondii. (b) Evolutionary tree of serpins from the Chordata.

Serpin sequences from mouse and human belonging to clades (A to H; Irving et al. 2000) were

selected and aligned using ClustalW. The colors represent the species as noted in the tree legend.

The leaf labels (A to H) are for the serpin clades. Scale is in amino acid substitutions. (c) Multiple

sequence alignment of the RCL regions of serpins from Chlamydomonas reinhardtii (Locus:
XP_001695981), Volvox carteri (Locus: XP_002949428), and Arabidopsis thaliana LR serpin

(AT1G47710). The arrows point to specific position with the sequences: P17–P15 (hinge region)

and P2–P1 (Leu, Arg residues). All the trees were built based on the alignment files performed

using ClustalW2 with default parameters. The phylogenetic trees were uploaded to the ITOL

software that allowed their editing (Letunic and Bork 2011)
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2.3 The LR Serpins Represent an Ancient Lineage

One group of plant serpins stands out in its conservation and contains represen-

tatives from all sequenced genomes (Fig. 2.1a, framed in black). This group has

been noted before (Roberts and Hejgaard 2008) and is made up of the so-called LR

serpins, i.e., the serpins that present a conserved Leu-Arg motif at the P2–P1

cleavage site. The ancient origin of this lineage can be established by examining

Chlamydomonas reinhardtii and Volvox carteri as examples of single and multi-

cellular volvocine-type green algae for which genome sequences are available. The

last common ancestor diverged from the ancestors of flowering land plants at least

450 Myr ago and from each other about 200 Myr (Wolfe et al. 1989; Herron

et al. 2009). The alignment of the RCL regions of the algae serpins and the

Arabidopsis LR serpin is shown in Fig. 2.1c. The hinge region seems rather

conserved with the P17–P15 positions similar to that found in Arabidopsis LR

serpins. However, as reported earlier (Roberts and Hejgaard 2008), the critical P2–

P1 site in the green algal serpins appears 16 residues distant from the start of the

hinge region, falling one residue short of the canonical 17 aa length normally

required for protease inhibition (Zhou et al. 1997). Shortening of the RCL seems

to be less critical than adding residues: crmA, C1 inhibitor, and alpha-2-antiplasmin

are examples of inhibitory serpins with an RCL length of 16 residues (Gettins

2002). Considering the fact that the LR serpins are conserved throughout the

evolution of the plant kingdom, including in close relatives such as single-celled

green algae, it is conceivable that the LR serpin is the ancestral progenitor of

all serpins in plants and that its function has been retained as well as its conserved

sequence. Functions of the Arabidopsis LR serpin, AtSerpin1, will be discussed

below.

Apart from the LR serpins, the arrangement of most plant serpin clades in a

species-specific manner strongly suggests that extant plant serpins evolved during

plant speciation. It was therefore of interest to examine if and when serpin gene

members exhibit conservation of sequence, which may also allude to conservation

of function. To this end, sequences were compared for species within the Poales and

Brassicales as these orders are represented by numerous species.

2.4 Conservation of Serpin Sequence Within Orders

The order Poales, for which complete genome sequence of six species is available,

contains the grasses, including some of the important cereals that sustain human-

kind, including barley, maize, and rice. In all, 55 genes encoding full-length serpins

are distributed between the six species. At this level of comparison, distinct groups

that contain representatives of at least 5–6 species are evident (marked as clades 1–

3 in Fig. 2.2a). Residues P17–P15 are normally highly conserved in the hinge

region as they facilitate rapid insertion of the RCL into the β-sheet A (Huntington

et al. 1997). The hinge of the serpins in group 1 of the Poales species presents an

unusual amino acid composition; e.g., they lack a glutamic acid residue (E) at P17,
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Fig. 2.2 Phylogenetic analysis of serpins in plant orders and ecotypes. (a, b) Evolutionary tree

and sequence logo of the serpins belonging to species in the orders Poales (Oryza sativa, Zea mays,
Sorghum bicolor, Hordeum vulgaris, Setaria italica, and Brachypodium distachyon) and

Brassicales (Arabidopsis thaliana, Arabidopsis lyrata, Brassica rapa, Capsella rubella, and

Thellungiella halophile), respectively. Each color represents a different species as mentioned in

the tree legends. The sequence logo represents the 40-amino acid sequence that surrounds the

RCL. The hinge and the P2–P20 regions are framed in the logo. The sequence logo was performed

using the alignment data of serpins from the same order; therefore, the presence of gaps can be

detected. Clades 1, 2, and 3 from both Poales and Brassicales are framed in the trees and have been

selected due to their relatively long and significant branch length. (Asterisk) The numbers in
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which would affect the ability of the serpin to inhibit proteases. Moreover, the

residues Gly, Lys, and Pro are highly conserved around the P1–P10 region

(Fig. 2.2a, bottom). Those serpins may perform non-inhibitory functions and are

conserved among the Poales species (Francis et al. 2012). The second clade

includes the monocot LR serpins, which are in a group that also contains non-LR

serpins and in which the hinge has the conserved sequence of inhibitory serpins. A

serine residue at the P10 position is highly conserved in all of the sequences of this

clade and might be related to the target proteases that could also be conserved. The

third group in Fig. 2.2a is characterized by the presence of unusual threonine

residues appearing on either side of the hinge region and a valine residue in the

C-terminus of the sequence. In contrast, the position of the cleavage P1–P10 appears
to be highly variable. Functions have yet to be associated with any of these monocot

serpins.

The analysis of the order Brassicales also confirms clustering into clades at this

level. The first group shows a hydrophobic Val instead of the conserved negatively

charged Glu at the P16 position of the hinge. The P13 position is usually occupied

by a Glu; however, this group presents a positively charged Lys instead. This serpin

group has other noncanonical residues in the hinge region, and therefore these

proteins might be candidates for non-inhibitory serpins. The second group consists

of the LR serpins. The RCL region of these serpins is almost entirely conserved in

the order Brassicales, suggesting that they are the targets of conserved proteases.

The third group displays characteristics of inhibitory serpins, containing all the

conserved residues in the hinge domain. However, the P1–P10 amino acids are

highly variable.

�

Fig. 2.2 (continued) parentheses represent the total number of sequences from the same species.

(c) Amino acid variation in the reactive centers of Arabidopsis serpins. Loci for genes encoding
full-length serpins in Columbia (Col-0) were examined at the 1001 Proteomes portal: http://

1001proteomes.masc-proteomics.org (Cao et al. 2011). For each serpin, amino acid variations

(non-synonymous single nucleotide polymorphisms, nsSNPs) for the P4–P40 peptide region were

assessed among the Arabidopsis accessions from MPI (Max Planck Institute for Developmental

Biology; 83 accessions) and JGI (Joint Genome Institute; eight accessions) available on

27 November 2014. Loci are listed in chromosome order. Amino acid residues (one-letter

abbreviations) are colored according to physicochemical properties: black, small; green,
medium-sized and large hydrophobic; pink, polar; red, negatively charged; and blue, positively
charged. The P1 residue is shown in bold. Residues given below the P4–P40 peptide sequence are
those recorded as different in at least one of the 91 MPI or JGI accessions (a dash indicates no

residues were variant at that position). For sites within the P4–P40 peptide that had more than one

variant residue, the residues are displayed in an additional row. The number of accessions

corresponding to each specific substitution is also given. A question mark indicates that data

could not be mined due to multiple variant residues at single sites creating overlapping images.

Note that the accession “proteomes” used at the 1001 Proteomes portal are based on SNP calls

from various re-sequencing projects and analysis procedures and are completely reliant on the

analysis and SNP calls by the original data providers. Consequently, all SNPs should be treated as

putative until demonstrated experimentally through targeted sequence validation or mass

spectrometry
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2.5 Conservation of Genes at the Level of the Species:
Analysis of Arabidopsis Ecotypes

Arabidopsis thaliana, or thale cress, is a small flowering plant of the mustard family

(Brassicaceae or Cruciferae) related to agricultural plants such as cabbage, cauli-

flower, radish, and rapeseed. Its small genome, size, and easy manipulation in the

laboratory have made it a model organism in plant biology. Its broad distribution in

nature has resulted in a high degree of variation among ecotypes. These have been

collected around the world as they exhibit remarkable morphological differences;

yet they all belong to the same species. In this context, it was of interest to analyze

the amino acid variation in the RCL region of 91 ecotypes of Arabidopsis
(Fig. 2.2c). The eight-member gene family is conserved; however, a number of

variations occur among the ecotypes. It is of interest that all the serpins that show no

variation in their P4–P40 peptide sequence within all the accessions are also the

same ecotypes that belong to clades 1–3 shown in Fig. 2.2b. This suggests evolu-

tionary pressure to conserve this sequence. Reciprocally, the serpins that show

variation in their RCL in Fig. 2.2c are part of the serpin classes that are less distinct

in their conservation in the order Brassicales (Fig. 2.2b). One exception is serpin

encoded at locus At3g45240, which clusters with clade 3. Remarkably, in the serpin

encoded by At3g45220, both P2 and P1 positions are variant. A change in such

position would be predicted to be critical to protease specificity, which is discussed

below.

Clearly, plant serpins have a rapid pace of evolution when compared to promi-

nent animal lineages. The more rapid evolution has enabled the plant to adapt more

specifically to its environmental conditions to maintain selective fitness. Whether

the sequence diversity is due to acquiring novel serpin functions is not known and is

the subject of future research.

2.6 Functions for Intracellular Serpins

The most conserved group of plant serpins belongs to the LR lineage. At least one

gene encoding a serpin containing P2–P1 Leu-Arg appears in all plant species. The

Arabidopsis AtSerpin1 LR gene is the most highly expressed serpin in Arabidopsis
and appears in all organs. It is most closely related to vertebrate Clade B serpins.

These serpins lack clearly detectable N-terminal signal peptides, reside within

nucleo-cytosolic compartments, and are thought to safeguard cells against the lethal

effects of uncontrolled proteolytic activity (Silverman et al. 2004; Mangan

et al. 2008; Kaiserman and Bird 2005). In white blood cells, SERPINB1 is localized

to the cytoplasm that surrounds lytic azurophilic granules. It is thought that

SERPINB1 could neutralize the major proteases contained within the granules

and prevent damage due to inadvertent release. Similarly, in cytotoxic lymphocytes,

SERPINB9 was found to be associated with the cytoplasmic side of granules that

contain granzyme B and could dampen activity of released proteases (Hirst et al. 2003).

In an example of cytoplasmic-localized serpin expression from the non-vertebrate
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Caenorhabditis elegans, serpin SRP-6 was found to function by protecting against

stress-induced protease leakage from lysosomes (Luke et al. 2007). In nematodes

proteases are released from lytic compartments due to osmotic shock. The release is

nonlethal in wild-type nematodes, but nematodes lacking SRP-6 die, presumably due

to uncontrolled lytic activity. In the light of these biological concepts, it is of interest to

examine the biological role of the cytoplasmic AtSerpin1.

The X-ray crystal structure of AtSerpin1 (pdb: 3LE2) (Lampl et al. 2010)

features three β-sheets (sA, sB, and sC), nine canonical α-helices (hA–I), and a

protruding RCL. The loop joining s2B and s3B contains a plant-specific motif

(YXXGXDXRXF) between Tyr225 and Phe234. This structure confers to the plant

serpin “breach” region a more open conformation compared to other native serpin

structures. The electrostatic potential map for AtSerpin1 shows a striking positively

charged surface. Similar positive potentials under the RCL of mammalian C1

inhibitor (SERPING1) may act in a “charge sandwich” mechanism, whereby

negative charged molecules are attracted to the positively charged surface. This

in turn would attract positively charged proteases to the serpin (Beinrohr

et al. 2007). Whether such cofactors play a role in AtSerpin1 interaction with

proteases is unknown.

AtSerpin1 has been shown to form covalent complexes with the papain-like

protease RESPONSIVE TO DESICCATION-21 (RD21) (Lampl et al. 2010).

Importantly, the tetrahedral intermediate that forms between the protease and serpin

reactive-center substrate is based on an active site cysteine. Fractionation of

seedling extracts by nonreducing SDS-PAGE followed by immunoblotting with

AtSerpin1-specific antibodies revealed the presence of an additional slower-

migrating complex that was absent when leaves were treated with the specific

cysteine protease inhibitor E-64 (trans-epoxysuccinyl-L-leucylamido

(4-guanidino)butane). RD21 papain-like cysteine protease (PLCP; C1A family) is

the major protease labeled with the E-64 derivative DCG-04 in wild-type extracts

but not in extracts of mutant plants constitutively overexpressing AtSerpin1,

indicating competition between the serpin and label. Direct immunoblotting with

RD21-specific antibody revealed that the protease accumulated both as a free

enzyme and in a complex with AtSerpin1. Both RD21 and AtSerpin1 knockout

mutants lacked the serpin protease complex. The results establish that the major

Arabidopsis plant serpin interacts with RD21 in vivo.

Within the larger PLCP family of about 30 members, the RD21 protease belongs

to a small multigene family of which four members contain a unique granulin

domain in the C-terminus (Beers et al. 2004). This domain is enriched in cysteine

residues, creating a highly knotted structure. In animals, granulin domains are

synthesized as part of multiple repeats and serve functions in gene regulation

(Bateman and Bennett 2009). In plants, the granulin domain is restricted to juxta-

position with RD21 and other PLCPs and is of unknown function. However, as in

animals, the granulin domain can be cleaved from the protein during protein

processing. RD21 was originally characterized as being induced by dehydration

and salt stress in Arabidopsis (Koizumi et al. 1993), tomato (Harrak et al. 2001),

and senescing leaves of sweet potato (Chen et al. 2006), as well as in postharvest
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broccoli florets (Coupe et al. 2003). Thus, the juxtaposition of the granulin to a

PLCP is also conserved in higher plants.

2.7 Concept of Vacuolar-Mediated Cell Death in Plants

The plant cell vacuole is filled with water and storage metabolites that maintain

cellular turgor. Vacuoles contain a host of enzymes, particularly hydrolases, which

play a major role in autophagy. The vacuole also serves to maintain cellular

homeostasis by stabilizing cytoplasmic pH, making the vacuolar interior more

acidic. The integrity of the membrane surrounding the vacuole (the tonoplast)

ensures compartmentalization of potentially life-endangering hydrolytic enzymes,

such as proteases. The PLCP protease RD21 is localized to the vacuole and is the

major source of the vacuolar protease activity in Arabidopsis (Gu et al. 2012). A

role for vacuolar-induced programmed cell death has been described (Hara-

Nishimura and Hatsugai 2011). It is brought about by rapid collapse of tonoplast

integrity. For example, the sudden release of vacuolar contents into the cytoplasm

caused rapid cell death in the hypersensitive response to tobacco mosaic virus

(TMV) in tobacco (Hatsugai et al. 2004) and application of toxins such as oxalic

acid and fumonisin produced by necrotrophic pathogens (Wolpert et al. 2002).

Similarly, such pathways for cellular clearance are likely to be utilized during

developmental programmed cell death (e.g., vascular xylogenesis) as the removal

of all cellular content by vacuolar proteases is important for complete xylem

maturation.

2.8 Serpins and Vacuolar-Mediated Cell Death

If vacuolar integrity were compromised, the subsequent release of proteases such as

RD21 would induce cell death. The common fungal toxin, oxalic acid, and a

salicylic acid agonist, benzothiadiazole, are known to compromise the integrity of

the tonoplast (Lampl et al. 2013). Changes in vacuole permeability occurred with

concomitant release of vacuolar protease RD21, and formation of a covalent serpin-

RD21 complex with AtSerpin1 that is present in the cytoplasm. Mutant plants

lacking RD21, or plants with cytoplasmic-localized AtSerpin1 overexpression,

exhibited significantly less elicitor-stimulated cell death than plants lacking

AtSerpin1 (Lampl et al. 2013). Thus, survival and death were dictated by the

ratio of protease to serpin (Fig. 2.3). Interestingly, necrotrophic phytopathogenic

fungi secrete oxalic acid to kill cells and then flourish on dead tissue. Furthermore,

consistent with a pro-death function for RD21 protease, fungal growth was

accelerated in plants lacking AtSerpin1, but compromised in plants lacking

RD21. Hence, a degree of commonalty exists between animal and plant execution

of PCD (Fig. 2.3). Thus, the major cytoplasmic-localized serpin of Arabidopsis,
AtSerpin1, controls the pro-death functions of compartmentalized proteases by

determining a set point for their activity.
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Curiously, AtSerpin1 has also been shown to interact with metacaspase

9 (AtMC9) (Vercammen et al. 2006). Metacaspases are cysteine proteases that

are distantly related to animal caspases found in plants, fungi, and protozoa. AtMC9

is an Arg/Lys-specific cysteine-dependent protease (Vercammen et al. 2004). A

yeast two-hybrid screen with inactive protease revealed an interaction with

AtSerpin1, and this serpin was also a potent inhibitor of AtMC9 activity in vitro.

The biological importance of this interaction remains to be elucidated.

The scenario shows the PLCP RD21 in the vacuole in the resting cell (left).

During cell death two pathways may be followed. When the ratio of serpin to

protease is sufficient, a pro-life scenario unfolds (bottom right), whereas when this

ratio is insufficient to deactivate proteases, the cell dies (top, right).

2.9 Other Functions for Plant Serpins

In vitro, plant serpins have been shown to inhibit mammalian proteases of the

chymotrypsin family (Vercammen et al. 2006; Dahl et al. 1996; Ostergaard

et al. 2000; Yoo et al. 2000). Barley serpin BSZx can inhibit trypsin at the canonical

P1 Arg (i.e., using a 17-residue RCL) and chymotrypsin at P2 Leu (Dahl et al. 1996)

(using a 16-residue RCL). This ability and the high expression of such serpins in

cereal seeds might be important for the in vivo inhibitory specificity of the LR and

other serpins. Insects, particularly those from the orders Lepidoptera and Diptera,

use enzymes with chymotrypsin-like activity digestive enzymes (Jongsma and

Bolter 1997). The presence of these serpins may protect seeds; however, this has

yet to be shown. In this respect, it is of interest to note the variability of sequence

cytosol

Vacuole

Tonoplast
membrane

AtSerpin1

Protease-RD21

cytosol

Vacuole

cytosol

Vacuole

Pro-death scenario

Pro-life scenario

Fig. 2.3 Vacuolar-mediated

cell death
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change among Arabidopsis ecotypes (Fig. 2.2c). We suggest that serpins with

invariant reactive centers among a large number of accessions are more likely to

inhibit endogenous proteases, while those with highly variant reactive centers are

more likely to inhibit digestive proteases from pests or pathogens (which would

vary between ecosystems).

The direct effect of serpins on the green peach aphid, Myzus persicae, was
conjectured by the negative correlation of insect growth with the level of the serpin

CmPS-1 from pumpkin (Cucurbita maxima) (Yoo et al. 2000). However, direct

feeding assays were not conclusive. In contrast, AtSerpin1, when directly supplied

to Spodoptera littoralis, was shown to negatively affect its growth (Alvarez-

Alfageme et al. 2011). However, in this case, the normal in vivo levels of AtSerpin1

are far too low to substantiate this attribute as part of its natural function, although

the interaction may have an application in pest control. Importantly, considering the

functions of AtSerpin1 elaborated above, such use in biotechnology would neces-

sarily impact on general aspects of cell biology, e.g., programmed cell death.

2.10 Novel Serpin Functions in Cell Biology

Plants are subjected to environmental insults that can cause damage to DNA; for

example, they produce singlet oxygen in high light due to energy transfer from

chlorophyll (Ramel et al. 2012; Rastogi et al. 2014). In Arabidopsis, genes encoding
AtSRP2 and AtSRP3 were induced 5-fold and 100-fold, respectively, after expo-

sure of seedlings to low concentrations of methyl methanesulfonate (MMS), a

model alkylating reagent that causes DNA damage (Ahn et al. 2009). tDNA

insertion mutant (single-gene knockout) plants atsrp2 and atsrp3 exhibited greater

root length, leaf number, and overall size than wild-type plants when exposed to

MMS. The results imply that serpins AtSRP2 and AtSRP3 are required for normal

responses of plants following exposure to genotoxins, but the mechanisms for this

response remain unknown.

2.11 Conclusions

Serpins in the plant kingdom evolved during plant speciation and thus might

possess an activity adapted to the needs of the species to which they belong. The

exceptional and highly conserved LR-type serpin has apparently retained a

conserved function and target. Recent research attributed a role in programmed

cell death to this serpin. Other serpins may play a role in a range of cellular

processes that are related to stress.
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Abstract

Serpins are key players in the regulation of various physiological functions. In

addition, their functional loss owing to genetic variations and polymerization

causes severe diseases. It is therefore of interest to target serpins for therapeutic

interventions. Increasing knowledge of structure, mechanisms of function and

dysfunction, as well as natural modulation of human serpins has opened up new

possibilities for structure-guided design of modulators. These might provide the

possibility of both inhibition and mimicking of serpin function regarding prote-

ase inhibition. Also interference with pathological serpin polymerization might

be achievable. Peptides are promising molecules for this purpose since they have

been shown to be potent and selective inhibitors of protein–protein interactions.

This chapter illustrates how serpin action can be modulated by peptides and how

these might be useful for therapeutic intervention.
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3.1 The Serpin Family: Structural Characteristics
and Functional Diversity

3.1.1 Structural Characteristics and Mechanism of Function

The serpin superfamily is a group of large proteins distributed over all areas of life.

More than 1500 serpin-related genes have been identified with 36 being expressed

in humans (Law et al. 2006). The denotation of serpins is attributed to the finding

that the earliest members of this family primarily were serine protease inhibitors

(Carrell and Travis 1985). Today, the protein family moreover involves some

inhibitors of cysteine proteases as well as cross-class inhibitors that inhibit both

serine and cysteine proteases (Izuhara et al. 2008). Additionally, members are

known to have lost their capability of protease inhibition and bear other functions

instead.

The similarity of all serpins is given in their tertiary structure which shows

strong conformity. Since the publication of the first crystal structure in 1984

[cleaved α1-antitrypsin (Loebermann et al. 1984)], many others followed and

revealed a typical fold with 3 β-sheets and 8–9 α-helices. An additional feature is

the flexible C-terminal region called reactive center loop (RCL) which is of major

importance for the protease inhibitory function.

Inhibition of a serine protease by a serpin is a stepwise process (Fig. 3.1) and

goes along with transition from a metastable (RCL exposed) to a hyperstable (RCL

inserted) conformation. Starting point is the recognition of the RCL by the protease

in a substrate-like manner forming the non-covalent Michaelis complex

(Ye et al. 2001; Baglin et al. 2002; Dementiev et al. 2003; Lin et al. 2011). After

spatial proximity is achieved, Ser195 of the serine protease’s catalytic triad nucle-

ophilically attacks the main chain carbonyl carbon of the scissile bond [between P1
and P1

0 according to nomenclature of Schechter and Berger (1967)] building a

tetrahedral intermediate (Liu et al. 2006). Cleavage of the scissile bond yields the

acyl ester intermediate (Lawrence et al. 1995; Egelund et al. 1998). Upon this

cleavage a conformational rearrangement takes place. Thereby the N-terminal part

of the cleaved RCL is inserted as strand 4 into β-sheet A, translocating the still

attached protease about 70 Å from the top to the bottom of the serpin (Huntington

et al. 2000; Dementiev et al. 2006). In this final serpin–enzyme complex, the active

site of the protease is disrupted and catalytic deacylation is prevented (Kaslik

et al. 1997; Stratikos and Gettins 1999; Huntington et al. 2000; Dementiev

et al. 2006). Therefore, the ability to rapidly insert the RCL into β-sheet A

determines between inhibitory and substrate-like character of a serpin.

3.1.2 Serpins in Physiological and Pathological Processes

With their unique mechanism of protease inactivation, serpins are key players in

many important physiological functions such as inflammation (Heit et al. 2013),

blood coagulation, and fibrinolysis (Rau et al. 2007). Furthermore they participate
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in the regulation of insulin resistance and defense of microbial infections as shown

for the visceral adipose tissue-derived serpin (vaspin) (Heiker et al. 2013) and

members of the ov-serpins (Silverman et al. 2001). Serpin expression is altered in

several pathological conditions. For example, increased vaspin levels have been

linked to obesity and impaired insulin sensitivity in animal models and in humans

(Hida et al. 2005; Youn et al. 2008). This has been suggested to be a compensatory

mechanism on insulin resistance involving kallikrein 7 as a protease target of vaspin

(Heiker et al. 2013).

Some serpins have lost their protease inhibitory properties but bear other

functions. Mammary serine protease inhibitor (maspin) and pigment epithelium-

derived factor (PEDF) are inhibitors of angiogenesis and involved in tumor sup-

pression (Bodenstine et al. 2012; Filleur et al. 2009). Cortisol- and thyroxine-

binding globulins (CBG, TBG) are hormone binders and transporters (Lin

et al. 2010; Schussler 2000), heat shock protein 47 (Hsp47) acts as an intracellular

chaperone (Sauk et al. 2005), and angiotensinogen is a precursor molecule in the

regulation of blood pressure (Morgan et al. 1996).

As serpins are important in the regulation of physiological processes, severe

diseases result from serpin dysfunction. The so-called serpinopathies are a group of

protein conformational diseases provoked by point mutations that cause serpin

Fig. 3.1 Mechanism of serpin action. Structural changes during inhibition of serine proteases

(black) by serpins (gray; RCL and central β-sheet A colored in green and blue, respectively); (a)
crystal structure of an intact serpin (Protein Data Bank (PDB) code 1QLP); (b) crystal structure of
a non-covalent Michaelis complex between serpin and protease (PDB code 1OPH); (c) crystal
structure of a final serpin–protease complex (PDB code 1EZX); (d) depiction of chemical

modifications during complex formation
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polymerization. These diseases are attributed either to serpin accumulation in the

cell of origin or to loss of function due to low concentrations that reach the

circulation. The Z mutation of α1-antitrypsin is the best described mutation causing

serpinopathy. Its accumulation in the liver is a risk factor for cirrhosis, hepatocel-

lular carcinoma, and neonatal hepatitis, while α1-antitrypsin loss in the lung is

associated with emphysema (Gooptu et al. 2014). Serpinopathies are also reported

for neuroserpin, antithrombin, C1 esterase inhibitor, and α1-antichymotrypsin and

manifest in the early-onset dementia “familial encephalopathy with neuroserpin

inclusion bodies” (FENIB) (Davis et al. 1999), thrombosis (Bruce et al. 1994;

Picard 2003), hereditary angioedema (Aulak et al. 1993; Eldering et al. 1995),

and chronic obstructive pulmonary disease (COPD) (Gooptu et al. 2000),

respectively.

However, it still remains unclear and is discussed controversially how patholog-

ical polymers are formed. For long time it has been accepted that polymers are

“loop-sheet” polymers inserting the RCL of one molecule into β-sheet A of another

one (Lomas et al. 1992). Since the publication of two crystal structures in 2008 and

2011 (Yamasaki et al. 2008, 2011), the possibility of “domain-swap” polymers

characterized by the insertion of larger serpin domains arose. The comparison of

both general models with existing data does not reveal an ultimate statement and is

controversial, favoring either the “loop-sheet” (Ekeowa et al. 2010; Santangelo

et al. 2012) or the “domain-swapping” model (Yamasaki et al. 2010, 2011;

Huntington and Whisstock 2010).

3.1.3 Natural Modulation of Serpin Action and Specificity

According to their mechanism of function, the specificity of serpins should be

predominantly determined by the P1 and the adjacent residues. However the often

high specificity of serpins toward their target proteases is in contrast to the low

variability in their P1 residue. It turned out that other features like exosites and

cofactors are important in defining selectivity. Exosites are additional interaction

sites outside the typical recognition region which can enlarge and specify the

binding surface between serpin and target protease. For example, exosites are

found to play a role in protease inhibition of α1-antitrypsin, plasminogen activator

inhibitor-1 (PAI-1), kallistatin, and α2-antiplasmin (Gettins and Olson 2009). They

can also be used to bind cofactors as modulators to gain specificity or to accelerate

activity for a certain protease. In most cases these are glycosaminoglycans like

heparin. While sometimes heparin acts as an allosteric modulator of serpin activity

(Whisstock et al. 2000; Huntington 2000; Baglin et al. 2002), in most cases it is

reported to provide a bridging mechanism, which brings serpin and protease in

proximity to each other and thereby accelerates the rate of complex formation

(Li et al. 2004; Dementiev et al. 2004; Li and Huntington 2008; Huang et al. 2011).

Including vitronectin and protein Z, there are also protein modulators that facilitate

serpin modulation. Vitronectin stabilizes the active conformation of PAI-1 and

arranges its localization on its site of action (Zhou et al. 2003). The serpin cofactor
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protein Z has a comparable function for protein Z-dependent protease inhibitor

(ZPI) as it anchors the serpin on phospholipid surfaces whereby interactions with

membrane-bound factor Xa are promoted (Wei et al. 2009; Huang et al. 2010;

Qureshi et al. 2014).

Another way of natural serpin regulation is latency transition which is best

described for PAI-1 but also shown for other serpins (Mottonen et al. 1992;

Chang 1998; Mushunje et al. 2004; Ricagno et al. 2010). Thereby the serpin

spontaneously inserts its non-cleaved RCL into β-sheet A which prevents protease

inhibition.

3.2 Peptides as Modulators of Serpin Functions
and Dysfunctions

Owing to their versatile functions in humans, serpin modulation gives many

opportunities for therapeutic intervention. Based on the knowledge of the serpin

mechanism of protease inhibition and its modulation, approaches were taken to

manipulate serpin action and polymerization by interactions with small molecules,

antibodies, chemical chaperones, proteins, and peptides. Peptidic approaches were

mostly performed to gain better understanding of serpin characteristics such as

protease inhibition, specificity and selectivity, structural rearrangements, and poly-

merization. Moreover, peptides are very interesting molecules from the therapeutic

point of view. Although having some drawbacks such as low bioavailability,

peptides are often able to specifically and selectively target protein–protein

interactions. They are much smaller than proteins, more facile to produce and

offer the advantage of being easily modified (Mäde et al. 2014).

Peptides derived from the maspin RCL (Ngamkitidechakul et al. 2003;

Ravenhill et al. 2010), from the C-terminal part of α1-antitrypsin (Congote and

Temmel 2004; Congote 2006; Congote et al. 2008; Jia et al. 2012), and from PEDF

(Mirochnik et al. 2009) are reported to be biologically active with respect to some

non-protease-related functions. The following examples however focus on modu-

lation that directly interferes with the protease inhibitory function of serpins or with

serpin polymerization.

3.2.1 Peptides Inhibiting Serpin Action

3.2.1.1 Blocking of Reactive Center Loop Insertion into b-Sheet A
25 years ago, it was shown for the first time that peptides mimicking the reactive

center loop are capable of inhibiting serpin action. After it has been hypothesized

that the N-terminal part of the RCL inserts into β-sheet A as one important step

involved in the unique serpin mechanism (Loebermann et al. 1984; Carrell and

Travis 1985), it was tested whether the isolated peptide sequences derived from this

part of the protein can be incorporated similarly. Incubation of α1-antitrypsin with a
peptide related to its RCL sequence resulted in 1:1 complex formation (Schulze
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et al. 1990) (Fig. 3.2a). Concurrently, and in contrast to native α1-antitrypsin, this
one was no longer able to form a stable complex with its target protease trypsin and

to provide antitryptic activity. A variety of similar peptides derived from different

members of the serpin family were synthesized. They all were able to convert the

serpin from an inhibitor into a substrate of the target protease and proved the

concept of serpin inhibition by peptides derived from their RCL sequences.

Shortening of the primarily identified α1-antitrypsin peptide showed that

C-terminal truncations are accepted to retain serpin inactivation, while

N-terminal truncations are not (Schulze et al. 1992). Studies on short PAI-1

peptides revealed that also the mechanism of serpin inhibition by RCL-derived

peptides might be variable depending on peptide length and position of binding.

Comparing the effects of two PAI-1-derived peptides representing P14–P9 and P8–

P3, respectively, it was demonstrated that both peptides were able to inhibit

complex formation between PAI-1 and its protease targets and inhibited PAI-1

activity (D’Amico et al. 2012). While the more N-terminal part (P14–P9) induced

substrate behavior of PAI-1, the more C-terminal part (P8–P3) however led to

latency transition of PAI-1 (Fig. 3.2b).

It has been proven by crystal structures of antithrombin (Skinner et al. 1998) and

PAI-2 (Jankova 2001) complexed with their 12-14-mer RCL peptides that the

serpin inhibitory properties of RCL-derived peptides in fact result from peptide

Fig. 3.2 Peptidic inhibitors of serpin function. Peptides and their effects on serpin inactivation are

depicted in red. (a) Peptides inserted into β-sheet A (dark blue) (PDB code 1BR8) avoid serpin

function of protease (black) inhibition either directly or by induction of the latent conformation (b;
PDB code 1DVN). (c, d) Peptides blocking the interaction of serpins and their cofactors (light
blue) slow down serpin activity. (c) Interaction of ZPI with protein Z (PDB code 3H5C). (d)
Heparin, bridging antithrombin and thrombin (PDB code 1TB6)
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insertion as a fourth strand into β-sheet A. Crystallization studies on a PAI-1 mutant

and a short peptide representing residues P14–P10 of its reactive center loop showed

a complex with two molecules of the peptide (Xue et al. 1998). Both were localized

in β-sheet A, but one molecule occupied the same space as P14–P10 in cleaved or

latent PAI-1, whereas the other occupied the space of P6–P2 of the cleaved loop.

The peptide annealing approaches showed that with peptides derived from the

RCL (Table 3.1), serpin modulation is possible. Although these peptides might be

useful tools for studying serpin structure and function, there are some limitations

that impede their use in therapeutic applications. On the one hand, unspecific

insertion of peptides into several different serpins (Mast et al. 1992; Chang

et al. 1996) might cause undesirable side effects. On the other hand, peptide

insertion was experimentally difficult. Solely, binding of PAI-1 peptides could be

achieved fast as complete complex formation was observed already after 15–60 min

Table 3.1 Serpin-inhibiting peptides

Origin of peptide Peptide sequence Target References

α1-antitrypsin ...TEAAGAMFLEAIPM...

P15–P1 GTEAAGAMFLEAIPMY α1-antitrypsin
α1-antichymotrypsin

antithrombin

Mast et al. (1992)

P15–P3 Ac-GTEAAGAMFLEAI α1-antitrypsin
antithrombin

Chang et al. (1996)

P14–P1 Ac-TEAAGAMFLEAIVM α1-antitrypsin Schulze et al. (1990)

P14–P4 Ac-TEAAGAMFLEA α1-antitrypsin Schulze et al. (1992)

P14–P8 Ac-TEAAGAM α1-antitrypsin Schulze et al. (1992)

P12–P1 Ac-AAGAMFLEAIVM α1-antitrypsin Schulze et al. (1992)

antithrombin ...EAAASTAVVIAGR...

P14–P1 Ac-SEAAASTAVVIAGR antithrombin Bj€ork et al. (1992)

P14–P2 Ac-SEAAASTAVVIAG antithrombin Carrell et al. (1991)

P14–P3 Ac-SEAAASTAVVIA antithrombin Chang et al. (1996),

Skinner et al. (1998)

α1-antitrypsin Chang et al. (1996)

P14–P7 Ac-SEAAAS antithrombin Carrell et al. (1991)

PAI-1 ...TVASSSTAVIVSAR...

P14–P1 Ac-TVASSSTAVIVSAR PAI-1 Eitzman et al. (1995)

P14–P7 Ac-TVASSSTA PAI-1 Lawrence (1995)

P14–P10 Ac-TVASS-NH2 PAI-1 Xue et al. (1998)

P14–P9 TVASSS PAI-1 D’Amico et al. (2012)

P8–P3 TAVIVS PAI-1 D’Amico et al. (2012)

PAI-2 ...TEAAAGTGGVMTGR...

P14–P1 Ac-TEAAAGTGGVMTGR PAI-2 Jankova (2001)

non-serpin derived

high molecular

weight kininogen

GKHKNKGKKNGKHNGWK PAI-1/vitronectin Chavakis (2002)
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at 37 �C (Eitzman et al. 1995; D’Amico et al. 2012). Insertion of α1-antitrypsin,
antithrombin, and PAI-2 peptides into their corresponding serpins needed high

excess of peptide and long incubation times of 12–48 h or temperature highly

above 37 �C (Schulze et al. 1990; Mast et al. 1992; Bj€ork et al. 1992; Chang

et al. 1996; Skinner et al. 1998; Jankova 2001) and are therefore not applicable for

in vivo usage.

3.2.1.2 Inhibitors of Serpin Cofactor Interactions
In cases where cofactors are needed for high rates of protease inhibition by serpins,

peptides that competitively block the serpin cofactor interaction are valuable for

slowing down protease inhibition (Fig. 3.2c, d). Such modulation has been shown

for PAI-1 and its cofactor vitronectin. Based on studies showing that PAI-1 and

two-chain high molecular weight kininogen (HKa) compete for adjacent binding

sites on vitronectin (Chavakis et al. 2000), it was investigated whether a HKa

peptide can interfere with vitronectin-dependent PAI-1 functions. A 17-mer peptide

derived from domain 5 of HKa (Table 3.1) was found to inhibit binding of PAI-1 to

both isolated and extracellular matrix-associated vitronectin (Chavakis 2002). This

effect led to reduction of PAI-1 antifibrinolytic activity and inhibited its high-

affinity binding to fibrin.

Inhibition of serpin activity by peptides blocking the accelerating effect of

cofactors might be a very interesting approach and has advantages over other

strategies. Firstly, those peptides would not lead to complete loss but rather slow

down serpin action. This means there is still some active serpin left. Secondly,

inhibition is reversible which is easier to handle with respect to therapeutic

applications. And finally, the activity of one and the same serpin can be selectively

inhibited with regard to one target protease while keeping inhibition of other

proteases that do not need the cofactor interaction. Thus, side effects could be

diminished.

3.2.2 Peptides Inhibiting Serpin Polymerization

3.2.2.1 Blocking of Reactive Center Loop Insertion into b-Sheet A
As it has been accepted that serpin polymerization occurs by inserting the RCL of

one serpin into the β-sheet A of another one (Lomas et al. 1992), it was the next step

to test peptides that were shown to insert into this sheet also with respect to their

polymerization inhibition.

Interestingly, RCL peptides of α1-antitrypsin and antithrombin that had already

been shown to inhibit serpin activity by insertion into β-sheet A (Carrell et al. 1991;

Mast et al. 1992; Chang et al. 1996) also inhibited serpin polymerization (Mast

et al. 1992; Lomas et al. 1992; Fitton et al. 1997; Chang et al. 1997) (Fig. 3.3) and

were able to degrade preexisting polymers (Lomas et al. 1993).

It was suggested that partial loop insertion into the upper part of β-sheet A opens

the lower sheet to be more accessible for polymerization. This was confirmed by

observations that peptides inserting into the upper β-sheet A induced
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polymerization (Chang et al. 1997; Fitton et al. 1997). It has therefore been

concluded that insertion of long external peptides might be hindered and peptides

targeting the lower part of β-sheet A should be more effective inhibitors of

polymerization (Mahadeva 2002). To test this hypothesis an α1-antitrypsin 6-mer

peptide (Ac-FLEAIG), targeting only the lower part of sheet A was chosen. This

peptide annealed selectively to Z-(mutated) but not to M-(native) α1-antitrypsin and
inhibited Z-α1-antitrypsin polymerization completely (Mahadeva 2002). Thus,

non-pathologic M-α1-antitrypsin was not limited in its physiological functions.

By systematic alanine scanning and shortening of the peptide, other 4-6-mer

peptides were identified which bound to Z-α1-antitrypsin and inhibited its polymer-

ization equally or even better, but selectivity against M-α1-antitrypsin was widely

lost (Chang et al. 2006).

In another study a serpin-unrelated peptide derived from cholecystokinin

(WMDF-NH2) has been found to efficiently block both α1-antitrypsin and anti-

thrombin polymerization (Zhou et al. 2004). Crystallographic structures of β-sheet-
opened antithrombin in complex with this peptide indicated structural requirements

for hydrophobic residues at P4 and P6 which became even more apparent when

comparing other sequences of RCL-derived and exogenous peptides. Using this

knowledge a new short peptide (formyl-VVII) was rationally designed that shared

the features of the previously identified peptide Ac-FLEAIG (Mahadeva 2002) with

respect to binary complex formation with α1-antitrypsin and selectivity of Z- over

M-α1-antitrypsin binding (Zhou et al. 2004).

Two additional approaches identified further 4-mer peptides interfering with

serpin polymerization. In a combinatorial approach, peptide Ac-TTAI-NH2 was

identified that formed a binary complex with Z-α1-antitrypsin much faster than the

previously discovered peptides, inhibited polymer formation, and also promoted

α1-antitrypsin polymer dissociation (Chang et al. 2009). Under the experimental

conditions of short-time incubation, binary complex formation occurred specifi-

cally with Z- but not with M-α1-antitrypsin. The computationally designed peptide

Fig. 3.3 Inhibition of serpin polymerization. Schematic representation of a “loop-sheet” dimer

(left; monomeric serpin: PDB code 1QLP) and a “domain-swap” dimer (right; monomeric serpin:

PDB code 3T1P). Larger domain swap includes strands 4 and 5 of β-sheet B (light blue). A peptide

(red) inserted into β-sheet A (dark blue) inhibits polymerization by avoiding intra- and intermo-

lecular RCL (green) insertion
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VIKF was capable of depolymerizing α1-antitrypsin polymers as was investigated

by fluorescence correlation spectroscopy (Chowdhury et al. 2007).

Although the mechanism of polymerization is still controversial, all models are

in agreement with an inserted reactive center loop. It is therefore not surprising that

the peptides for inhibition of polymerization shown here (Table 3.2) are based on

the same principle like the abovementioned serpin inhibitors, namely, peptide

insertion into β-sheet A. Hence, the same limitations of their usage have to be

considered. It is important to keep in mind that peptides based on this mechanism

will not only inhibit polymerization but also serpin function itself. Supplement

therapies are necessary to compensate for loss-of-function diseases. The aim must

therefore be to find peptides that selectively inhibit polymerization (and function)

of mutated, but not of native, serpins as was indicated for peptide Ac-FLEAIG

(Mahadeva 2002).

3.2.2.2 Allosteric Blocking of Polymerization
Another starting point for a peptidic α1-antitrypsin polymerization inhibitor arose

from studies on structural changes during the transition from the meta- to the

hyperstable serpin conformation. The studies identified a large hydrophobic cavity

present in monomeric α1-antitrypsin that is diminished during polymerization

(Elliott et al. 2000) and therefore is concluded to be a possible target (Parfrey

Table 3.2 Inhibitors of serpin polymerization

Origin of peptide Peptide sequence Target References

antithrombin ...SEAAASTAVVIAGR...

P14–P2 Ac-SEAAASTAVVIAG α1-antitrypsin Lomas et al. (1992, 1993)

P14–P3 Ac-SEAAASTAVVIA α1-antitrypsin
antithrombin

Fitton et al. (1997),

Chang et al. (1997),

Zhou et al. (2004)

P8–P3 Ac-TAVVIA α1-antitrypsin Zhou et al. (2004)

P7–P3 Ac-AVVIA antithrombin Zhou et al. (2004)

α1-antitrypsin ...TEAAGAMFLEAIPM...

P15–P1 GTEAAGAMFLEAIPMY α1-antitrypsin Mast et al. (1992)

P7–P2 Ac-FLEAIG α1-antitrypsin Mahadeva (2002)

P7–P2 Ac-FLEAAG α1-antitrypsin Chang et al. (2006)

P7–P3 Ac-FLEAA-NH2 α1-antitrypsin Chang et al. (2006)

P7–P2 Ac-FLAAIG α1-antitrypsin Chang et al. (2006)

P7–P4 Ac-FLAA-NH2 α1-antitrypsin Chang et al. (2006)

P6–P2 Ac-LAAIG-NH2 α1-antitrypsin Chang et al. (2006)

non-serpin derived

cholecystokinin WMDF-NH2 α1-antitrypsin
antithrombin

Zhou et al. (2004)

formyl-VVII α1-antitrypsin Zhou et al. (2004)

Ac-TTAI-NH2 α1-antitrypsin Chang et al. (2009)

VIKF α1-antitrypsin Chowdhury et al. (2007)
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et al. 2003; Patschull et al. 2011). Small molecules were identified that target this

cavity and inhibit polymerization but unexpectedly also abolish serpin inhibitory

function (Mallya et al. 2007). As no peptide approach has emerged so far, it is

discussable if targeting this cavity by peptides is possible at all (Patschull

et al. 2011).

3.2.3 Peptides Mimicking Serpin Action

A peptide derived from the RCL sequence of α1-antitrypsin (Table 3.3) was found

to be an inhibitor of porcine pancreatic elastase (PPE) in a mass spectrometric

approach. Kinetic analyses indicated that the peptide acts as an uncompetitive

inhibitor, but inhibition was weak (Wright et al. 2000).

A different approach of protease inhibition by a serpin-derived peptide was

undertaken for furin inhibition. The bioengineered serpin α1-antitrypsin Portland

which carries RIPR instead of AIPM in its P4–P1 positions was found to inhibit the

subtilisin-like proprotein convertase furin (Anderson et al. 1993). Furin does not

belong to the trypsin-like serine proteases that are typically inhibited by α1-
antitrypsin. Nevertheless it is believed that the mechanism of furin inhibition by

α1-antitrypsin Portland is serpin-like (Jean et al. 1998; Dufour et al. 1998). Based on
the sequence of the serpin, acyclic and cyclic RCL peptides (Table 3.3) were

synthesized and both variants were found to inhibit furin in vitro (Basak and

Lotfipour 2005). The mechanism of inhibition is not completely understood but

involves slow peptide binding and, in contrast to α1-antitrypsin Portland, no

cleavage of the inhibitor.

These examples show that peptides derived from the RCL of serpins might have

inhibitory properties. Of course, lacking the serpin mechanism and exosites for

cofactor binding, it will be challenging to achieve acceptable inhibition rates. On

the other hand, serine proteases have been successfully inhibited by peptides. These

were substrate-like, but could be turned into inhibitors by chemical modification of

their scissile bond. The underlying mechanisms involve trapping the protease–

substrate complex in the tetrahedral or in the acyl-enzyme intermediate (Walker

and Lynas 2001; Hedstrom 2002). Additionally, natural occurring peptides such as

the sunflower trypsin inhibitor-1 (SFTI-1) have been shown to inhibit serine

proteases and can serve as natural scaffolds for inhibitor design (Luckett

et al. 1999). Combining knowledge about RCL sequence preferences of different

serine proteases with such chemical modifications or scaffolds might lead to the

development of potent and selective protease inhibitors in future.

Table 3.3 Peptides mimicking serpin action

Origin of peptide Peptide sequence Target References

α1-antitrypsin
Portland

CKGTEAAGAMFLERLPRSIPPEVK
FNKPFC-NH2 (acyclic/cyclic)

furin Basak and Lotfipour

(2005)

α1-antitrypsin MFLEAIPM PPE Wright et al. (2000)
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3.3 Conclusion

Various approaches demonstrated the usage of peptides as tools to gain knowledge

about serpin structure and function. Nevertheless, it is discussed controversially

whether they evolve therapeutic potential. Many of the here presented peptides

show one or more limitations such as unfavorable peptide length, low potency, or

poor selectivity. Nevertheless, some of the short and selective peptides developed

for inhibition of serpin action or polymerization might be promising. To better

evaluate the benefits of the peptides, in vivo data and data concerning bioavailabil-

ity and proteolytic stability have to be obtained. In summary, even if there are some

good approaches, the design of peptidic serpin modulators for therapeutic interven-

tion remains challenging. However, peptides are important tools to study the mode

of action of many serpins.
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Abstract

Lampreys and hagfish are the only extant lineages of jawless fish that diverged

from jawed vertebrates more than half a billion years ago. Lampreys, in particu-

lar, are regarded as a model system for the study of ancestral vertebrate-specific

traits, though they also have developed lineage-specific features. Genetics,

genomics and biochemistry of serpins from basal vertebrates may provide

important insights into the emergence and regulation of the endothelium-lined

haemostatic system and the pump-driven pressurised circulation that are charac-

teristic for these metazoans. Recent studies indicate that heparin cofactor II

(HCII), SpnV4_1 and angiotensinogen are early appearing regulators of coagu-

lation and blood pressure modulation, respectively, in vertebrates. Cartilaginous

fish possess almost all serpins characteristic for the advanced haemostatic

control system of tetrapods, thus dating emergence of a nearly fully developed

inhibitor ensemble to the base of gnathostomes. The conservation of exon-intron

organisation of serpin genes from lampreys to mammals provides strong support

for the gene structure-based classification of vertebrate serpins.
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4.1 Lamprey Genomics Helps to Decipher the Evolution
of Serpins Involved in Haemostasis

Database screening and literature searches reveal about 11 different serpin genes

represented in the genomes of at least one of three lamprey species, including the

sea lamprey Petromyzon marinus (P. marinus), the European river lamprey

Lampetra fluviatilis (L. fluviatilis), and the Japanese lamprey Lethenteron
japonicum (also known as Lethenteron camtschaticum) (Ragg et al. 2009; Kimura

et al. 2009; Smith et al. 2013; Mehta et al. 2013). Due to the high G+C content of

lamprey genomes, some of these serpin genes, however, are still incomplete, and

some even may have escaped detection. With respect to exon-intron organisation,

all lamprey serpin genes identified to date perfectly fit into the gene structure-based

classification scheme that categorises vertebrate serpins into six groups, V1 to V6

(Ragg et al. 2001). Group V1 that exclusively consists of ovalbumin-type intracel-

lular serpins encompasses three members in lampreys. Group V2 comprises two

prominent members that code for angiotensinogen and HCII, respectively. No α1-
antitrypsin-like genes that, together with angiotensinogen, account for the clade A

serpins (Silverman et al. 2001) are known from lampreys. Group V3 consists of a

single representative, while two group V4 paralogues have been identified. Anti-

thrombin, the only known associate of group V5, appears to be absent in lampreys.

Group V6 that may include up to three HSP47-like genes in some fish lineages

(Ragg et al. 2009) includes a single member in lampreys and in most gnathostomes.

Lamprey serpins and the genes encoding them provide useful insights into the

evolution of the gene family across vertebrates and beyond. Serpin genes from

vertebrates display distinctly divergent exon-intron patterns that differ strongly

from those of other metazoans. It appears that a set of five groups of serpin

genes (V1-V4,V6), each characterised by a particular gene structure, arose with

or before the emergence of the vertebrate lineage, as none of these gene structures

can be traced further back in metazoan history. The serpin genes of lancelets

(cephalochordates), for instance, share a single conserved intron position with

vertebrates, where, in total, 24 different intron positions map to the conserved

serpin core (Ragg et al. 2009). Leaving gene structures aside, there is little hard

data that could help to disentangle the roots of vertebrate serpins. Profound geno-

mic alterations affecting both organisation and sequences of serpin genes may have

been responsible for this conspicuous discontinuity. The only exception is

neuroserpin (serpinI1) that has orthologues in lancelets and sea urchins (Kumar

and Ragg 2008).

Once established, the distinct types of serpin gene organisation were maintained

essentially unchanged across all vertebrates. The only modifications occur in some

fish lineages, where a few serpin genes apparently acquired extra introns (Ragg

et al. 2009). Some of these gene groups expanded to a dozen or even more members

as observed with groups V1 and V2 in mammals. The only representatives of group

V2 in lampreys are HCII and angiotensinogen, suggesting that one of these or their

common ancestor may have served as template for generation of clade A serpins
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that, without exception, display group V2-specific gene structures. The relative

scarcity of clade A serpins also in sharks (Sect. 4.4) argues in favour of the first

alternative, though it is conceivable that lampreys and sharks may have lost these

serpins. The origin of group V5 is currently obscure. The absence of its single

member, antithrombin, in lampreys may either reflect lineage-specific loss or gain

of the gene by an ancestral jawed vertebrate.

The division of vertebrate serpins into six categories with distinct gene structures

that are maintained nearly invariably across all species thus provides a useful

alternative to classify serpins, especially in cases where standard methods of

phylogenetic analysis are problematic.

4.2 Functions of Lamprey Serpins Provide Insight into
the Onsets of Coagulation Control and Blood Pressure
Regulation

The recognised function of angiotensinogen in gnathostomes is that of a precursor

for a family of hormones, the angiotensins that exert multiple functions, including

blood pressure modulation and osmoregulation. Little is known about the role of the

serpin scaffold of angiotensinogen from jawed vertebrates except that some single

nucleotide polymorphisms are associated with increased blood pressure and other

cardiovascular diseases (Jeunemaitre et al. 1997). There is some confusion about

the existence of an endogenous angiotensinogen and angiotensin in lampreys.

However, several lines of evidence strongly indicate the presence of a proprietary

angiotensinogen in these basal vertebrates. The lamprey protein in question

(GenBank accession: CAV16871.1), a serpin, contains a decapeptide sequence

with 60 % identity (80 % similarity) to human angiotensin I. All residues of

human angiotensin important for angiotensin receptor binding and activation are

invariably conserved in the lamprey homologue (Wang and Ragg 2011; Wang

et al. 2014). Moreover, the angiotensin sequence of lampreys and all other

vertebrates resides at the very end of the N-terminal extension protruding from

the serpin scaffold of all angiotensinogen orthologues known. Angiotensinogen

genes from lampreys to man share the exon-intron pattern of group V2, thus

corroborating affiliation of the lamprey gene and its protein product with the

angiotensinogen family (Ragg et al. 2009).

Lamprey angiotensinogen, however, also shows features that are not associated

with any other orthologue. The angiotensin sequence of this agnathan fish includes

a five-residue N-terminal cluster of negatively charged amino acids of unknown

functionality. Lamprey angiotensinogen also depicts potent protease-inhibitory

activity, a feature that is unparalleled. In the presence of appropriate glycosami-

noglycans, lamprey angiotensinogen and HCII from vertebrates (including

lampreys) are efficient thrombin inhibitors that exhibit the standard serpin inhibi-

tory mechanism. During the reaction, large-scale conformational changes are

known to affect several structural elements of the serpin scaffold (Huntington
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et al. 2000). Since angiotensinogens of gnathostomes are non-inhibitory, sequence

constraints imposed by the serpin reaction mechanism may have been relieved, thus

fostering acquisition and conservation of mutations in the serpin scaffold. Ancestral

sequence concordances, in contrast, may have been maintained in HCII and

angiotensinogen of lampreys due to functional needs. This unique attribute may

be responsible, in part, for the results of some phylogenetic classification methods

that deem lamprey angiotensinogen as an HCII orthologue.

Several other features suggest indeed that HCII and angiotensinogen are off-

spring of a previous duplication event. As discussed above, the genes coding for

angiotensinogen and HCII possess the characteristic exon-intron pattern (including

conserved intron phases) associated with group V2 serpins. Angiotensinogen and

HCII proteins share long N-terminal extensions (though of low similarity), about

80–100 residues in length. The reactive site loop (RSL) sequences of lamprey

angiotensinogen and HCII are very similar (Wang and Ragg 2011), and both

proteins inhibit thrombin. Though sequence similarity may ensue from convergent

evolution, the formation of antiproteolytically active angiotensinogen from an

ancestor unable to perform the serpin inhibitory reaction mechanism is not an

appealing hypothesis. Gene structures, sequence data, and biochemical properties

rather support a gene duplication scenario for the emergence of HCII and

angiotensinogen. The actual lamprey HCII gene is easily identifiable through its

phylogenetically conserved position within an intron of the pi4ka gene (Wang

et al. 2014). Lamprey HCII also shares additional characteristic features with its

orthologues, including the nearly invariable helix D region (Ragg et al. 2009) that is

crucially involved in dermatan sulphate and heparin binding (Ragg et al. 1990). It is

well known that standard phylogenetic approaches for evolutionary classification of

proteins with short, highly conserved hormone sequences embedded in an other-

wise divergent environment may pose problems (Mirabeau and Joly 2013).

There are reports on the presence of a teleost-type angiotensin II (NRVY[V/I]

HPF) in lampreys that, however, is mostly not found in fasting animals (Wong

et al. 2012). There is currently no evidence, in the P. marinus genome, for a gene

encoding such a sequence; however, it is possible that the high G+C content of

lamprey genomes impedes the identification of genes. Alternatively, the ectopara-

sitic lifestyle may be responsible for the presence of teleost-type angiotensin

peptides in some lamprey tissues.

Mammalian angiotensinogen is proteolytically cleaved primarily via renin that

liberates, from the N-terminus, the decapeptide angiotensin I that is further

processed through angiotensin-converting enzyme 1 (ACE1) to the octapeptide

angiotensin II. Renin is a very specific enzyme that often does not accept heterolo-

gous angiotensinogens (Hatae et al. 1994). Alternative pathways of angiotensin II

formation and production of further biologically active cleavage products are

known, involving participation of chymase and/or other proteases (Benigni

et al. 2010). Angiotensin II, the best characterised of these peptides, exerts its

numerous effects, including pressure modulation and osmoregulation through bind-

ing and activation of G protein-coupled receptors (GPCRs), angiotensin type
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1 receptor (AGTR1) and angiotensin type 2 receptor (AGTR2). Little is known

about the processing path(s) of angiotensinogen and mode of action(s) of

its potential cleavage products in lampreys. Database searches in the P. marinus
genome suggest the existence of an ACE1-like protein in lampreys (ENSEMBL,

release 71: ENSPMAG00000007309); however, evidence for a renin orthologue is

lacking. Initial cleavage of lamprey angiotensinogen might involve two proline

residues adjacent to the angiotensin sequence (EEDYDERPYMQPFHLIPPS).
Data mining also uncovers the presence of a truncated GPCR sequence in the sea

lamprey genome (ENSEMBL accession: ENSPMAG00000005736) that clusters, in

phylogenetic analyses, with AGTR1 from humans and other gnathostomes, though

with modest bootstrap support. We recently isolated an apparently intact orthologue

of this receptor from L. fluviatilis that encodes a protein of 352 amino acids. Several

residues important for angiotensin/AGTR1 interaction or receptor activation in

mammals are perfectly conserved in the lamprey protein (Wang et al. 2014). It

thus appears that lampreys contain an intact angiotensin/AGTR1 signalling axis. To

date, lampreys represent the most ancestral lineage with such a signalling system,

though some other metazoans are known to possess individual constituents of the

signalling pathway (Salzet et al. 2001). The intracellular effects potentially trig-

gered by activation of lamprey AGTR1 remain to be analysed. Presumably, they

affect blood pressure modulation and osmoregulation, since injection of lamprey

angiotensin II (100–1000 pmol/kg) in cannulated conscious lampreys provokes

either a transient vasodepressor effect or a biphasic cardiovascular response,

depending on the dose used (Wong and Takei 2011).

Lamprey angiotensinogen serves as source of hormones and acts as protease

inhibitor. In the presence of heparin, human thrombin is rapidly and effectively

inhibited (Wang and Ragg 2011). Heparin accelerates the enzyme/inhibitor reaction

in a bell-shaped dose-response curve, implying ternary complex formation as the

underlying mechanism, similar to heparin-mediated thrombin/antithrombin inter-

action. Our recent investigations also showed that, from a number of proteases

investigated, thrombin is the only enzyme reacting with lamprey angiotensinogen,

thus indicating the high target selectivity of the inhibitor. In the light of the close

relationship to HCII, this is not necessarily surprising, since it is not uncommon that

gene duplication results in copies with specialised tasks (subfunctionalisation). This

also appears to be the case with HCII and angiotensinogen following their emer-

gence more than half a billion years ago. The two descendants of the ancestral

thrombin inhibitor prefer different cofactors. Dermatan sulphate and to a lesser

extent heparin are the best activators of HCII both from humans and from lampreys.

The stimulating effect of dermatan sulphate on lamprey angiotensinogen/thrombin

interaction, in contrast, is modest in comparison with heparin or heparan sulphate.

Together, angiotensinogen and HCII might initially have regulated different aspects

of thrombin’s manifold roles that, in gnathostomes, are mainly controlled by

antithrombin.

The coagulation cascade of ancestral vertebrates, as inferred from the lamprey

model, is a basic version of the modern blood clotting system. Essential constituents
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of the primordial coagulation system include factor Xa (FXa), in addition to factors

FVII, thrombin, fibrinogen and others (Doolittle 2009, 2013). However, since genes

coding for antithrombin or protein Z-dependent inhibitor (PZPI), which is also

known as serpinA10, are not detected in the lamprey genome, it remained an

unresolved issue whether there is a serpin-type FXa inhibitor in these animals.

Biochemical characterisation of a recently identified serpin from L. fluviatilis,
Lfl_SpnV4_1 (Ragg et al. 2009), revealed that the bacterially expressed and

refolded protein shows potent inhibitory activity towards human FXa (Ragg and

Wang 2013; Wang et al. 2014). Similar to antithrombin, Lfl_SpnV4_1 exhibits

arginine at the presumed P1 position. The protein, a serpin belonging to group V4,

is neither closely related to PZPI (group V2) nor to antithrombin (group V5). It thus

appears that lampreys may exert anti-FXa activity through serpins, though different

family members execute this job in jawless and jawed vertebrates. Interestingly, the

genes coding for SpnV4_1 and HCII are situated in immediate proximity and in

parallel orientation within an intron of the sea lamprey pi4ka gene. The appearance
of paralogous serpin genes at the same chromosomal locus thus provides additional

evidence for the proposed kinship between groups V2 and V4. Lampreys presum-

ably have kept an ancestral genomic state ensuing from an ancient gene duplication

that involved the progenitor of serpin groups V2 and V4. Gnathostomes, in contrast,

eventually lost the SpnV4_1-like FXa inhibitor, as no orthologue appears to present

in this lineage.

Current evidence thus suggests that lampreys contain at least three serpins that

interfere with two different procoagulant key enzymes. The maintenance of

angiotensinogen and HCII as potent and selective thrombin inhibitors for more

than 500 million years identifies these proteins as primordial thrombin regulators in

the basal coagulation cascade. The synteny of HCII and SpnV4_1 in the lamprey

genome marks the latter serpin as ancestral antagonist of FXa activity. Composition

and properties of the anticoagulant serpin spectrum of lampreys provide plausible

explanations for some events presumably associated with the advent of the complex

coagulation cascade of gnathostomes. A completely new aspect of early vertebrate

physiology, still maintained in present-day lampreys, is the intimate interlacing of

blood pressure modulation, osmoregulation and coagulation control mediated

through one and the same molecule. Though the exact physiological context of

this linkage is not clear, it should be kept in mind that, in gnathostomes, cross talk

between coagulation and pressure regulation also exists (Borissoff et al. 2009). The

study of lamprey serpins thus has yielded important and unexpected insight into the

origin of complex traits associated with the emergence of vertebrates.

4.3 Novel Serpins Emerged with the Increasingly Complex
Coagulation Network of Gnathostomes

With the advent of the increasingly elaborate coagulation network in gnathostomes

(Doolittle 2009), novel serpins interfering with procoagulant activity and clot

dissolution appeared. The elephant fish Callorhinchus milii (C. milii), an archaic
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cartilaginous fish, and sharks contain an antithrombin gene, arguing for the emer-

gence of the most important circulating thrombin inhibitor of gnathostomes soon

after their split from cyclostomes. However, it is also possible that lampreys have

lost the gene. The antithrombin genes of both C. milii (GenBank accession number:

NW_006890154.1) (Venkatesh et al. 2014) and from the brown-banded bamboo

shark Chiloscyllium punctatum (KP128093.1) possess the standard gene

organisation known from their orthologues in tetrapods and most fish lineages.

The antithrombin genes of Danio rerio (D. rerio) and some other fish lineages have

an additional intron at position 262c [numbering refers to the sequence of mature

human α1-antitrypsin (Ragg et al. 2001)], suggesting intron gain. The antithrombin

proteins of cartilaginous fishes share with their orthologues strongly conserved RSL

sequences (brown-banded bamboo shark: NEEGSEAAGASTVIVMGR#SLRP)
and nearly invariable helix D regions, the most important structural features

determining specificity and reactivity of the inhibitor towards thrombin, factor Xa

and other clotting proteases. The appearance of the broad-spectrum inhibitor

antithrombin at the base of gnathostomes may have influenced the fate of the

more ancestral inhibitors, resulting in loss of SpnV4_1 and inactivation of angioten-

sinogen’s antiproteolytic activity.

PZPI (serpinA10) of mammals is an anticoagulant serpin with a tyrosine residue

at the P1 position. In the presence of protein Z, lipid, calcium and heparin, PZPI

inactivates coagulation factors FXa and FXIa. Several charged surface loops

contribute to the specificity of PZPI towards the target enzymes and cofactors

(Wei et al. 2009). Gene organisation reveals PZPI as a member of group V2 serpins

that, in lampreys, solely include angiotensinogen and HCII. In C. milii, group V2

comprises at least six members (GenBank accession numbers in brackets):

angiotensinogen (NP_001279673.1), HCII (XP_007900003.1), HCII-L, a HCII

paralogue (XP_007904387.1) and three additional serpins (XP_007902080.1,

which includes two serpins erroneously merged to a single protein, and

NP_001279794.1). Though, with the exception of HCII and angiotensinogen, the

family relationships of group V2 serpins are difficult to unravel, several features

point out to the presence of PZPI in cartilaginous fishes. C. milii contains a serpin
(part of XP_007902080.1) with an RSL sequence showing a tyrosine residue at P1

(GTEAAAVTAVTATAY#SLPKIL). The protein also displays the IYEE signature

close to the C-terminal end that, with little variation, is also present in most PZPI

orthologues. Conservation of genomic synteny corroborates that PZPI is an early

constituent of the coagulation control system. From C. milii to man, the serpina10
and ppp4r4 genes are immediate genomic neighbours with antiparallel orientation

(Fig. 4.1).

The contribution of protease nexin-1 (PN-1, serpinE2) to the regulation of

coagulation and fibrinolysis has only recently been recognised. PN-1 is a powerful

thrombin inhibitor in the presence of heparin that also inhibits several other

proteases although with significantly lower reaction rates (Bouton et al. 2012).

PN-1 is barely detectable in plasma, but it is found in many organs, where it is

thought to act in the vessel walls. In humans and other gnathostomes, the PN-1 gene
is part of a gene triad [serpine2 (!)—wdfy1 (!)—ap1s3 (!)], (relative

4 Genomic and Functional Studies of Serpins from Basal Vertebrates Provide. . . 53



orientation of genes in bracketed arrows) that is also present in C. milii (GenBank
accession: XP_007886566.1). Though the conserved microsynteny is a strong

indicator for the presence of PN-1 in cartilaginous fishes, it is not clear whether

the gene product fulfils a role similar to that in mammals. The basic helix D of

human PN-1 plays an important role for heparin-activated thrombin inhibition. The

homologous sequence of the elephant fish, however, contains significantly less

positively charged residues than the human protein. There are also some differences

in the RSL sequences that might differently affect the inhibitory activity of PN-1

from elephant fish (IIMLK#SIG) and mammals (ILIAR#SSP), respectively.
Human protein C inhibitor (PCI, SERPINA5) can inhibit activated protein C,

thrombin, some other procoagulant enzymes and the thrombin/thrombomodulin

complex that activates protein C to an anticoagulant enzyme. PCI thus can interfere

with pro- and anticoagulant reaction steps, but the role of PCI in haemostasis is still

unclear (Geiger 2007). The absence of PCI in plasma of mice also underscores the

ambiguous significance of PCI during the formation of the haemostatic network.

Comparative genomics reveals that PCI is probably an innovation that arose at the

base of mammalian radiation. In the Cape elephant shrew Elephantulus edwardii,
an insectivorous mammal, the PCI gene is located within a conserved

microsyntenic arrangement that includes three group V2 serpins [serpina4 (!)—

serpina5 (!)—serpina3 (!)]. This block of serpin genes appears to be present

only in mammals but not in other vertebrates (Fig. 4.1). The emergence of this gene

Fig. 4.1 Comparative genomics enables reconstruction of the evolutionary history of a group V2

serpin gene cluster. Serpin genes are highlighted in black, and neighbouring genes are represented
by white boxes. In humans, the cluster encompasses 11 genes coding for clade A serpins, including

four genes with antiparallel orientation. The group V2 serpin gene cluster of the Cape elephant

shrew, Elephantulus edwardii, an insectivorous mammal, contains 14 serpin genes, including

serpina5. In platypus (Ornithorhynchus anatinus), an egg-laying mammal, two of five identified

V2 genes are still incomplete (marked by wavy lines). At the homologous genomic locus of the

elephant fish C. milii, only two serpin genes, including pzpi, are present. Genes and gene distances
are not drawn to scale
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triad may antedate the split of monotremes, but genomic data are still insufficient to

draw firm conclusions. The PCI protein of basal mammals shares with its

orthologues a patch of basic residues along the helix H region that is involved in

heparin binding and the sequence FR#SA[W/Y/R] at positions P2 to P30 of the RSL.

4.4 Serpins Affecting Fibrinolysis

Plasminogen activator inhibitor-1 (PAI-1, serpinE1) and α2-antiplasmin (serpinF2)

are serpins that contribute to the regulation of fibrinolysis. PAI-1 is a fast-acting

inhibitor of tissue-type plasminogen activator and urokinase that convert plasmin-

ogen into the active, fibrin-degrading form. PAI-1 also plays a role in various other

processes, including cell migration, adhesion and proliferation (Dupont et al. 2009).

PAI-1 is a group V3 serpin and thus related to neuroserpin and nexin-1. The

presence of PAI-1 in C. milii (NP_001279494.1) within a conserved gene triad

including serpine1 (!), ap1s1 (!) and vgf ( ) indicates that the gene emerged

during the formation of gnathostomes at the latest. The biochemical functions of

PAI-1 are maintained without changes as suggested by the little varying RSL core

sequences [Y/S][S/A]R#M[A/S].

α2-Antiplasmin (serpinF2) inactivates plasmin, an enzyme participating in clot

dissolution. Apart from D. rerio and some other fish lineages, vertebrates from

C. milii to humans exhibit a syntenic block of four genes [wdr81 (!)—serpinf2
(!)—serpinf1 (!)—myo1c ( )] thus documenting that α2-antiplasmin originated

at the base of gnathostomes at the latest. All α2-antiplasmin orthologues contain

C-terminal extensions of varying sizes and sequences that end with the characteris-

tic, though functionally dispensable PK dipeptide motif. With the emergence of

mammals, the RSL of α2-antiplasmin underwent a three-nucleotide insertion

(Fig. 4.2) resulting in a novel, alternative RSL cleavage site (Potempa

et al. 1988). Unravelling the roots of serpin-mediated antifibrinolytic activity

requires further investigation, since it not known how clot lysis in basal vertebrates

such as lampreys (Ponczek et al. 2012) is regulated.

Elephant fish (XP_007894683.1)  KEEGVEAAAATVVAMSR-SFSMFSINRPF
Spotted gar (XP_006641161.1)    NEQGAEAAAATSVVISR-SSFFFSLNRPF
Zebrafish (NP_001073479.1) NEEGAEAVAATSVVISR-SNPSFTVNQPF
Coelacanth (XP_006006155.1)     QEDGAEAAAATSITMSR-SFVGFHVNSPF
Painted turtle (XP_005298341.1) AEDGVEASAATSVMMSR-SLSTFSLNQPF
Chicken (XP_003642447.1)        KEDGVEASAATGVMISR-SLSAFSIDRPF
Platypus (XP_007668099.1)       NEEGVEASAATSISMSRMSAASFRVNRPF
Elephant shrew (XP_006891086.1) SEAGVEAAAATGTAMSRMSLSSFSVNRPF
Cattle (XP_005220124.1)         SEAGVQAAAATSTAMSRMSLSSFIVNRPF
Human (XP_005256760.1) SEVGVEAAAATSIAMSRMSLSSFSVNRPF
Mouse (NP_032904.1)             SEAGVEAAAATSVAMNRMSLSSFTVNRPF

* *  * ***     * *   *    **

Fig. 4.2 Alignment of α2-antiplasmin RSL sequences from various vertebrates. An insertion of

three nucleotides in the mammalian lineage resulted in a novel, additional RSL cleavage site.

GenBank accession numbers are given in brackets
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Abstract

Neutrophil granules contain serine proteases that are central components of the

antimicrobial weapons of the innate immune system. Neutrophil proteases also

contribute to the amplification and resolution of inflammatory responses through

defined proteolytic cleavage of mediators, cell surface receptors, and extracellu-

lar matrix proteins. In the blood and at mucosal surfaces, neutrophil serine
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proteases are regulated by serpins found in plasma and by non-serpin secreted

inhibitors. Distinct mechanisms leading to neutrophil cell death have been

described for the granule serine proteases, neutrophil elastase, cathepsin G,

and proteinase-3. Granule leakage in neutrophils triggers death pathways

mediated by cathepsin G and proteinase-3, and both proteases are tightly

regulated by their inhibitor SERPINB1 in a cell intrinsic manner. Although

stored in the same types of granules, neutrophil elastase does not significantly

contribute to cell death following intracellular release from granules into the

cytoplasm. However, heterozygous mutations in ELANE, the gene encoding

elastase, are the cause of severe congenital neutropenia, a life-threatening

condition characterized by the death of neutrophils at an early precursor stage

in the bone marrow. This chapter focuses on recent work exploring the biology

of clade B intracellular serpins that inhibit neutrophil serine proteases and their

functions in neutrophil homeostasis and serine protease control at sites of

inflammation.

5.1 Neutrophil Granules and Their Proteases

5.1.1 Neutrophil Biology and Neutrophil Serine Proteases

Neutrophils are white blood cells with a prominent function in the control of

microbes at mucosal surfaces and in tissues. The containment and elimination of

bacteria and fungi can be severely affected if too few neutrophils are available or if

there is a defect in their ability to reach the infection site. Neutrophils carry a vast

repertoire of antimicrobial molecules and enzymes that directly contribute to killing

pathogens. While neutrophils are essential to fight bacterial and fungal infections,

the presence and death of neutrophils at inflammatory sites has been associated with

delayed healing, tissue damage, and pathogenesis of chronic diseases. For these

reasons, neutrophils and their potentially harmful granule cargo have been consid-

ered a double-edged sword in inflammatory diseases. Neutrophils are now

emerging as a central orchestrator of inflammatory responses and their resolution

through continuous interactions with components of the innate and adaptive

responses (Nathan 2006; Kruger et al. 2015). In this chapter, the function of the

neutrophil granule serine proteases in neutrophil life cycle and their function in host

defense and in inflammatory diseases will be reviewed with a special focus on their

regulation by intracellular serpins.

Neutrophils develop in the bone marrow from hematopoietic stem cells and

differentiate progressively through progenitors with more restricted lineage poten-

tial known as the common myeloid progenitors and the granulocyte-macrophage

progenitors (GMPs). The transcription factor PU.1 is essential for the generation of

GMPs. At the GMP stage, the expression of the transcription factors, CCAAT/

enhancer-binding protein-α (C/EBPα) and growth factor independent-1 (GFI-1),

appears essential for commitment toward the neutrophil lineage, whereas PU.1
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promotes monocyte differentiation (Cheng et al. 1996; Zhang et al. 1997; Dahl

et al. 2003). C/EBP-α and GFI-1 promote proliferation of neutrophil precursors

from myeloblasts, promyelocytes, and myelocytes, known as the mitotic pool of

neutrophils in the bone marrow. These transcription factors are also key for the

expression of neutrophil serine proteases and other primary granule proteins such as

myeloperoxidase and defensins at the promyelocyte stage. As C/EPB-α and GFI-1

levels diminish, terminal granulocytic differentiation to mature neutrophils is under

the transcriptional regulation of C/EBP-ε, which controls the expression of second-
ary and tertiary granule proteins. These stages are also known as the postmitotic

pool of neutrophils. Mature neutrophils accumulate in the bone marrow as a large

reserve pool that can be rapidly released to the circulation. During the last phase of

differentiation, neutrophils start expressing receptors to transduce signals for mobi-

lization to the blood and for effector functions. Once in the blood circulation,

neutrophils have a relatively short life span of a few hours. They can sense tissue

injury through cytokines, peptides, and lipid mediators secreted and/or presented by

endothelial cells. Once firmly arrested on the vascular endothelium, neutrophils

migrate into the tissue in a highly directional manner toward the injury site.

Recruited neutrophils are highly efficient phagocytes and kill microbes using a

broad range of antimicrobial peptides and enzymes. In the absence of inflammation,

the neutrophil life cycle ends by efferocytosis, where neutrophils undergo apoptosis

and are phagocytosed. Efferocytosis of neutrophils occurs in all tissues but, in

steady-state conditions, it occurs principally in the spleen, the liver, and the bone

marrow. This form of cell death is important for several reasons (Vandivier

et al. 2006). First, it dampens the production of inflammatory mediators through

the production of TGF-β, for example. Second, and in contrast to necrotic

neutrophils, apoptotic neutrophils do not release their highly reactive contents,

thus preventing damage to neighboring cells and extracellular matrix proteins.

Third, impaired removal of apoptotic cells is associated with autoimmune disease.

Last but not least, phagocytosis of apoptotic neutrophils reduces the production of

IL-23 by the macrophages. IL-23 induces the production of IL-17 by αβ and γδ T

cells. IL-17, in turn, upregulates G-CSF production by stromal cells leading to

increased granulopoiesis (Stark et al. 2005). Therefore, the removal of apoptotic

cells in the periphery sends a negative feedback loop that ultimately regulates

neutrophil production in the bone marrow.

5.1.2 Granule Subsets and Protease Packaging

Neutrophil serine proteases (NSPs) contribute to many aspects of neutrophil biol-

ogy in host defense and diseases associated with neutrophilic inflammation (Pham

2006). Human neutrophils contain four NSPs with an active catalytic triad: neutro-

phil elastase (NE), proteinase-3 (PR3), cathepsin G (CG), and the recently

characterized neutrophil serine protease-4 (NSP4). NE and PR3 are elastinolytic

proteases, and CG has chymotrypsin-like activity, whereas NSP4 is a trypsin-like

protease. Azurocidin is encoded by a phylogenetically related serine protease gene,
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but its catalytic domain is mutated rendering the protease inactive. NSPs evolved

from a common ancestor and are phylogenetically related to other serine proteases

found in innate immune cells including granzymes and mast cell proteases (Ahmad

et al. 2014). NSPs are conserved in mice, and in contrast to granzymes and mast cell

proteases, there is a single mouse homolog for each of the human NSP genes.

Neutrophils contain three types of granules (primary, secondary, and tertiary)

and secretory vesicles. NSPs are principally stored in primary, also termed

azurophil, granules. However, PR3 was also reported in other types of granules

and secretory vesicles. Together with NSPs, primary granules carry

myeloperoxidase, lysozyme, and antimicrobial peptides such as α-defensins and

cathelicidin. How each cargo protein ends up in the correct granule appears largely

controlled by transcriptional timing (Cowland and Borregaard 1999; Theilgaard-

M€onch et al. 2005). As described above, different transcription factors dominate at

different phases of neutrophil differentiation and mRNA expression of NSPs is

highest in promyelocytes, which is the time where primary granules are formed.

NSPs are synthesized as pre-pro-enzymes and require posttranslational cleavage

at the N-terminus and C-terminus to gain their fully mature active form. First, the

signal peptide is cleaved by a signal peptidase. The resulting pro-enzymes are then

further processed by dipeptidyl peptidase I (DPPI), also known as cathepsin C,

which cleaves the N-terminal dipeptide in the endoplasmic reticulum (ER) and

Golgi apparatus before packaging into granules. Cleavage of the pro-dipeptide by

DPPI is essential for the enzymatic activity of the NSPs. Neutrophils of dppi�/�

mice have no detectable NSP activity, and CG protein is not detectable in neutro-

phil lysates (Adkison et al. 2002). The C-terminus of the pro-enzymes is also

cleaved before packaging into granules, but the protease responsible for this process

has not yet been identified. Mutants of NE and CG lacking the C-terminal peptide

and expressed in RBL cell line are correctly routed to granules and are enzymati-

cally active indicating that the C-terminal domain is not required for these functions

(Gullberg et al. 1995).

The mechanisms of targeting and retention of NSPs in primary granules are not

fully elucidated. Cleavage of the C-terminus of NE appears to promote the routing

of NE to granules by two mechanisms: first, the C-terminus contains a putative

transmembrane domain that leads to membrane anchoring and leads to targeting to

the plasma membrane; second, the cleavage of the C-terminus leads to the

uncovering of a binding domain for adaptor protein complex 3 (AP3), which may

favor protein distribution to granules (Benson et al. 2003). The proteoglycan

serglycin contributes to the retention of proteases and inflammatory mediators in

leukocytes and endothelial cells (Kolset and Tveit 2008). In neutrophils of

serglycin-deficient mice, only NE appeared to require serglycin for proper locali-

zation into granules, whereas sorting of CG and PR3 was not affected (Niemann

et al. 2007). While early studies showed that PR3 localized principally in primary

granules (Borregaard and Cowland 1997), PR3 has also been reported in secretory

vesicles and other types of granules, which may explain the more rapid mobiliza-

tion of PR3 to the plasma membrane (Witko-Sarsat et al. 1999; Loison et al. 2014).
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5.2 NSP Inhibitors

5.2.1 Secreted Clade A Serpins

Several inhibitors of the clade A and the clade B serpins, as well as non-serpin

inhibitors of the macroglobulin and chelonianin families, contribute to the regula-

tion of the activity of NSPs in different compartments of the cell, tissues, and the

whole organism.

The clade A serpins α1-antitrypsin (AAT, SERPINA1) and α1-antichymotrypsin

(ACT, SERPINA3) are the two principal serpins found in plasma that inhibit NSPs.

AAT inhibits NE, CG, and PR3 by the classical suicide-substrate mechanism of

serpins (Huntington et al. 2000). The three NSPs cleave the reactive center loop

(RCL) of AAT at the same P1 site Met-358. ACT, in contrast, inhibits only

CG. AAT and ACT are produced by the liver and respiratory airway epithelial

cells and function by regulating NSPs in blood and extracellular compartments

when NSPs are released from neutrophils following degranulation or necrosis.

AAT is also expressed in neutrophils during the late stages of granulopoiesis in

the bone marrow and is found at relatively higher levels in mature differentiated

cells (Missen et al. 2006). AAT protein is found within neutrophil granules and can

be secreted upon stimulation (Mason et al. 1991; Clemmensen et al. 2011). In

circulating neutrophils, AAT levels in neutrophils are increased as the secretory

vesicles are formed by engulfing plasma proteins that can later be released in

response to inflammatory stimuli (Borregaard et al. 1992). The relative importance

and function of AAT within the different granules of neutrophils in homeostatic and

inflammatory conditions remain to be defined. There is also growing evidence that

AAT functions as an anti-inflammatory mediator independently of NSP inhibition

(Jonigk et al. 2013). One mechanism may be through interference with TNF-α
signaling pathways (Bergin et al. 2014).

In mice and rats, AAT and ACT genes have been duplicated multiple times. The

number of AAT genes and plasma concentrations appear to vary between different

laboratory mouse strains. Modeling AAT deficiency by deleting the mouse genes

has proved to be even more challenging because of embryonic lethality (Wang

et al. 2011).

5.2.2 Intracellular Clade B Serpins

Clade B serpins regroup phylogenetically related proteins with nuclear and/or

cytoplasmic localization. Vertebrate clade B serpins evolved from a single

serpinB1-like gene that has remained conserved in fish, birds, and mammals

(Kaiserman and Bird 2005; Benarafa and Remold-O’Donnell 2005). In man,

there are 13 clade B serpins found on two loci. SERPINB1, SERPINB6, and
SERPINB9 genes are found on chromosome 6p25, and the ten other clade B serpin

genes are clustered on chromosome 18q21. Serpins encoded in the 6p25 cluster

5 Regulation of Neutrophil Serine Proteases by Intracellular Serpins 63



inhibit granule serine proteases of leukocytes, and high expression of these serpins

is found in cells that also carry target proteases.

SERPINB1 was the first cytoplasmic inhibitor of elastase to be identified in

neutrophils and monocytes/macrophages (Remold-O’Donnell 1985, 1989;

Potempa et al. 1988). It was thus named monocyte/neutrophil elastase inhibitor

(MNEI) and leukocyte elastase inhibitor (LEI). SERPINB1 also inhibits CG and

PR3 through the classical serpin complex inhibition mechanism. NE and PR3 target

the RCL of SERPINB1 at Cys-344 at the classical P1 position, corresponding to

Met-358 of AAT. In contrast, CG and other chymotrypsin-like proteases cleave the

reactive center loop (RCL) of SERPINB1 at Phe-343 (Cooley et al. 2001).

SERPINB1 is expressed in most tissues with higher levels in lymphoid organs

such as the bone marrow and the spleen as well as in the pancreas and the lungs. In

hematopoietic cells, SERPINB1 is expressed in stem cells, all leukocyte lineages,

and platelets. SERPINB1 levels are the highest in the neutrophil lineage, where

highest mRNA expression is found in the early stages of granulopoiesis and protein

levels remain high in bone marrow and blood neutrophils (Benarafa et al. 2002;

Missen et al. 2006). Its role in neutrophil homeostasis is further described below.

SERPINB6, previously described as proteinase inhibitor-6 (PI-6), inhibits CG

but not NE and PR3 (Scott et al. 1999). SERPINB6 is also broadly expressed in

various tissues and cells with high levels in all myeloid cells with relatively higher

levels in monocytic/dendritic cells (Scarff et al. 2003; Missen et al. 2006).

First identified as squamous cell carcinoma antigen (SCCA), SERPINB4

(SCCA2) is also an inhibitor of CG but with slower association rate constants

than SERPINB6 and SERPINB1 (Schick et al. 1997). Its closest homolog in mice,

serpinb3a, also inhibits CG but is not expressed in hematopoietic cells

(Al-Khunaizi et al. 2002; Askew et al. 2004).

5.2.3 Non-serpin Inhibitors of NSPs

α2-Macroglobulin (α2M) is a very large (725 kDa) protease inhibitor found in

plasma. It inhibits NSPs as well as many other serine proteases by a cleavage-

induced conformational change that traps the proteases into a cavity within α2M
(Barrett and Starkey 1973). In contrast to serpin-protease complexes, proteases

trapped by α2M can still cleave small molecular weight substrates that can reach the

proteolytic domain of the protease. Because of its large size, the diffusion of α2M
into tissues during inflammation was considered to be limited and its realm of

activity is thus likely limited to the blood circulation, where it regulates fibrinolysis,

coagulation, complement, and NSPs (de Boer et al. 1993). However, α2M is found

in the lung epithelial lining fluid in adult respiratory distress syndrome (ARDS),

where it traps elastase and prevents cleavage of large substrates (Wewers

et al. 1988).

Secretory leukocyte protease inhibitor (SLPI) and elafin are two chelonianins

that are secreted by epithelial cells and contribute to inhibition of extracellular

NSPs at mucosal surfaces and in tissues (Sallenave 2010). They use a reversible
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keyhole type of inhibition, where the small approximately 10 kDa inhibitors bind

the catalytic pocket of the protease with high affinity. SLPI inhibits both NE and

CG, while elafin inhibits NE and PR3.

The relative importance of each inhibitor depends on expression levels, com-

partmentalization, and posttranslational modifications. In addition, because NSPs

are usually released together, inhibitors that are inactivated by proteolysis by one

NSP may be disarmed before inhibiting their target. While redundancy and com-

pensatory mechanisms are expected and observed between the different inhibitors,

essential physiological functions have also been attributed to individual NSP

inhibitors.

5.3 Neutrophil Death in Steady-State Conditions

SERPINB1 has emerged as an important regulator of neutrophil survival. A

cytoprotective function for intracellular serpins was postulated based on the pres-

ence of these inhibitors in cells carrying cell death-inducing granule proteases, such

as granzymes (Bird 1999). In the case of SERPINB1, expression profiling during

granulopoiesis supported this hypothesis since mRNA and protein levels of

SERPINB1 peaked in promyelocyte and myelocyte stages, which coincided with

the high but transient transcription of NSPs and other primary granule proteins

(Theilgaard-M€onch et al. 2005; Benarafa et al. 2011). The evidence that SERPINB1
is cytoprotective for neutrophil has been elucidated in a series of studies of mice

with a targeted deletion of serpinb1a (Benarafa et al. 2007), the mouse ortholog of

the human gene (Benarafa et al. 2002). In these mice, neutrophil numbers in the

bone marrow are approximately 50 % of the levels of wild-type mice. The pheno-

type is highly penetrant as it is observed in 129S6 and C57BL/6J backgrounds.

Circulating blood neutrophil numbers in serpinb1a�/� mice are only marginally

lower than in wild-type mice in normal conditions, but a faster decline in circulating

neutrophils is observed after myeloablation with cyclophosphamide (Benarafa

et al. 2011). In mice, reduction of neutrophil numbers in the bone marrow is

physiologically relevant as it holds over 90 % of mature neutrophils. Indeed,

laboratory strains of mice have on average 1� 106 neutrophils/ml of blood with a

total volume of 2 ml; and a mouse femur represents approximately 6 % of the total

bone marrow and contains 4–6� 106 neutrophils depending on the mouse strain.

Neutropenia in serpinb1a�/� mice is due to a cell intrinsic survival defect

affecting differentiated neutrophils, while the development of mitotic neutrophil

precursors is normal (Benarafa et al. 2011). The mechanism of cell death in the

absence of serpinb1a is dependent on CG in steady state in vivo. Indeed, neutrope-

nia in serpinb1a�/� mice was fully rescued by deficiency in CG (Ctsg�/�). In
contrast, NE deficiency had no effect on neutrophil survival in serpinb1a�/� mice

(Baumann et al. 2013). Competitive stem cell transplantation of irradiated mice

showed a survival advantage of wild-type neutrophils over serpinb1a�/�

neutrophils but not over Ctsg�/�.serpinb1a�/� double-deficient neutrophils.

These mixed bone marrow chimera experiments demonstrated that neutrophil
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death was cell intrinsic in vivo and support intracellular leakage of granule proteins

in mature neutrophils as a mechanism of cell death in the absence of SERPINB1.

Importantly, mice lacking one or all three NSPs, as in dppi�/� mice, do not present

increased neutrophil numbers in bone marrow and blood. These findings indicate

that in homeostatic conditions, neutrophil homeostasis is not critically regulated by

NSPs unless the intracellular anti-protease shield is deficient.

SERPINB6 may also contribute to neutrophil homeostasis in steady state as it is

expressed in the cytoplasm of neutrophils and inhibits CG. However, mice deficient

in serpinb6a, the ortholog of the human gene (Kaiserman et al. 2002), do not

present an obvious defect in neutrophil numbers in vivo (Scarff et al. 2004). This

somewhat surprising result may be explained by a compensatory increase in

serpinb1a expression in bone marrow cells of serpinb6a�/� mice. The characteri-

zation of mice deficient in the two serpins may reveal complementary functions.

5.4 Spontaneous Neutrophil Death In Vitro

Mechanisms regulating neutrophil cell death are often investigated in vitro, where

isolated neutrophils rapidly die by caspase-dependent apoptosis. This process is

often referred to as spontaneous apoptosis. The survival of isolated neutrophils can

be extended by addition of synthetic caspase inhibitors or by acting on upstream

survival pathways. Serpinb1a�/� neutrophils also demonstrate reduced survival

in vitro that is only partly inhibited by caspase inhibitors. In contrast, the survival

defect is fully rescued if neutrophils are concomitantly deficient in CG, indicating

that in the absence of serpinb1, CG induce neutrophil death through both caspase-

dependent and caspase-independent pathways. While CG has been shown to acti-

vate caspase-7 (Zhou and Salvesen 1997), the targets of CG leading to caspase-

independent cell death are not yet know.

Interestingly, isolated neutrophils of mice deficient in PR3 (prtn3�/�) show

improved survival in vitro compared to WT neutrophils and PR3 is found in the

cytoplasm of aging neutrophils in vitro. Inhibitory complexes between PR3 and

serpinb1 are found in the cytoplasm of aging neutrophils, supporting the notion that

granule leakage promotes cell death. In contrast to CG or NE, PR3 directly activates

pro-caspase-3 leading to apoptosis (Loison et al. 2014). Therefore, serpinb1 appears

to act at the intersection of death pathways mediated by CG and PR3. It is

conceivable that the two proteases function in a cascade because CG deletion

alone rescues the cell intrinsic death pathway in serpinb1a�/� mice in vitro and

in steady-state conditions in vivo. This hypothesis could be tested in prtn3�/�.
serpinb1a�/� double knockout mice. Alternatively, CG and PR3 could induce

neutrophil death through parallel pathways that would enhance each other by

depletion of the serpin shield.
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5.5 Neutrophil Elastase and Severe Congenital Neutropenia

5.5.1 Genetic Causes of Severe Congenital Neutropenia

Severe congenital neutropenia (SCN) is a rare inherited disease characterized by

persistently low neutrophil counts (<500/μl) in blood and a maturation arrest of

neutrophil precursors in the bone marrow. Infants with SCN consequently develop

mouth ulcers and pneumonia that can be fatal. Mutations in the neutrophil elastase

gene (ELANE or ELA2) are the cause of most cases of SCN and of all cases of cyclic

neutropenia (CyN) (Dale et al. 2000; Dale and Link 2009). CyN is a milder form of

SCN where blood neutrophil counts oscillate between normal and very low counts

with a cyclic period of 21 days (Horwitz et al. 1999).

SCN was first described in the 1950s by Dr. Rolf Kostmann in a family in

northern Sweden. The genetic cause of the original cases of Kostmann’s syndrome

has recently been attributed to a homozygous mutation in the HAX1 (HCLS1-

associated protein X-1) gene (Klein et al. 2007). Other infrequent causes of SCN

include mutations in adenylate kinase 2 (AK2), the transcriptional repressor (GFI1),
and the glucose-6-phosphatase G6PC3 genes (Klein 2011). X-linked neutropenia

has also been described in a subset of patients with Wiskott-Aldrich syndrome

(WAS) carrying activating mutations in the WAS gene (Albert et al. 2011). Finally,
a significant proportion of SCN cases remain genetically undefined, and with the

advances in sequencing technology, new genetic defects leading to SCN will

certainly be discovered (Boztug and Klein 2011). Because it is genetically hetero-

geneous, several molecular pathways are likely leading to SCN.

5.5.2 ELANE Mutations in SCN and CyN

Close to two hundred distinct mutations in ELANE have been identified in patients

with SCN and CyN (Germeshausen et al. 2013; Makaryan et al. 2015). How mutant

elastase leads to neutropenia is not completely elucidated, but the current working

paradigm is that the mutated NE protein induces apoptosis in developing

neutrophils in the bone marrow via the initiation of the unfolded protein response

(UPR) (K€ollner et al. 2006; Grenda et al. 2007). NE mutants are predicted to have

defective folding as the protein is synthesized in the ER. Misfolded proteins are

detected by ER sensors, which trigger the UPR that can ultimately lead to apoptosis.

As very large amounts of mutant misfolded NE are produced at the promyelocyte

stage, the UPR triggers apoptosis resulting in the absence of differentiated

neutrophils in the bone marrow and blood. Genotype-phenotype analysis studies

suggest that the pattern of mutations in ELANE is different in patients that develop

SCN or CyN (Makaryan et al. 2015). However, some mutations can lead to both

SCN and CyN suggesting that additional disease modifiers may affect the severity

of the phenotype (Germeshausen et al. 2013). Furthermore, about 25 % of

mutations leading to SCN, but none to CyN, are associated with the development

of myelodysplasia (MDS) and acute myeloid leukemia (AML). However, only a
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fraction of the patients with these mutations also develop MDS/AML, indicating

again that other genetic, epigenetic, and environmental factors contribute to disease

initiation and progression.

5.5.3 A Role for Serpins in SCN?

Whether mutations in intracellular serpin genes contribute to the severity of SCN or

to the subsequent development of MDS/AML has yet to be demonstrated in

humans. Studies presented above suggest that CG and PR3 can contribute to

neutrophil death if the serpin shield is deficient as in serpinb1a�/� mice. In

addition, serpinb1a�/� mice are more susceptible and succumb to lung infections

with Pseudomonas aeruginosa (Benarafa et al. 2007). However, the level of

neutropenia observed in serpinb1a�/� mice is milder than that observed in SCN

and no maturation arrest is observed in the bone marrow (Benarafa et al. 2011).

Several studies have investigated NE activity in the context of ELANE
mutations, and the combined evidence does not support a role for altered NE

activity as the direct cause of neutrophil precursor death in the bone marrow. In

transfection studies, recombinant NE mutants showed variable activity on peptide

substrates ranging from the absence of activity, reduction in activity, to a higher

activity than wild-type NE. In addition, AAT inhibited all active mutants in vitro

(Li and Horwitz 2001). Because SCN patients have heterozygous mutations in

ELANE, it was hypothesized that mutant NE might interfere with wild-type

NE. The overall NE activity was tested in blood neutrophils of SCN patients with

or without ELANE mutations. In single cell assays by flow cytometry, which are

associated with technical caveats such as dye loading standardization, average NE

activity was similar in neutrophils of SCN patients and those of normal subjects, but

the variation between individuals was greater in the SCN patient group

(Germeshausen et al. 2013). In the same study, NE activity in lysates of blood

neutrophils of a small subset of SCN patients with mutated NE was significantly

lower than the activity of neutrophil lysates of SCN patients without ELANE
mutation and than that of normal donors. Therefore, ELANE mutations do not

appear to be linked with consistently lower or higher NE activity. In addition,

elane�/� mice have normal granulopoiesis and neutrophil counts (Belaaouaj

et al. 1998), further indicating that reduced or absent NE activity is not required

for neutrophil survival and differentiation. Measurements of CG and PR3 activity

and levels of SERPINB1 and SERPINB6 in neutrophils of SCN patients with or

without ELANE mutations have not been investigated and may provide additional

mechanistic clues on pathways leading to neutropenia.

5.5.4 Therapy and Mouse Models for SCN

G-CSF therapy is the standard treatment for almost all types of neutropenia,

whether congenital or induced by chemotherapy. Long-term G-CSF therapy has
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considerably improved the quality of life and reduced mortality from infections in

SCN patients (Rosenberg et al. 2008). Yet, as in other severe inherited diseases with

defects in hematopoiesis, there is a high long-term risk of developing malignancy.

Therefore, better understanding of disease mechanisms may help design better

targeted therapies for SCN. In serpinb1a�/� mice, G-CSF treatment increased

precursor proliferation and accumulation of mature neutrophils in the bone marrow

to levels comparable to those of untreated wild-type mice. However, G-CSF

treatment failed to accumulate neutrophils in blood of serpinb1a�/�mice indicating

that G-CSF therapy does not fully block NSP-mediated death in circulating cells

(Baumann et al. 2013).

Attempts at modeling SCN in mice expressing ELANE mutants found in SCN

patients unfortunately did not live up to expectations. Knock-in mice expressing the

human V72M mutant of NE instead of mouse NE did not develop SCN and had

normal granulopoiesis in steady-state and in stress conditions (Grenda et al. 2002).

Another knock-in mouse expressing the G193X mutation that leads to the trunca-

tion of the carboxy-terminal 27 amino acids of the mature NE protein was also

generated but similarly showed normal granulopoiesis in steady-state conditions

(Nanua et al. 2011). However, neutrophil precursors of mice carrying the G193X

mutation showed reduced proliferation and survival after tunicamycin and

bortezomib treatment, which block N-linked glycosylation and proteasome activity,

respectively. These effects were associated with endoplasmic reticulum stress and

markers of unfolded protein responses suggesting that modulating the unfolded

protein response may be of therapeutic benefit. Finally, the overall lack of effect of

these mutants may be due to the significantly lower expression levels of NE in mice

compared to human neutrophils (Nanua et al. 2011). Expressing ELANE mutants

under the control of a stronger promoter may provide a model.

5.6 NSPs and Intracellular Serpins Beyond Neutrophils

5.6.1 Inflammatory Lung Disease

AAT, SLPI, and elafin have been long established as part of the antiprotease shield

against NSPs in the lungs (Greene and McElvaney 2009). Most prominently,

patients with AAT deficiency develop lung emphysema at a young age (Laurell

and Eriksson 1963). This finding is one of the pillars of protease-antiprotease

paradigm of chronic lung disease, where NSPs destroy the lung elastin fibers and

other matrix proteins leading to emphysema. Single nucleotide polymorphism that

alters the protein sequence of ACT has also been associated with chronic obstruc-

tive pulmonary disease (Lomas and Silverman 2001), suggesting that CG may

contribute to pathogenesis.

SERPINB1 is also found in airway fluids during lung inflammatory disease

(Cooley et al. 2011; Davies et al. 2010; Yasumatsu et al. 2006). Indeed, SERPINB1

can be secreted by an alternative mechanism used by other leaderless cytoplasmic

proteins such as IL-1 family members (Keller et al. 2008). However, the relative
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importance of this secreting pathway and the release of SERPINB1 in the extracel-

lular milieu after cell death remain to be established. Because AAT and SERPINB1

are both fast inhibitors of all three NSPs, a role for SERPINB1 in preventing the

development and the severity of pulmonary emphysema in aging mice and follow-

ing cigarette smoke exposure was tested in serpinb1a�/� mice. Serpinb1a was

expressed in the lungs of control mice and expression was higher after cigarette

smoke exposure. However, stereological analysis of the lungs and lung function

tests revealed that serpinb1a�/� mice did not develop early onset emphysema as

they aged. In addition, they developed cigarette smoke-induced emphysema to a

comparable extent as wild-type mice after 6-month exposure (Cremona et al. 2013).

These findings suggest distinct functions for the intracellular and extracellular

serpins in emphysema development.

5.6.2 Lung Infection Models

Excessive inflammatory host response increases morbidity and mortality associated

with seasonal respiratory influenza, and highly pathogenic virus strains are

characterized by massive infiltration of leukocytes that produce a storm of injurious

cytokines. Following up on studies showing increased production of inflammatory

cytokines in P. aeruginosa infection of serpinb1a�/� mice (Benarafa et al. 2007), a

role for SERPINB1 in influenza A virus infection was investigated. After challenge

with a high-dose influenza A/Philadelphia/82 (H3N2), the survival of serpinb1a�/�

mice was significantly reduced. Sublethally infected animals suffered increased

morbidity, delayed resolution of lung injury, and increased immune cell death

(Gong et al. 2011). Importantly, early virus-induced cytokine and chemokine

burst and influx of PMNs and monocytes were also normal, and these responses

were associated with normal viral clearance in serpinb1a�/� mice compared to

wild-type. Whereas initial cytokines and chemokines rapidly decreased in WT

mice, TNF-α, IL-6, KC/CXCL1, G-CSF, IL-17A, and MCP-1/CCL2 remained

elevated in serpinb1a�/� mice. Monocyte-derived cells were the dominant immune

cells in influenza-infected lungs, and those from serpinb1a�/� mice produced more

IL-6 and TNF-α when tested ex vivo (Gong et al. 2011). Because viral clearance

was unimpaired, the study highlights the critical role of serpinB1 in mitigating

tissue injury, restricting inflammatory cytokine production, and reducing morbidity.

In lung infection models, serpinb1a�/� deficiency is characterized by defective

microbial clearance and increased production of inflammatory cytokines (Benarafa

et al. 2007; Gong et al. 2011). Neutrophil extracellular traps (NETs) are web of

nuclear DNA, histones, and antimicrobial molecules released by neutrophils fol-

lowing stimulation by endogenous and pathogen-associated inflammatory

mediators. The generation of NETs, or NETosis, was initially described as the

ultimate effort by neutrophils to contain microbes and prevent their dissemination

by executing this form of programmed cell death (Brinkmann et al. 2004; Fuchs

et al. 2007). However, some agonists, such as Staphylococcus aureus, may not

require neutrophil death for NET release (Pilsczek et al. 2010); and GM-CSF-primed

70 C. Benarafa



neutrophils release NETs composed of mitochondrial DNA following stimulation

with complement C5a (Yousefi et al. 2009). In vitro, serpinb1a�/� neutrophils

release more NETs than wild-type neutrophils in response to agonists that induce

NETs via reactive oxygen species-dependent and species-independent routes (Farley

et al. 2012). These findings suggest that SERPINB1 regulates a conserved portion of

the NET release pathway. SERPINB1 was also shown to regulate DNA release from

activated neutrophils in vivo following Pseudomonas infection. Yet, despite produc-
ing more NETs, neutropenic serpinb1a�/� mice fail to control Pseudomonas infec-
tion in the lung and cannot prevent systemic bacterial spreading (Benarafa et al. 2007;

Farley et al. 2012). On the contrary, increased NET generation in these mice may

contribute to increased inflammation and tissue injury as observed during influenza

infection (Gong et al. 2011).

Several questions thus remain on the potential molecular partners of SERPINB1

in DNA release and associated inflammation. Potential mechanistic pathways

include inhibition of NE activity, which is required for NET generation

(Papayannopoulos et al. 2010). Moreover, prtn3�/� mice show reduced inflamma-

tion and increased survival in a peritonitis model (Loison et al. 2014). Because

SERPINB1 translocates to the nucleus during NET generation and is associated

with chromatin, it was also hypothesized that SERPINB1 is involved in chromatin

decondensation (Popova et al. 2006; Farley et al. 2012).

5.6.3 SERPINB6 and Deafness

A homozygous truncating mutation in SERPINB6 is associated with non-syndromic

sensorineural hearing loss in humans (Sirmaci et al. 2010). Most strikingly, pro-

gressive age-related hearing loss is also observed in serpinb6a�/� mice (Tan

et al. 2013). Serpinb6a is expressed in cells of the cochlea and its absence leads

to degeneration of the organ of Corti, which is composed of hair cells required for

transmitting auditory signals. Whether inhibition of proteases, and CG in particular,

is involved in this process remains to be determined.
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Keller M, Rüegg A, Werner S, Beer H-D (2008) Active caspase-1 is a regulator of unconventional

protein secretion. Cell 132:818–831. doi:10.1016/j.cell.2007.12.040

Klein C (2011) Genetic defects in severe congenital neutropenia: emerging insights into life and

death of human neutrophil granulocytes. Annu Rev Immunol 29:399–413. doi:10.1146/

annurev-immunol-030409-101259

Klein C, Grudzien M, Appaswamy G et al (2007) HAX1 deficiency causes autosomal recessive

severe congenital neutropenia (Kostmann disease). Nat Genet 39:86–92. doi:10.1038/ng1940

K€ollner I, Sodeik B, Schreek S et al (2006) Mutations in neutrophil elastase causing congenital

neutropenia lead to cytoplasmic protein accumulation and induction of the unfolded protein

response. Blood 108:493–500. doi:10.1182/blood-2005-11-4689

Kolset SO, Tveit H (2008) Serglycin--structure and biology. Cell Mol Life Sci 65:1073–1085.

doi:10.1007/s00018-007-7455-6

Kruger P, Saffarzadeh M, Weber ANR et al (2015) Neutrophils: between host defence, immune

modulation, and tissue injury. PLoS Pathog 11, e1004651. doi:10.1371/journal.ppat.1004651

Laurell CB, Eriksson S (1963) The electrophoretic α; 1-globulin pattern of serum in α;
1-antitrypsin deficiency. Scand J Clin Lab Invest 15:132–140. doi:10.1080/

00365516309051324

Li FQ, Horwitz M (2001) Characterization of mutant neutrophil elastase in severe congenital

neutropenia. J Biol Chem 276:14230–14241. doi:10.1074/jbc.M010279200

Loison F, Zhu H, Karatepe K et al (2014) Proteinase 3-dependant caspase-3 cleavage modulates

neutrophil death and inflammation. J Clin Invest. doi:10.1172/JCI76246

Lomas DA, Silverman EK (2001) The genetics of chronic obstructive pulmonary disease. Respir

Res 2:20–26

Makaryan V, Zeidler C, Bolyard AA et al (2015) The diversity of mutations and clinical outcomes

for ELANE-associated neutropenia. Curr Opin Hematol 22:3–11. doi:10.1097/MOH.

0000000000000105
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Abstract

SerpinB1 is an inhibitory serpin, which is broadly expressed at highly variable

levels. It is encoded by an ancient gene—possibly the extant homologue of the

serpin gene at the root of the clade B tree. Studies of gene-deleted mice in

models of lung injury, infection, and inflammation identified SerpinB1 as a
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protective anti-inflammatory immunomodulator. Other studies document its

disparate cell-specific functions. Here we review these studies and present a

unifying hypothesis, which is that the multiplicity and diversity of known

functions each reflects a different aspect of SerpinB1’s overruling function as

a global regulator of neutrophil homeostasis.

6.1 Localization

SerpinB1, previously known as MNEI (monocyte/neutrophil elastase inhibitor) and

LEI (leukocyte elastase inhibitor), is a 42 kDa non-glycosylated clade B serpin

(Dubin et al. 1992; Remold-O’Donnell et al. 1992). Whereas most mammalian

serpins are secreted via the classical pathway, those of clade B (previously called

ovalbumin-related serpins) are distinguished by the absence of a hydrophobic

cleavable signal sequence (Remold-O’Donnell 1993) and have a nucleocy-

toplasmic location (Bird et al. 2001). Nonetheless, SerpinB1 is also found extracel-

lularly—in media of cultured macrophages (Remold-O’Donnell and Lewandrowski

1983) and in human lung fluids, particularly bronchoalveolar lavage fluid of cystic

fibrosis patients (Cooley et al. 2011). Whether this extracellular presence is due to

passive release from lysed cells or active secretion is unclear; secretion by an

unconventional caspase-1-mediated mechanism has been proposed (Keller

et al. 2008).

6.2 Inhibition of Proteases

Serine proteases inhibited by SerpinB1 include the elastinolytic enzymes, neutro-

phil elastase, proteinase 3, and pancreatic elastase, and the chymotrypsin specificity

enzymes, cathepsin G, chymotrypsin, chymase, granzyme H, and kallikrein-3

(prostate-specific antigen, PSA), but not trypsin-specific proteases (Cooley

et al. 2001; Wang et al. 2013). The stoichiometry of inhibition (SI) values is

close to 1 for all these inhibitions, and the rate constants are remarkably rapid:

>107 M�1 s�1 for the elastinolytic enzymes, >106 M�1 s�1 for cathepsin G and

chymotrypsin, >105 M�1 s�1 for chymase and granzyme H, and ~104 M�1 s�1 for

kallikrein-3. The dual specificity of inhibition has its molecular correlate in the use

of two reactive sites: the canonical P1 Cys
344 for inhibition of elastinolytic proteases

and Phe343 (canonical P2) for inhibition of chymotrypsin-specific proteases. The

chymotrypsin-specific protease kallikrein-3 is an exception because Cys344 is P1,

possibly due to steric features (Cooley et al. 2001). Of note, the list of inhibited

proteases is not yet complete in that preliminary evidence was recently reported for

cross-class inhibition of cysteine cathepsins by SerpinB1 (Zhao et al. 2014).
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6.3 Evolutionary Perspective

Completion of the chicken genome in 2004 (Hillier et al. 2004) made possible

phylogenetic analyses of the clade B serpins, which in combination with cross-

species comparisons of gene and protein structures, provided perspective on the

evolutionary pathway, allowing identification of conserved serpins and “newer”

serpins such as ovalbumin (serpinb14) that may have contributed to vertebrate

adaptation (Benarafa and Remold-O’Donnell 2005; Kaiserman and Bird 2005). The

comparative genomic analyses placed SerpinB1 at the root of the clade B serpins

(Fig. 6.1), suggesting that its highly efficient protease inhibitory activity may have

been conserved since the origin of vertebrates. Consistent with an ancient origin, no

biochemical activity other than protease inhibition has been identified for SerpinB1

and, thus far, no modifying interactions. The lack of accessory function is consis-

tent with the seven-exon gene structure that SerpinB1 shares with SerpinB6, B8,

and B9 (Benarafa and Remold-O’Donnell 2005; Kaiserman and Bird 2005)

(Fig. 6.1). These genes, unlike the eight-exon clade B genes, lack the variable

length loop between helices C and D. The C–D loop, which does not disrupt the

serpin fold (Huber and Carrell 1989), has evolved to support additional binding and

localization motifs in individual serpins, e.g., transglutaminase acceptor sites that

*

B1 B6 B10 B2 B12 B5

Fish Bird Mammal

310 Mya

450 Mya

Present

Fig. 6.1 Early evolution of the clade B serpins. The model shows serpin genes as blue (seven-

exon) or orange (eight-exon) block arrows. Shown, starting at the bottom, is the ancestral locus

with a single seven-exon gene, followed by subsequent stages to generate the ancestor locus of

birds and mammals shown here at the top. Within the tetrapod lineage, the asterisk represents an
event in which additional sequence, including a CD loop, was added within a seven-exon gene,

generating an eight-exon gene. Subsequent duplications within the mammalian serpins generated

additional seven-exon (B8 and B9) and eight-exon (B3, B4, B7, B11, and B13) genes (not shown).

Reprinted with permission from Benarafa and Remold-O’Donnell, Proc Natl Acad Sci USA, 102:

11367, 2005
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support cross-linking of SerpinB2 (PAI-2) (Jensen et al. 1994), and a nuclear

localization signal of SerpinB10 in combination with an “AT hook” motif that

supports chromatin condensation of MENT (avian serpinb10b) (Grigoryev

et al. 1999). It is also consistent with their ancient origin that SerpinB1 and

SerpinB6 are broadly expressed (Kaiserman et al. 2002). SerpinB1 expression

levels are however highly variable (Benarafa et al. 2002) consistent with the diverse

cell-specific functions described below.

6.4 Neutrophils, Pathogens, and Inflammation

Early studies showed high levels of SerpinB1 in myeloid cells especially

neutrophils, the short-lived cells recruited early to infection sites to destroy patho-

genic bacteria and fungi. Three related SerpinB1-inhibitable neutrophil serine

proteases (NSPs), elastase, proteinase-3, and cathepsin G, are laid down in

azurophil granules of developing neutrophils (promyelocytes) in the bone marrow.

These NSPs constitute a major weapon in the neutrophil’s antimicrobial arsenal.

However, if present in excess, as occurs in chronic inflammatory diseases such as

cystic fibrosis, chronic obstructive pulmonary disease (COPD), and emphysema,

the NSPs injure host tissue and induce inflammation (Janoff 1985). Thus, tight

regulation is crucial. Early studies showed that the delivery of recombinant human

SerpinB1 protects the lungs of rats in a model of lung injury (hemorrhage) induced

by instilling human neutrophil elastase (Rees et al. 1999). Recombinant SerpinB1

also protected rat lungs in a bacterial infection model (Woods et al. 2005). The role

of endogenous SerpinB1 in protecting lungs from NSP-mediated injury was first

demonstrated in a baboon model of bronchopulmonary dysplasia (chronic lung

disease of premature infants) (Yasumatsu et al. 2006).

Whereas human SerpinB1 is encoded by a single gene (SERPINB1), the locus in
mice includes four homologues, serpinb1a, serpinb1b, serpinb1c, and serpinb1d, a
pseudogene (Benarafa et al. 2002). Deletion of serpinb1a, the murine ortholog of

SERPINB1, produced mice that have normal phenotype in the absence of challenge,

but showed increased mortality on intranasal infection with Pseudomonas
aeruginosa (Benarafa et al. 2007). The inoculated serpinb1a-deficient mice (here-

after serpinb1�/� mice) mount early responses to infection including production of

cytokines and chemokines, recruitment of neutrophils, and even restriction of

bacteria that are not different from the responses of wild-type (WT) mice. However,

the serpinb1�/� mice develop late-onset failure to clear bacteria in association with

increased free neutrophil protease activity and prolonged production of inflamma-

tory cytokines. Ex vivo culture of lung neutrophils of the infected mice revealed a

defect of survival of the serpinb1�/� neutrophils (Benarafa et al. 2007). Because of

the greater number of bacteria in the serpinb1�/� mice compared with WT, it was

not possible to determine whether the pathological changes were caused by bacteria

or by the host response. Overall, SerpinB1 protects neutrophil survival, bacteria

clearing capacity, and inflammation restricting capacity of infected mice.
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Serpinb1�/� mice have also been studied in influenza virus respiratory infection.

This model, high-dose inoculation with the strain Philadelphia/82 (H3N2), causes

rapid lung infiltration of neutrophils and monocytes/macrophages that produce a

storm of injurious inflammatory cytokines and severe lung histopathology—featur-

ing characteristic of human infection with highly pathogenic influenza strains such

as the 1918 H1N1 and the avian H5N1 strains. Mortality and morbidity in the form

of extreme weight loss were increased for infected serpinb1�/� mice compared

with WT mice (Gong et al. 2011). Tissue injury and immune cell death were also

increased. Compared to WT mice, the virus-infected serpinb1�/� mice displayed

increases of TNF-α- and IL-6-producing monocyte/macrophages (the “cytokine

storm”) and, surprisingly, increases of IL-17 and IL-17-producing T cells (Gong

et al. 2011) (detailed below). Importantly, virus clearance was not different between

serpinb1�/� and WT mice, indicating that the excess pathology is due to an

overactive host response. Together, the studies of bacterial and viral infection

demonstrate that prevention of excessive and injurious immune cell responses at

infection sites is an important physiological function of SerpinB1. The studies

indicate that SerpinB1 is a protective anti-inflammatory immunomodulator.

6.5 Protecting the Bone Marrow Reserve of Neutrophils

Quantitation of hematopoietic cells in the bone marrow revealed a specific deficit of

neutrophils (neutrophilic granulocytes) in serpinb1�/� mice at steady state

(Benarafa et al. 2011). In researching the cause, we started with hematopoietic

stem cells that differentiate via granulocyte/macrophage progenitors to committed

myeloblasts, promyelocytes, and myelocytes, each of which actively proliferates

(Akashi et al. 2000). Mitosis ceases with myelocytes, which then differentiate to

metamyelocytes, to band cells, and finally to mature neutrophils with characteristic

segmented polymorphonuclear structure. We noted that SerpinB1 levels change

continually during granulopoiesis, peaking in the transition from myeloblasts to

promyelocytes (Benarafa et al. 2011), coincident with synthesis of the NSPs and

their storage as sequestered enzymes in the azurophil granules (Theilgaard-Monch

et al. 2005). At steady state, the bone marrow holds considerably more mature

neutrophils than the periphery (Chervenick et al. 1968; Boxio et al. 2004) and

continually releases neutrophils to the circulating blood. The released neutrophils

survive for a few hours in the circulation unless recruited to a site of infection or

sterile inflammation (Chervenick et al. 1968).

Colony-forming assays of serpinb1�/� bone marrow cells produced normal

numbers and types of mature colonies, indicating that the neutrophil deficit is not

due to defective early progenitor cells. A deficiency of granulocyte-colony

stimulating factor (G-CSF) was considered; however, G-CSF levels are fourfold

increased in serpinb1�/� mice at steady state. Maturational arrest was excluded by

the normal expression levels of late differentiation markers, and a proliferation

defect was excluded by the normal number of Ki67-positive proliferating

neutrophils. On overnight culture of purified bone marrow neutrophils, both
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apoptosis and necrosis were increased for serpinb1�/� cells compared with

WT. Collectively, the findings indicate that the deficit of serpinb1�/� bone marrow

cells is largely restricted to mature post-mitotic neutrophils and is due to increased

spontaneous cell death (Benarafa et al. 2011). The findings demonstrate that

preserving the bone marrow reserve of mature neutrophils by restricting spontane-

ous cell death is an important physiological function of SerpinB1.

6.6 Restricting Neutrophil Death Pathways

To identify the protease(s) putatively responsible for the increased spontaneous

death of serpinb1�/� neutrophils, Bauman et al. studied mice genetically depleted

of serpinb1 in combination with one or more of the NSP genes. Quantitation and

phenotyping of bone marrow cells revealed that genetic deletion of Ctsg (cathepsin
G) or Ctsg and Elane (elastase) in combination with serpinb1 rescued the deficit of

mature bone marrow neutrophils, but deletion of Elane did not (Baumann

et al. 2013). The findings indicate that regulation of endogenous cathepsin G by

serpinB1 contributes to normal maintenance of the bone marrow pool of mature

neutrophils. Exogenously added cathepsin G did not induce the death process.

Mechanistic studies established that cathepsin G-dependent death of serpinb1�/�

bone marrow neutrophils is caspase independent and requires permeabilization of

the granule membrane to release endogenous cathepsin G to the cytoplasm

(Baumann et al. 2013).

An independent study by Loison et al. that focused on spontaneous death of

cultured bone marrow and blood neutrophils identified proteinase-3 as the key

enzyme mediating caspase-dependent death of “aging” (i.e., cultured) neutrophils.

Caspase-3-dependent neutrophil death also required permeabilization of granule

membranes, releasing proteinase-3. This death pathway, which is unique to

neutrophils, has many hallmarks of classical apoptotic death but is independent of

the activator caspases, caspase-8 and caspase-9. Rather active effector caspase-3 is

generated by proteinase-3. Western blots of cytosolic fractions revealed a decrease

of free cytosolic SerpinB1 during neutrophil aging in culture and formation of a

proteinase-3-SerpinB1 complex, strongly suggesting that the caspase-dependent

neutrophil death pathway is regulated by SerpinB1 inhibition of proteinase-3

(Loison et al. 2014). Together, the two studies establish that SerpinB1 carries out

the physiological function of protecting mature neutrophils in bone marrow and

blood by inhibiting endogenous cathepsin G and proteinase-3.

6.7 Restricting NETosis

SerpinB1 also protects neutrophils from a third death pathway distinct from apo-

ptosis and necrosis. NETosis is a programmed pathway initiated when neutrophils

contact pathogens or inflammatory mediators or PMA in vitro. These diverse agents

interact with different surface receptors and induce different cytoplasmic signaling
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pathways that converge at shared downstream events that include transformation of

the segmented nucleus to a spherical shape, decondensation of chromatin, and

expansion of the nucleus. The process culminates in extrusion of linearized DNA

decorated with proteases (elastase, cathepsin G, and proteinase-3) and antimicro-

bial proteins myeloperoxidase and histones (Brinkmann et al. 2004; Fuchs

et al. 2007; Hakkim et al. 2011). At the time of discovery, NETosis was considered

protective, a final act by dying neutrophils to prevent or delay systemic infection.

However, mounting evidence indicates that NETs, or more specifically excess

NETs, inflicts serious local inflammatory damage, particularly endothelial cell

death, in a range of diseases, including cystic fibrosis, thrombosis, and fatal murine

influenza (Massberg et al. 2010; Narasaraju et al. 2011; Papayannopoulos

et al. 2011). NETs also exacerbate the pathology of autoimmune diseases, e.g.,

systemic lupus erythematosus, in part, because they consist of DNA and RNA

decorated with self proteins, which can bind anti-self antibodies and be

endocytosed as immune complexes by plasmacytoid dendritic cells (pDCs) to

signal via TLR7/9 and induce type I interferon (IFN) responses (Garcia-Romo

et al. 2011; Lande et al. 2011).

Evidence that SerpinB1 restricts NETosis includes the increase of NETs in vivo

in lungs of P. aeruginosa-infected serpinb1�/� mice compared with WT mice

(Farley et al. 2012). In vitro, isolated serpinb1�/� neutrophils generated substan-

tially more NETs than WT neutrophils in response to diverse stimulating agents.

These include PMA, which induces reactive oxygen species (ROS)-dependent

NETosis, and PAF, MIP-2, and LPS, which induce ROS-independent NETosis

(Fig. 6.2) (Farley et al. 2012). In normal neutrophils, SerpinB1 translocates into

the nucleus early in NETosis, suggesting that the nucleus is the site of its regulatory

action (Farley et al. 2012). The key critical event of NETosis is chromatin

decondensation catalyzed by the nuclear enzyme peptidylarginine deiminase-4

(PAD4), which is expressed at high levels in mature neutrophils (Wang

et al. 2009; Li et al. 2010). PAD4 deiminates arginine residues on histone tails,
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Fig. 6.2 Increased NETosis of serpinb1�/� neutrophils. WT and serpinb1�/� (sb1�/�)
neutrophils were treated with the indicated agents and stained with Sytox for DNA. (a)
Micrographs of PAF-treated WT (+/+) and serpinb1�/� (�/�) neutrophils. (b) Quantitation of

NETs. Neutrophils were treated with PMA, PAF, and MIP-2/cxcl2, and NETs were quantified in

Sytox-stained micrographs. (a) Representative micrograph. (b) Means� SEM of 6 mice per

genotype. *P< 0.05; **P< 0.01; ***P< 0.001. Reprinted with permission from Farley et al., J

Immunol, 189: 4574, 2012
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converting them to citrulline. The resulting loss of positive charges facilitates

decondensation of chromatin and expansion of the nucleus.

The regulatory effect of SerpinB1 on NETosis suggests the involvement of one

or more proteases. However, there is presently no consistent evidence identifying

the responsible protease. A study by Papayannopoulos et al. found that elastase-

inhibitor-treated neutrophils failed to generate NETs in response to PMA or Can-
dida albicans, and elastase-deficient mice failed to generate NETs on infection with

Klebsiella pneumonia (Papayannopoulos et al. 2010). However, a study by Chen

et al. found no defect of NET generation by elastase-deficient mice in response to

soluble immune complexes (Chen et al. 2012). Also, our studies of human

neutrophils treated with inhibitors of NSPs and mouse neutrophils genetically

depleted for NSPs failed to identify a NETosis regulatory protease (unpublished

findings). In a recent study, NETosis was absent in neutrophils from a patient

genetically depleted of the cysteine protease cathepsin C (Sorensen et al. 2014).

Because cathepsin C (also known as dipeptidyl peptidase I) is required for

N-terminal trimming during biosynthesis of the NSPs (Pham et al. 2004), the

patient’s neutrophils also lack the NSPs (Sorensen et al. 2014) and possibly other

proteases.

6.8 IL-17 in Neutrophil Homeostasis

Neutrophil numbers in the circulation are tightly regulated by homeostatic regu-

latory mechanisms that match neutrophil production (granulopoiesis) to neutrophil

clearance, both in steady state and in infection and inflammation (stress/emergency

granulopoiesis). G-CSF, a product of bone marrow stromal cells, is the principle

cytokine that regulates granulopoiesis (Schwarzenberger et al. 2000) by inducing

the commitment of multipotential progenitor cell to myeloid lineages and

stimulating proliferation of granulocyte precursors [reviewed in Christopher and

Link (2007)].

The major link of G-CSF to neutrophil clearance in the periphery is IL-17, which

is produced by two types of T cells (Forlow et al. 2001; Stark et al. 2005). IL-17 is

rapidly produced by innate γδ T cells on encountering microbial products or in

response to the inflammatory cytokines IL-23 and IL-1β (Martin et al. 2009; Sutton

et al. 2009). The delayed IL-17-producing cells are Th17 cells, a specialized

adaptive CD4 cell lineage (Harrington et al. 2005; Park et al. 2005). IL-17 activates

granulopoiesis by inducing bone marrow stromal cells to produce G-CSF. IL-17

also induces local epithelial cells and fibroblasts to produce chemokines and

cytokines that recruit and activate neutrophils (Miyamoto et al. 2003; Fogli

et al. 2013). By thus serving as the dominant driver of neutrophil number and

neutrophil function at peripheral sites, IL-17 protects the host against infections

with fungi and extracellular bacteria (Shibata et al. 2007) but is also a major driver

of progressive tissue damage in autoimmune diseases including multiple sclerosis,

systemic lupus erythematosus, rheumatoid arthritis, and inflammatory bowel

disease.
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6.9 SerpinB1 and IL-17

The first hint that SerpinB1 controls IL-17 was the finding of increased IL-17 and

IL-17-producing T cells in lungs of influenza virus-infected serpinb1�/� mice

(Fig. 6.3a) (Gong et al. 2011). The responsible cells in these mice were primarily

γδ T cells but also Th17 cells. Subsequent study of noninfected mice showed that

IL-17+ γδ T cells are already expanded at steady state in serpinb1�/� mice

compared with WT mice (Zhao et al. 2014). Increased numbers of IL-17+ γδ T

cells were found in the lungs and spleen but not in the thymus of serpinb1�/� mice,

indicating that the increase is due to peripheral expansion rather than altered thymic

development. The effect of SerpinB1 is specific in that no differences were found

between WT and serpinb1�/� mice in the number of IFNγ+ γδ T cells. Because

subsets of γδ T cells that share function are defined by the expression of particular

γ- and/or δ-V genes, we could further test the specificity of the SerpinB1 effect by

co-staining the cells with V-region-specific TCR-γδ antibodies. We found that the

Vγ4+ and Vγ6/Vδ1+ subsets, which are IL-17 producers, were increased in

serpinb1�/� mice, but that the Vγ1+ γδ cells, which are IFNγ producers, were not

different between serpinb1�/� and WT mice (Fig. 6.3b). Further studies showed

that the percentages of Vγ4+ and Vγ6/Vδ1+ subsets producing IL-17 were also

increased for serpinb1�/� mice compared with WT mice (Fig. 6.3c) as well as the

percentages expressing Ki-67, a marker for proliferating cells (not shown) (Zhao

et al. 2014). Of note, microarray studies by the Immunological Genome Consortium

project found that serpinb1a is highly and preferentially expressed in mature Vγ4+

γδ T cells, but not in immature Vγ4+ γδ T cells and not in Vγ1+ γδ T cells (Narayan

et al. 2012).

We subsequently showed that increased numbers of adaptive Th17 cells are

generated in serpinb1�/� mice compared with WT, both in vivo after immunization

and in vitro on differentiation of naive CD4 cells in the presence of polarizing

cytokines (Hou et al. 2014). The effect of SerpinB1 was specific in that no

differences were found between serpinb1�/� and WT for in vitro generated Th0

cells, Th1 cells, or T-regulatory (Treg) cells. Of note, microarray studies found that

serpinb1a mRNA was highly induced in Th17 cells compared with other CD4

helper cell subsets (Brustle et al. 2012; Yosef et al. 2013; Heinemann et al. 2014).

Efforts are underway to identify the putative proteases that antagonize the effect of

serpinB1 in generating IL-17+ γδ cells and Th17 cells. Together the studies of

IL-17+ γδ T cells and Th17 cells identify an important role for endogenous

SerpinB1 in restricting the number of IL-17+ cells and thus providing a set point

that balances neutrophil number and function at sufficient levels to provide innate

antimicrobial defense but prevent inflammatory disease.
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Fig. 6.3 Role of SerpinB1 in restricting IL-17 producing γδ T cells. (a) Survival of serpinb1�/�

mice after influenza challenge. Wild-type (+/+) and serpinb1�/� mice (�/�) were inoculated with

influenza virus strain. Shown are Kaplan-Meier survival curves for 12 mice per genotype. Levels

of IL-17 and numbers of IL-17+ γδ cells were increased in lungs of serpinb1�/� mice compared

with WT mice on day 2 of infection (not shown). (b) Selective increase of Vγ4+ and Vγ6/Vδ1+ γδ
T cells in lungs of naive serpinb1�/� mice. Lung cells of naive WT and serpinb1�/� mice were

stained with antibody to γδ-TCR followed by antibodies that detect Vγ1, Vγ4, and Vγ6/Vδ1. (c)
Increased percentage of IL-17+ cells within the serpinb1�/� Vγ4+ and Vγ6/Vδ1+ subsets. Lung

cells of naive WT and serpinb1�/� mice were cultured with PMA and ionomycin, surface stained

as in (b) and intracellularly stained for IL-17. No IL-17+ cells were found within the Vγ1+ subset.
Shown are (b) means� SEM for 8 mice per group and (c) representative data for 4 mice per group.

Reprinted with permission from (a) Gong et al., J Infect Dis 204: 592, 2011 and (b, c) Zhao et al.,
95: 521, 2014
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6.10 SerpinB1: A Global Regulator of Neutrophil Number
and Function

SerpinB1, encoded by an ancient clade B serpin, inhibits serine proteases including

neutrophil elastase, proteinase-3, and cathepsin G and a subset of cysteine

cathepsins. We propose that the findings described above justify referring to

SerpinB1 as a global regulator of neutrophil function as follows: SerpinB1 is

critical for preserving the bone marrow reserve of mature neutrophils by protecting

bone marrow neutrophils from cathepsin G-mediated death and protecting bone

marrow and circulating neutrophils from proteinase-3-mediated caspase-3-

dependent death and protecting circulating and extravasated neutrophils from

death by NETosis. At sites of infection, SerpinB1 protects the host bacterial killing

capacity, thus decreasing microbe-induced neutrophil death that facilitates

protease-mediated injury and prolongs inflammatory cytokine production. The

alternative neutrophil death mode favored by the presence of SerpinB1 is apoptosis

linked to phagocytosis by macrophages, which serves to decrease inflammatory

cytokines. The presence of inflammatory cytokines (IL-6, IL-1β, IL-23) supports
activation of IL-17+ γδ T cells and generation of Th17 cells; the extent of IL-17+ T

cell expansion is restricted by endogenous SerpinB1. IL-17 produced at mucosal

sites by IL-17+ T cells induces G-CSF production by bone marrow stromal cells and

local production of chemokines and cytokines that recruit and activate neutrophils

(summarized in Fig. 6.4).

Bone Marrow
Granulopoiesis

Apoptosis/
Phagocytosis

by macrophage

Netosis

INFECTION

T-Cell

G-CSF
IL-17

Infiltrated
Neutophils

Inflammatory 
Cytokines:

IL23, IL1β, IL6 

Epithelium

SerpinB1
T-Cell

Fig. 6.4 SerpinB1: a global regulator of neutrophil homeostasis. Shown in the schematic are

neutrophils generated in the bone marrow and exiting to the circulation. SerpinB1 protects bone
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Abstract

T lymphocytes are required for cell-mediated immunity but also give rise to

immunological diseases such as autoimmunity and transplantation rejection.

Intracellular serine protease inhibitors (serpinsIC) regulate the activity of key

of proteases that control T lymphocyte function and development. An emerging

view of serpinsIC is that they are important promoters of cellular viability

through their inhibition of executioner proteases. This will be discussed in the

context of the T lymphocyte survival during effector responses and the develop-

ment and persistence of long-lived memory T cells. The potent anti-apoptotic

properties of serpins can also work against adaptive cell immunity by protecting

viruses and tumors from eradication by cytotoxic T cells (CTL). Recent insights
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from knockout mouse models demonstrate that these serpins also are required

for hematological progenitor cells and so are critical for the development of

lineages other than T lymphocytes. Given the emerging role of serpins in

multiple aspects of lymphocyte immunity and blood development, this chapter

will examine new immunotherapeutic approaches based directly on serpins or on

knowledge gained from identifying their physiologically relevant protease

targets.

7.1 Intracellular Serine Protease Inhibitors and Programmed
Cell Death

Most serpins are secreted and constitute about 10 % of plasma proteins. In verte-

brates, clade B serpins belong to a large intracellular family (Remold-O’Donnell

1993). Intracellular serpins (serpinsIC) lack cleavable N-terminal signal peptides

and dwell within the nucleocytoplasmic compartment. SerpinsIC inhibit several key

proteases that trigger programmed cell death (PCD), and so they can be viewed as

key regulators of cell survival. In addition to inhibiting serine proteases, some

serpinsIC are cross-class specific and inhibit cysteine proteases (Fig. 7.1). The first

description of an anti-PCD function of serpinsIC came from work on CrmA from the

cowpox virus. CrmA inhibits the serine protease granzyme B (GrB), which is used

by T lymphocytes to induce PCD in infected cells (Ashton-Rickardt 2010). Mam-

malian serpinsIC, which inhibit GrB, have also been identified in humans, protein-

ase inhibitor 9 (PI9, SERPINB9) (Sun et al. 1996), and mice—serine proteases

inhibitor 6 (Spi6) (Sun et al. 1997). In addition to inhibiting executioner serine

proteases, some cross-class-specific serpinsIC inhibit death-inducing cysteine

cathepsins. CrmA can inhibit both caspases 1 and 8 at physiological rate constants,

whereas only caspase 1 is inhibited efficiently by PI9. Cross-class-specific serpinsIC
can also inhibit executioner cathepsins. Spi2A inhibits the serine protease cathepsin

G and also cysteine cathepsins such as cathepsin B, V, L, K, and H after they are

released from the lysosome into the cytoplasm (Liu et al. 2003). Spi2A protects

from apoptotic PCD by inhibiting cathepsin B-mediated cleavage of Bid after

stimulation by tumor necrosis factor receptor 1 (TNF-R1) (Liu et al. 2003)

(Fig. 7.1). Spi2A can also protect from necrotic PCD induced by reactive oxygen

species (ROS) or TNF-α in the absence of caspase activity, presumably because

cathepsin B can induce both apoptotic and necrotic PCD (Liu et al. 2004b). Spi2A is

a physiological target of NF-κB (Liu et al. 2003) and can substitute for the

transcription factor in protecting cell from the lysosomal pathways of PCD (Liu

et al. 2003). This cross-class specificity of Spi2A for cysteine cathepsins is also a

property of another mouse serpin SQN-5 (Serpinb3a) and the human serpin SCCA1

(SERPINB3), as well as SRP-6, which protects in C. elegans from necrotic PCD

during development (Ashton-Rickardt 2010). The mechanism by which cysteine

proteases are inhibited involves the cleavage of the serpinsIC, in some cases

involving as stable covalent complex and in other cases not (Ashton-Rickardt

2010).
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7.2 Self-Inflicted Damage of Cytotoxic Lymphocytes

Cytotoxic lymphocytes protect from infection by inducing the PCD of infected or

transformed cells through contact-dependent, lymphocyte-mediated cytotoxicity,

which can proceed through two pathways. The first involves the action of proteins

present in specialized granules in cytotoxic T cells and natural killer (NK) cells

(Russell and Ley 2002). In this pathway, perforin facilitates the entry of granzymes,

which trigger rapid PCD in target cells. The second pathway is triggered by

members of TNF-R family of which Fas is the most important (Russell and Ley

2002). Granzymes A and B are the most abundant granzymes in mice and humans

and are the best characterized. When an activated CTL recognizes antigen on an

infected cell, a tight junction is formed with the target cell, into which the contents

of lytic granules are secreted (Russell and Ley 2002). GrB is released into the

synapse between CTL and target and is endocytosed into the target cell through a

mechanism that requires perforin. Once released into the cytoplasm, GrB rapidly
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traffics to the nucleus and initiates death by cleaving protein substrates that leads to

DNA fragmentation and cell death.

Given the effectiveness of the granule exocytosis pathway of death, it is not

surprising that CTL and NK cells are susceptible to self-inflicted damage. A

dramatic demonstration of this is the phenotype of perforin-deficient CTL, which

are defective in granule-mediated killing but also undergo less PCD in vitro and

in vivo (Ashton-Rickardt 2010). The clinical relevance of perforin as a negative

regulator of CTL survival comes from patients with familial hemophagocytic

lymphohistiocytosis (FHL) who harbor homozygous loss-of-function defects in

the perforin gene and massively increased levels of CTL (Stepp et al. 1999).

There is evidence to indicate that granzymes are turned against CTLs through

both fratricide and suicide. During fratricide, CTL become the targets for killing by

other CTL, which may occur if CTL express antigen on its surface (Walden and

Eisen 1990). Of potentially wider relevance are observations that, in the course of

delivering the lethal hit, a CTL internalizes and then reexpresses antigen, on its

plasma membrane rendering it a target for fratricidal killing (Huang et al. 1999).

During the killing of a target, the perforin/granzyme pathway also induces the death

of the CTL itself delivering the lethal hit in a fratricide-independent manner

(suicide) (Ashton-Rickardt 2010). Several reports indicate the presence of

“misdirected” GrB in compartments other than that of lytic granules or the cyto-

plasm of a target cell. During CTL killing, up to one third of the granzymes A and B

produced are secreted directly via the constitutive secretory pathway rather than

from lytic granules (Lieberman 2003). This source of granzymes is thought to be

responsible for bystander killing of targets, which occurs without the formation of

conjugates with CTL. It has long been appreciated that granzymes can be found in

the serum during CTL immune reactions, indicating a potential extracellular source

of misdirected killing molecules (Lieberman 2003).

7.3 Protection of Cytotoxic Lymphocytes from Self-Inflicted
Damage by Serpins

Whichever way GrB enters the cytoplasm of a CTL, what is now clear is that

serpinsIC play a key role in protecting CTL from self-inflicted damage. PI9 is an

endogenous serpinsIC specific for GrB, expressed in human CTL and NK cells (Sun

et al. 1996). Expression of transgenic PI9 improved the viability of human CTL,

suggesting that upregulation of PI9 may protect CTLs from self-inflicted damage

(Hirst et al. 2003). Transgenic expression of the mouse homologue, Spi6, protected

mouse CTL from GrB and increased the number of antigen-specific CD8 T cells

after infection of mice with lymphocytic choriomeningitis virus (LCMV) (Phillips

et al. 2004). However, the most convincing evidence that GrB-specific serpinsIC
protect CTLs from self-inflicted damage comes from the study of Spi6 KO mice,

which revealed that Spi6 inhibits GrB in the cytoplasm after it leaks of the cytotoxic

granules by acting as a classic suicide substrate (Zhang et al. 2006) (Fig. 7.2). The

increase in cytoplasmic GrB activity leads to the induction of PCD and decreased

96 P.G. Ashton-Rickardt



clonal burst of CTL specific for LCMV and the intracellular bacterium

L. monocytogenes resulting in impaired immunity (Zhang et al. 2006). Spi6 not

only protected CTL from PCD caused by cytoplasmic GrB but also ensured the

integrity of cytotoxic granules by preventing granzyme-mediated breakdown

(Zhang et al. 2006) (Fig. 7.2). Spi6 KO CTL have fewer cytotoxic granules than

normal, and those they do have appear to not to be arranged correctly into cytotoxic

vesicles. This defect could be corrected by GrB deficiency, suggesting an active

role for GrB in granule breakdown. How cytoplasmic GrB feeds back and causes

the destruction of cytotoxic granules is not known, but presumably granule struc-

tural proteins could be directly attacked by GrB or by downstream products of GrB

activity. Inhibition of GrB by Spi6 protects cytotoxic lymphocytes of the innate as

well as the adaptive branches from self-inflicted damage. Invariant NKT (iNKT)

cells are subset of cytotoxic lymphocyte, which participate in both immediate

immune responses against invariant antigen (innate) as well as long-term immune

responses (adaptive) (Godfrey et al. 2004). Spi6-deficient iNKT cells harbored

increased levels of GrB and were susceptible to PCD after stimulation antigen

(Ansari et al. 2010). As with classical CTL, activation-induced PCD resulted in

impaired survival of Spi6 KO iNKT and a decreased clonal burst size after

challenge in vivo.

Spi6 KO GrB KO

GrB

Spi6

 Substrate cleavage

Death

WT

Substrate cleavage

Death

Fig. 7.2 Spi6 protects CTL from self-inflicted damage. Cartoons showing role of Spi6 in the

inhibition of GrB in wild-type (WT), Spi6 KO and GrB KO CTL
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7.4 Serpins and the Development and Persistence of Memory
T Cells

Immunological memory is unique to vertebrates and is defined as the persistence of

a reactive state initiated by antigen challenge (Ahmed and Gray 1996). This

persistence of an immunological reactive state is dependent on memory lympho-

cytes, which increase the frequency of pathogen-specific cells and are functionally

superior to naı̈ve lymphocytes. After the rapid expansion in the number of antigen-

specific CTL, which may be several orders of magnitude, an equally dramatic

decrease in cell number occurs (Ahmed and Gray 1996). This so-called contraction

phase in the immune response is driven by PCD and is an important homeostatic

mechanism for regulating T cell numbers (Ahmed and Gray 1996). Those CTL that

escape PCD differentiate into memory T lymphocytes (MTL), which provide long-

term adaptive immunity through robust recall responses (Opferman et al. 1999). For

long-term persistence, and self-renewal, MTL must also undergo a steady rate of

homeostatic proliferation (HSP), which preferentially occurs in the bone marrow

(Becker et al. 2005). HSP of MTL is critically dependent on survival cytokines such

as interleukin-15 (IL-15), which induce the expression of anti-PCD molecules such

as Bcl-2, Bcl-XL, and Mcl-1 in MTL (Opferman et al. 2003). Studies support a

linear differentiation model of MTL development, in which MTL are the progeny

of CTL (Jacob and Baltimore 1999; Opferman et al. 1999). Since CTL are highly

susceptible to PCD, the differentiation of MTL requires the escape from PCD,

which may be facilitated by the upregulation of so-called protective genes that

encode anti-PCD factors in memory cell precursors. Work from our group has

shown that two different serpinsIC expressed in CTL control the development of

MTL in different ways.

7.4.1 Serine Protease Inhibitor 2A (Spi2A)

Spi2A (Seprina3g) is cross-class-specific serpinsIC of cysteine cathepsins, which

protects cells from the lysosomal pathway of PCD (Liu et al. 2003) and is

upregulated in the MTL and their precursors (Liu et al. 2004a). Overexpressing

Spi2A increased the number of MTL, and conversely, knockdown of expression by

antisense message blocked the development of MTL (Liu et al. 2004a). However,

the Serpina3g locus contains several genes, which share a very high degree of

homology to Spi2A, and so it is difficult to definitely ascribe the effects on MTL

development uniquely to Spi2A. The role of Spi2A in MTL self-renewal and HSP

has also been studied in Spi2A KO mice. There was an age-dependent deficit and

impaired self-renewal of MTL in Spi2A KOmice (Byrne et al. 2012). The defective

HSP of MTL in Spi2A KO mice could be corrected by cathepsin B deficiency,

demonstrating that cathepsin B was the physiological target of Spi2A in

maintaining MTL. Spi2A transcription is induced by IL-15 and other survival

cytokines, and so the protection from cathepsin B-mediated PCD by Spi2A is a

mechanism by which the survival cytokines ensure MTL self-renewal through HSP

(Fig. 7.3).
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7.4.2 Serine Protease Inhibitor 6 (Spi6)

Work with Spi6 KO mice has clearly demonstrated a role for the endogenous GrB

inhibitor in protecting CTL from self-inflicted damage and controlling the clonal

burst of pathogen-specific CTL (Zhang et al. 2006). However, despite an almost

complete reduction in the size of the CTL pool, the size of the MTL pool was

unaffected in Spi6 KO mice (Zhang et al. 2007). Therefore, the development of

MTL was independent of Spi6 (Fig. 7.3). Although Spi6 was required for the

survival of the majority of short-lived effector CTL, it was dispensable for the

survival of the small proportion of the CTL pool that were memory cell precursors

because these cells express low levels of GrB and so are not susceptible to

GrB-mediated self-destruction. However, in Spi6 KO mice, the number of second-

ary CTL derived from MTL was severely diminished in antigen rechallenge

responses (Zhang et al. 2007). Therefore, although Spi6 is not required for the

development of primary MTL, it still controls memory responses by determining
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the size of the secondary CTL clonal burst in after reinfection. The T-bet transcrip-

tion factor is required for the differentiation of CTL but not MTL (Joshi et al. 2007).

GrB is a transcriptional target of T-bet, and so the dichotomy between short-lived

GrBhi CTL and GrBlo memory cell precursors can be explained in terms of graded

expression of T-bet (Joshi et al. 2007). An attractive hypothesis would be that the

coordinate expression of Spi6 and GrB is part of the T-bet transcriptional program

that ensures the survival of CTL. The study of Spi2A KO and Spi6 KO mice

suggests that serpinsIC have evolved separate functions in determining the size of

a primary CTL (Spi6 inhibition of GrB) versus controlling long-term self-renewal

(Spi2A inhibition of cathepsin B) (Fig. 7.3).

7.5 Protection of Dendritic Cells from CTL

Dendritic cells (DC) are the physiological antigen presenting cells that stimulate

both naı̈ve cells and MTL to proliferate and differentiate into CTL. In mice, the

CD11c++ CD8α++ CD205+ DC population (CD8αDC) can best acquire a wide

variety of cellular antigens (including viral proteins) from infected and dying

cells and present them on self-class I major histocompatibility molecules (MHC

1) to cognate CD8 T cells in a process known as cross-presentation (Heath

et al. 2004). Experiments with perforin-deficient CTL show that both primary and

recall CTL eliminate cognate DC as part of a negative feedback mechanism that

limits their own expansion (Ashton-Rickardt 2010). However, the fact that DC are

still highly effective at priming CTL expansion implies that they have mechanisms

that protect them from CTL killing. The upregulation of Spi6 in DC upon matur-

ation or through transgene expression results in the protection of DC from granule-

mediated PCD by CTL (Medema et al. 2001a). Spi6 KO mice have demonstrated

that Spi6 protects CD8α DC from GrB delivered by CTL (Lovo et al. 2012)

(Fig. 7.3). The impaired survival of Spi6 KO CD8α DC resulted in impaired

priming and expansion of both primary and memory LCMV-specific CTL. This

defect could be corrected by GrB deficiency, demonstrating that GrB was the

physiological target through which Spi6 protected CD8αDC from CTL. Therefore,

the negative regulation of DC priming of cellular adaptive immunity by CTL killing

is mitigated by the physiological inhibition of GrB by Spi6.

7.6 Serpins and CTL-Mediated Transplantation Rejection

Although immunological memory gives long-term protective immunity to infec-

tion, it can also convert acute disease to chronic disease when the antigen is a

histoincompatible transplanted tissue (allograft). The failure to extinguish or sup-

press T cell memory to allografts presents a major barrier to curing chronic

transplant rejection. Spi6 also protects allo-specific CTL from misdirected GrB,

thereby controlling the size of the CTL pool in mouse skin and cardiac allograft

models (Azzi et al. 2015). As was observed for antiviral CTL, the deficit in Spi6 KO
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allo-specific CTL clonal burst did not translate into a deficit in the MTL pool

(Zhang et al. 2007). However, it is still not known whether Spi6 controls memory

responses at the level of secondary allo-specific CTL expansion as it does for

antivirus memory (Zhang et al. 2007). In any case in the models tested, the deficit

in the survival of Spi6 KO allo-specific CTL did not result in increased allograft

survival. This may be because Spi6 is also required to protect GrB-positive T

regulatory (Tregs) from death, which are important suppressors of allo-specific

CTL responses (Azzi et al. 2013). Therefore, a decrease in allograft survival due to

decreased levels of Spi6 KO Treg levels may counter the increase in allograft

survival resulting from decreased levels of allo-specific CTL. The situation with

allograft rejection illustrates the multicellular role serpin protection from GrB plays

in controlling T cell immune responses.

7.7 Serpins and CTL-Driven Inflammatory Diseases

Granzymes have been implicated as tissue-damaging agents in a variety of inflam-

matory and autoimmune diseases, including graft versus host disease (GVHD),

rheumatoid arthritis, atherosclerosis, Crohn’s diseases, and systemic lupus erythe-

matosus. Expression studies have located PI9 to nonlymphoid cells in immuno-

privileged sites and at the sites of inflammatory reactions (Bladergroen et al. 2001;

Hirst et al. 2003). Therefore, it has been suggested that GrB-specific serpinsIC,

such as PI9 and Spi6, in addition to protecting DC, may also have a more general

protective role for bystander cells in CTL-mediated inflammation. Given the wide

variety of inflammatory diseases caused by CTLs, it is likely that the upregulation

of PI9 or equivalent serpinsIC in nonlymphoid tissue may have a common strategy

for limiting pathological tissue damage. In addition, PI9 may also protect from

inflammatory disease by inhibiting proteases other than GrB. Interleukin-1 (IL-1)

beta converting enzyme (ICE; caspase 1) is required for the production of

pro-inflammatory IL-1 and IL-18 cytokines. PI9 not only inhibits GrB as a classical

suicide substrate, but can also inhibit caspase 1 through a similar mechanism

(Annand et al. 1999). This interaction seems to be physiologically relevant in

vascular smooth muscle cells where PI9 regulates the production of IL-1β and

IL-18 through inhibition of caspase 1 (Young et al. 2000). A potential protective

role for PI9 in inflammatory atherosclerosis is suggested by the lower expression in

human atherosclerotic lesions (Young et al. 2000).

7.8 Serpins and Immunoevasion

Inhibition of executioner proteases by serpinsIC plays a critical role in

CTL-mediated immunity. However, intracellular pathogens may use serpinsIC to

inhibit CTL proteases used by the immune system to kill them. For example, CrmA

may allow cowpox virus in infected cells to escape both the granule-mediated and

the Fas-FasL-mediated pathways of CTL killing through the inhibition of GrB and
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caspases. It has been suggested that inhibition of GrB by serpinsIC may represent a

novel escape mechanism by which tumors may evade CTL-mediated immuno-

surveillance. This is based on the observation that overexpression of Spi6 and PI9

protects tumor cell lines from CTL-mediated lysis and that PI9 is expressed in both

Hodgkin’s (T and B cell) and non-Hodgkin’s lymphomas and also breast, colon,

and cervix carcinomas (Bladergroen et al. 2002). However, PI9 is widely expressed

in normal leukocytes and normal epithelial cells (Hirst et al. 2003), and it is still yet

to be determined whether the level of expression in cancer cells is any higher than

the level in noncancerous control tissue (Bladergroen et al. 2002). The correlation

between PI9 expression and the poor prognosis of patients with anaplastic large cell

lymphoma suggests that the escape of tumors from CTL-mediated immuno-

surveillance may involve protection from GrB (ten Berge et al. 2002).

7.9 Serpins in Blood Cell Development

Studies with Spi2A KO mice have revealed an unexpected role for Spi2A cyto-

protection in the development of multiple lineages of blood cells. In response to

anemia, erythropoietin (EPO) is produced by renal interstitial fibroblasts and then

acts within bone marrow to promote erythroid progenitor expansion via its cell

surface receptor (EPOR) (Wojchowski et al. 2010). ROS as generated by iron and

heme accumulation in erythroblasts brings about lysosomal membrane permeabil-

ity and subsequent cell death through cathepsins (Dev et al. 2013). Spi2A is

required for EPO-driven hematopoiesis through protection of erythroblasts from

cathepsin B-/L-mediated PCD (Dev et al. 2013) (Fig. 7.4). Pharmacological inhibi-

tion of cathepsins B and L also enhanced EPO-induced red cell formation in normal

mice and in an EPO-dependent human model. Reconstitution experiments did not

reveal a role for Spi2A in the self-renewal of long-term hematopoietic stem cells

(LT-HSC), but rather Spi2A was required for the expansion of LT-HSC as well as

Fig. 7.4 Spi2A is an EPO-specific protective factor. Spi2A inhibits cathepsin B after it is released

from lysosomes within stressed or compromised erythroblasts
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granulomyelocytic and B lymphocyte progenitors after upregulation by STAT

5 transcription factor-mediated signaling through granulomyelocytic colony

stimulating factor (GMCSF) or IL-7 receptors (Li et al. 2014). As with other

blood cell types, the mechanism of Spi2A function is to protect from PCD causes

by cysteine cathepsins released from the lysosome (Liu et al. 2003).

7.10 Therapeutic Potential of SerpinsIC

A challenge for the future is to translate our knowledge of T lymphocyte biology

into new ways of harnessing cellular immunity to combat infection, cancer, and

inflammatory disease. The human serpinsIC PI9 and its mouse homologue Spi6 can

influence CTL responses by both affecting the viability of DC antigen presentation

cells (Medema et al. 2001b; Lovo et al. 2012) and CTL (Phillips et al. 2004; Hirst

et al. 2003; Zhang et al. 2006) through the inhibition of cytoplasmic GrB. One

potential adjuvant strategy is to improve the efficiency of DC priming by increasing

viability. A preliminary DNA vaccination study against tumors in mice has

indicated the feasibility of using Spi6 DNA as an adjuvant in this way (Ashton-

Rickardt 2010). Recent insights into how serpinsIC control the development and

function of both SLE and MTL may provide new translational opportunities. Spi6

KO mice have revealed that improving CTL viability by protecting from self-

inflicted damage (Zhang et al. 2006) does not necessarily increase the size of the

MTL (Zhang et al. 2007). So in order to maximize differentiation of long-term

memory cells, one must suppress the death pathways specific to MTL. In this regard

the suppression of cysteine cathepsins by transgenic Spi2A may be useful as an

adjuvant approach. However, the lack of a structural homologue of Spi2A in

humans may prevent such an adjuvant approach.

Clinical trials utilizing mesenchymal stem cells (MSC) in tissue engineering and

as immunosuppressive agents have been initiated worldwide. Expression of trans-

genic Spi6 and PI9 protects mouse and human MSC, respectively, from killing allo-

specific CTL and improved survival after transplantation (El Haddad et al. 2011a,

b). Therefore, the delivery of PI9 to MSC may prove clinically useful. The impaired

expansion of allo-specific Spi6 KO CTL could make Spi6 an attractive target for

alleviating allograft rejection (Azzi et al. 2015). Targeted inhibition of Spi6 expres-

sion or function in allo-specific CTL would conceivably alleviate transplantation

rejection. Eliminating CTL by inhibiting Spi6/PI9 may alleviate transplantation

rejection and GVHD (Azzi et al. 2015), but one would need to target the approach

to CTL to avoid the confounding effects of eliminating Tregs (Azzi et al. 2013).

Protein therapy using T lymphocyte relevant serpinsIC might also be useful in

alleviated inflammatory disease caused by extracellular GrB.

EPO is used clinically to treat the anemia of chronic renal disease but may also

worsen certain cancers and cause hypertension (Wojchowski et al. 2010). So new

target downstream of EPOR may be useful to develop new drugs that will avoid

EPO side effects. We have shown in mice that Spi2A facilitates the activity of EPO

in anemia by protecting erythroblasts from ROS/cathepsin B-/L-driven PCD (Dev
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et al. 2013). However, humans lack an obvious functional homologue of Spi2A that

inhibits cysteine cathepsins, and no SERPINA gene is upregulated by EPO in

human erythroblasts.

Perhaps the most useful approach to transplanting our knowledge of serpinsIC is

to develop small molecules that are mimetics. Synthetic inhibitors of cathepsin B

can boost the number of LCMV-specific MTL by inhibiting PCD (Liu et al. 2004a)

and can alleviate anemia in mice by substituting for EPO (Dev et al. 2013;

Wojchowski et al. 2010). Clinically useful GrB inhibitors would alleviate wide

variety of inflammatory diseases (Willoughby et al. 2002). However, current

cathepsin B/L and GrB inhibitors suffer from poor cell uptake and high toxicity,

and so there is a great unmet need to develop new small molecules as the first step to

clinically useful mimetics of serpinsIC.
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Abstract

Plasminogen activator inhibitor type-2 (PAI-2) or SerpinB2 is a clade B serine

protease inhibitor (serpin) with unique properties that was originally identified as

an inhibitor of the secreted serine protease, urokinase-plasminogen activator

(uPA). The plasminogen activating cascade is well recognized to play an

important fibrinolytic role in maintaining vascular patency and for remodeling

of the extracellular matrix. On the other hand, PAI-2 is present predominantly as

a nucleocytoplasmic protein, and it has been shown to have a number of

pleiotropic activities associated with its intracellular localization. Upregulation

of PAI-2 is a major stress response in multiple cell types and recent data have

started to illuminate PAI-2 functions in the cell, having immunomodulatory,

cytoprotective, and anti-inflammatory activities.

8.1 Introduction

Plasminogen activator inhibitor type 2 (PAI-2), also known as SerpinB2, was one of

the first discovered clade B serpins. PAI-2 was first identified in human placental

trophoblasts (Kawano et al. 1970; Wun and Reich 1987) and was later isolated and

cloned independently by different groups (Ye et al. 1987; Webb et al. 1987;

Schleuning et al. 1987; Antalis et al. 1988). As a member of the clade B serpins,

PAI-2 is structurally similar to ovalbumin (Remold-O’Donnell 1993), having a

common genomic structure and a lack of a conventional secretory signal (Jensen

1987). SerpinB2 was originally identified as an inhibitor of urokinase-plasminogen

activator (uPA), although a number of uPA-independent, intracellular activities

associated with cell survival, innate and adaptive immunity, cell differentiation, and

autophagy have also been recognized (Fig. 8.1). A number of insights into the

activities and functions of PAI-2 have come from recent biochemical and cell

biological analyses, animal models, and human patient studies. However, our

current understanding is far from complete. This chapter will attempt to shed

light on this interesting serpin and discuss recent findings that implicate a role for

PAI-2 as a unique moderator of inflammation and its resolution.

8.2 PAI-2 Structure and Cellular Localization

The official gene symbol for PAI-2 is SERPINB2 (human) or SerpinB2 (other

species), as commissioned by the HUGO Gene Nomenclature Committee

(Silverman et al. 2001). All human clade B serpins are found clustered in two

chromosomal loci, 6p25 (n¼ 3) or 18q21 (n¼ 10), suggesting functional

similarities and evolution from a common ancestor (Kaiserman and Bird 2005).

SERPINB2 is located in the serpin cluster on chromosome 18, mapping specifically

to 18q21 (Ye et al. 1989). Similarly, mouse clade B serpins also cluster at specific

chromosomal loci and the mouse clade B cluster at 1D was reported to have nearly
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complete conservation of gene number, order, and orientation relative to those of

the human 18q21 locus (Askew et al. 2004).

SERPINB2 is 16.9 kilobases (kb) in length and has 8 exons (Ye et al. 1987).

There are two common PAI-2 alleles that differ by six nucleotides in exons 1, 4, and

8. The human PAI-2 protein is synthesized as a single chain, 415 amino acid protein

(Law et al. 2006). Mouse PAI-2 cDNA encodes for a protein that is 80 % homolo-

gous to human PAI-2 (Kruithof et al. 1995). As such, studies on mouse PAI-2

function and SerpinB2 regulation have provided insight into the function of human

PAI-2 and the regulation of SERPINB2. Recently, the 50 UTR of both mouse

SerpinB2 and human SERPINB2 were aligned and compared (Udofa et al. 2013).

The presence of several repetitive sequence elements delineated five broadly

homologous regions between the human and murine promoters and several cis-
acting regulatory elements defined in the human SERPINB2 proximal promoter that

are conserved in the murine SerpinB2 promoter.

The crystal structure of human PAI-2 protein revealed it is comprised of nine

α-helices, three β-sheets, and a reactive center loop (RCL) (Harrop et al. 1999),

typical of the serpins (Law et al. 2006; Gettins 2002). The RCL is cleaved upon

interaction with uPA or tPA serine proteases at PAI-2 P1-RCL(Arg
380) and

becomes inserted into beta sheet A of the serpin. PAI-2 is synthesized without a

typical N-terminal signal sequence and is found predominantly located in the

intracellular space. PAI-2 has a nucleocytoplasmic distribution within the cell and

is found in two forms: a nonglycosylated intracellular 47 kDa protein and a

glycosylated extracellular 60 kDa protein. A small percentage of the PAI-2 protein

is able to enter the secretory pathway, become glycosylated, and then secreted due

to the presence of an inefficient internal hydrophobic region that can facilitate

Fig. 8.1 PAI-2 activities. Intracellular PAI-2 is induced by cell stress pathways and its expression

is associated with a number of pleiotropic activities associated with cell survival, immunity, and

cell differentiation. Extracellular PAI-2 is an inhibitor of uPA, a protease which plays an important

fibrinolytic role in vascular patency, cell migration, and extracellular matrix remodeling
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spontaneous facultative translocation through the Golgi complex—resulting in

bi-topical localization of the serpin within both the extracellular and intracellular

compartments (von Heijne et al. 1991; Medcalf and Stasinopoulos 2005). Interest-

ingly PAI-2 and maspin are the only two clade B serpins that are found located in

both the intra- and extracellular spaces.

Structurally, PAI-2 has another distinctive feature: an interhelical loop that

bridges helices C and D of the protein (CD loop). The PAI-2 CD loop is the longest

of all the clade B serpins and is believed to serve as a protein binding domain that

allows PAI-2 to interact with a host of other proteins (Jensen et al. 1996; Darnell

et al. 2003; Tonnetti et al. 2008; Fan et al. 2004; Boncela et al. 2011; Gan et al. 2008;

Kasyapa et al. 2006; Katic et al. 2014), thereby extending its functional significance

in the cell. There are also glutamine residues in the CD loop that are subject to

crosslinking by tissue transglutaminase or factor XIII, allowing PAI-2 to be

crosslinked to fibrin and trophoblastic structures (Jensen et al. 1993, 1994). PAI-2

can also undergo spontaneous polymerization (Wilczynska et al. 2003). In fact, it is

the only serpin to polymerize under physiological conditions, largely dependent on

the redox status of the cell and the CD loop (Wilczynska et al. 2003).

8.3 PAI-2 Expression and Induction

SERPINB2 is very tightly regulated and its expression is restricted to very few cell

and tissue types, particularly macrophages, keratinocytes, and fibroblasts. Early

studies also showed constitutive PAI-2 expression by trophoblasts during pregnancy

and its presence in the serum of pregnant women (Astedt et al. 1998; Coolman

et al. 2012; Hui et al. 2012). Notably, SERPINB2 expression is induced by a number

of pro-inflammatory agents, namely, viral (Antalis et al. 1998; Krishnamurti

et al. 1989; Tyner et al. 2005), bacterial (Gan et al. 2008; Montemurro et al. 2001;

Mirlashari et al. 2001; Xiao et al. 2001; Losick and Isberg 2006), and parasitic

pathogens (Bystrom et al. 2004; Swartz et al. 2004), growth factors, and cytokines

(Kruithof et al. 1995; Dickinson et al. 1995; Shafren et al. 1999), thus implicating it

in a wide variety of physiological and pathophysiological processes. PAI-2 expres-

sion is upregulated in a range of cells including cancer cells, monocytes,

macrophages, fibroblasts, endothelial cells, and dendritic cells, and it is often induced

during inflammatory conditions, cell differentiation, and wound healing (Kruithof

et al. 1995; Medcalf and Stasinopoulos 2005; Schroder et al. 2011). Recently PAI-2

was also shown to be induced in human vascular smooth muscle cells after stimula-

tion of nuclear calcium increase with leukotriene C(4) (Eaton et al. 2012).

PAI-2 is one of the most abundantly induced proteins in macrophages in response

to bacterial lipopolysaccharide (LPS), with induction reported over 105-fold

(Medcalf 2011). LPS signals through the TLR4 receptor resulting in the concomitant

activation of several MAP kinase (MAPK) pathways as well as NF-κB activation

(Akira and Takeda 2004; Guha and Mackman 2001), leading to the upregulation of

target genes, including PAI-2 (Wygrecka et al. 2004; Park et al. 2005). PAI-2

expression is also upregulated when hepatic stellate cells (HSC) in the liver are
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exposed to hypoxia (Copple et al. 2011). Recent studies link PAI-2 to inflammatory

diseases such as asthma (Woodruff et al. 2007), lupus (Palafox-Sanchez et al. 2009),

antiphospholipid syndrome (Vazquez-Del Mercado et al. 2007), periodontal disease

(Toyman et al. 2015), the regulation of adaptive immunity after schistosome infec-

tion (Schroder et al. 2010a), and recurrent coronary event risk in patients with high

HDL and C-reactive protein levels (Corsetti et al. 2013).

8.4 Transcriptional Regulation

Both transcriptional and posttranscriptional mechanisms regulate SERPINB2
expression (Medcalf 2007, 2011). SERPINB2 was found to be transcriptionally

regulated by an inducible proximal promoter, an upstream silencer (PAUSE-1), and

a distal transactivator region (Stringer et al. 2012). Two AP-1-like sites in the

proximal SERPINB2 promoter contribute to both constitutive and PMA-stimulated

transcription of PAI-2 (Cousin et al. 1991). Further, the PAI-2 proximal promoter is

critically dependent on a CCAAT enhancer binding (C/EBP) element which binds

the transcription factor C/EBP-β for constitutive and LPS-inducible transcription of
SerpinB2 (Udofa et al. 2013). PAI-2 is also reported to be an Ets-1-regulated gene

in fibroblasts stimulated with bFGF (Hahne et al. 2011), and its transcription in

response to gastrin stimulation is dependent on proteasome B1 which is recruited to

the PAI-2 promotor (O’Hara et al. 2013).

8.5 Biological and Physiological Functions of PAI-2

Many serpins have evolved inhibitory and non-inhibitory functions, and PAI-2

appears to be no exception. Extracellular PAI-2 was originally identified as an

inhibitor of uPA. With respect to intracellular PAI-2, there are a myriad of

biological functions that have been associated with its expression which are inde-

pendent of uPA inhibition, such as cytoprotection, innate immunity, differentiation,

modulation of cell stress, and others [reviewed in Kruithof et al. (1995), Medcalf

and Stasinopoulos (2005), Medcalf (2011)]. While these functions are uPA inde-

pendent, this does not rule out the possibility that PAI-2 could be inhibiting another

protease target to mediate the aforementioned processes. Below we briefly describe

the various biological functions associated with extracellular and intracellular

PAI-2 expression.

8.5.1 Insights from Mouse Models of PAI-2 Deficiency

PAI-2-deficient mice develop normally (Dougherty et al. 1999). When challenged,

PAI-2 deficiency in mice is associated increased HIV-1 gene expression in

activated PAI-2�/� macrophages (Darnell et al. 2006), susceptibility to cell death

in response to Legionella pneumophila infection (Losick and Isberg 2006),
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impairment of nutritionally induced adipose tissue development (Lijnen

et al. 2007), and lower tumor burden during skin carcinogenesis (Tonnetti

et al. 2008). PAI-2-deficient mice exhibit impaired responses to infections

(Schroder et al. 2010a, b; Lin and Wang 1992), and recently PAI-2 deficiency has

been associated with enhanced venous thrombus resolution (Siefert et al. 2014).

8.5.2 Inhibition of Plasminogen Activation

Generation of active plasmin, which is important for many necessary biological

activities including the degradation of fibrin (fibrinolysis) during blood clot disso-

lution, the activation of collagenase, and the cleavage of thrombospondin, laminin,

and von Willebrand factor during cell migration, wound healing, and extracellular

matrix turnover, occurs through the proteolytic cleavage of its zymogen, plasmino-

gen, by tissue-type and urokinase-type plasminogen activators (tPA, and uPA)

(Vassalli et al. 1991; Plow et al. 1995). These plasminogen activators may in turn

be inhibited by plasminogen activator inhibitor type 1 (PAI-1/SerpinE1) and PAI-2.

Despite the fact that PAI-1 and PAI-2 share similar protease targets, they are

phylogenetically dissimilar [reviewed in Kruithof et al. (1995)]. PAI-2 is a less

effective inhibitor of uPA than is PAI-1 (Law et al. 2006), and PAI-2�/�mice fail to

demonstrate the fibrinolytic defects seen in PAI-1�/� mice (Dougherty et al. 1999).

uPA is an extracellular protein, whereas the majority of PAI-2 is found intracel-

lularly. This difference in localization has led to uncertainty as to the physiological
relevance of PAI-2-mediated inhibition of uPA. Direct inhibition of uPA by PAI-2

has only been shown using purified recombinant proteins or addition of recombi-

nant PAI-2 to cell culture systems in vitro (Baker et al. 1990). It has been speculated

that under conditions of inflammation, nonglycosylated PAI-2 could be secreted

from dying cells as an immediate source of uPA inhibition (Medcalf et al. 1988).

Recently, PAI-2 expressed by B16 melanoma cells was reported to effectively

reach the extracellular milieu on the surface of microparticles, in a manner similar

to that reported for transglutaminase-2 (van den Akker et al. 2012), where it was

able to inhibit uPA (Schroder et al. 2014). In addition, it was recently found that

nonglycosylated PAI-2 can be secreted from endothelial cells activated with LPS

(Boncela et al. 2013). The mechanism involves brefeldin A-dependent delivery of

PAI-2 to the plasma membrane in trans-Golgi-derived vesicles that fuse with the

plasma membrane to release contents. Together, these mechanisms may have

implications for the release of high local concentrations of SerpinB2 at inflamma-

tion sites to effect uPA inhibition.

8.5.3 Venous Thrombus Resolution

Recent studies show that PAI-2 functions as a modulator of venous thrombus

resolution in vivo (Siefert et al. 2014). PAI-2�/� mice displayed enhanced venous

thrombus resolution as compared to wild-type mice independent of initial thrombus
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formation. This was accompanied by a 12-fold elevation in active uPA levels in

PAI-2�/� thrombi with no significant effect on MMP-2 and MMP-9 activities.

Since uPA plays a critical role in endogenous thrombus formation via

uPA-mediated lysis (Singh et al. 2003; Gossage et al. 2006), the results may suggest

that the increased uPA activity in the absence of PAI-2 enhanced thrombus resolu-

tion via a uPA-mediated mechanism. However, the mechanism appears more

complex since thrombi formed in PAI-2�/� mice also displayed a simultaneous

reduction in PAI-1, which could also be responsible for the elevated uPA levels

found in the thrombus. Murine PAI-1 deficiency resulted in a decrease in thrombus

resolution similar to PAI-2 deficiency but has an additional negative effect on

thrombus formation and also altered MMP activity (Siefert et al. 2014). PAI-2-

deficient thrombi were also found to have increased levels of the neutrophil

chemoattractant, CXCL2, which was associated with early enhanced neutrophil

recruitment. These data identify PAI-2 as a novel regulator of venous thrombus

resolution, where its expression inhibits resolution and decreases active uPA in the

thrombus.

8.5.4 Gene Expression and Cell Signaling

PAI-2 has been reported to alter gene expression in several cell types. Ectopic

PAI-2 expression transcriptionally downregulated the expression of intercellular

adhesion molecule 1 (ICAM-1) in HeLa cells, thus protecting these cells from lytic

infection (Shafren et al. 1999). ICAM-1(or CD54) is a transmembrane glycoprotein

expressed constitutively on many cell types and it has been shown that ICAM-1

may support the adhesion of cancer cells to mesothelium (Ksiazek et al. 2010). This

could also explain the loss of cell-cell adhesion observed in PAI-2-expressing

THP-1 cells (Yu et al. 2002). PAI-2 expression mediates antiviral responses by

the upregulation of antiviral genes such as IFN-stimulated gene factor 3 (ISGF3)

and oligo(A) synthetase (OAS) (Antalis et al. 1998) and the downregulation of

picornavirus receptors decay-accelerating factor (DAF) and coxsackie-adenovirus

receptor (CAR) (Shafren et al. 1999). PAI-2 expression is also implicated in

cytokine gene expression as its expression has been reported to alter the secretory

profile of cytokines in macrophages (Greten et al. 2007; Hsu et al. 2008; Mosser and

Edwards 2008; Zhao et al. 2013).

8.5.5 Cytoprotection

This is the most well-known function associated with intracellular PAI-2 expres-

sion. The prosurvival and cytoprotective function of PAI-2 has been studied in a

range of cell types (Gan et al. 1995, 2008; Antalis et al. 1998; Dickinson et al. 1995,

1998; Park et al. 2005; Greten et al. 2007; Kumar and Baglioni 1991; Varro

et al. 2004; Delhase et al. 2012) with most studies being performed in macrophages.

PAI-2 is strongly induced in macrophages in response to multiple “danger” signals
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and demonstrates cytoprotective properties in various experimental contexts. The

cytoprotective activity of PAI-2 appears to be at the level of the control of life or

death cell fate decisions (Tonnetti et al. 2008) and is selective in that PAI-2

expression shows protection from only some cytotoxic agents, such as LPS,

TNFα, and certain viruses, and is dependent on high expression of PAI-2.

Cytoprotection also appears to be cell type and cell context dependent—the com-

plement of activated cell survival and/or death pathways is relevant. A report using

lentiviral delivery of PAI-2 did not find that PAI-2 expression protected against

TNFα-induced apoptosis (Fish and Kruithof 2006). The reason for this is not known
but may be related to the possible influence of lentiviral transduction on cell

activation and signaling pathways (Tan et al. 2006; Chen et al. 2004). Of note,

PAI-2 cytoprotective activity appears independent of uPA, but dependent on the

PAI-2 CD loop (Dickinson et al. 1998) and the PAI-2 P1-RCL (Dickinson

et al. 1995), indicating that PAI-2 requires both its protein interaction capabilities

and serpin inhibitory activity to confer cytoprotection. A protease target for PAI-2

in this context remains unidentified, although there is some evidence that PAI-2 can

modulate calpain-mediated cleavage of the retinoblastoma protein (Rb) (Tonnetti

et al. 2008). In contrast, in endothelial cells, PAI-2 has been implicated in inhibition

of proteasome activity, including degradation of the proteasome substrate p53

(Boncela et al. 2011).

Recent studies establish PAI-2 and transglutaminase-2 as downstream mediators

in the antiapoptotic response triggered upon activation of the IκB kinase-related

kinase TANK-binding kinase 1 (TBK1) (Delhase et al. 2012). Genetic studies in

mice identified TBK1 as a regulatory molecule that promotes survival downstream

of TNFα. It was reported that TBK1 triggers an antiapoptotic response via inducible
expression of PAI-2 that limits caspase-3 activation through stabilization of

transglutaminase-2, which cross-links and inactivates procaspase-3. This study

may provide insight into the mechanism by which PAI-2 mediates its

cytoprotective activities.

8.5.6 Immunomodulation of Innate and Adaptive Immunity

Macrophages are key producers of inflammatory mediators, cytokines and

chemokines, that are the main cellular effectors of the innate and adaptive immune

responses. Macrophages become activated or polarized depending on the cytokine

microenvironment. Typically, macrophages undergo classical (M1) activation

when stimulated by LPS or other Th1 cytokines such as IFNγ. Alternative

(M2) activation occurs in response to Th2 cytokines such as IL-4 and IL-13

(Zhao et al. 2013). PAI-2 is one of the most highly induced genes in

M1-activated macrophages (Wygrecka et al. 2004). PAI-2 expression is important

for macrophage survival in response to LPS (Park et al. 2005) and also antagonizes

the secretion of the pro-inflammatory cytokine IL-1β (Greten et al. 2007; Hsu

et al. 2008). PAI-2�/� mice show enhanced Th1 responses following immunization

114 T.A. Johnson et al.



with ovalbumin and complete Freund’s adjuvant (OVA/CFA), a Th1 immunogen

(Schroder et al. 2010a).

More recently, PAI-2 has been further implicated in the modulation of adaptive

immunity, specifically Th1/Th2 immune responses. For example, PAI-2 deficiency

was found to promote some Th1 responses and decrease some Th2 responses

following Schistosoma infection (Schroder et al. 2010b). Following nematode

infection, PAI-2�/�mice exhibit a lack of Th2 responses as evidenced by decreased

intestinal IL-13 production following nematode infection (Zhao et al. 2013). In

addition, PAI-2�/� mice exhibit decreased macrophage recruitment to the intestine

following nematode infection, possibly due to a decreased intestinal CCL2 expres-

sion in PAI-2�/� mice (Zhao et al. 2013). In pigtail macaques infected with the

macrophage-tropic lentivirus SIVmac251, PAI-2 mRNA expression was found to be

induced in peripheral blood mononuclear cells. PAI-2�/� mice infected with a

chimeric HIV lentivirus (EcoHIV) demonstrated a lower IgG1 response, induction

of IL-4 and decrease clearance of the infection, suggesting PAI-2 expression

promotes a Th2 response (Major et al. 2013). Together, these results indicate that

PAI-2 contributes an immunomodulatory role to host immunity and resolution of

infectious pathogens.

8.5.7 Differentiation

PAI-2 expression is highly induced in monocytes in response to PMA (Genton

et al. 1987), a classic macrophage differentiation agent, and increasing levels of

PAI-2 are found in the differentiating layers of the epidermis (Lavker et al. 1998).

At present it is unclear whether PAI-2 is solely a property of more differentiated

cells or whether it plays a functional role in cellular differentiation. However,

in vitro studies using cultured keratinocytes show PAI-2 expression retards cell

proliferation and induces the expression of other keratinocyte differentiation

markers (Jang et al. 2010). PAI-2 also has a retinoic acid (RA)-like response

element in its promoter (Schuster et al. 1994). Retinoids such as all-trans-retinoic
acid (ATRA) and N-(4-hydroxyphenyl) retinamide (4-HPR, fenretinide) are used

clinically to induce terminal cellular differentiation (Leszczyniecka et al. 2001).

RA stimulates PAI-2 mRNA expression in human blood mononuclear cells

(Montemurro et al. 1999), promyelocytic cells (Schuster et al. 1993; Tapiovaara

et al. 1994), and epidermal keratinocytes (Braungart et al. 2001), indicating that

PAI-2 has the properties of a differentiation antigen.

8.5.8 Inflammation and Autophagy Stabilization

Autophagy (or macroautophagy) is an evolutionarily conserved, adaptive cellular

process that is frequently activated in response to inflammatory and ER-stress-

inducing stimuli and is involved in a range of processes including cell survival and

cell death (Platini et al. 2010), differentiation (Zhang et al. 2012), immunity and

8 Plasminogen Activator Inhibitor Type-2 (PAI-2)/SerpinB2: A Unique. . . 115



inflammation (Levine et al. 2011), and cancer development (White 2012). The

autophagic process involves the formation of cytosolic, double membrane vesicles

(autophagosomes) which engulf old or damaged organelles and fuse with

lysosomes (autophagolysosomes) to degrade their luminal contents. The process

ensures organelle turnover and adaptation to increased energy demands of the cell.

In a recent study, shRNA-mediated-PAI-2 depletion in mouse bone marrow-

derived macrophages was reported to enhance the activity of the TLR-activated

NOD-like receptor pyrin domain-containing 3 (NLRP3) inflammasome complex,

which results in increased caspase-1 activation and IL-1β production (Chuang

et al. 2013). This study determined that upon TLR engagement in macrophages,

PAI-2 expression is induced, where it complexes with the autophagic protein

Beclin-1 and HSP90, to protect Beclin-1 from ubiquitin-proteasome-dependent

degradation. In PAI-2 expressing macrophages, the elevated levels of Beclin-1

protein promote autophagy which leads to increased NLRP3 degradation and

reduced inflammasome activity. Interestingly, in the same study it was shown that

expression of wild-type PAI-2 in PAI-2-deficient human monocytic THP-1 cells

reduced inflammasome activation, whereas expression of the PAI-2 P1-R380A

mutant did not stabilize Beclin-1 or result in reduced inflammasome activity,

suggesting this function may be dependent upon protease inhibitory activity

(Chuang et al. 2013). Collectively, these results reveal a novel function of PAI-2

as a regulator of autophagy in macrophages that suppresses inflammasome

function.

8.5.9 Neuroprotection

Recent studies implicate PAI-2 activities in neuroprotection. PAI-2 has long been

known to be expressed in neurons and is potently and rapidly increased following

kainite (a glutamate analogue) injection in vivo (Sharon et al. 2002). A microarray

screen for calcium-dependent genes required for neuroprotection recently identified

PAI-2 as one of nine “activity-regulated inhibitor of death (AID)” genes that was

highly induced in hippocampal neurons. PAI-2 demonstrated strong survival pro-

moting activity both in cell culture and in an animal model of neurodegeneration

(Zhang et al. 2009). PAI-2 also has been reported to participate in neuronal cell

migration (Katic et al. 2014). PAI-2 was identified as one of the binding partners for

cell adhesion molecule close homologue of L1 (CHL1). In humans, CHL1 is linked

to mental retardation, schizophrenia, epilepsy, and autism spectrum disorders and

functions in neural cell proliferation, migration, differentiation, and survival. Dif-

ferential molecular interactions with CHL1 underlie the diverse functions of this

protein (Katic et al. 2014). During postnatal cerebellar development, the interaction

of vitronectin with the extracellular domain of CHL1 induces integrin-mediated

neuritogenesis, whereas interactions of CHL1 with plasminogen activator inhibitor-

2 (PAI-2), plasminogen activators, and integrins promote cerebellar granule cell

migration.
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8.5.10 Tumor Biology

Given the diverse activities attributed to PAI-2, it is not surprising that the role of

PAI-2 in tumor biology is complex. PAI-2 expression has been associated with both

tumor suppression and tumor development, depending on the tumor type, tissue

context, and its localization within cells or in the extracellular environment.

Tumor Suppression PAI-2 expression has long been associated with metastasis

suppression; however, there is currently no consensus on mechanisms by which this

activity is mediated [reviewed in Kruithof et al. (1995), Croucher et al. (2008)]. A

metastasis suppressor is defined as a molecule whose expression results in the

inhibition of a cancer cell’s ability to metastasize while having little to no effect

on primary tumor growth (Bodenstine and Welch 2008; Rinker-Schaeffer

et al. 2006). Clinically, PAI-2 expression in breast, lung, and pancreatic cancers

is associated with positive prognostic indicators such as an increase in relapse-free

survival, disease-free survival, and/or mean overall survival (Croucher et al. 2008).

In human ovarian cancer, increased expression of intracellular PAI-2 in metastatic

tumor cells is correlated with an increased overall survival, whereas increased

soluble PAI-2 found in ascites is associated with poor prognosis (Chambers

et al. 1995, 1997).

There are also several in vitro and in vivo experimental cancer models which

indicate that PAI-2 expression mediates both anti-invasive and antimetastatic

outcomes (Schroder et al. 2014; Varro et al. 2004; Laug et al. 1993; Mueller

et al. 1995; Shimizu et al. 2003; Praus et al. 1999). While the mechanisms of

PAI-2-mediated metastasis suppression are not clearly defined, PAI-2 has been

implicated in the suppression of cellular growth pathways and inhibition of the

activity of plasminogen activators (Darnell et al. 2003; Tonnetti et al. 2008;

Schroder et al. 2011; Yu et al. 2002; Croucher et al. 2008). Recently, it was also

reported that lower PAI-2 mRNA and protein levels correlated with

chemoresistance in head and neck squamous cell carcinoma (HNSCC) cell lines

(Huang et al. 2014). Importantly, PAI-2 downregulation was also found to be a

strong predictor of reduced overall survival in patients with HNSCC who received

cisplatin-based chemotherapy. This is the first report of a role for PAI-2 in

preventing acquired resistance to cisplatin in patients with HNSCC. Further,

using an in vivo model of human prostate cancer, it was found that G-protein-

coupled receptor kinase 3 (GRK3) stimulated angiogenesis is at least in part

mediated through downregulation of PAI-2 (Li et al. 2014), suggesting PAI-2

may normally contribute to the suppression of tumor angiogenesis in this model.

In another recent study PAI-2 expression was found to be suppressed by the tumor-

promoting molecules PKD2 and PKD3, suggesting PAI-2 loss may contribute to

prostate tumor progression in this system (Zou et al. 2012).

Tumor Promotion In contrast, in other cancers such as endometrial, bladder, and

colorectal cancers, PAI-2 expression is associated with a poor prognosis (Chambers
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et al. 1995; Nordengren et al. 2002; Casslen et al. 1994; Ganesh et al. 1994;

Champelovier et al. 2002). The mechanisms by which PAI-2 may promote tumor

progression are yet to be defined and may involve multiple functional activities of

PAI-2. The transcription of PAI-2 was recently shown to be essential for

EGF-induced mammary cell migration (Tarcic et al. 2012). PAI-2 expression has

also been implicated in the development of skin carcinogenesis induced by DMBA/

TPA in murine models (Tonnetti et al. 2008; Zhou et al. 2001). Recently studies

show that loss of dual-specificity phosphatase 5 (DUSP5) results in an increase in

activated HRas/ERK-mediated PAI-2 gene transcription, which led to increased

skin cancer susceptibility (Rushworth et al. 2014), suggesting that DUSP5

suppresses carcinogenesis through suppression of PAI-2 expression. Recent gene

expression data implicates PAI-2 expression as an important regulator of leukemia

stem cell (LSC) survival and growth in vivo (Ashton et al. 2012). PAI-2 was

identified as one of a group of genes synergistically dysregulated by cooperating

oncogenes that regulate LSC growth and survival. Furthermore, suppression of

PAI-2 expression using a lentiviral RNAi-based approach in isolated hematopoietic

stem cells showed reduced bone marrow engraftment and frequency of LSC

development when injected into recipient mice.

In the case of the brain, tumor PAI-2 has been shown to function as a

prometastatic factor. In a recent study, uPA and tPA produced by astrocytes in

the reactive brain stroma were identified to function as a host defense mechanism

against metastatic outgrowth and invasion through the activation of plasminogen to

plasmin. Plasmin in turn inhibits invading cancer cells via activation of soluble

FasL to induce cancer cell apoptosis and inactivates L1CAM which is required for

tumor cell spreading along capillaries (Valiente et al. 2014; Erler 2014). To counter

the inhibitory activity of plasmin, they found that PAI-2 and neuroserpin are

produced by the cancer cells to shield the cells against the action of sFasL and

allow them to proliferate in a perivascular niche (Valiente et al. 2014; Annand

et al. 1999). These data highlight the complex interplay between invading tumor

cells and the host tissue.

Tumor Therapy The uPA binding properties of PAI-2 have been exploited for

targeted therapy of tumor cells. uPA is well recognized to play a key role in tumor

invasion and metastasis by facilitating the ability of both tumor and tumor-

associated cells to generate plasmin for matrix remodeling and the breakdown of

tissue barriers (Andreasen et al. 1997). Binding of cell surface, receptor-bound uPA

by PAI-2 results in receptor-mediated endocytosis of the uPAR/uPA:PAI-2 complex

(Al Ejeh et al. 2004; Croucher et al. 2006). PAI-2-cytotoxin conjugates are being

developed (Vine et al. 2012; Ranson et al. 2012) with enhanced pharmacokinetic

properties (Vine et al. 2015) to specifically target uPA-positive cancers with

additional prospective utility as a noninvasive diagnostic imaging agent.
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8.5.11 Summary

It is apparent that PAI-2 executes a myriad of activities, for which the molecular

mechanisms are recently beginning to be elucidated. PAI-2 interacts with a variety

of intracellular and extracellular protein partners, modulating their functions, which

may explain in part the variety of pleiotropic activities attributed to PAI-2. Whether

many of these PAI-2 activities are dependent on the inhibitory serpin mechanism

and protease targets remains to be determined. Studies examining the functional

activity of PAI-2 mutants could provide some further insight. Cells constantly

respond to stressors by activating a number of adaptive stress response pathways

in an attempt to resolve cellular damage and establish homeostasis/cell survival.

PAI-2 appears to be part of a cytoprotective pathway activated in response to cell

stress. PAI-2 modulates cellular gene expression and protein activities, directly

affecting immune cell polarization and cell adhesion and migration, which has

implications for innate immune responses, inflammation, and cancer. Certainly

PAI-2 constitutes a druggable target and would be amenable to therapeutic inter-

vention for a variety of human diseases.
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Abstract

Maspin (MAmmary SerPIN) is a member of the family of SERine Protease

INhibitors or serpins. It is non-inhibitory and is grouped in the ovalbumin serpin

(ov-serpin) subfamily because it exhibits significant sequence similarity to

chicken ovalbumin. Initially identified from human normal mammary epithelial

cells, maspin was named after its source of identification (mammary epithelia).
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Subsequent studies by our laboratory andmany colleagues concluded that maspin

is not only expressed in mammary epithelial cells but also in many other tissues

and cell types. Functionally, maspin was first reported to be a breast tumor-

suppressing serpin. Maspin has been shown to be a potent metastasis inhibitor

in breast and prostate cancers by numerous groups in the last 20 years. In addition,

maspin possesses multiple functions in other cancers, vascular diseases, and

physiological processes. Numerous mouse models have been developed to deter-

mine its role in normal biology and disease development. In this review, we

intend to summarize some of the key findings of maspin research in the last two

decades. These studies offer great potential for developing maspin-based thera-

peutics against cancer and other diseases. We focus discussion on maspin’s

biological functions, gene regulation, and animal models of maspin research.

9.1 Maspin Expression

In contrast to its indicated name, maspin is not a mammary-specific gene, but is

expressed in a variety of epithelial cells, including those of the prostate, colon,

epidermis, ovary, pancreas, and lung. The pattern and level of maspin expression

varies in different epithelial cells and tissues. In the last 20 years, over 300 research

articles have been published regarding the differential expression of maspin in

various epithelial tissues and cancers. A majority of these reports show that maspin

is downregulated in various cancers, including those from breast, prostate, stomach,

colon, and lung cancers. In breast cancer, maspin is found to be expressed in normal

mammary epithelial cells, higher in myoepithelial cells than luminal cells (Zou

et al. 1994). Its expression is reduced in breast cancer patients along with the

progression from ductal carcinoma in situ (DCIS) to more aggressive carcinoma

and metastasis (Maass et al. 2000, 2001a). For example, in one of the early studies,

Maass et al. examined a large panel of breast tissues for maspin expression using a

maspin monoclonal antibody. They found that myoepithelia invariably showed

strong maspin expression. A significant stepwise decrease in maspin expression

occurred in the sequence from DCIS to invasive cancer and lymph node metastasis

(Maass et al. 2001a). In prostate cancer, maspin level was found to be associated

with high recurrence-free survival, lower tumor grade, and metastasis (Machtens

et al. 2001). Others found that maspin downregulation is specifically correlated

with the progression of various cancer subtypes, including ovarian epithelial carci-

noma (Abd El-Wahed 2005), breast cancer with low erbB-2 expression (Sopel

et al. 2005), thyroid cancer (Ito et al. 2004), and acinar cell pancreatic cancer

(Oh et al. 2002). High maspin expression was also found to be correlated with better

prognosis and better survival for those with bladder cancer (Acikalin et al. 2012),

gastric cancer (He et al. 2007), colon cancer (Boltze 2005), thyroid cancer (Boltze

et al. 2003), oral squamous cell carcinoma (Yoshizawa et al. 2009; Xia et al. 2000),

gallbladder carcinoma (Baghel et al. 2014), and glioma (Wang et al. 2007a).

There are also conflicting reports regarding the effect of maspin expression on

clinical outcomes and prognostic implications (Maass et al. 2001b; Sood et al. 2002;

128 H.Y. Shi et al.



Nakashima et al. 2006; Tsuji et al. 2007; Umekita et al. 2011). For example, maspin

overexpression was reported to be associated with poor prognosis in ovarian and

pancreas cancers (Maass et al. 2001b; Sood et al. 2002). Since the evaluation of

maspin expression in human samples is based on immunohistochemistry, it is not

surprising that the immunostaining results are dependent on the antibodies and

scoring systems used in the assays. Indeed, many reports used different antibodies

and immunostaining protocols. Moreover, it becomes clear that at least some of the

discrepancies are due to subcellular localization of maspin (Solomon et al. 2006;

Mohsin et al. 2003; Lonardo et al. 2006). For example, Solomon et al. showed that

cytoplasmic maspin is associated with poor prognosis, while nuclear maspin is

associated with favorable prognosis (Solomon et al. 2006). It is important to point

out that maspin is present in different compartments of the cell, which can affect its

function. Thus, it is possible that in ovarian cancer, nuclear maspin and not cyto-

plasmic maspin may behave as a tumor suppressor. There are still many unanswered

questions. Is cytoplasmic maspin cleaved by certain protease(s)? Is cytoplasmic

maspin bound by other protein partners and is it not able to function as a tumor

suppressor in ovarian cancer cells? More research is needed to understand why

maspin behaves differently in various subcellular compartments. Finally, there is

also a possibility that in certain cancers, the maspin gene may display

polymorphisms or mutations which render the protein nonfunctional (e.g., not

possessing tumor-suppressing activity). Jang et al. reported that in 89 % of gastric

cancer samples, there is a maspin polymorphism at amino acid 176 from proline to

serine (Jang et al. 2008). They showed that this change abolishes maspin’s tumor-

suppressing activity in their mouse model of cancer. Interestingly, the Hendrix

group also showed that the P176S mutant maspin also abolishes maspin’s ability

to inhibit tumor cell invasion in breast cancer cells (Bodenstine et al. 2012).Whether

this and other polymorphisms or mutations in maspin are present in various cancers

remains to be discovered in the future. For the reasons described above, one needs to

take caution in analyzing maspin’s gene expression and its functions.

In addition to epithelial cells, maspin is also expressed in stromal cells of the

cornea (Bailey et al. 2006), endoderm of embryos (Gao et al. 2004), and endothelial

cells of the vessel (Qin and Zhang 2010). Their expressions clearly play diverse

roles in normal biology and development. This is still an understudied area, but it

will become a new frontier of maspin research with the development of novel

tissue-specific maspin gene knockouts and maspin overexpressing transgenic mice.

9.2 Regulation of Maspin Gene Expression

Maspin was initially identified to be highly expressed in human normal mammary

epithelial cells but not in aggressive breast cancer cells. What drives maspin

expression in normal mammary epithelial cells, and why is the maspin gene

downregulated in breast cancer cells? These questions prompted us to study maspin

gene’s transcriptional regulation. We started this work by identifying maspin gene

promoter from the human genomic DNA library. This turned out to be a daunting
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task since maspin’s first exon is separated 7.6 kB away from the second exon (ATG

containing), of which the original cDNA sequence matched with the part of the

genomic DNA sequence. However, at that time the gene structure of maspin was

totally unknown, and the human genome project had not yet been completed until

many years later. After over a year’s effort, we isolated the genomic DNA fragment

containing the maspin promoter from a human DNA phage library and mapped the

maspin transcription start site and identified the key elements within the promoter

that transcription factors bind in order to activate maspin gene transcription in

human normal mammary epithelial cells (Zhang et al. 1997a). Specifically, these

observations showed that the Ets and Ap1 sites in the maspin promoter are active in

regulating its expression in normal mammary epithelial cells, but are inactive in

tumor cells (Zhang et al. 1997a). Consequently, the enhancing function by Ets and

Ap1 is decreased in tumor cells and abolished in invasive tumor cells. This study

demonstrated that the loss of maspin expression during tumor progression results at

least in part from the absence of transcriptional activation through Ets and Ap1

sites. It also laid the foundation for identifying transcription activators, repressors,

and other factors that are responsible for regulating maspin gene expression.

9.2.1 Positive Upregulation

After we identified the Ets and Ap1 elements as the binding sites for transcription

activators in maspin promoter, Yamada et al. showed that one of the members of the

Ets family, PDEF or PSE (prostate-derived Ets factor), is able to bind to the Ets site of

maspin promoter and activate maspin gene expression in prostate epithelial cells

(Yamada et al. 2000). We tested this PDEF for maspin transactivation in our breast

cancer cells by using a maspin-luciferase reporter system. Indeed, PDEF is able to

activate maspin gene expression in both MCF7 and MCF231 breast tumor cells.

Feldman et al. also showed that PDEF activated maspin gene expression in breast

cancer cells (Feldman et al. 2003).We further demonstrated that PDEF also activates a

cell cycle inhibitor p21 gene expression through an Ets binding site in its promoter

(Schaefer et al. 2010). Interestingly, both maspin and p21 are themselves activated by

p53. Zou et al. identified a consensus-binding site for p53 in the published maspin

promoter and showed that maspin is a p53 inducible gene (Zou et al. 2000).

In addition to PDEF, AP-1, and p53, several studies reported that maspin can be

transactivated by TGF-β (Wang et al. 2007b), PTEN (Eitel et al. 2009; Zhang 2009;

Maekawa et al. 2008), ATF-2 (Maekawa et al. 2008), and p63 (Kim et al. 2004). In

the case of TGF-β, transactivation of maspin requires both TGF-β and wild-type

p53 and is dependent on the binding of Smad2/Smad3 and p53 to the maspin

promoter (Wang et al. 2007b). Similarly, PTEN transactivation of maspin expres-

sion also requires the cooperation of PTEN with p53 (Eitel et al. 2009). Maekawa

et al. identified a CRE-like element in the maspin promoter through which ATF-2

transcription factor binds (Maekawa et al. 2008). Finally, p63 isoform TA63-γ, a
member of the p53 family proteins, was shown to induce maspin expression in lung

cancer cells (Kim et al. 2004).
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9.2.2 Negative Downregulation

At the same time we identified Ets and Ap1 as positive regulatory elements of maspin

expression, we also identified a negative regulatory site named HRE (Hormone

Response Element) located at �297 bp upstream of the maspin transcription start

site. Upon binding by androgen receptor, the HRE site is responsible for the

downregulation of maspin expression in prostate epithelial cells (Zhang et al. 1997b).

In support of our initial findings, Zou et al. showed that androgen depletion through

castration increased maspin expression in prostate cancer (Zou et al. 2002).

A seminal study by the Karin laboratory demonstrated that maspin is transcrip-

tionally repressed by NFκB signal, linking inflammation and cancer metastasis

through maspin. Specifically, Luo et al. showed that IκB kinase α (IKKα) functions
to repress maspin, thus promoting prostate cancer metastasis (Luo et al. 2007). They

used a mouse model harboring a mutation that prevented IKKα activation. In this

IkkαAA/AAmouse line, the serine residueswhose phosphorylation is required for IKKα
activation have been replacedwith alanines. To investigate the role of IKKα in cancer
progression, these mice were crossed with prostate oncogenic mice called TRAMP

(TRansgenic Adenocarcinoma Mouse Prostate), which developed metastatic pros-

tate cancer with a high frequency. Luo and colleagues demonstrated that while single

mutant (WT/TRAMP) mice develop prostate cancer fairly early and begin dying at

approximately 22 weeks of age, bitransgenic mice (IkkαAA/AA and TRAMP) prolong
tumor onset and also delaymortality. Interestingly, while the IKKαAAmutation also

affected the growth rate of primary cancer, its most profound effect was onmetastasis

inhibition. After examining over 30 known tumor suppressor genes using qRT-PCR

to evaluate differences in their gene expression levels between these genotypes, they

found that the only gene exhibiting striking and consistent differences was maspin.

Having established that IKKα exerts its pro-metastatic effects via transcriptional

repression of the maspin gene, they sought to elucidate the mechanism behind this

intriguing process. Their further investigations concluded that phosphorylation of

IKKα, triggered by RANKL binding to RANK, induces the nuclear localization of

IKKα, where it is then able to interact with the maspin promoter and cause transient

repression of maspin expression. Subsequently, the maspin gene is permanently

silenced by methylation, committing the prostate cancer cells to their metastatic

fate (Luo et al. 2007; Affara and Coussens 2007). This pivotal study links inflamma-

tion and cancer development with maspin gene expression at the molecular level.

Another important negative regulation of maspin expression is through epige-

netic modification by promoter methylation. Futscher group first demonstrated that

the maspin gene is methylated at the promoter, which represses its gene expression

(Futscher et al. 2002). They showed that in normal cells expressing maspin, the

promoter is unmethylated and the promoter region has acetylated histones and an

accessible chromatin structure. Conversely, cells that do not express maspin pos-

sess a completely methylated promoter that is occupied by hypoacetylated histones,

resulting in an inaccessible chromatin structure and repression of transcription.

Notably, this repression was found to be relieved by inhibiting DNA methylation.

Their study suggests that methylation is a primary impediment to maspin expres-

sion and consequently determines its cell-type specificity (Futscher et al. 2002;
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Costello and Vertino 2002). Unsurprisingly, DNA methylation also plays a critical

role in controlling maspin expression during cancer progression. This is highlighted

by the fact that aberrant methylation of the maspin promoter is associated with the

silencing of maspin gene expression in breast cancer cells (Domann et al. 2000).

Maspin expression could be recovered in these cancer cell lines when they were

treated with 5-aza-20-deoxycytidine, a C5-DNA methyltransferase inhibitor. More-

over, Maass et al. described the reactivation of maspin expression in a series of

maspin-negative breast cancer cell lines (Maass et al. 2002). All of the seven

maspin-negative breast cancer cell lines (MCF7, ZR-75-1, SK-BR-3, T-47D,

MDA-MB231, MDA-MB468, and BT-20) showed induction of maspin promoter

activity in a promoter reporter assay. In addition, the treatment of 5-aza-2-
0-deoxycytidine, trichostatin A, or a combination of both led to the re-expression

of maspin in the maspin-negative breast cancer cell lines. In addition, the restora-

tion of p53 levels in breast cancer cell lines can partially compensate for the

aberrant cytosine methylation (Oshiro et al. 2003). Treatment with 5-aza-2-
0-deoxycytidine along with the p53 infection further restored maspin expression

to near wild-type levels (Oshiro et al. 2003). This reactivation is a result of wt p53

binding to its consensus DNA-binding sites within the maspin and DSC3

promoters, stimulating histone acetylation and enhancing chromatin accessibility

for their promoters. These findings indicate that DNA methylation and/or histone

deacetylation are partially responsible for the silencing of maspin gene expression

in breast cancer cells. The re-expression of maspin by pharmacological intervention

potentially offers a promising new target as a therapeutic option in breast cancer. A

combination of transcription factors, transcription factor binding elements, and

DNA methylation coalesce to form a very complicated and intricate control system

that contributes to ensure the proper expression of the maspin gene. Alteration of

any of these can have a dramatic impact on the cells; an increase in methylation or a

decrease in transactivation due to mutations of critical enzymes and transcription

factors can disrupt maspin expression and enable cells to acquire the necessary

properties to become angiogenic, invasive, and metastatic.

9.2.3 Other Regulatory Factors

There are other factors that regulate maspin’s gene expression. These factors act

together with transcription factors or co-activators to regulate maspin gene tran-

scription. Jiang et al. showed that γ-linolenic acid induces maspin mRNA expres-

sion, while linoleic acid reduces maspin expression (Jiang et al. 1997). Li

et al. showed that MnSOD is able to induce maspin expression in MCF7 breast

tumor cells, which suppresses tumor invasion and migration (Li et al. 1998; Duan

et al. 2003). Maspin was also shown to be induced by nitric oxide in breast tumor

cells, and introduction of eNOS in MCF7 breast tumor cells directly induced

maspin expression (Khalkhali-Ellis and Hendrix 2003). Finally, we and other

groups have shown that antiestrogen inhibitor tamoxifen is able to induce maspin

expression through upregulation of maspin promoter activity (Shao et al. 2000;

Khalkhali-Ellis et al. 2004; Liu et al. 2004).
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Clearly, maspin expression is tightly regulated at numerous levels. While there is

a great deal of crosstalk between several of these regulatory mechanisms, each

pathway is also distinct in its own right. Thus, each merits careful investigation and

represents a potential avenue to be explored as a therapeutic target for cancer

treatment and prevention. New reagents and drugs that can upregulate maspin

gene expression and suppress tumor progression may be discovered in the near

future.

9.3 Biological Functions

Maspin is a multifaceted protein that plays key roles in a variety of biological

processes. It was initially characterized as a tumor-suppressing serpin but later

found to have other properties, including migration inhibition, apoptosis induction,

and angiogenesis inhibition. While maspin resides predominantly in the cytoplasm

of the cell, it is also localized to other cellular compartments and is secreted

(Khalkhali-Ellis and Hendrix 2007). Due to its broad localization pattern, maspin

has been implicated in numerous pathways and processes involved in both tumor

progression and normal development.

9.3.1 Extracellular Maspin

9.3.1.1 Inhibition of Tumor Cell Migration
One of the early discoveries was that exogenous human maspin could act on tumor

cell surfaces and inhibit their migration and invasion (Zou et al. 1994; Sheng

et al. 1994, 1996; Sager et al. 1994; Seftor et al. 1998). Mouse maspin could also

inhibit mouse mammary tumor cell migration and invasion with similar potency

(Zhang et al. 1997c). These observations were also confirmed in other kinds of

cancer cells (Jiang et al. 1997; Sheng et al. 1998; Ngamkitidechakul et al. 2001) and

noncancerous cells (e.g., stromal, corneal, endothelial) (Ngamkitidechakul

et al. 2001). Using a time-lapse microscopy, it was shown that recombinant maspin

added to the culture medium of breast tumor cells could inhibit tumor cell migration

with a half-life time of 12 h (Sheng et al. 1996; Sager et al. 1996). Also, anti-maspin

antibody was able to block maspin’s inhibitory effect, allowing tumor cells to

regain their ability to migrate (Sheng et al. 1994; Seftor et al. 1998). One of the

mechanisms of maspin-mediated inhibition of migration involves inhibition of

small GTPase activity. Our laboratory demonstrated that recombinant maspin

could decrease tumor cell Rac1 and CDC42 but not Rho1 activities (Shi et al. 2007).

9.3.1.2 Increased Cell Adhesion
Maspin is well known to increase cell adhesion, and this property may partially

explain why tumor cells are less mobile after maspin treatment. The Hendrix group

first demonstrated that the addition of recombinant maspin to breast cancer cells

increases their expression of α5β1 and α3β1 integrins (Seftor et al. 1998), which
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corresponds to the increased cell adhesion to fibronectin. Our laboratory, on the

other hand, showed that maspin from normal immortalized human mammary

epithelial cells (MCF10A) increased cell adhesion to self-deposited laminin matrix

(α3β1) and that silencing maspin gene expression in MCF10A drastically reduced

cell adhesion to laminin5 matrix (Cella et al. 2006). We showed that maspin

interacts with integrin β1 in a complex. Furthermore, we identified one region in

maspin protein (139–225 aa) that is partially responsible for maspin-mediated cell

adhesion.

In early reports, the Sheng group showed that maspin binds to tPA and

uPA/uPAR (Sheng et al. 1998; Yin et al. 2006). Binding of maspin to uPA/uPAR

induced the internalization of uPA/uPAR complex on the cell surface (Yin

et al. 2006), which may explain why maspin partially inhibits uPA or tPA activity,

even though maspin is a non-inhibitory serpin. Since uPAR is also known to

interact with integrin β1 (Wei et al. 1996, 2005), my laboratory performed

experiments to test whether maspin could act as a molecular bridge bringing

integrin β1 and uPA/uPAR together (Endsley et al. 2011). Indeed, we found that

maspin is in a complex with both integrin β1 and uPA/uPAR. Maspin binds to the

wild-type MEF cell surface but not to uPAR�/� MEF cells (Endsley et al. 2011).

Anti-uPAR antibody blocking uPA binding to uPAR could in fact inhibit maspin

interaction with uPA/uPAR complex. Our study further showed that three amino

acids structurally close in two regions, 190–202 and 260–275 aa, are able to form a

functional domain to increase cell adhesion (Endsley et al. 2011). Interesting,

Gettins’s laboratory previously showed that maspin binds to uPA through a site

close to the maspin RSL region (Al-Ayyoubi et al. 2007). Since the 260–275 region

is structurally close to the maspin RSL, the three amino acid functional domain that

we identified may be the site where maspin binds uPA/uPAR. Others showed that

maspin increases cell adhesion through integrin β1 in vascular smooth muscle cells,

and a G-helix of maspin acts as a potential site for integrin β1 binding (Bass

et al. 2009; Ravenhill et al. 2010). Therefore, it is likely that maspin may interact

with integrin β1 and uPA/uPAR through a G-helix and the functional domain of

three amino acids that we identified.

9.3.1.3 Angiogenesis Inhibition
Angiogenesis, the formation of new blood vessels, is vital to many physiological

and pathological processes. A few non-inhibitory serpin members have been shown

to regulate angiogenesis (Kisker et al. 2001; Dawson et al. 1999; Zheng et al. 2013).

For example, pigment epithelium-derived factor or PEDF is a non-inhibitory serpin

with known functions in pigment cell differentiation and is also a very potent anti-

angiogenic factor (Dawson et al. 1999). A cleaved product of antithrombin, an

inhibitory serpin, is shown to directly inhibit angiogenesis (Kisker et al. 2001). The

question of whether maspin can inhibit angiogenesis was not known until my

laboratory performed experiments to address this in early 2000. We were the first

to demonstrate that maspin is a potent angiogenesis inhibitor (Zhang et al. 2000a).

We showed that maspin acts directly on cultured endothelial cells to impede their

migration toward basic fibroblastic growth factor (bFGF) and vascular endothelial
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growth factor (VEGF), which serve as critical chemoattractants during angiogene-

sis (Zhang et al. 2000a). Specifically, maspin blocked HUVEC endothelial cell

migration induced by VEGF and bFGF in a dose-dependent manner with an ED50

of 0.2–0.3 μM. Additionally, maspin was shown to prevent endothelial cells from

forming tubes in a Matrigel assay. We also demonstrated that maspin effectively

inhibited neovascularization in rat cornea in vivo and reduces the density of tumor-

associated microvessels in athymic mice transplanted with human prostate tumors

(Zhang et al. 2000a). Following our initial report, Cher et al. provided further

support in regard to maspin’s effect on angiogenesis in cancer progression (Cher

et al. 2003). They showed that maspin-expressing transfectant cells derived from

prostate cancer cell line DU145 were inhibited in in vitro extracellular matrix and

collagen degradation assays. They injected the maspin-transfected DU145 cells into

human fetal bone fragments, which were previously implanted in immunodeficient

mice. Overall, their studies showed that maspin expression decreases tumor growth

and angiogenesis (Cher et al. 2003).

Regarding the mechanism of maspin action, we showed that maspin treatment of

HUVEC endothelial cells increases their adhesion to various matrices (Qin and

Zhang 2010). Maspin-mediated enhancement of cell adhesion was dependent on the

activation of integrin β1, which subsequently leads to the pattern change of vinculin
and phalloidin, indicating that maspin affects cell adhesion and cytoskeleton

rearrangement through the integrin signal transduction pathway. We also showed

that maspin increases ILK activity and phosphorylated FAK level in HUVECs. In

addition to increased cell adhesion, we showed that maspin also decreases HUVEC

focal adhesion disassembly, which leads to the retardation in endothelial cell

migration (Qin and Zhang 2010).

9.3.1.4 Maspin Secretion
One interesting question arises regarding maspin’s action on the cell membrane:

how is maspin secreted from intracellular locations to the extracellular space? Some

tissues and cells can secrete a large amount of maspin. For example, Twinning

group showed that maspin is secreted to the tears of human and mouse eye in large

quantities (Ngamkitidechakul et al. 2001, 2003). Their study showed that both

corneal stromal and epithelial cells express and secrete maspin efficiently

(Ngamkitidechakul et al. 2001). We concluded that maspin is secreted from

MCF10A mammary epithelial cells and HUVECs because we were able to detect

maspin from conditioned medium of these cells (Qin and Zhang 2010). The

secreting ability of maspin varies depending on the passages of cell lines. Teoh

et al. found that maspin was not secreted in their MCF10A cells (Teoh et al. 2010).

However, we showed that MCF10A cells from old passage displayed diminished

levels of maspin secretion than those from early passage, suggesting that maspin

secretion is dependent on cell differentiation and growing conditions (Endsley

et al. 2011; Mikus et al. 1993). Similar findings are observed in corneal stromal

cells. Since maspin protein does not contain the signal peptide, the question of how

maspin is secreted remains unsolved. Interestingly, one serpin with high homology

to maspin, PAI-2, was shown to use a facultative secretion signal encoded by the
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first 50 amino acids (Mikus et al. 1993). It is possible that maspin may also use the

hydrophobic peptide at its N-terminal region, which is homologous to PAI-2’s

N-terminal region, for its secretion. Another possibility is that maspin may be

secreted through the nontraditional pathway. Dean et al. reported in a poster

abstract in a 2013 AACR meeting that human prostate epithelial cells secrete

maspin as a soluble and exosome-associated protein. The Twining group showed

that corneal epithelium-secreted maspin has eight serine and threonine sites of

phosphorylation detected by mass spectrometry (Narayan et al. 2011). Whether

these phosphorylation events are related to the exosome-mediated secretion is not

known though. Finally, one previous study clearly showed that maspin is a major

component of the exosome-secreted products following p53-induced stress

responses (Yu et al. 2006). Yu et al. showed that activation of p53 by DNA damage

in the cells induced maspin and TSAP6 expression and their secretion in the

exosome (Yu et al. 2006). They then hypothesized that maspin and TSAP6 may

play a role in the exosome-mediated secretion possibly involved in cell-cell com-

munication. This is consistent with the role of extracellular maspin in cell adhesion,

which controls a variety of cellular processes including cell differentiation, prolif-

eration, and migration.

9.3.1.5 Other Extracellular Partners of Maspin Interaction
Maspin is also known to bind other extracellular partners. The Hendrix laboratory

identified cathepsin D as an extracellular partner of maspin (Khalkhali-Ellis and

Hendrix 2007). Cathepsin D is a lysosomal aspartyl protease that degrades the

extracellular matrices. Binding of maspin to cathepsin D was shown to prevent

matrix incorporation of cathepsin D, thus reducing matrix degradation (Khalkhali-

Ellis and Hendrix 2007). Blacque et al. showed that maspin binds to collagens I and

III, but not any other collagen subtypes (Blacque and Worrall 2002).

9.3.2 Cytoplasmic Maspin

9.3.2.1 Enhanced Apoptosis
The majority of maspin is located in the cytoplasm (Pemberton et al. 1997). The

role of maspin in the cytoplasm has been extensively studied for a long time. My

laboratory was the first to demonstrate that intracellular maspin functions to induce

mammary epithelial cell apoptosis (Zhang et al. 1999). We showed that maspin

overexpression in mammary epithelial cells under a whey acidic protein (WAP)

promoter in a WAP-maspin transgenic mouse induces mammary cell apoptosis,

which reduces mammary alveolar structures (Zhang et al. 1999). When

WAP-maspin transgenic mice were mated with WAP-SV40 T-antigen tumor

mice, the bitransgenic mice showed maspin overexpression and reduced tumor

growth (Zhang et al. 2000b). This was accompanied by an increased rate of

apoptosis of precancerous and carcinomatous mammary epithelial cells (Zhang

et al. 2000b). Subsequently, the Sheng laboratory showed that overexpression of

maspin in MDA-231 human breast tumor cells sensitized them to apoptosis induced
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by staurosporine treatment (Jiang et al. 2002). We further studied the mechanisms

involved in maspin-mediated apoptosis under stress (Jiang et al. 2002; Latha

et al. 2005). We showed that this effect is due to maspin’s activation of caspase

pathways, as maspin-expressing tumor cells exhibited a reduced level of anti-

apoptotic Bcl-2 protein and an increased level of pro-apoptotic Bax protein

(Zhang et al. 2005). Specifically, maspin alters the delicate balance of these proteins

via selective control of Bcl-2 and Bax stability. It is important to note that

intracellular maspin, but not secreted maspin, is necessary to sensitize breast cancer

cells to apoptosis (Bailey et al. 2006; Jiang et al. 2002; Latha et al. 2005), again

highlighting the fact that maspin’s tumor-suppressive properties are intimately

linked to its cytoplasmic location. Further studies showed that maspin is able to

migrate into the inner membrane of the mitochondria, which is accompanied by the

release of cytochrome c from the mitochondria to the cytoplasm (Latha et al. 2005).

The question of what controls maspin migration to mitochondria is still under

investigation by my laboratory.

Maspin is also capable of inducing apoptosis in other cell types. For example,

when maspin is delivered and overexpressed in the endothelial cells in vivo, it

actively induces endothelial cell apoptosis (Li et al. 2005). In that particular study,

the intravascular administration of adenovirus-maspin to mice bearing mammary

tumors disrupted tumor-induced angiogenesis by promoting endothelial cell apo-

ptosis. These findings present an elegant example of the ways in which maspin’s

apoptosis-inducing property can be used to inhibit tumor-induced angiogenesis and

cancer progression.

9.3.2.2 ROS Scavenging
The Sheng group first showed that maspin interacts with GST and glutathione

peroxidase, which is accompanied by increased GST activity and decreased levels

of reactive oxygen species (ROS) (Yin et al. 2005). Interestingly, increased cellular

ROS was shown to induce the interaction of maspin with GST, suggesting that

maspin and GST cooperate to control oxidative stress in the cells (Yin et al. 2005).

However, the mechanism by which maspin controls cellular ROS is not fully

understood from this early study. Further investigation by my laboratory

demonstrated that intracellular maspin protein undergoes posttranslational modifi-

cation following oxidative stress (H2O2) (Nawata et al. 2011). Specifically, maspin

adopted an oxidized, disulfide-bonded structure when maspin overexpressing

MCF10A cells were exposed to high levels of H2O2, suggesting that maspin may

regulate cellular ROS through its cysteine residues (Nawata et al. 2011). Under the

oxidized state, maspin is no longer bound to the GST (Nawata et al. 2011).

Recently, my laboratory has discovered that maspin regulates ROS through its

protein surface cysteines (Mahajan et al. 2013). Protein cysteine residues are highly

susceptible to various types of oxidation. Sulfenic acid [–SOH] is the initial product

of cysteine oxidation and is a key intermediate in the functional modulation of

enzymes and proteins. Under variant biochemical circumstances, it may serve to

mediate redox signaling (Poole et al. 2004; Poole and Nelson 2008). Although

sulfenic acid is likely to represent a dynamic and transient oxidation product, its
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unique chemistry allows it to be captured by dimedone-based labeling reagents

before progressing to a potentially more complex arrays of disulfide-bonded or

oxidized products (e.g., sulfinic and sulfonic acid) (Nelson et al. 2010; Klomsiri

et al. 2010). Maspin has eight cysteine residues; three of the cysteines are located at

positions C183, C205, and C323 and are fully structurally exposed on maspin’s

protein surface. We showed that these exposed cysteine residues in maspin act as

potent scavengers/quenchers of ROS (Mahajan et al. 2013). These cysteines formed

sulfenic acids upon oxidative stress, which can be detected by the formation of

stable maspin-dimedone complex (ref). Ablation of these cysteine residues in

maspin results in a significant increase in total ROS production in TM40D mouse

mammary cells. Also, cells containing the triple cysteine mutant of maspin show

elevated ERK1/2 activity (a downstream target of ROS) and enhanced proliferation

and colony formation (Mahajan et al. 2013). These findings establish a novel

mechanism by which maspin utilizes its cysteine thiols to inhibit oxidative stress

and cell growth.

9.3.2.3 Other Cytoplasmic Binding Proteins
Cytoplasmic maspin was also shown to bind other proteins in the cytoplasm. For

example, the Hendrix group showed that maspin binds cytoplasmic IRF6 and

sequesters it from nuclear translocation and/or proteosomal degradation (Bailey

et al. 2005a, b, 2008). Since IRF6 is a transcriptional factor, the binding of maspin

with IRF6 in the cytoplasmmay serve to downregulate IRF6-mediated transcription

in the nucleus (Bailey et al. 2008). Maspin was also found to bind to Hsp90 (Yin

et al. 2005). Hsp90 is a cellular chaperone involved in assisting protein folding.

Many oncoproteins and pro-survival factors interact with Hsp90 through ATP

hydrolysis. Blocking ATP hydrolysis by a reagent such as 17-AAG

(17-(allylamino)-17-demethoxygeldanamycin) sensitizes tumor cells to apoptosis.

Lockett et al. hypothesized that maspin may regulate tumor cell apoptosis through

its binding with Hsp90 (Lockett et al. 2006).

9.3.3 Nuclear Maspin

9.3.3.1 HDAC1 Inhibition
The Sheng group first demonstrated that maspin interacted with HDAC1, one of the

most abundant histone deacetylases, in a yeast two-hybrid assay. Li et al. confirmed

this interaction and provided the first evidence that maspin exerts an inhibitory

effect on HDAC1 (Li et al. 2006) through its effect on HDAC1-regulated genes

such as Bax, p21, and CK18 (Lockett et al. 2006; Li et al. 2006). HDAC1 plays a

critical role in transcriptional repression by facilitating the histone deacetylation

that leads to chromatin condensation, thus preventing the access of transcription

factors to DNA. Notably, HDAC1-mediated epigenetics play an integral role in

both development and tumor progression. The fact that maspin interacts with

HDAC1 suggests that maspin may control gene expression as a master regulator

by influencing the acetylation state of many transcription factors. Indeed,
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subsequent studies by Sheng’s group showed that maspin leads to changes in the

expression level of a large number of proteins and that these changes are often

microenvironment specific (Kaplun et al. 2012). They performed three different

assays to compare gene expression levels between maspin overexpressed cells and

control cells: identification of statistically enriched gene ontology groups, detection

of overrepresented transcription factors binding sites in promoters of differentially

expressed genes, and searching of key nodes of regulatory networks controlling

these transcription factors. Their data confirmed that maspin is an endogenous

inhibitor of HDAC1 and that the effect of maspin is primarily mediated by

TGF-β, β-catenin/E-cadherin pathways, and network key nodes such as Abl kinase,
p62, IL1, and caspase 6 and 8 (Kaplun et al. 2012).

9.3.3.2 Chromatin Binding
Goulet et al. demonstrated that nuclear localization of maspin is required for its

tumor-suppressing activity and that maspin binds to the chromatin (Goulet

et al. 2011). Using two invasive cancer cell lines, they showed that reintroduction

of maspin in these tumor cells prevented tumor metastasis and that maspin was

found to be in the nucleus in cultured cells and clinical samples. However, when

maspin was excluded from the nucleus by adding a nuclear export signal, the

metastasis-suppressive effect was abolished (Goulet et al. 2011, 2012). They further

confirmed that nuclear maspin is associated with chromatin at the unique promoter

regions of CSF1 and ERRA, which are two genes critical in breast cancer progres-

sion (Goulet et al. 2012). However, it is not clear from their study why maspin binds

to chromatin with specificity for certain gene promoters.

9.3.3.3 Other Nuclear Partners
Maspin was also reported to interact with other nuclear proteins. For example,

maspin was shown to interact with GC-binding factor 2 (GCF2), a transcriptional

repressor whose expression is induced following tissue injury (Bailey et al. 2006).

In addition to transcriptional regulators involved in the stress response, the broad-

range transcription factor TFIID was also identified as a putative maspin-interacting

protein (Yin et al. 2005). Maspin’s interaction with these binding partners suggests

that it has a wide-ranging role in transcriptional regulation.

9.4 Animal Models of Maspin Study

9.4.1 Maspin Transgenic Mice

To characterize maspin’s in vivo activity during mammary development and tumor

progression, we generated maspin transgenic mice that overexpress maspin gene in

mammary epithelial cells. This was accomplished by placing the maspin gene

under the control of a mammary-specific whey acidic protein (WAP) promoter

(Zhang et al. 1999). Subsequently, theseWAP-maspin transgenic mice were used to

demonstrate that the overexpression of maspin in mammary epithelial cells during
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pregnancy inhibits mammary gland development and induces apoptosis. These

mice exhibited impaired differentiation as well as a reduced number of lobular

alveolar structures during late pregnancy. In addition, at midpregnancy, alveolar

cells from the transgenic mammary glands displayed an increased rate of apoptosis

without any changes in the rate of proliferation. These experiments reveal that

maspin has a profound biological influence on the growth and function of mammary

epithelial cells in vivo (Zhang et al. 1999).

The majority of cancer deaths result not from the primary tumor but from

metastasis. Because metastasis is an extremely complicated, multistep process, it

is usually best studied in an animal model. In order to facilitate these studies, it is

critical to establish an appropriate animal model in which the tumor cells are

invasive and possess the ability to metastasize to other organs (Shi et al. 2003).

WAP-simian virus (SV) 40 T-antigen (WAP-TAg) transgenic mice develop mam-

mary tumors with 100 % frequency with a high possibility of developing tumor

metastasis (Li et al. 1996; Tzeng et al. 1993). The SV40 TAg initiates tumorigenesis

through the inactivation of both p53- and the pRb-related family of proteins

(Li et al. 2000). Thus, the WAP-TAg transgenic mice possess specific features of

some human breast cancers. Since the primary goal of generating WAP-maspin

transgenic mice was to test the role of maspin overexpression against mammary

tumor growth and metastasis, we crossed maspin transgenic mice with the onco-

genic WAP-TAg mice (Zhang et al. 2000b). The results from this study show that

overexpression of maspin through a transgenic approach can significantly block

tumor progression. For example, bitransgenic maspin/TAg mammary tumors grow

considerably slower than their TAg controls. Growth inhibition is accompanied by

an increase in apoptosis as well as a reduction in microvessel density. Significantly,

maspin overexpression increases apoptosis of both normal mammary epithelial

cells during pregnancy and malignant breast cancer cells. This study also revealed

that the overexpression of maspin dramatically reduced tumor metastasis to the

lung. Taken together, these data demonstrate that the targeted overexpression of

maspin can inhibit tumor progression in vivo, likely through a combination of

increased apoptosis, decreased angiogenesis, and inhibition of tumor cell migration

(Zhang et al. 2000b). These studies have provided a wealth of information regard-

ing the key roles that maspin plays in the prevention of tumor growth, invasion, and

metastasis. They offer promising insight into therapeutic treatment and prevention

of cancer and demonstrate the benefits of utilizing mouse models to study human

diseases.

9.4.2 Maspin Knockout Mice

We also took a different approach for studying the loss of maspin in normal tissue

development and cancer progression by using maspin gene knockout mice (Gao

et al. 2004). We cloned mouse maspin genomic DNA and designed a vector to

selectively knock out the maspin gene in the mice. To do this, we first generated

maspin heterozygous knockout mouse. The heterozygous Mp+/� mice progeny
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appeared to be morphologically normal after birth. However, when they were

crossed, no homozygous maspin deletion progeny were obtained at birth. Among

the 571 live-born offspring, 343 were heterozygotes and 228 were wild-type mice.

This indicates that the homozygous maspin null mice are lethal during embryonic

development. We then proceeded to determine when the homozygous lethality

exactly happens during embryonic development. We first examined the preimplan-

tation stage of embryonic development. Mp+/� mice were intercrossed; embryos at

the 2-cell, 4-cell, and blastocyst stages were compared. Both Mp�/� and Mp+/+

embryos were observed by the late blastocyst stage, which indicates that the Mp�/�

embryos do not die before implantation. To further determine the time of embry-

onic death after implantation, in utero embryos ranging from E4.5 to late gestation

stages were microdissected and genotyped by either PCR or immunostaining. Our

data indicated that Mp�/� embryos had died by E5.5. Maspin protein appeared in

the visceral endoderm (VE) at E5.5. This expression was restricted to both the

embryonic and the extraembryonic visceral endoderm at E6.5 and E7.5. No maspin

expression was observed in the parietal endoderm, the ectoplacental cone, the

chorion, and the amnion. In vitro analysis using maspin-deleted ES cells in an

embryoid body formation assay supports this idea of maspin having an essential

role in early embryonic development. As an early event of embryonic development,

the generation of the visceral endoderm provides the embryo with nutritional and

hematopoietic functions. Since maspin is specifically expressed in visceral endo-

derm cells after implantation, its deletion seems to be destructive for the formation

of the endodermal cell layer and for the morphogenesis of the epiblast, thus

preventing further embryo development.

Since the homozygous maspin knockout mice were embryonic lethal at peri-

implantation stage (Gao et al. 2004), which precluded the analysis of mammary

phenotype at a later stage, we examined the effect of maspin on mammary devel-

opment in maspin heterozygous mice (Shi et al. 2004). We showed that maspin

heterozygous mice have a defect in their ductal development at pubertal stages.

However, this defect arises from a reduced level of systemic progesterone. We

showed that the level of progesterone in maspin heterozygous mice was consis-

tently reduced during puberty. When both maspin heterozygous and wild-type mice

were ovariectomized, treatment with progesterone by itself stimulated ductal

development. Treatment of wild-type mice with progesterone inhibitor RU486

resulted in decreased ductal growth, as was observed in maspin heterozygous

mice, and the inhibitory effect was dose dependent. Furthermore, we demonstrated

that progesterone, like estrogen, also plays an important role in early mammary

ductal development (Shi et al. 2004). Finally, the maspin heterozygous epithelial

cells displayed increased levels of ROS compared to the wild-type epithelial cells

(Shi et al. 2004), and they appear to have a higher proliferation rate than the wild-

type controls (unpublished data).

We also utilized maspin heterozygous mice to study the effect of maspin

haploinsufficiency on prostate development and cancer progression. We showed

that the loss of one copy of maspin in Mp+/� heterozygous mice leads to the

development of prostate hyperplastic lesions and that this effect is mediated
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through decreased levels of CDK inhibitors p21 and p27 (Shao et al. 2008). A very

interesting phenomenon we found is that the partial loss of maspin in epithelial cells

in Mp+/� prostate not only causes hyperproliferation of epithelial cells but also

induces adjacent stromal cell hyperplasia. This happens in both adult and aged

prostates as well as in neonatal prostates during early ductal morphogenesis.

Clearly, maspin secreted from epithelial cells can act on the adjacent stromal

cells to inhibit cell proliferation in a paracrine manner. However, since smooth

muscle cells also express maspin, maspin could also act on smooth muscle cells in

an autocrine manner too. Thus, the observed stromal cell hyperplasia in Mp+/�mice

may arise from reduced maspin expression in both epithelial and smooth muscle

cells in Mp+/� mice (Sung and Chung 2002). The findings that prostate smooth

muscle cells express maspin and that the loss of one copy of maspin causes stromal

hyperplasia are highly significant since it highlights the importance of epithelial-

stromal interaction during prostate tumor progression. It is very possible that such

feedback interaction between epithelial and smooth muscle cells may in fact

promote prostate cancer progression. Finally, the results from our maspin knockout

mouse study also provided direct evidence that maspin acts as a prostate tumor

suppressor gene in vivo in a mouse model. This novel property that maspin inhibits

cell proliferation may be exploited for therapeutic treatment of prostate cancer in

the future.

9.4.3 Maspin Conditional Knockout Mice

Teoh et al. recently reported the generation of a maspin conditional knockout

mouse line (Teoh et al. 2014). The deletion construct was built by recombination-

mediated genetic engineering using a chromosome BAC clone as the source for

maspin genomic DNA. Two LoxP flox sites are located in intron 3 and intron 4. The

construct was electroporated to C57BL/6-derived ES cells, and selected ES cells

were injected into BALB/c blastocysts to generate chimeric embryos. They used

CMV-Cre to perform the LoxP-mediated deletion of maspin exon 4 and generate

the maspin�/� knockout mice. Their data showed that Cre-mediated deletion

generated an mRNA carrying the predicted deletion and also the introduction of a

stop codon 11 residues downstream. This flox-deleted maspin knockout mouse is

viable and has no overt anatomical and physiological abnormalities. This result is in

contrast to our previous report that maspin conventional knockout mouse is embry-

onic lethal and that maspin heterozygous knockout mice display developmental and

physiological abnormalities (Teoh et al. 2014; Gao et al. 2004).

Why is there such a discrepancy? First of all, the targeting constructs in these

two reports are different. While our group’s previous construct targeted the deletion

of maspin exon 7, the domain responsible for many of the biological functions of

maspin as described above, the newly reported construct targeted exon 4 to generate

truncated maspin by inserting a stop codon after LoxP site with the hope that this

may result in a maspin “null” mouse. One concern with this model is that this new

targeting method may yield an alternatively spliced maspin gene product missing
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exon 4 and the inserted stop codon and LoxP site, but the encoded maspin protein

may still possess some or all of the maspin functions. In addition, a 133 residue

truncated maspin is generated that may retain some activities. These possibilities

can be tested using the right tools. Unfortunately, the two antibodies used by Teoh

et al. are not very specific. For example, antibody 13G11 showed the absence of

“maspin” from knockout mammary tissue but the presence of the “maspin band” in

the knockout prostate and thymus (Teoh et al. 2014). Antibody H130 on the other

hand showed the absence of maspin from the knockout prostate, but not in the

knockout thymus. Teoh et al. explained that this might be due to antibody cross-

reactivity. However, our view is that this raises doubts of whether maspin is fully

deleted, since the nonspecific immunodetection signals cannot be used for the

confirmation of their maspin knockout mouse. If alternative splicing does occur

in these conditional knockout mice, the animals generated will have a truncated

maspin missing exon 4, which may explain why their conditional knockout mice

show no developmental and physiological abnormalities.

Teoh et al. also suggested that the lethality defect of our maspin conventional

knockout mice might arise from an off-target effect of the neo cassette close to

PHLPP1, which is nearly 100 kb away from maspin gene. This speculation is

inconsistent with the evidence that PHLPP1 knockout mice are viable, while the

previously characterized maspin knockout mice are embryonic lethal (Gao

et al. 2004; Masubuchi et al. 2010).

My laboratory also generated a new maspin conditional knockout mouse strain,

targeting the complete deletion of maspin product (unpublished data). The designed

recombination-mediated deletion will not give rise to any maspin product since the

start codon containing exon 2 and exon 3 are deleted. In our preliminary study, we

used Tie2-Cre to delete endothelial maspin during early embryonic development.

Our data showed that embryonic deletion of maspin in endothelial cells by Tie

2-Cre causes embryonic lethality of mouse embryos (unpublished data). Analysis of

some embryos at E9.5 revealed the defective vasculature. Our data indicates that

both conventional and tissue-specific deletion of maspin can cause mouse embry-

onic lethality. More research with this new conditional maspin knockout mouse

strain will be performed in the future.

9.5 Developing Maspin for Therapeutic Intervention

There is mounting evidence confirming that maspin acts as a tumor-suppressing

serpin, inhibiting tumor progression, metastasis, and angiogenesis. Maspin’s tumor-

suppressing properties prompted us to develop maspin for therapeutic application.

These preclinical studies described below are mostly carried out in mouse cancer

models using the maspin gene, protein, and/or peptides.
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9.5.1 Maspin-Mediated Gene Therapy Against Breast Cancer

Cancer gene therapy requires both a good animal model and an effective delivery

system (McCormick 2001). Genetically engineered mouse (GEM) mammary tumor

models are widely used for cancer gene therapy. However, there are limitations

with using GEM for cancer therapy, particularly variations in the number of tumors

and the time of tumor development in different animals. These variations affect the

evaluation of treatment efficacy since all reagents are supposed to be delivered to

the groups of animals at the same time. To circumvent these problems, we

established a syngeneic PyV-mT tumor transplantation model for maspin gene

delivery study by transplanting the mammary tumor cells (PyV-mT cells) to

syngeneic FVB female mammary fat pads bilaterally. Tumors developed 100 %

in transplanted sites and they showed the characteristic of solid adenocarcinoma.

The unique feature of this transplantation model is that implanted tumors grow out

uniformly and are metastatic to the lung. We then delivered the maspin gene to

tumor-bearing mice using DNA/liposome complexes for increased delivery and

gene expression (Shi et al. 2002). To determine whether the system we chose could

effectively deliver gene to the breast in mice, we injected a reporter DNA construct

(CAT) with liposome to a group of wild-type mice through their tail veins. We

found that the mammary gland is one of the tissue organs with the highest delivery

efficiency (Shi et al. 2002). To test the therapeutic value of maspin against breast

tumor progression, two groups of mice were implanted with PyV-mT tumor cells.

After the tumors were developed in the mammary gland orthotopically, mice were

treated with maspin/liposome or with control plasmid DNA (placebo) systemically

for over 1 month. Primary mammary tumor growth was monitored during the

treatment and at the end point. Our data showed that the overall tumor growth

rate was significantly decreased for maspin-treated tumors compared to the

controls. To analyze maspin’s effect on tumor metastasis, lung tissues from the

two groups were harvested at the end point. Tissues were serially sectioned for

histology. Histological analysis of these sections revealed a significant decrease of

lung tumor metastasis in the maspin-treated group (44.5 %) compared to the control

(100 %). The total numbers of tumor foci were also significantly reduced (185 %) in

maspin-treated samples. TUNEL assays revealed that this significant inhibition of

both primary tumor growth and metastasis is mediated by increased apoptosis in the

maspin-treated tumors. Furthermore, we demonstrated that maspin/liposome treat-

ment does not result in any toxic side effect after a long period of treatment in wild-

type mice (Shi et al. 2002). Female wild-type mice receiving long-term maspin

gene therapy maintained normal reproductive function and did not exhibit any gross

abnormalities in tissue organs upon biopsy. Thus, maspin/liposome treatment offers

an effective therapy with low toxicity for breast cancer. Based on this study, we

anticipate that new maspin gene-mediated therapies can be developed for cancer

treatment with high efficacy delivery methods in the near future.
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9.5.2 Using Maspin Protein and Peptides for Anti-angiogenesis
Therapy

Tumor growth and metastasis requires neovascular formation, a process also termed

angiogenesis (Folkman 1986, 1989). Angiogenesis supplies tumors with nutrients

and aid through the removal of metabolic wastes (Folkman 1995a; Fidler and Ellis

1994). Most solid tumors cannot grow beyond a few millimeters without angiogen-

esis (Folkman 1995b; Boudreau and Myers 2003). Targeting neovessels in cancer

with anti-angiogenesis inhibitors has been considered a smart approach to eradicate

cancers. To determine if maspin protein can be used for anti-angiogenesis therapy

against cancer, we delivered maspin to mice bearing human prostate cancer cells in

an athymic mouse xenograft model (Zhang et al. 2000a). LNCaP prostate tumor

cells were implanted subcutaneously on the bidorsal back of nude mice. Tumor

growth and neovascularization were monitored following systemic treatment with

recombinant maspin. Through CD31 immunostaining, we found that maspin-

treated tumors contained significantly fewer vessels than mock-treated controls.

To determine whether maspin’s effects on the tumor-induced vasculature were

maintained during a more prolonged treatment, the above experiment was

replicated with tumors harvested after 7–8 weeks. Thirty-two tumor sites were

treated with maspin and 37 with GST. When examined at week 8, the growth of

53 % of the maspin-treated tumors had been completely inhibited. The remaining

15 maspin-treated tumors were reduced in size by on average 3.43-fold when

compared to mock control treated tumors. To examine if the reduced size of

maspin-treated tumors coincided with reduced neovascularization, 20 representa-

tive tumors from either maspin-treated (10 sites) or GST-treated tumors (10 sites)

were used to quantify the density of microvessels after immunostaining with CD31

antibody. The density of vessels in maspin-treated tumors was reduced by 2.6-fold

on average compared to those in control tumors, and this difference was highly

significant. We also compared the treated and control tumors of similar sizes. A

reduction of vessel density was likewise observed in the maspin-treated samples

(Zhang et al. 2000a). These data confirm that maspin is an effective inhibitor of

tumor angiogenesis and could therefore be developed into a potent anti-angiogene-

sis/anticancer therapy.

Protein therapeutics like using maspin protein still faces challenges relating to

high cost and short retention time in tissues. Small molecular peptides can be

clinical alternatives, provided they offer comparable potency. Our collaborators

and my laboratory have recently developed new maspin peptide nanostructures

comprised of maspin peptide epitope bound to a nanoparticle molecular domain

that promotes self-assembly through hydrogen bonding and hydrophobic

interactions. This molecule, known as peptide amphiphile (PA), consists of a

hydrophobic alkyl tail, a peptide sequence capable of β-sheet formation, a flexible

peptide sequence as a linker, and the maspin peptide epitope at one terminus of the

molecule. The maspin-nanoparticle PAs can self-assemble in aqueous solution to

form high aspect-ratio nanofibers comprised of a hydrophobic core and stabilized

by β-sheet formation down their long axis (Guler and Stupp 2007; Velichko
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et al. 2008). These nanofibers can therefore display on their surfaces a high density

of biological signals (Storrie et al. 2007), stabilize epitope secondary structure

(Solomon et al. 2006), and improve therapeutic retention in tissue as a result of

longer half-lives associated with their supramolecular structure (Ghanaati

et al. 2009; Geng et al. 2007). In a recent report, we demonstrated that these

maspin-mimetic PA nanostructures possess anti-angiogenic activity at

concentrations that are significantly lower than those necessary for the maspin

G-helix peptide (Zha et al. 2015). Furthermore, in vivo assays in the chick chorio-

allantoic membrane have demonstrated that maspin-mimetic nanostructures are

highly effective in inhibiting angiogenesis (Zha et al. 2015). Therefore, we antici-

pate that in the future, maspin peptide-based nanostructures may be developed for

the treatment of cancer or other diseases involving abnormal blood vessel

formation.

9.6 Future Direction

Since the discovery of maspin in 1994 as a breast tumor suppressor, more than

500 articles have been published regarding maspin expression and its biological

functions in cancers and other diseases. While the majority of these publications

support a role of maspin as a bona fide tumor suppressor in the early stages of tumor

progression and in tumor metastasis, some reports raise concerns pointing to the

opposite conclusions. This suggests that we are still far from understanding the

biological functions of maspin. We are encouraged by these debates and are even

more determined to continue our research of maspin because of this. With this said,

it has become clear that maspin gene expression and subcellular locations of maspin

protein are context dependent. Maspin’s biological functions may also vary in

different kinds of tissues. Thus, we need to investigate maspin’s function in the

context of maspin expression, mutation, and subcellular location. Also, there is

currently an urgent need to develop new in vivo animal models to study the

physiological functions of maspin. These in vivo studies will likely shed more

lights regarding roles of maspin in normal tissue development and cancer. In

addition, studies are required to further elucidate the mechanisms by which maspin

translocates to different subcellular compartments and functions in various

biological processes. Finally, more research will be done focusing on the ways in

which this crucial tumor suppressor can be utilized in cancer prevention, diagnosis,

and treatment.
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Abstract

Human protein C inhibitor (PCI, SerpinA5) was first identified in 1980 as an

inhibitor of activated protein C (APC). It was soon recognized that the secreted

57 kDa glycoprotein inhibits not only APC but a variety of different proteases by

forming stable 1:1 complexes. In addition to its multi-specificity, the inhibitor is
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also present in many human tissues and secretions. Its inhibitory property toward

different target proteases can be modulated by cofactors (non-protease ligands)

like heparin, DNA, and phospholipids, which results in enhanced complex

formation (in most cases). Furthermore PCI exhibits a variety of

non-inhibitory functions. It binds to retinoic acid suggesting a role of PCI in

retinoid-dependent signaling, displays broad antimicrobial activity, and acts as a

lipid transferase for phosphatidylethanolamine. Interaction of PCI with

phospholipids not only impacts the phagocytosis of apoptotic cells but also

mediates the insertion of PCI into membranes which leads to rapid internaliza-

tion of the serpin. The exact role of internalized PCI, which is detected in

cytosolic and nuclear fractions, is not well understood at the moment. Since

PCI interacts with intracellular phosphoinositides and alters the phosphorylation

status of the PI3-kinase downstream target protein kinase B (AKT), it might

influence intracellular lipid levels and contribute to tissue-specific functions.

Finally PCI acts as tumor suppressor and negatively regulates tumor cell growth

and metastatic potential. Recently, it was reported that higher levels of PCI in

cervicovaginal fluid might be a protective factor against HIV infection. This

review summarizes the current knowledge on PCI and its functions in health and

disease.

10.1 Introduction

Protein C inhibitor (PCI) was first identified in 1980 by Marlar and Griffin as an

inhibitor of activated protein C (APC) in human blood plasma, and the inhibition of

APC by normal and various deficient plasmas was studied (Marlar and Griffin

1980). Three years later Suzuki et al. isolated PCI from human plasma and

characterized some of its physicochemical properties (Suzuki et al. 1983).

10.2 Gene Structure and Tissue-Specific Expression of PCI

The gene coding for PCI is located on chromosome 14q32.1, between SERPINA4
and α1-antichymotrypsin (AACT, SERPINA3) close to the genes for α1-antitrypsin
(A1AT, SERPINA1) and corticosteroid-binding globulin (SERPINA6) (Billingsley
et al. 1993; Meijers and Chung 1991). In 1991 the human PCI gene was isolated and

its organization characterized. The gene consists of five exons and four introns and

is 11.5 kb long (see Table 10.1). The overall organization of the gene closely

resembles the genes coding for A1AT and AACT (Meijers and Chung 1991;

Hayashi and Suzuki 1993).

Analyzing the promoter region of the PCI gene, no apparent TATA or CCAAT

boxes were found, but a Sp1-binding site, an AP-2 site, and an inverted AP-2 site

could be identified (Meijers and Chung 1991). Within 1.6 kb of the 50-flanking
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region, two additional AP-2-binding sites, an AP-1-binding site, an AP-3-binding

site, a C/EBP-binding site, two HNF-binding sites, and a GATA-1-binding site

were found, indicating a significant promoter activity in human HepG2 hepatoma

cells (Hayashi and Suzuki 1993; Hayashi et al. 1998). Expression of various

deletion constructs revealed that the region from �329 to �209 containing the

Sp1-binding sites acts as promoter in HepG2 cells. Furthermore the upstream AP-2-

binding site in the region from �452 to �330 acts as strong enhancer, and the

downstream region from �176 to �147 was recognized to act as silencer (Hayashi

et al. 1998). The stop codon at position 1324 divides exon V in a coding region

corresponding to amino acid 328–387 and a 30-noncoding region of 879 bp

containing the polyadenylation site at position 2205 (Meijers and Chung 1991).

Northern blot analysis showed that human PCI mRNA is expressed in the liver,

kidney, spleen, pancreas, skeletal muscle, heart, testis, prostate, seminal vesicles,

ovary, and skin (Suzuki 2008). PCI is discussed to be a putative tumor suppressor,

since loss of PCI expression is found in high-grade prostate tumors (Cao

et al. 2003). Furthermore semimalignant serous ovarian borderline tumors show a

5.3-fold higher PCI mRNA expression compared to serous ovarian carcinomas,

indicating a potential role for PCI as regulator for benign behavior in ovarian cancer

(Sieben et al. 2005).

10.3 Characteristics of the Human PCI Protein

Human PCI cDNA was cloned and sequenced in 1987 indicating that the inhibitor

consists of a 19-amino-acid signal peptide and a 387-amino-acid polypeptide chain

(Suzuki et al. 1987). The molecular weight was calculated to be 43.8 kDa for the

protein and 13.2 kDa for the remaining carbohydrate chains. The high homology of

the amino acid sequence of PCI with A1AT (41.6 %), AACT (42.3 %), antithrom-

bin (AT, 26.4 %), and ovalbumin (26.9 %) clearly demonstrated that PCI is a

member of the serpin family (Suzuki et al. 1987; Suzuki 1993). Table 10.2 gives an

overview of important properties of human PCI.

10.3.1 Glycosylation Sites

PCI is heavily glycosylated. It contains three N-glycosylation sites (see Fig. 10.1a)

at positions Asn230, Asn243, and Asn319 (Sun et al. 2008). In addition two

O-glycosylation sites have been predicted at positions Thr20 and Ser39 (Suzuki

1993), but further analysis revealed that only Thr20 is O-glycosylated and no other

potential O-glycosylation sites have been confirmed (Sun et al. 2010).

Analysis of N-glycans derived from human urinary PCI (uPCI) revealed the

structure of four major N-glycosylation types of heterogeneous, bi-antennary struc-

ture. The core unit (see Fig. 10.1b) consists of three branched mannose (Man)

residues attached to two N-acetylglucosamines (GlcNAc). An additional fucose

(Fuc) residue is found in more than 60 % of all N-glycans (Izutani et al. 2001). The
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trimannosyl unit seems to be important for the protease inhibitory property of uPCI

as glycosidase-treated uPCI shows decreased inhibitory activity toward thrombin

and plasma kallikrein (Izutani et al. 2001). PCI purified from human blood plasma

exhibits a slightly different Asn-glycosylation structure compared to uPCI, as the

most abundant N-glycan is non-fucosylated and carries sialic acid on both ends of

the bi-antennary domain.

In addition to bi-antennary glycans, also tri- and tetra-antennary forms are found

with molecular weights between 1.9 and 3.8 kDa (Sun et al. 2008). From glycosyl-

ation mutants of human PCI, it is known that Asn243-linked glycans stimulate the

Table 10.2 Overview of important properties of human PCI

Property Criterium Refs.

Gene location 14q32.1 Billingsley et al. (1993),

Meijers and Chung

(1991)

Gene length/

gene structure

11.5 kb/5 exons, 4 introns Meijers and Chung

(1991)

Amino acids 406-amino-acid single polypeptide chain

(19-amino-acid signal peptide and 387-amino-

acid mature protein)

Suzuki et al. (1987)

Cysteins/

disulfide bonds

1/0 Suzuki (1993)

MW total 57 kDa Suzuki et al. (1983)

MW protein/

carbohydrate

43.8 kDa/13.2 kDa Suzuki (1993)

N-Glycosylation

position

Asn230, Asn243, Asn319 Sun et al. (2008), Suzuki

(1993)

O-Glycosylation

position

Thr20 Sun et al. (2010), Suzuki

(1993)

Reactive site

peptide bond

P1–P10

Arg354–Ser355 Suzuki et al. (1987)

Blood plasma

concentration

5 μg/mL (90 nM) Laurell et al. (1992)

Isoelectric point

(s), pI

Six pIs, 7.4, 7.6, 7.9, 8.0, 8.4, 8.6 Suzuki et al. (1983)

4.5 – 6 Suzuki (1993)

Extinction

coefficient at

280 nm

E1 %
1 cm ¼ 14:1 Suzuki (1993), Suzuki

et al. (1983)

Half-life in the

circulation:

Laurell et al. (1990)

–PCI protein 23.4� 5.7 h

–APC–PCI

complex

19.6� 3.1 min

Optimal heparin

concentration

10–100 μg/mL Pratt and Church (1992)
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inhibitory activity of PCI. On the other hand, Asn230-linked glycans downregulate

the protease inhibitory property of PCI, and glycans attached to Asn319 have no

apparent effect on thrombin inhibition (Fujita et al. 2002). As differently

N-glycosylated PCI mutants show only slightly increased heparin affinity but

significant changes in inhibitory characteristics compared to wtPCI, it is suggested

that N-glycosylation affects the conformation of PCI’s reactive center, rather than

the heparin-binding site (Fujita et al. 2002).

Naturally occurring size heterogeneity of blood-derived PCI can be explained by

variations in the length of the N-terminus as well as variations in N-glycan structure
and occupancy, whereas O-glycosylation does not contribute to the observed size

heterogeneity (Sun et al. 2008, 2010). Therefore, purified plasma PCI from individ-

ual donors shows at least six bands when analyzed by SDS-PAGE. Conserved

microheterogeneity among donors from different ethnicities supports the argument

Fig. 10.1 Glycosylation sites of PCI. (a) Back view of the structure of native human PCI (PDB

2OL2). The three Asn-glycosylation sites Asn230, Asn243, and Asn319 and helix H are in black. The
O-glycosylation site at position Thr20 cannot be shown, as the crystal structure lacks the amino-

terminal part and starts at amino acid 28. Serine protease cleavage site P1–P10 (Arg–Ser) of the
RCL (at the top of the molecule) is shown as sticks. The figure was created using PYMOL (http://

www.pymol.org/), (b) trimannosyl core unit derived from urinary PCI (uPCI). More than 60 % of

all N-glycans derived from uPCI have a fucose residue attached to the bi-antennary core domain.

Fuc, fucose; GlcNAc, N-acetylglucosamine; Man, mannose
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that this heterogeneity is of biological significance. Furthermore the naturally

existing PCI variant lacking any glycosylation at position Asn243 might be func-

tionally different from fully glycosylated PCI and other variants (Sun et al. 2010),

as PCI mutants lacking any Asn243 glycans show reduced inhibition of target

proteases (Fujita et al. 2002).

10.3.2 Polysaccharide Specificity of PCI

Negatively charged glycosaminoglycans like heparin and heparan sulfate are avail-

able at sites of serpin action (Casu and Lindahl 2001) and are known to interact with

basic residues of PCI and modulate the inhibition of potential target proteases. In

1992 various polysaccharides were tested and the polyanion specificity of PCI was

determined (Pratt and Church 1992). Among the glycosaminoglycans found in

vertebrates, only heparin, heparan sulfate, and to a lesser extent chondroitin sulfate

A stimulated PCI’s inhibitory property toward APC and thrombin. Dermatan

sulfate at >1000 μg/mL exhibited no modulation of thrombin inhibition, and only

very weak increase in APC inhibition was observed. In addition fucoidan, a marine

polysaccharide from brown algae (Li et al. 2008), and phosvitin derived from egg

yolk also stimulated protease inhibition by PCI (Pratt and Church 1992).

10.3.3 Inhibitory Properties of PCI

As mentioned above PCI was originally identified as an inhibitor of APC as

implicated by its name. However, it was recognized that PCI is a multi-specific

inhibitor. In addition to APC (Pratt and Church 1992; Hermans and Stone 1993;

Suzuki et al. 1984), human PCI inhibits many serine proteases of the vascular

system involved in blood coagulation and fibrinolysis, such as thrombin (Pratt and

Church 1992; Hermans and Stone 1993; Suzuki et al. 1984; Radtke et al. 1988),

thrombin–thrombomodulin (TM) complex (Rezaie et al. 1995), factor (F)Xa (Pratt

and Church 1992; Suzuki et al. 1984; Radtke et al. 1988), FXIa (Meijers

et al. 1988), plasma kallikrein (Meijers et al. 1988), urinary plasminogen activator

(urokinase, u-PA) (Stief et al. 1987; Radtke et al. 1988; Song et al. 2007; Geiger

et al. 1989, 1991), and tissue-PA (t-PA) (Stump et al. 1986), but no inhibition of

FXIIa or plasmin is observed (Suzuki 1984). As PCI is an inhibitor of t-PA and

u-PA, it is also known as plasminogen activator inhibitor 3 (PAI-3) (Stief

et al. 1987; Heeb et al. 1987). Furthermore PCI inhibits tissue kallikrein (Ecke

et al. 1992; Luo and Jiang 2006), trypsin (Phillips et al. 1994), chymotrypsin (Pratt

and Church 1992), the sperm protease acrosin (Hermans et al. 1994; Elisen

et al. 1998a), prostate-specific antigen (PSA) (Christensson and Lilja 1994), and

the FXII-like protease hepatocyte growth factor activator (HGFA) (Hayashi

et al. 2007). Stable protease inhibitor complexes have also been observed with

transmembrane serine proteases, such as matriptase-3 (Szabo et al. 2005), DESC1

(Hobson et al. 2004), and enteropeptidase (Prohaska et al. 2012). Interestingly PCI
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also inhibits the cysteine protease cathepsin L (Fortenberry et al. 2010), which

makes PCI a cross-class inhibitor interacting with both chymotrypsin-like serine

proteases and papain-like cysteine proteases.

In the absence of heparin, the thrombin–TM complex is inhibited the fastest with

an apparent second-order rate constant of 2.4� 106 L mol�1 s�1 (Rezaie

et al. 1995). In the presence of optimal heparin concentrations, the sperm protease

acrosin is inhibited the fastest with an apparent second-order rate constant of

5.6� 107 L mol�1 s�1 (Hermans et al. 1994). Interestingly the inhibition of plasma

kallikrein, FXa, and some other proteases by PCI is not enhanced by heparin or

other modulators. In the case of tissue kallikrein, the addition of polysaccharides

completely blocks the inhibition by PCI (Ecke et al. 1992). Table 10.3 gives an

overview of the apparent second-order rate constants of the interaction of PCI with

various proteases in the absence and presence of heparin.

The residues around P1–P10 (potential cleavage site) are important determinants

of serpin activity and specificity. Using recombinant PCI mutants, the effects of

changing the P1, P2, and P10 residues on the inhibition of different proteases were

studied (Cooper and Church 1995). Changing the P1 residue Arg354 to Met results

in a much poorer inhibition of thrombin, APC, trypsin, and u-PA. Changing the P2

residue Phe353 to Gly enhances the inhibition of thrombin or u-PA, but reduced

complex formation with APC or trypsin is observed. Changing the P10 residue
Ser355 to Met generates a reactive site comparable to PAI-1, but did not change the

inhibitory property of the mutant compared to wtPCI. Therefore, it was concluded

that both P1 Arg and P2 Phe but not P10 Ser are important for the protease

specificity of PCI (Phillips et al. 1994).

10.3.4 Modulation of PCI Activity by Phospholipids

PCI is detected in human platelets and megakaryocytes at a concentration of 2.9 ng/

109 cells and 1.5 ng/106 cells, respectively. Upon stimulation of resting platelets,

24–32 % of the total amount of PCI is released from the α-granules and can be

detected partly within the surface-connected canalicular system and on the external

side of the plasma membrane. Membrane-bound PCI is still active and forms

complexes with APC (Nishioka et al. 1998). Therefore, the binding of PCI to

phospholipid vesicles and the stimulation of PCI’s inhibitory property toward

APC, thrombin, and tissue kallikrein in the presence of different phospholipids

were studied (Malleier et al. 2007; Nishioka et al. 1998). Phosphatidylcholine

(PC) does not show any binding or stimulation of protease inhibition. Experiments

with artificially generated phospholipid vesicles revealed that phosphatidylethanol-

amine (PE) is essential for the interaction with PCI (Nishioka et al. 1998).

In 2007 the interaction of PCI with specific unsaturated and oxidized

phospholipids was analyzed in more detail. The used phospholipids had identical

fatty acid configuration, carrying palmitic acid at position sn-1 and arachidonic acid

at position sn-2 of the glycerol backbone (Malleier et al. 2007). PCI binds with high

affinity to oxidized (Ox) PE, phosphatidylserine (PS), and OxPS. Binding is
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saturable, and stimulation of APC inhibition by PCI is observed with apparent

second-order rate constants of 2.45� 105 L mol�1 s�1 for OxPE,

3.10� 105 L mol�1 s�1 for PS, and 2.12� 105 L mol�1 s�1 for OxPS compared

to buffer at 1.60� 103 L mol�1 s�1. The effect of those lipids on PCI’s inhibitory

property seems to be specific for PCI since thrombin inhibition by AT is not

Table 10.3 Apparent second-order rate constants for the interaction of PCI with various

proteases

Protease

EC

number

Apparent second-order

rate constant

L mol�1 s�1
Fold

enhancement

by heparin Refs.

Without

heparin

With

heparin

Chymotrypsin 3.4.21.1 1.13� 106 3.38� 106 3.0 Pratt and

Church (1992)

Trypsin 3.4.21.4 n.d. 1.70� 104 n.a. Phillips

et al. (1994)

Thrombin 3.4.21.5 3.30� 104 2.00� 105 6.0 Hermans and

Stone (1993)

Thrombin–TM 3.4.21.5 2.40� 106 n.d. n.a. Rezaie

et al. (1995)

FXa 3.4.21.6 3.18� 103 3.50� 103 1.1 Pratt and

Church (1992)

Enteropeptidase 3.4.21.9 4.48� 104 8.83� 103 0.2 Prohaska

et al. (2012)

Acrosin 3.4.21.10 2.41� 105 5.60� 107 232.0 Hermans

et al. (1994)

FXIa 3.4.21.27 9.40� 103 9.10� 104 10.0 Meijers

et al. (1988)

Plasma

kallikrein

3.4.21.34 1.10� 105 1.00� 105 n.e. Meijers

et al. (1988)

Tissue

kallikrein

3.4.21.35 2.30� 104 No

inhibition

n.a. Ecke

et al. (1992)

t-PA 3.4.21.68 Below 103 n.d. n.a. Stump

et al. (1986)

APC 3.4.21.69 8.00� 102 1.47� 104 18.0 Hermans and

Stone (1993)

u-PA 3.4.21.73 8.00� 103 9.00� 104 11.0 Stump

et al. (1986)

PSA, KLK3 3.4.21.77 n.d. n.d. up to 6.0 Christensson

and Lilja

(1994)

HGFA 3.4.21.– 7.17� 104 6.67� 104 0.9 Hayashi

et al. (2007)

Cathepsin L 3.4.22.15 3.00� 105 1.90� 105 0.6 Fortenberry

et al. (2010)

n.a., not applicable; n.d., not determined; n.e., not enhanced
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influences at all, compared to a stimulatory effect of OxPE, PS, and OxPS on

thrombin inhibition by PCI (Malleier et al. 2007).

10.4 Detection of PCI Antigen in Body Fluids and Tissue
Sections

In addition to its expression in various human tissues (e.g., liver, kidney, spleen,

pancreas, skeletal muscle, heart, skin, reproductive organs), human PCI is present

in many body fluids (e.g., plasma, urine, cerebrospinal fluid, saliva, tears, synovial

fluid, graaf follicle fluid, amniotic fluid, breast milk, seminal plasma) and shows a

very high concentration (~3–4 μM) in seminal plasma (Laurell et al. 1992).

To examine the pattern of PCI distribution in more detail, the protein was

visualized in different human tissues. Analysis of immunostained human artery

sections showed diffuse staining of PCI within the intima. Interestingly the signal is

rather weak on epithelial cells and primarily localized to the endothelial basement

membrane. In addition faint local staining of smooth muscle cells can be observed

in the media (Cooper et al. 1996). In normal human adult skin, PCI is mainly

expressed in keratinocytes of the epidermis where it might be an important inhibitor

of tissue kallikrein (Krebs et al. 1999; Zhang et al. 2007).

As very high PCI levels are found in seminal plasma, a closer investigation of

PCI distribution in the male reproductive organs was performed (Laurell

et al. 1992). The germinal cell layer in the human testis is evenly stained. Leydig

cells also stain positively in contrast to Sertoli cells, where no PCI protein can be

detected. In epididymal gland and seminal vesicles, the secretory epithelium shows

strong positive staining. In addition the basal cell layer of the prostate next to the

stroma cells gives a positive signal, whereas no intraluminal PCI can be detected as

compared with sections of the epididymal gland (Laurell et al. 1992).

In the cortex of normal kidney, PCI was found in ~25 % of tubular cross sections.

Some differences between the sections have been noted, but usually the epithelial

cells showed a strong but diffuse distribution pattern together with small dot-shaped

accentuations (Radtke et al. 1994).

In 2010 the embryonic expression of PCI was studied using the mouse model

system (Wagenaar et al. 2010). Although in adult rodents, PCI is only present in the

reproductive organs, the serpin can be detected during mouse development in

different tissues derived from all three germ layers. From embryonic day

(ED) 9.5 onward, PCI is detected in the developing myocardium and at later stages

in epithelial lineages of the lung, esophagus, nasal and oral cavities, skin, and

kidney, in the developing reproductive organs, in the brain, in intervertebral disks

of the vertebral column, in interdigital webs and cartilages of the paw, and in the

receding notochord (Wagenaar et al. 2010). PCI expression in mouse development

is summarized in Table 10.4.

The finding that PCI is present in interdigital webs of the paw as well as in the

receding notochord indicates that it might play a role in cell death and apoptosis.

Since PCI interacts with PS, it can accumulate on the surface of apoptotic cells at
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sites of PS exposure (Malleier et al. 2007). Interestingly in the mouse system PCI is

not detected in the pancreas or trachea and is completely absent in the liver.

Compared to the human system, where PCI is mainly produced in the liver and

secreted into the blood stream, mouse PCI is not found in blood plasma (Uhrin

et al. 2000). Although it is obvious that regulation of extracellular matrix proteoly-

sis is an important requirement during morphogenesis, the role of PCI in embryonic

development is still unclear.

In postnatal testicular development PCI is absent from Sertoli cells and

spermatogonia and restricted to early spermatids from stages V to VIII, elongated

spermatids at stages VII–VIII, and Leydig cells (Odet et al. 2004). Male PCI

knockout mice showed impaired spermatogenesis and a disturbed blood–testis

barrier (Uhrin et al. 2000) and are sterile, but the development of PCI-deficient

animals is not affected. This suggests that the functional role of PCI in development

of rodents is rather redundant, and its possible functions might be replaced by other

factors (Wagenaar et al. 2010; Uhrin et al. 2000).

Table 10.4 Overview of PCI expression pattern in mouse embryonic development (Wagenaar

et al. 2010)

Region ED 9.5–12.5 ED 14.5–16.5 Postnatal

No

detection

Cranial

region

Developing brain

(epithelial cells of the

choroid plexus),

upper and lower jaws

(skin)

Brain (choroid

plexus)

Nasal and oral

cavities (epithelial

lining)

– –

Thoracic

region

Myocardium of the

heart, esophagus

(epithelial lining)

Esophagus (epithelial

lining), muscle cells

(thorax, intercostal

muscles, and

diaphragm)

– PCI is

absent

from the

trachea

Respiratory

tract

Embryonic lung

(epithelial cells)

Lung (distally

localized cuboidal

bronchial epithelium)

Late fetal and

neonatal lung

(terminal

bronchial

epithelium)

No PCI

expression

in adult

lung

Abdominal

region

Reproductive organs,

urogenital sinus

Urethra, reproductive

organs, skin of

urogenital region,

kidney (weak in

tubular epithelium)

Reproductive

organs

(Leydig cells)

PCI is not

detected in

the liver

and

pancreas

Vertebral

column,

limbs, and

notochord

Developing vertebral

column (weak

expression),

developing

notochord

Paw (cartilages,

interdigital webs),

vertebral column

(intervertebral disks),

receding notochord

– –

ED, embryonic day
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10.5 Non-inhibitory Functions of PCI

Serpins lacking any inhibitory function are termed non-inhibitory. This means that

the serpin is either poorly characterized and studies failed to demonstrate the

inhibitory property due to an inappropriate choice of potential proteases or the

RCL does not possess the structural requirements to insert into β-sheet A, which is

necessary for efficient inhibition (Gettins et al. 1996). Based on the fact that

non-inhibitory serpins fulfill important biological functions as hormone carriers

(Hammond et al. 1987; Pemberton et al. 1988), storage proteins (e.g., ovalbumin),

chaperones (Nagata 1996), or tumor suppressors (Zou et al. 1994; Law et al. 2005),

it is assumed that inhibitory serpins might also exhibit non-inhibitory functions.

10.5.1 Interaction of PCI with Retinoic Acid

In 2001 a screening experiment was performed to identify hormones as possible

new interaction partners of PCI. Aldosterone, cortisol, estradiol, progesterone, and

testosterone belonging to the class of steroid hormones do not associate with PCI.

Surprisingly all-trans-retinoic acid binds specifically to PCI, and binding to

3H-labeled retinoic acid can be competed by 9-cis-retinoic acid and retinol

indicating that PCI also interacts with other members of the retinoid family

(Jerabek et al. 2001). The interaction of PCI with retinoic acid can be observed in

the purified system as well as in seminal plasma. The binding was dose dependent

and reveals an apparent KD of 2.43 μM with 0.8 binding sites per PCI molecule,

suggesting a molar ratio of 1:1. Interestingly the inhibitory function of PCI is not

altered in the presence of retinoids, and proteolytic cleavage of the RCL has no

effect on retinoic acid binding, indicating that the RCL is not involved in binding of

PCI to retinoic acid (Jerabek et al. 2001). However, the role of PCI on retinoid-

dependent signaling is still unclear, and further experiments are needed.

10.5.2 Antimicrobial Activity of PCI

It has been shown previously that heparin-binding peptides derived from human

plasma proteins show antimicrobial activity against bacteria and seem to play a role

in early immune response (Andersson et al. 2004). The interaction of the antimi-

crobial peptide with the pathogen is mediated via the heparin-binding site, as

addition of heparin blocks the binding to bacteria and abolishes the antibacterial

effects (Rydengard et al. 2007). Binding of antimicrobial peptides to the membrane

of bacteria often causes membrane disruption leading to cytosolic leakage and

cell death (Schultz and Weiss 2007). The ability of PCI to interact with

phospholipids and membranes seems to account for its antimicrobial activity

toward bacteria. In 2009 the antibacterial effects of PCI and a 20-amino-

acid-derived peptide corresponding to the heparin-binding H-helix region

(SEKTLRKWLKMFKKRQLELY) of PCI were investigated in more detail
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(Malmstr€om et al. 2009). It could be shown that circulating PCI displays broad

antimicrobial activity. This is independent from RCL cleavage or complex forma-

tion, since the treatment of PCI with a variety of proteases does not alter its

antibacterial property. Interestingly, PCI is able to perforate the cell membrane of

pathogens mediating cell death. Furthermore, during bacterial infection, accumula-

tion of PCI on the surface of platelets can be observed. Hence, this might be a

mechanism to locally increase PCI concentrations at sites of bacterial invasion

(Malmstr€om et al. 2009).

10.5.3 Internalization of Cell-Penetrating PCI by Cells

As shown with the leukocytic HL-60 cell line, PCI is able to enter into life cells.

10 min after incubation of cells with PCI, the serpin can be detected in the

submembranous region. Time-dependent accumulation in the perinuclear space

and the intranuclear compartments as well as in isolated cytosolic and nuclear

fractions can be observed (Baumgärtner et al. 2007). Furthermore 30 min after

the injection of PCI into the tail vain of mice, the protein is detected in the nuclei of

granulocyte fractions prepared from the murine blood. PCI mutants lacking the

basic residues of the H-helix cannot enter the nucleus, suggesting an important role

of the H-helix region for the translocation of PCI across cellular membranes.

Furthermore, radioactively labeled PCI is taken up efficiently both at 37 �C and

at 6 �C by neutrophils, indicating an endocytosis-independent uptake mechanism

(Baumgärtner et al. 2007). In addition PCI acts as a specific lipid transferase for

phosphatidylethanolamine (PE) confirming the essential role of PE for the cellular

uptake of PCI. The mechanism used by PCI to enter cells seems to be dependent on

the contribution of PE, since duramycin (a specific interaction partner of PE)

abolishes the cell entrance of PCI at 37 �C as well as at 6 �C (Baumgärtner

et al. 2007).

In addition it was shown that the A+-helix of PCI (His1–Arg11) exhibits cell-

penetrating properties, and removal of the N-terminal A+-helix prevents internali-

zation of PCI into Jurkat T cells. This suggests that internalization and subsequent

intracellular functions of PCI can be regulated by proteases (e.g., testisin) via

removal of PCI’s N-terminus (Yang et al. 2015a).

Till now, several proteins and peptides are known that show the ability to

translocate through cellular membranes. These cell-penetrating peptides (CPPs)

or protein transduction domains (PTDs) are rich in basic amino acids. Trans-

activating transcriptional activator (TAT) from HIV-1 (Frankel and Pabo 1988),

homeodomain of antennapedia (a transcription factor from Drosophila) (Joliot

et al. 1991), and the herpes virus protein VP22 (Elliott and O’Hare 1997) are

only some examples of proteins containing such sequences. Today CPPs are

already used to deliver cargo (e.g., proteins, DNA, antibodies, nanoparticles,

liposomes) into cells via endocytosis-independent pathways (Madani et al. 2011).
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10.5.4 Impact of PCI on Phospholipid-Dependent Processes

As mentioned above, certain phospholipids show the ability to modulate the

inhibitory property of PCI and/or are important mediators for the internalization

of the serpin by cells. In addition it was shown that the direct interaction of PCI with

phosphoinositides modulates the activity of the phosphoinositide-specific 5-phos-

phatase SHIP2 (Wahlmüller et al. 2014). The potential ability of PCI to influence

intracellular lipid levels might be an underestimated mechanism how PCI could

directly alter intracellular signaling cascades. This is supported by the finding that

intra- and extracellular PCI, in addition to kallistatin (SerpinA4) (Shen et al. 2010)

and vaspin (SerpinA12) (Jung et al. 2011), is able to activate the PI3-kinase-

dependent protein kinase AKT (Wahlmüller et al. 2014).

In addition it was shown that the ability of PCI to bind to phosphatidylserine

(PS) leads to a decrease of phagocytosis of PS-exposing cells (Rieger et al. 2014).

Since human PCI is present in a variety of tissues and secretions, it might act as

protective factor for cells exposing PS.

10.6 Animal Models

PCI shows different expression patterns in different species. In humans (Suzuki

et al. 1987), monkeys (Radtke et al. 1995), and cattle (Yuasa et al. 2000), PCI

mRNA is at least found in the liver, kidney, and testis. In rabbits, PCI mRNA is only

found in the liver and testis. Interestingly, in chicken, PCI is expressed exclusively

in the liver, and in rodents (Zechmeister-Machhart et al. 1996, 1997; Wakita

et al. 1998), PCI is only expressed in the reproductive organs, suggesting that PCI

plays distinct roles in different animals.

In general the preferred animal model system seems to be the mouse, because of

cost efficiencies, availability of reagents, mutants, and fast reproduction rates. The

organization of the mouse PCI (mPCI) gene resembles the human one, as it consists

of five exons and four introns. However, the total gene length is much smaller in

mice (~5 kb) due to differences in intron size. Comparison of deduced amino acid

sequences of human and mPCI reveals that RCL, hinge regions, and the heparin-

binding site are highly conserved (Zechmeister-Machhart et al. 1997).

As already mentioned above, mPCI expression seems to be restricted exclu-

sively to the reproductive organs and is detected in the testis, epididymis, seminal

vesicle, prostate, and ovary (Zechmeister-Machhart et al. 1996). In some animals,

trace amounts of mPCI mRNA can also be discovered in the liver (e.g., 30 % of

investigated mice), kidney, lung, adipose tissue, and brain (Uhrin et al. 2000).

These findings might be explained due to sex-specific regulation of PCI expression

in the mouse system (Wong et al. 2008). Localization of PCI in the testis of adult

mice shows signals in pachytene spermatocytes and elongated spermatids. Interest-

ingly Sertoli cells as well as spermatogonia do not show any PCI expression in adult

mice, and PCI expression in Leydig cells may be age related (Uhrin et al. 2007).

Another publication states that 3-week-old mice show PCI expression in Leydig
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cells and in the immortalized Leydig cell line mLTC-1, as well as in Sertoli cells.

Furthermore it is suggested that chorionic gonadotropin acts as a negative regulator

for mPCI expression in mLTC-1 cells (Odet et al. 2006). Knockout of the Sertoli

cell-specific androgen receptor leads to a downregulation of testicular mPCI

expression of more than twofold. Furthermore mPCI expression is significantly

decreased in wild-type mice treated with testosterone or the antiandrogen flutamide

(Denolet et al. 2006). In summary, testis-specific expression of PCI in mice is still

controversially discussed, and the potential regulation by gonadal hormones has to

be clarified.

Between 2000 and 2004, three different mouse models have been established. To

study the effect of circulating PCI in the mouse, a transgenic strain has been created

expressing human PCI mRNA in mouse hepatocytes using the liver-specific albu-

min promoter region. The plasma concentration in heterozygous animals is 3–5 μg/
mL and doubles in homozygous mice, where it reaches 10 μg/mL (Wagenaar

et al. 2000). Uhrin et al. generated homozygous PCI-deficient (PCI�/�) mice by

homologous recombination (Uhrin et al. 2000). These mice show no abnormalities

in birth, growth, or survival, but male mPCI�/� mice are infertile. The blood–testis

barrier is disrupted, the seminiferous tubules are stuffed with apoptotic cells, and

malformation of sperm is observed (Uhrin et al. 2000). Interestingly the inactiva-

tion of t-PA, u-PA, or acrosin in PCI�/� mice does not restore fertility (Uhrin

et al. 2007). Therefore, it can be assumed that testicular PCI might inactivate yet

unidentified proteases or contribute to the generation of bioactive peptides or

proteins. The third and latest transgenic mouse model was created in Japan

introducing the human PCI gene into the mouse system. In addition to mPCI

expression, these mice exhibit a similar expression pattern of human PCI as

observed in man, although the plasma levels of human PCI in these transgenic

mice are about four times higher compared to the human system and reach ~18 μg/
mL (Hayashi et al. 2004). Interestingly the levels of human PCI in male animals are

slightly higher than in females, which is in line with the observation that the

expression of coagulation factors and inhibitors is dependent on the secretion of

sex-specific growth hormone (Wong et al. 2008).

Rat PCI protein shows 85.7 % homology with mouse and 62.2 % with human

PCI, and strong expression in seminal vesicle and moderate expression in testis are

observed (Wakita et al. 1998). In contrast to the mouse system, rat PCI mRNA is

absent from Leydig cells and also not present in pachytene, round, and elongated

spermatids. In the rat testis, PCI seems to be predominantly expressed by Sertoli

cells (Anway et al. 2005). The heparin-binding site and the RCL region show high

homology compared to mouse and human PCI. Interestingly only one

N-glycosylation site (Asn248) and two O-glycosylation sites (Ser57, Ser373) are

proposed. During development the levels of rat PCI mRNA in seminal vesicles

correspond to plasma testosterone levels, and castration of rats leads to a decreased

mRNA expression (Wakita et al. 1998).
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10.7 PCI in Health and Disease

As mentioned above it was soon recognized that PCI is a multi-specific serpin and

inhibits a variety of other serine proteases. Furthermore it can be assumed that PCI

exhibits also non-inhibitory functions. However, the exact physiological role of

PCI remains to be investigated. Up to now, not enough information is available

concerning PCI mutations in man or PCI deficiency-related diseases of patients,

making it hard to speculate on the potential physiological and pathophysiological

aspects of that serpin.

10.7.1 PCI and the Clotting System

PCI directly inhibits procoagulant proteases like thrombin (Suzuki et al. 1984), FXa

(Pratt and Church 1992), and FXIa (Meijers et al. 1988) as well as anticoagulant

proteases like APC (Hermans and Stone 1993) and the thrombin–thrombomodulin

complex (Elisen et al. 1998b). Based on second-order rate constants and physiolog-

ical concentrations, PCI is considered to be the main inhibitor of APC in the

vascular system (Heeb et al. 1989). Interestingly, plasma PCI levels can be used

as a risk marker for certain vascular diseases, as significantly elevated levels of

active PCI are found more often in male survivors of myocardial infarction (Carroll

et al. 1997).

In a case–control study of venous thrombosis (Leiden Thrombophilia Study)

with more than 470 patients as well as age- and sex-matched controls, increasing

PCI levels are identified to be a mild risk factor for the occurrence of deep venous

thrombosis (Meijers et al. 2002). Furthermore the levels of PCI in complex with

proteases can be an interesting and sensitive marker for the activation of the clotting

system or the fibrinolytic pathway. For example, in disseminated intravascular

coagulation, high levels of the APC–PCI complex have been detected (Espana

et al. 1990). Patients with aortic aneurysms also show elevated APC–PCI complex

levels as compared to the control cohort. Therefore, it is possible to use the

measurement of circulating APC–PCI complex levels as screening tool to predict

the occurrence of aortic aneurysms (K€olbel et al. 2006; Stenflo et al. 2006).

10.7.2 Cancer and PCI

To date only a few examples of PCI expressing cell lines are known, including the

hepatocellular carcinoma (HepG2) cell line (Fair and Marlar 1986; Morito

et al. 1985), the epithelial kidney tumor cell line TCL-598 (Priglinger

et al. 1994), the human epidermoid cell line A431 (Krebs et al. 1999), as well as

the androgen-dependent malignant prostatic cell line LNCaP and the androgen-

independent cell lines PC-3 and DU145 (Cao et al. 2003). A mouse xenograft model

of prostate cancer confirms those findings, as PCI was expressed in androgen-

dependent tumor tissue, as well as 6 days after castration in androgen-independent
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recurrent tumors (Glasscock et al. 2005). Interestingly, the immunostaining pattern

for PCI in human prostate tumor cells differed from that of comparable serpins like

A1AT and AT. For patients who underwent radical prostatectomy, the PCI level in

serum is identified (among others) as biomarker to predict cancer recurrence

(Rosenzweig et al. 2009; Razavi et al. 2013). Furthermore it can be shown that in

higher Gleason grade tumors of the prostate, the number of PCI positive cells

decreases, which might promote tumor cell invasiveness (Cao et al. 2003). In

ovarian tumors, similar results have been obtained, as PCI is differently expressed

in serous borderline tumors compared to carcinomas. Therefore, PCI expression

might be a key regulator for the benign behavior of ovarian cancer (Sieben

et al. 2005; Bijsmans et al. 2010). PCI levels in extracts from renal cell carcinoma

tissues have also been significantly lower as compared to extracts from normal renal

tissue, and it is shown that u-PA-dependent tumor invasiveness can be regulated by

PCI in vitro (Wakita et al. 2004).

The influence of wtPCI, the inactive N-terminal fragment of cleaved PCI, as well

as a reactive site mutant form of PCI (P1 Arg354 replaced by Ala) on tumor growth,

metastasis, and angiogenesis using a breast cancer model was studied in 2007.

VEGF-dependent angiogenesis, growth, and metastatic potential of human breast

cancer cells are significantly inhibited by wild-type PCI as well as inactive mutants.

Interestingly the invasiveness, which is probably protease dependent, is only

inhibited by intact PCI (Asanuma et al. 2007). This is in line with previously

published data, as the anti-angiogenic activity of AT and kallistatin is found to be

rather dependent on the heparin-binding property than on the inhibitory potential

(Zhang et al. 2005).

The mechanism for the regulation of tumor cell growth, invasion, and metastasis

by PCI is still not fully understood. One possible explanation might be the inhibi-

tion of tumor-associated proteases like u-PA (Castell�o et al. 2007), PSA

(Christensson and Lilja 1994; Espana et al. 1991), prostatic kallikrein (Deperthes

et al. 1995), or cathepsin L (Fortenberry et al. 2010). Recently it was reported that

PCI directly binds to fibronectin and influences fibronectin–integrin signaling in

hepatocellular carcinoma cell lines which could negatively influence tumor cell

migration and metastatic potential (Jing et al. 2014). To complete our understand-

ing, more data are needed concerning the influence of non-inhibitory functions of

PCI on the regulation of tumor cell growth and cancer development.

10.7.3 Influence of PCI on Fertilization

PCI is detected in the reproductive organs, and very high levels of PCI (~3–4 μM)

are found in human seminal plasma (Laurell et al. 1992). The secretory epithelium

of the seminal vesicles seems to be the main source of human seminal plasma PCI.

Interestingly the activity of PCI in seminal plasma incubated at 37 �C directly after

ejaculation decreases rapidly to ~50 % after 20 min (Espana et al. 1991). The

moiety of PCI in semen is found in complex with PSA (Christensson and Lilja

1994; Espana et al. 1991, 1993a). Therefore, PCI might be a protective factor
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concerning the degradation of semenogelin-1 and semenogelin-2 in human semen

(Kise et al. 1996). Many other proteases that are present in seminal plasma like

u-PA, t-PA (Espana et al. 1993b; He et al. 1999), tissue kallikrein (Espana

et al. 1995), human glandular kallikrein (Deperthes et al. 1995), and acrosin

(Hermans et al. 1994; Zheng et al. 1994) are complexed by PCI. Interestingly

PCI levels in azoospermic seminal fluids from patients with dysfunctional seminal

vesicles are ~ tenfold lower compared to the average level from samples of healthy

males (Laurell et al. 1992). In the mouse system, the knockout of the PCI gene leads

to infertility, a disturbed blood–testis barrier, and malformed sperm (Uhrin

et al. 2000). The additional knockout of either u-PA or t-PA in PCI-deficient

mice does not affect abnormal spermatogenesis, and those mice are still infertile

(Uhrin et al. 2007). Furthermore cleaved and intact human PCI interferes dose

dependently with binding and penetration of human sperm to zona-free hamster

oocytes. The observed effect of PCI is specific as control experiments with two

other serpins (A1AT and AT) do not influence the ability of sperm to penetrate a

zona-free oocyte (Espana et al. 1999; Moore et al. 1993).

In 2010 fifteen different human SERPINA5 gene single-nucleotide polymor-

phism (SNP) variants were identified among couples suffering from total fertiliza-

tion failure after in vitro fertilization. Most of these variants are already available at

the SNP database of the NCBI. Interestingly a heterozygous A/G transition in the

30-noncoding region of the PCI gene at position 1389 (rs2069990) is detected

significantly more often (5 of 46 vs. 0 of 51) in men with fertilization failure

compared to controls (Bungum et al. 2010). These data suggest that PCI influences

mammalian reproduction at several steps, which might be explained by its inhibi-

tory property. In addition non-inhibitory functions in the regulation of fertilization

can be assumed (Espana et al. 2007).

Testis lysates from wild-type and PCI�/� mice have been compared using a

2D-DIGE approach. Loss of PCI apparently leads to a tenfold upregulation of

prostaglandin reductase 1 (PTGR1). In addition also changes in the isoform pattern

of serpinA3K and serpinA1C are observed. This indicates that PCI strongly

influences the prostaglandin metabolism in the testes which might provide new

aspects on the role of PCI in male reproduction (Yang et al. 2015b).

10.7.4 PCI as Protective Factor Against HIV Infection

Recently it was reported that higher PCI levels as compared to control groups are

detected in the cervicovaginal fluid of individuals which are frequently exposed to

HIV but remain seronegative (Van Raemdonck et al. 2014). At the same time

proteases like myeloblastin are downregulated. Therefore, the authors speculate

that a reduction in total protease activity (e.g., by upregulation of serpins and other

protease inhibitors and/or downregulation of proteases) is associated with resis-

tance to HIV. However, the exact mechanism how this might be achieved is still

unknown.
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Abstract

Protease nexin-1 (PN-1), also known as SERPINE2, is the phylogenetically

closest relative of plasminogen activator type 1 (PAI-1). Unlike PAI-1, anti-

thrombin (AT), protein C inhibitor (PCI) or heparin cofactor II (HCII), other

members of the serpin family that share its ability to inhibit thrombin, PN-1 is

not detectable in the circulating blood. In contrast, PN-1 is found within diverse

organs, including the brain, the blood vessel wall and the lungs, among many

others. PN-1 expression is tightly and finely regulated in different organs at

distinct stages of development, suggesting a dynamic role in vivo depending on

the cell type, the tissue and the stage of development. PN-1 is now recognized as

a central regulator of vascular thrombosis and appears to play a protective role in

the different tissues where it is expressed, by preventing pathological states

induced by excessive proteolytic activities. In this chapter, we examine current
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knowledge of PN-1 in the pathophysiology of the nervous, vascular, respiratory,

renal and reproductive systems, as well as in the development of tumours.

11.1 Properties of PN-1

PN-1 is a 45–50 kDa glycoprotein that is encoded by the SERPINE2 gene on human

chromosome 2, region q33–q35 (Carter et al. 1995). It shares 41 % and 32 %

homology with human PAI-1 and antithrombin, respectively (McGrogan

et al. 1988; Sommer et al. 1987). The PN-1 gene has nine exons. Two isoforms

of human PN-1, named α- and βPN-1, arising from alternative splicing have been

identified. αPN-1 contains an Arg residue at position 310 where βPN-1 contains

Thr–Gly residues. Both forms inhibit serine proteases (McGrogan et al. 1988), but

their respective roles are still unknown.

βPN-1 consists of a single chain of 398 amino acid residues, including the signal

peptide of 19 residues. The 379 amino acids of the mature βPN-1 include three

cysteine residues (at positions 117, 131 and 209) that do not form disulphide bonds

within the protein core of the molecule (Evans et al. 1991; Li and Huntington 2012)

and three potential N-linked glycosylation sites (at positions 99, 140 and 365). The

protease recognition region (reactive centre loop, RCL) of PN-1 is located near the

carboxy-terminal end of the serpin domain, with Arg346–Ser347 as the reactive site

(P1–P01) cleaved by the target serine protease. As for many other serpins, PN-1

affinity for its target proteases can be enhanced by heparin. Indeed, PN-1 has a high

affinity for heparin in the low nM range and retains this high affinity for heparin

even after complex formation with the protease (Evans et al. 1991). The localiza-

tion of the heparin-binding site of PN-1 has been determined by site-directed

mutagenesis and contains seven lysine residues that are located between residues

70 and 87 in the amino-terminal region of the protein (Stone et al. 1994). The

low-density lipoprotein receptor-related protein 1 (LRP1) of the scavenger receptor

family has been shown to be involved in the endocytosis of protease–PN-1

complexes (Conese et al. 1994). The site in PN-1 that binds to LRP1 has been

identified as the sequence between Pro28 and Ile39 in the amino-terminal region of

the protein (Knauer et al. 1997b). A variant of PN-1 mutated at His29 and Asp30

confirmed that this region of PN-1 mediates clearance by LRP (Knauer et al. 1999).

In vitro, PN-1 exerts a broad spectrum of inhibitory actions: it inhibits trypsin

and thrombin (Scott et al. 1985), tissue and urokinase plasminogen activators (tPA

and uPA) (Eaton et al. 1984; Scott et al. 1985), plasmin, factor Xa (Evans

et al. 1991), factor XIa (Knauer et al. 2000) and activated protein C (Hermans

and Stone 1993). PN-1 can also form complexes with prostasin (Chen et al. 2004),

matriptase (Myerburg et al. 2008) and factor VII-activating protease (FSAP) (Muhl

et al. 2007). In contrast, the two main proteases found in leukocytes, elastase

and cathepsin G, are not inhibited by PN-1 (Scott et al. 1985). Interestingly,

in vitro studies demonstrated that PN-1 inhibits thrombin more effectively than

antithrombin (Wallace et al. 1989), even in the presence of heparin (Evans
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et al. 1991; Rovelli et al. 1992; Cunningham et al. 1992). Heparin also strongly

accelerates FXIa inhibition by PN-1, making PN-1 a far better inhibitor of FXIa

than C1 inhibitor (Knauer et al. 2000). In contrast, heparin induces no significant

change in plasminogen activators (personal data) or plasmin (Evans et al. 1991)

inhibition by PN-1.

The crystal structure of the complex between thrombin and PN-1 has recently

been elucidated (Li and Huntington 2012). Surprisingly, two structures with throm-

bin in two very different orientations have been observed. This suggests a two-step

mechanism for the inhibition of thrombin by PN-1 in the presence of heparin,

whereby a trimolecular complex would form first, in which heparin forms a bridge

between thrombin and PN-1 (bridging mechanism), but where thrombin cannot

cleave the P1–P01 site of PN-1. This step would then be followed by a rotation of

thrombin that dissociates it from heparin and would lead to the full engagement of

its active site with the RCL of PN-1.

PN-1 is secreted differently according to the type of cultured cells. In glioma

cells, PN-1 secretion is regulated by a heterotrimeric G protein (Lagriffoul

et al. 1996) and is controlled by reorganization of the F-actin cytoskeleton (Giau

et al. 2005). PN-1 is constitutively secreted in human foreskin fibroblast cultures

where it represents roughly 5 % of the total cell-secreted protein (Howard and

Knauer 1986). In contrast, PN-1 is not detected in the conditioned medium of

cultured endothelial cells (Leroy-Viard et al. 1989) or smooth muscle cells (Richard

et al. 2004), because of its high affinity for glycosaminoglycans present on the

surface of these cells.

Binding of PN-1–protease complexes via a cell surface receptor was first

observed in fibroblasts (Howard and Knauer 1987). LRP1 has been shown to be

responsible for the clearance of protease–PN-1 complexes in fibroblasts (Knauer

et al. 1997a; Muhl et al. 2007). PN-1–protease complexes are actively internalized

from the pericellular environment by LRP1 via an interaction with cell surface

heparins or heparin sulphate proteoglycans in fibroblasts (Knauer et al. 1997b) and

astrocytoma cells (Mentz et al. 1999). The catabolism of uPA–PN-1 complexes is

also mediated by LRP1 but proceeds via a pathway that utilizes the uPA receptor

(uPAR) in fibroblasts (Crisp et al. 2000) and in monocytic U937 cells (Conese

et al. 1994). Free PN-1 is able to bind to LRP1 (Li et al. 2006) although the formation

of a complex with a protease enhances its affinity for LRP1 (Jensen et al. 2009).

A few studies have reported that PN-1 may induce signalling by a LRP1-

dependent pathway in mouse embryonic fibroblasts (Li et al. 2006), murine mam-

mary cells (Fayard et al. 2009) or cerebellar granular neuron precursors (Vaillant

et al. 2007) and by a LRP1-independent pathway in mouse embryonic fibroblasts

(Li et al. 2006).

PN-1 is involved in the biosynthesis of dense-core secretory granules, which are

key organelles for the secretion of hormones and neuropeptides in endocrine cells

and neurons, in response to stimulation. Increased PN-1 expression has been shown

to stabilize and prevent granule protein degradation in the Golgi of neuroendocrine

cells. Therefore, by inhibiting as yet unidentified serine proteases present in the

Golgi, PN-1 leads to the promotion of granule formation (Kim and Loh 2006).
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11.2 PN-1 in the Nervous System

PN-1 is present in large quantities in the brain where it is produced by many

different cell types. In culture, PN-1 is expressed by diverse cells of the nervous

system, including astrocytes and glioma and neuroblastoma cells. In vivo, both

neuronal and glial cells express PN-1. Because its expression is tightly regulated

during postnatal development, PN-1 is thought to play a role in the maturation of

the central nervous system (Mansuy et al. 1993). In adulthood, PN-1 expression

persists at high levels in the olfactory system where constant neuronal degeneration

and regeneration occur throughout life (Hoffmann et al. 1992; Reinhard

et al. 1988). In the central and peripheral nervous systems, PN-1 is upregulated in

response to several types of injury. It is markedly increased after damage to the

sciatic nerve (Meier et al. 1989) or after injection of excitotoxic agents in the brain

(Scotti et al. 1994). PN-1 expression has been shown to be regulated by many

different growth factors, cytokines and neuropeptides in cultured brain cells. Its

expression is upregulated by TNFα and TGFβ in the neuroblastoma cell line SK-N-

SH (Vaughan and Cunningham 1993) and in human astrocytes (Hultman

et al. 2010); by IL-1 in human U373-MG astrocytoma cells (Kasza et al. 2001),

SK-N-SH cells (Vaughan and Cunningham 1993) and human astrocytes (Hultman

et al. 2010); by IL-6 and IL-10 in human astrocytes (Hultman et al. 2010); by

vasoactive intestinal peptide in Schwann cells (Bleuel et al. 1995) and astrocytes

(Festoff et al. 1996); and by IFNγ in human U373-MG astrocytoma cells (Kasza

et al. 2001). Conversely, PN-1 expression is downregulated by angiotensin II and

calcitonin gene-related peptide in Schwann cells (Bleuel et al. 1995).

PN-1 plays a protective role against the proteolytic activity of serine proteases

that may be extravasated after impairment of the blood–brain barrier in the lesioned

brain. This is illustrated in the brain of patients with Alzheimer’s disease

(AD) where a large decrease in free PN-1 associated with an increase in PN-1–

thrombin complexes was found (Wagner et al. 1989). The neuroprotective role of

PN-1 is also observed during oedema in the brain, where the PN-1–thrombin system

has been shown to modulate cerebral oedema after intracerebral haemorrhage

(Wu et al. 2008). By inhibiting thrombin, PN-1 promotes neurite outgrowth from

cultured neuronal cells (Cunningham and Gurwitz 1989), favours stellation of

astrocytes and regulates survival or death of injured neurons (Houenou

et al. 1995; Smith-Swintosky et al. 1995). PN-1 also inhibits thrombin-induced

neuronal damage after cerebral ischemia modelled in vitro in organotypic hippo-

campal slice cultures (Mirante et al. 2013). Moreover, by regulating sonic hedgehog

(SHH) signalling and the N-methyl-D-aspartate receptor (NMDAR) availability and

activity, PN-1 controls progenitor cell proliferation in the hippocampus (Lino

et al. 2010) and in the cerebellum (Vaillant et al. 2007). Recently, PN-1 has been

shown to affect glioma cell migration and invasiveness via the regulation of uPA

and MMP9/MMP2 expression levels (Pagliara et al. 2014).

PN-1 knockout (PN-1-KO) mice did not show gross brain or behavioural

defects. However, they display impaired vibrissae sensory processing (Kvajo

et al. 2004) and have an altered activity of the NMDAR in the hippocampus,
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revealing epileptic activity and reduced long-term potentiation, a process that

reflects naturally occurring neuronal plasticity (Luthi et al. 1997). Moreover,

PN-1-KO mice showed delayed structural and functional recovery after sciatic

nerve crush (Lino et al. 2007) and had marked impaired fear extinction, the learning

process that suppresses fear when past threats no longer yield aversive outcomes

(Meins et al. 2010). Mice overexpressing PN-1 specifically in the brain were found

to have also altered synaptic transmission and disturbances in motor behaviour

(Meins et al. 2001).

Taken together these data reinforce the idea that PN-1 plays a key role in the

regulation of cerebral proteolytic activity and that its induction after injury or in

some pathological situations may preserve brain tissues from neuronal death. Most

of the neuroprotective role of PN-1 is attributed to its potent ability to inhibit

thrombin activity; however, this does not preclude the possibility that PN-1 plays

other roles in the nervous system whose mechanisms remain to be determined.

11.3 PN-1 in the Vascular System

The first report of the presence of PN-1 in the blood vessel consisted of immuno-

histochemical studies demonstrating an abundance of PN-1 around cerebral blood

vessels (Choi et al. 1990). Direct evidence of PN-1 expression in the arterial wall

was also provided in rat aortas (Bouton et al. 2003) and human aortic and mammary

arteries (Mansilla et al. 2008) where it is expressed by endothelial cells (Leroy-

Viard et al. 1989) and smooth muscle cells (Bouton et al. 2003). Because PN-1 has a

high affinity for glycosaminoglycans, it is retained at the cell surface of vascular

cells and within the extracellular matrix (ECM) of the vessel wall. Thereby, PN-1

protects vascular smooth muscle cells against thrombin-induced apoptosis

(Rossignol et al. 2004). High levels of PN-1 are expressed in atherosclerotic

plaques, associated with macrophages and platelets (Kanse et al. 2004; Mansilla

et al. 2008), and in vascular smooth muscle cells from thoracic aneurysms of the

ascending aorta, leading to the protection of cells from plasmin-induced detach-

ment and death (Gomez et al. 2013). The protective role of PN-1 in the vessel wall

is also illustrated by its interaction with thrombomodulin, a transmembrane glyco-

protein specifically expressed on endothelial cells that transforms thrombin from a

pro- to an anticoagulant protein. This interaction leads to an accentuation in the

inhibition of fibrin formation and a limitation of the generation of activated protein

C (aPC) and thrombin activatable fibrinolysis inhibitor (TAFI) (Bouton et al. 2007).

Endothelial PN-1 was also shown to protect the endothelial protein C receptor from

endogenous shedding, thereby favouring the cytoprotective effects of the activated

protein C (Boulaftali et al. 2013).

Moreover, PN-1 is present in blood cells and in particular in monocytes and

platelets (Gronke et al. 1989; Mansilla et al. 2008). Active PN-1 is secreted during

platelet activation and efficiently inhibits thrombin, thereby inhibiting fibrin
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formation, platelet activation and amplification of thrombin generation in vitro

(Boulaftali et al. 2010). Indeed, PN-1 imposes a threshold for thrombin-induced

platelet activation. Complete deficiency of PN-1 in mice does not result in an

alteration of the vascular phenotype. However, in vivo studies showed that throm-

bus formation induced after vascular injury was significantly accelerated in PN-1-

deficient mice compared to wild-type mice. Thus, PN-1 accumulates at the site of

the platelet thrombus where it displays its antithrombotic activity via its ability to

block both the activity and the generation of thrombin.

Platelet-rich clots are known to be resistant to thrombolysis. Until recently,

PAI-1 released locally by activated platelets was assumed to be the major contribu-

tor to thrombus stabilization by inhibiting endogenous fibrinolysis (Levi et al. 1992;

Potter van Loon et al. 1992). However, platelet PN-1 appears to prevent premature

clot dissolution by tPA. This was illustrated in vivo with PN-1-deficient mice that

display accelerated and enhanced thrombolysis following treatment with tPA

(Boulaftali et al. 2011). The antithrombolytic activity of platelet PN-1 is mediated

by its ability to inhibit plasmin generation and activity within the clot. Interestingly,

both PAI-1 and PN-1 may play complementary roles in maintaining the fibrin clot.

Local variations of PN-1 expression are likely to be a determinant for the

regulation of thrombin- or plasmin-induced vascular responses. PN-1 can thus

influence vascular remodelling or the development of vascular lesions. Although

it remains to be established whether or not PN-1 expression is variable in different

vascular beds, PN-1 may nevertheless be an attractive target to prevent or limit

thrombotic disorders. However, in the present state of knowledge, the dual antico-

agulant and antifibrinolytic role of PN-1 hampers the clinical use of a nonselective

PN-1 inhibitor.

11.4 PN-1 in the Respiratory System

PN-1 has been detected in normal adult mouse and human lung tissue (Mansuy

et al. 1993), in particular in airway epithelial cells, in the vascular adventitia ECM

(Demeo et al. 2006) and in fibroblasts (Francois et al. 2014). Overexpression of

PN-1 has been described in lung fibroblasts from patients with idiopathic pulmo-

nary fibrosis (Francois et al. 2014). Up to now, no human pathology has been linked

to a PN-1 mutation or polymorphism, except in lung pathology. Chronic obstructive

pulmonary disease (COPD) is a complex multifactorial human disease especially

influenced by environmental factors like cigarette smoking. The only proven

genetic risk factor for COPD is a severe deficiency of α1-antitrypsin (Laurell and

Eriksson 1963), which, however, concerns only 1 % of patients. Demeo et al. were

the first to identify SERPINE2 as a novel candidate gene for COPD susceptibility in

members of the Boston Early-Onset COPD Study families (Demeo et al. 2006).

Another group confirmed these data in a Norwegian population (Zhu et al. 2007).

However, the link between PN-1 polymorphisms and COPD is still a matter of
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debate. Indeed, Chappell et al. were unable to replicate the association of

SERPINE2 with COPD in a large case–control study from the United Kingdom

(Chappell et al. 2006). Moreover, no association of SNPs in the SERPINE2 gene

with the risk of COPD has been obtained in the Chinese population (Zhong

et al. 2009), whereas a significant association was observed in a Korean population

(Cha et al. 2009). SERPINE2 polymorphism was also associated with emphysema

in Japanese smokers (Fujimoto et al. 2010), in a North American population (Kim

et al. 2011) and in Finnish construction workers (Kukkonen et al. 2011). However,

to date no functional variant of the SERPINE2 gene has been identified, and its role
in the lung pathophysiology remains to be clarified. However, PN-1 has been shown

to regulate the Na+ absorption controlled by Na+ channels in human airway

epithelial cells (ENaC), through its interaction with prostasin, a serine protease-

activating ENaC, and with matriptase, an upstream prostasin-activating protease

(Myerburg et al. 2008). Altered PN-1 activity or expression could therefore lead to

pulmonary pathologies via dysregulation of proteolytic cascades operating in the

airways and lungs.

11.5 PN-1 in the Renal System

In contrast to PAI-1, PN-1 has been little studied in the kidney. Significant levels of

PN-1 mRNA and protein are not only expressed in adult mouse lungs but also in the

kidneys, primarily in the glomeruli (Moll et al. 1996) and in particular in mesangial

cells (Taneda et al. 2008). Glomerular expression of PN-1 was markedly increased

in different mouse models of glomerulonephritis (Moll et al. 1996; Taneda

et al. 2008). Thus, PN-1 expressed in the glomeruli could be involved in the control

of intraglomerular coagulation and therefore of fibrin deposition occurring during

glomerulosclerosis.

The coordinated regulation of serine proteases and serpins plays also an impor-

tant role in the sodium handling in the kidney. Indeed, ENaC is essential not only

for Na+ absorption in the lung but also in the kidney. Moreover, the expression of

PN-1 in mouse renal epithelial cells has been shown to be up- and downregulated by

TGFβ and aldosterone, respectively (Wakida et al. 2006). Together, these data

suggest a potential role of PN-1 in salt retention or natriuresis.

11.6 PN-1 in the Reproductive System

The first report of PN-1 expression in the reproductive system described PN-1

expression in human foreskin fibroblasts (Eaton and Baker 1983). The highest level

of PN-1 expression in the body was found in the male reproductive organs

(Lu et al. 2011), especially in the seminal vesicles where it is regulated by
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testosterone. PN-1 expression is high in adult mice, low in young mice and strongly

reduced in castrated animals. Testosterone treatment of castrated males rapidly

restores PN-1 mRNA levels, indicating that PN-1 gene expression is under andro-

gen control, although no response element to testosterone has been identified so far

in the promoter of PN-1 (Vassalli et al. 1993). An important role for PN-1 has been

suggested in the early events of testis determination (Grimmond et al. 2000).

Indeed, a male-specific expression of PN-1 was observed in the developing

mouse gonad before overt testis differentiation (Grimmond et al. 2000). Although

it was not possible to determine the cell type expressing PN-1 at this early stage,

PN-1 was detected in the somatic component of the testis cord.

Invalidation of the gene-encoding PN-1 in mice leads to a sharp decline in male

fertility. PN-1-deficient male mice produce normal spermatozoa, but the composi-

tion of the seminal fluid displays an impaired antiprotease activity due to the PN-1

deficiency, resulting in an excessive proteolytic activity and in the degradation of

semenoclotin, an essential protein for vaginal plug formation (Murer et al. 2001). In

humans, low PN-1 levels were found in the semen of fertile men, whereas

abnormally high levels were found in the semen of men with abnormal seminal

vesicle secretion (Murer et al. 2001).

Studies of Lu et al. suggested that PN-1 present in the murine seminal fluid could

be a sperm decapacitation factor leading to the blocking of sperm–oocyte

interactions, since capacitation is an essential process for sperm fertilization of

the egg in mammalian species (Lu et al. 2011). Moreover, Lu et al. showed that

BSA (bovine serum albumin)-induced capacitation of sperm was reversed by the

addition of PN-1, via the inhibition of cholesterol efflux, one of the initiating events

of capacitation. In addition, a modification of matrix metalloproteinase 9 (MMP9)

levels in the seminal fluid is known to be negatively associated with reproductive

capacities (Thompson et al. 2008) and to regulate the expression levels of other

serpins able to modulate capacitation (Lin et al. 2008; Ou et al. 2012). Interestingly,

MMP9 cleavage of PN-1 was evidenced in seminal fluid (McKee et al. 2013). The

reduction of PN-1 expression results in an increased MMP9 activity in the seminal

fluid that affects the mouse reproductive system (McKee et al. 2013), via the

decreased inhibition of uPA by PN-1, which in turn allows a greater activation of

the zymogen form of MMP9.

A number of studies also suggested a role of PN-1 in the female reproductive

tissues of mice, in particular in the ovarian follicle during ovulation, the placenta

during implantation and the mammary gland during pregnancy and lactation. In

cattle, PN-1 expression is regulated in a spatiotemporal pattern by FSH (follicle-

stimulating hormone) and hCG (human chorionic gonadotrophin), and it has been

suggested that a high expression of PN-1 may contribute to follicular growth and

atresia, whereas a decrease may contribute to ovulation (Bedard et al. 2003; Cao

et al. 2004, 2006). In macaques, PN-1 expression increases in the corpus luteum

during early pregnancy and varies during the menstrual cycle. PN-1 was shown to

regulate the activity of prostasin, a serine protease involved in the turnover of the

matrix and in uterine trophoblastic invasion (Lin et al. 2006; Zhang et al. 2007).
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In rats, PN-1 is also expressed in the reproductive tract by the uterus and the ovaries

and is highly regulated, with an increase during implantation and a reversion to

normal levels during early gestation (Kim et al. 2001). Similar results were

observed in mice, in which PN-1 expression was evidenced in the placenta and

uterus during the oestrous cycle, pregnancy and lactation (Chern et al. 2010).

In both mice and humans, a higher expression level of PN-1 is detected in

cumulus cells surrounding immature oocytes than in those associated with mature

ones (Lu et al. 2013). In mice, overexpression of PN-1 impaired oocyte maturation,

probably by decreasing cumulus matrix gene expression, reducing cumulus

hyaluronan contents and inhibiting uPA activity. As in rodents, PN-1 is highly

expressed in the human endometrium during the secretory phase compared to the

proliferative phase, suggesting a role for PN-1 in regulating tissue remodelling

during implantation (Lee et al. 2011).

Taken together, these data point to a regulatory role for PN-1 in reproductive

biology. However, its role and mechanism of action in reproductive physiology

remain unclear.

11.7 PN-1 and Cancer

The role of PN-1 in cancer has been recently reviewed (Kousted et al. 2012). An

increasing number of studies suggest that PN-1 may be important in tumour

development. Indeed, its target proteases and in particular uPA are involved in

proteolysis of the ECM and known to play a key role in angiogenesis and

metastasis.

PN-1 is overexpressed in many human cancers and cancer cell lines, including

laryngeal squamous cell carcinomas (Gao et al. 2008), pancreatic and colorectal

cancers (Bergeron et al. 2010; Selzer-Plon et al. 2009; Buchholz et al. 2003), gastric

carcinomas (Buchholz et al. 2003; Wang et al. 2014), breast cancer (Candia

et al. 2006), testicular cancer (Yang et al. 2009; Nagahara et al. 2010) and human

myxoid liposarcoma (Thelin-Jarnum et al. 1999). In human pancreatic tumours,

PN-1 was found exclusively in tumour cells (Buchholz et al. 2003). However, the

type of cells producing PN-1 in most human cancer remains to be determined. So

far, only one malignant breast cancer cell line isolated from a patient has been

reported to express reduced levels of PN-1 compared to normal cells (Liang

et al. 2009). In most cases, high levels of PN-1 are correlated with poor prognosis.

In comparative studies of cell line variants differing in their invasiveness and/or

their metastatic mechanisms, overexpression of PN-1 was almost always found in

the most aggressive variants and has thus been correlated with the process of

metastasis. In breast cancer, patients with breast tumours that had elevated PN-1

levels exhibited a significantly higher probability of developing lung metastasis.

Higher PN-1 mRNA levels correlated with increased expression of two other

adverse prognostic markers, PAI-1 and uPA (Candia et al. 2006). PN-1 levels

increased with tumour grade in breast cancer (Fayard et al. 2009) and with
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progression of colorectal cancers (Selzer-Plon et al. 2009), although another study

found these levels increased, but independently of tumour grade (Bergeron

et al. 2010).

Studies in colorectal cancer revealed that PN-1 overexpression in adenomas was

a direct effect of the increased signalling of the MAPK/ERK pathway (Bergeron

et al. 2010). Another study has shown that blocking the signalling of the receptor

tyrosine kinase MET by HGF, including ERK, reduced both the expression of PN-1

and tumour growth (van der Horst et al. 2009).

The mechanism by which PN-1 influences tumour progression is not yet under-

stood and may be multifactorial, probably depending on both the tumour type and

the environment. PN-1 overexpression is accompanied by a massive increase in

ECM deposition, as observed in chronic pancreatitis and pancreatic cancer

(Buchholz et al. 2003). By interacting with the surrounding stromal cells and by

acting on ECM production and degradation, PN-1 may thus regulate the develop-

ment of a favourable microenvironment for tumours. Studies of Wagenblast

et al. demonstrated, via a mouse model of breast cancer heterogeneity that PN-1

drives metastasis by enabling breast cancer cells to form vascular-like networks.

The authors suggest that the anti-thrombin activity of PN-1 is involved in this

increased capacity for metastatic progression (Wagenblast et al. 2015). MMP9 and

uPA both play important roles in the progression of several types of cancer by

increasing tumour growth, migration, invasion and metastasis and are associated

with poor disease prognosis. Several studies indicate that the MMP9/uPA axis

contributes to the role of PN-1 in cancer. Indeed, PN-1 is not only an inhibitor of

uPA, but has also been shown to stimulate MMP9 expression in murine mammary

carcinoma cells, via LRP-1A-dependent activation of the MAPK/ERK signalling

pathway, leading to an increase of their metastatic potential (Fayard et al. 2009). In

contrast, in prostate carcinoma, downregulation of MMP9 is associated with

increased PN-1 levels and reduced invasiveness (Xu et al. 2010). By inhibiting

uPA, PN-1 impairs MMP9 activation and thus plays a protective role against

tumour invasion. However, MMP9 can degrade PN-1 (Xu et al. 2008) and thus

amplify its own activation by uPA and increase tumour cell invasion. A feedback

loop would be set up, in which PN-1 and MMP9 exert opposite regulatory

mechanisms, the resulting effect on metastasis depending on their relative abun-

dance. Such feedback loop has also been reported in the seminal fluid (McKee

et al. 2013). Moreover, PN-1 has been shown to inhibit sonic hedgehog (SHH)

signalling in prostate, a pathway largely implicated in prostate adenocarcinoma

progression (McKee et al. 2012). The authors demonstrated a competing regulation

of SHH signalling by PN-1 and MMP9. PN-1 inhibited tumour growth by decreas-

ing the protein expression of SHH and its downstream effectors, and this effect

could be related to PN-1 internalization via LRP and uPAR.

In addition, tumours grown in the presence of recombinant PN-1 had fewer

blood vessels, although with larger diameters compared with controls (McKee

et al. 2012). In agreement with these results, anti-angiogenic properties of PN-1

have been shown in vitro on HUVECs (human umbilical vein endothelial cells),

ex vivo on the sprouting from aortic rings of PN-1-deficient mice compared to
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wild-type mice and in vivo in the Matrigel plug assay (Selbonne et al. 2012).

Furthermore, our group observed that PN-1 is expressed in the mouse retina

vasculature and that the postnatal angiogenesis in the retina of PN-1-deficient

mice is enhanced compared to wild-type mice (Selbonne et al. 2015). This impor-

tant anti-angiogenic potential of PN-1 could thus be crucial in tumour development

and needs to be further explored.

In prostate and colorectal cancers, the GPI (Glycosylphosphatidylinositol)-

anchored serine protease prostasin, a tumour suppressor, is downregulated relative

to the corresponding normal tissues (Takahashi et al. 2003; Selzer-Plon et al. 2009).

As PN-1 was identified as a major inhibitor of prostasin, it was suggested that it

influenced the progression of these cancers via prostasin inhibition (Chen

et al. 2004; Selzer-Plon et al. 2009). Indeed, in colorectal cancer, PN-1 expression

increases with tumour grade, while levels of prostasin and of its inhibitor HAI-1

(hepatocyte growth factor activator inhibitor-1) are stable or decreased during

carcinogenesis (Selzer-Plon et al. 2009). PN-1–prostasin complexes were also

observed in prostate epithelial cells and prostate cancer cells, but an antitumoural

effect remains to be clearly identified.

Overall, these data strongly support a significant role of PN-1 in cancer invasion

and metastasis. Whether PN-1 could be a therapeutically target or a prognostic

factor remains to be determined. Most of the studies so far explored the role of the

antiprotease activity, but it is now known that PN-1 can act directly by binding to

the cell surface or to matrix proteins, leading probably to cell signalling.

11.8 Conclusion

PN-1 has a wide tissue distribution and a broad antiprotease activity. These

properties make PN-1 an important actor playing a role in many biological pro-

cesses as varied as neuroprotection, thrombosis and haemostasis or tumour growth.

Its overexpression is often observed in response to injury, suggesting a role in

protecting tissues from dysregulated proteolytic pathways leading to disease.

Improved understanding of the mechanisms involved in PN-1 cellular actions will

allow the development of novel therapeutic strategies for various diseases such as

ischemic and fibrotic diseases or cancer.
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Abstract

Pigment epithelium-derived factor (PEDF) is a protective protein of the eye,

with neurotrophic and anti-angiogenic activities. It was discovered as a secreted

factor from retinal pigment epithelium. The interphotoreceptor matrix and
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vitreous humor contain soluble and diffusible PEDF protein, which interacts

with glycosaminoglycans, collagen, and cell-surface receptors to act on retina

cells. Sequence alignment reveals that PEDF is a member of the serpin super-

family. PEDF shares hallmark features of serpins including the conserved

tertiary structure with an exposed peptide loop towards its C-end. However, it

is classified as a noninhibitory serpin. This review will summarize studies on the

role of PEDF in the retina, in particular its anti-angiogenic, antiapoptotic, and

anti-inflammatory properties. Studies with established animal models for retina

diseases have demonstrated the importance of PEDF in the eye. In addition,

PEDF is considered an important marker for retinal pigment epithelium derived

from stem cells. The therapeutic potential of PEDF will be emphasized.

12.1 Introduction and Morphology of the Retina and Retina
Disorders

The human eye functions to detect and send information to the brain, where it is

processed and converted to visual images. The transparent cornea and the lens of

the eye allow light to enter the eye, while the changing diameter of the pupil

regulates the amount of entering light. The lens focuses light onto the retina. The

retina is the innermost layer of the eye responsible for transmitting images formed

by the lens to the brain by way of the optic nerve. Light must pass through

several layers of cells before reaching the cells responsible for the transmission of

visual information.

The retina is composed of ten layers consisting of many types of neurons

connected by synapses (Fig. 12.1). The photoreceptors process the light stimulus

and are composed of two types of cells: rods, which are responsible for night vision,

and cones, which are responsible for color vision. The human retina contains over

6 million cone cells and over 120 million rod cells. The outer pigmented layer of the

retina is composed of a monolayer of hexagonal cells called the retinal pigment

epithelium (RPE). The apical, or innermost, side of the RPE layer interacts with the

photoreceptor layer, while the basolateral side faces the Bruch’s membrane, an

inner layer of the choroid. The RPE plays many roles in the eye. The RPE is

responsible for absorbing the light that is focused on the retina by the lens. The RPE

is also responsible for the daily phagocytosis of the outer segments of photo-

receptors, a critical immune function. It obtains nutrients from the blood and

supplies these nutrients to the photoreceptors. In the visual cycle, the RPE supplies

retinal, a form of vitamin A, to photoreceptors. The RPE also secretes growth

factors and cytokines to maintain the homeostasis of the neural retina. One of these

factors is pigment epithelium-derived factor (PEDF).

The many layers of the retina constitute a complex network of components

critical for maintaining eye health and development. Disruption of the retinal

layers, including the RPE layer, can lead to a host of retinal diseases and disorders

such as macular degeneration, retinitis pigmentosa, and diabetic retinopathy, lead-

ing to severe loss of vision. To combat this, the retina possesses several protective
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molecules and mechanisms involved in the regulation of retinal health. One such

molecule is PEDF, which has been shown to be critical in eye health and possesses

therapeutic value in treating diseases of the retina.

12.2 PEDF in the Retina

Although the SERPINF1 gene that encodes PEDF is expressed by different ocular

and non-ocular tissues and cells, the RPE expresses the highest levels of PEDF in

the retina (Becerra et al. 2004). It was first reported that RPE-conditioned media

induces neuronal differentiation in human Y79 retinoblastoma cells (Tombran-Tink

and Johnson 1989). PEDF was purified from RPE-conditioned media and identified

as the neurite-promoting factor in human retinoblastoma Y79 cells (Steele

et al. 1993). Later on, PEDF was identified in the interphotoreceptor matrix of

mammalian eyes as the bona fide factor with differentiating activity on Y79 cells

(Wu et al. 1995).

The human SERPINF1 gene maps to chromosome 17p13.1-pter (Tombran-Tink

et al. 1994). The SERPINF1 gene contains eight exons and seven introns (Tombran-

Tink et al. 1996). Sequencing analysis reveals that its messenger RNA is 1.5 kb

(Steele et al. 1993), with an open reading frame that encodes a human polypeptide

of 418 amino acids with a secretion signal peptide of 20 amino acid residues at its

N-end and a glycosylation site at Asn285–Thr287. The mature product is secreted

Fig. 12.1 Layers of the retina. (a) A scheme illustrating the layers of the retina composed of

retinal ganglion cell layer (GCL), inner plexiform layer, inner nuclear layer (INL), outer plexiform

layer, outer nuclear layer (ONL), external limiting layer, photoreceptor layer, retinal pigment

epithelium (RPE). Labels of cell types correspond to ganglion cell (G), amacrine cell (A), bipolar

cell (B), horizontal cell (H), Muller cell (M), rod photoreceptor cell (R), and cone photoreceptor

cell (C). (b) Immunohistochemistry of a human retina
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as a monomeric glycoprotein with a molecular weight of 50 kDa (Steele et al. 1993;

Wu et al. 1995). The polarized RPE secretes PEDF in a preferred directional

fashion towards its apical side into the interphotoreceptor matrix that bathes the

outer segments of photoreceptors (Becerra et al. 2004).

The SERPINF1 gene is expressed in fetal and adult human RPE cells (Tombran-

Tink et al. 1995) as early as 17 weeks of gestation, suggesting a role in retinal

development. PEDF is detected throughout the human retina (Karakousis

et al. 2001). At 18 weeks of gestation, PEDF is present in horizontal cells in the

outer part of the inner nuclear layer. At 21.5 weeks of gestation, PEDF is present in

cytoplasmic granules in the RPE, ganglion cells of the inner nuclear layers, and

differentiating cones. In the adult retina, PEDF is detected in the RPE and interpho-

toreceptor matrix as well as in photoreceptors and in inner retinal cell types

(Karakousis et al. 2001). Aging retinal cells show a significant decrease in PEDF

expression (Tombran-Tink et al. 1995). Interestingly, the PEDF distribution pattern

in the developing eye is in agreement with the avascularity of the vitreous and

aqueous humor and its neurotrophic role in the neural retina.

12.3 PEDF Is a Member of the Serpin Family

Amino acid sequence analysis and protein comparison data indicate that the PEDF

sequence shows strong homology to members of the serine protease inhibitor

(serpin) gene superfamily (Steele et al. 1993). The linear structure of PEDF

possesses the accepted range of homology with other known serpins, which is

between 23 and 26 % sequence identity (Steele et al. 1993) (Fig. 12.2). The overall

folded structure contains the serpin-exposed peptide loop towards its carboxy end

(Becerra et al. 1995). The crystal structure of PEDF further reveals that its tertiary

structure is that of a serpin (Simonovic et al. 2001). Interestingly, folded PEDF has

an asymmetric surface-exposed charge distribution, with a highly basic lysine-rich

region on one side, and a highly acidic aspartic-acid-rich region on the opposite

side, necessary for heparin and collagen binding, respectively (Fig. 12.3). When

compared to other known serpins, it is clear that this charge distribution is unique to

PEDF.

PEDF has been shown to behave as a substrate rather than an inhibitor of serine

proteases (Becerra et al. 1993). Its P1 site is the residue leucine, specific for

inhibition of leucyl-proteases, such as chymotrypsin. However, PEDF does not

inhibit chymotrypsin, nor other leucyl-proteases such as cathepsin G, nor does it

form an inhibitory complex with serine proteases (Becerra et al. 1993). It lacks the

characteristic thermal stability of cleaved inhibitory serpins, and upon cleavage,

PEDF does not undergo the conformational change from a stressed-to-relaxed heat-

stable form (Becerra et al. 1995). Other noninhibitory serpins such as ovalbumin,

angiotensinogen (Stein et al. 1989), and maspin (Pemberton et al. 1995) also lack

this conformational change. A feature that some noninhibitory serpins share is the

presence of unfavorable residues on the N-terminal side of its P1 leucine for

insertion of the serpin loop into sheet A, which might be the cause of the lack of

stressed-to-relax conformational change. Interestingly, cleaved PEDF at its serpin-
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exposed loop is still able to retain its neurotrophic activity, confirming that its

homologous reactive loop is dispensable for its neurotrophic activity. Thus, PEDF

is classified as a noninhibitory serpin, and its biological activity is independent of its

serine inhibition potential. It is believed that during evolution, PEDF lost its

inhibitory function and gained other functions specific for PEDF (Table 12.1).

12.4 Biological Effects of PEDF in the Retina

12.4.1 Neuronal Differentiating Activity

PEDF is capable of morphologically differentiating Y79 retinoblastoma cells to a

neuronal phenotype (Steele et al. 1993). Differentiated Y79 cells express the

neuronal markers neuron-specific enolase and neurofilament proteins (Steele

et al. 1993). PEDF promotes the increase and maturation of pigment granules in

Fig. 12.2 Amino acid sequence alignment of human PEDF, alpha 1-antitrypsin

(A1AT_HUMAN) and antichymotrypsin (AACT_HUMAN). Human PEDF shares 27 % sequence

identity and 42 % homology with antitrypsin. Human PEDF shares 27 % sequence identity and

44 % homology with antichymotrypsin
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neonatal rat pigment epithelial cells, suggesting that PEDF plays a role in RPE cell

differentiation (Malchiodi-Albedi et al. 1998; Jablonski et al. 2000) reported that

PEDF is morphogenetic for photoreceptors by supporting development of

Fig. 12.3 Crystal structure of human PEDF with functional sites highlighted in color code from

PDB 1IMV: neurotrophic region (green), anti-angiogenic region (yellow), collagen-binding region
(red), heparin-binding region (blue), HA-binding region (purple)

Table 12.1 Summary of PEDF biological activity and targets in the retina

PEDF biological activity Target

Neurotrophic Retinoblastoma cells, Muller cells, retinal neurons

Prosurvival, antiapoptotic Photoreceptors, retinal ganglion cells, retinal progenitor cells

Anti-angiogenic Ocular endothelial cells

Anti-inflammatory Muller cells and retinal ganglion cells

Stem cells, self-renewal Retinal stem cells and human embryonic stem cells
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photoreceptor neurons during the final stages of retinal morphogenesis. The loss of

differentiation of photoreceptor outer segments (Jablonski et al. 2000) and Muller

cells (Jablonski et al. 2001) in Xenopus tadpole eyes is rescued when exogenous

PEDF is introduced. PEDF promotes neurite outgrowth of retinal cells (Tanimoto

et al. 2006) and can also enhance survival and axon regeneration of retinal ganglion

cells (Vigneswara et al. 2013).

12.4.2 Prosurvival and Antiapoptotic Effects

PEDF is a prosurvival factor for retinal cells in vitro and in vivo. PEDF protects

retinal neurons in culture against serum starvation and hydrogen peroxide-induced

apoptotic cell death (Cao et al. 1999; Murakami et al. 2008; Subramanian

et al. 2013). It is also protects cone photoreceptor cells from death by light damage

(Rapp et al. 2014). Furthermore, it enhances survival of retinal ganglion cells and

protects them against cytotoxicity (Pang et al. 2007; Vigneswara et al. 2013;

Unterlauft et al. 2014).

PEDF has a protective effect in vivo in models of retinal degenerations. A group

of inherited retinal diseases, collectively termed retinitis pigmentosa (RP), is

characterized by the progressive and specific loss of photoreceptors, the light-

transducing neurons of the retina. One advantage of retina field is the availability

of animal models for retina degeneration. The rd1/rd1 mouse is an autosomal-

recessive mutant, in which a nonsense mutation in the rod photoreceptor-specific β-
phosphodiesterase (β-PDE) gene leads to a rapid and massive death of photo-

receptors in homozygous animals. In another model, a null mutation in the

peripherin/rds gene, which encodes a structural component of photoreceptor

outer segments, causes a protracted, apoptotic loss of photoreceptors. Mutations

in both β-PDE and peripherin/rds have also been found in patients affected by

dominant forms of retinal degenerations. Injection of PEDF protein into these

models rd1/rd1 and rds/rds can protect photoreceptors against degeneration due

to death by apoptosis (Cayouette et al. 1999). PEDF also protects photoreceptors

against light-induced damage. Injection of PEDF into the vitreous of rats prior to

constant light exposure resulted in protection of photoreceptor function and

morphology (Cao et al. 2001). A combination of PEDF and basic fibroblast growth

factors improved functional protection on photoreceptors. Intraocular gene transfer

of adenoviral PEDF vectors increases retinal cell survival by preventing apoptosis

in pressure-induced ischemia (Takita et al. 2003).

Elucidation of the mechanism of the antiapoptotic activity of PEDF in the retina

is of current interest. A receptor for PEDF in the retina with high affinity for PEDF

has been identified as PEDF-R (Notari et al. 2006), which is required for the

prosurvival activity of PEDF (Subramanian et al. 2013). PEDF-R is a member of

the PNPLA2 family (patatin-like phospholipase A2). It is present on the surface of

the retina and RPE cells. In the rat retina, PEDF-R is distributed in the inner

segments of the photoreceptors and in less intensity in other neural retina cells

(Notari et al. 2006). Subcellularly, the PEDF-R protein is found in plasma
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membranes as well as surrounding lipid droplets, where it is also known as

adipose triglyceride lipase. PEDF-R is present in the plasma membrane of cone

photoreceptor-derived 661W cells, which are known to respond to PEDF

prosurvival effects (Rapp et al. 2014). The PEDF-R enzyme exhibits phospholipase

as well as triglyceride lipase activities. It can catalyze the release of fatty acids from

phospholipids, although the substrate specificity of PEDF-R is still unknown. Upon

binding PEDF, the phospholipase activity of PEDF-R is enhanced (Notari

et al. 2006). Therefore, fatty acids are considered putative bioactive mediators for

the PEDF/PEDF-R system. In this regard, the retina contains phospholipids

enriched in omega-3 fatty acids, which, in together with its derivatives like

neuroprotection D1 and synaptimide, have demonstrable neuroprotective, neurite

outgrowth, and anti-inflammatory properties (Bazan et al. 2013; Kim and Spector

2013). In neonatal rat R28 cells, an apoptosis-inducing factor-related pathway is an

essential target of PEDF-mediated antiapoptotic activity (Murakami et al. 2008).

PEDF protects R28 cells by upregulation of the antiapoptotic B-cell lymphoma
2 (Bcl-2) gene. Genetic silencing Pnpla2 in R28 cells showed that PEDF-R is

critical for PEDF-mediated cell survival and antiapoptosis effects (Subramanian

et al. 2013). Pharmacological blocking PEDF from binding to PEDF-R with a

synthetic receptor peptide leads to attenuation of the PEDF-mediated prosurvival

activity. The current understanding of the mechanism of action in PEDF/PEDF-R-

mediated survival activity involves the binding of PEDF to PEDF-R, which causes

the release of fatty acids from plasma membranes. The release of fatty acids leads to

the upregulation of Bcl-2 ultimately leading to retinal cell survival, through a yet

unknown mechanism. Further studies of the interaction between PEDF and PEDF-

R will provide more insight into the mechanism of antiapoptotic activities.

12.4.3 Anti-angiogenic

A balance of proangiogenic and anti-angiogenic factors is required for ocular

health. In contrast, uncontrolled angiogenesis is a common hallmark of many ocular

diseases. Interestingly, the distribution of PEDF in the eye correlates with ocular

avascularity. PEDF is a potent inhibitor of angiogenesis and acts as an antagonist of

the proangiogenic factor vascular endothelial growth factor (VEGF) (Dawson

et al. 1999). In contrast to the preferential basolateral secretion of VEGF

(Blaauwgeers et al. 1999), the RPE secretes PEDF from its apicolateral side into

the interphotoreceptor matrix (Becerra et al. 2004). PEDF is also present in the

cornea of several mammalian species, where it prevents neovascularization

(Dawson et al. 1999). In addition to VEGF, PEDF can inhibit the migration of

endothelial cells in the presence of a variety of angiogenic factors, including

platelet-derived growth factor, fibroblast growth factor interleukin-8, and

lysophosphatidic acid. While VEGF levels increase, PEDF levels decrease in

hypoxic conditions, indicating an inverse relationship of PEDF with VEGF (Notari

et al. 2005).
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Pathological retinal neovascularization is a feature of diabetic retinopathy and

other ocular disorders characterized by retinal hypoxia. Oxygen-induced retinopa-

thy in rodents is a model of retinal neovascularization in which vessels invade the

inner retina. Choroidal neovascularization is one of the most important landmarks

of neovascular age-related macular degeneration. Experimental choroidal

neovascularization is performed by laser-induced breakage of the Bruch’s mem-

brane of rodents, which results in invasion of choroidal vessels into the RPE and

neural retina (Campos et al. 2006). The inhibitory effects of PEDF on choroidal and

retinal neovascularization in vivo have been proven by delivering purified protein

by viral-mediated gene transfer into the vitreous, interphotoreceptor matrix, or

subconjunctiva space (Mori et al. 2001, 2002a, b; Duh et al. 2002; Amaral and

Becerra 2010). Huang et al. (2008) have shown that PEDF-deficient mice show

increased retinal vasculature (Huang et al. 2008) implying that PEDF is an impor-

tant regulator of the balance of retinal vascularization.

Several groups have reported on the mechanism of action of PEDF as an anti-

angiogenic factor. Structure-function relationships have shown that a stretch of

34 amino acids from the amino-terminal end of the PEDF polypeptide, termed the

34-mer (positions 44-77), is responsible for the PEDF-mediated anti-angiogenic

activity (Filleur et al. 2005; Amaral and Becerra 2010; Longeras et al. 2012). The

pathways targeted by PEDF for inhibiting neovascularization have been

summarized before (Becerra and Notario 2013). It appears that PEDF effects

are cell context, and it can interact with a variety of partners and receptors including

laminin receptor, cell-surface ATP synthase, gamma-secretase pathway,

FAS/FASL pathway, etc.

12.4.4 Anti-inflammatory

PEDF can decrease the levels of proinflammatory cytokines. In addition to being an

angiogenic factor, VEGF is also proinflammatory factor capable of upregulating

expression of ICAM-1, another inflammatory factor (Lu et al. 1999). Therefore, as

PEDF is a VEGF antagonist, it is considered anti-inflammatory. Zhang et al. (2006)

have reported that a rat model of endotoxin-induced uveitis (EIU), characterized by

retinal vascular hyperpermeability, shows decreased levels of PEDF and increased

levels of proinflammatory cytokines (Zhang et al. 2006). Furthermore, PEDF

injections into rat models of streptozotocin-induced diabetes and oxygen-induced

retinopathy decrease vascular hyperpermeability and retinal inflammatory factors.

In hypoxic conditions, PEDF reduces inflammatory factors TNF-α and ICAM-1

expression in cultured retinal capillary endothelial cells. Silencing of PEDF in

retinal Muller cells results in the increase of VEGF and TNF-α secretion (Zhang

et al. 2006).

Wang et al. (2013) have reported that injections of human recombinant PEDF

protein into vitreous and subconjunctiva also lower the levels of anti-inflammatory

molecules in the DKO rd8 mouse model of retina degeneration (Wang et al. 2013).
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In addition they observed attenuation of focal lesion, less photoreceptor and RPE

degeneration, and lower expression of apoptotic molecules.

12.4.5 Stem Cells and Self-Renewal

Retinal stem cell research is emerging as an attractive clinical therapy tool. There

are several successful studies of differentiation of human embryonic stem cells and

RPE human-induced pluripotent stem cells, which yields cells similar to those of

native RPE. The ciliary body of adult mammals represents a source of quiescent

retinal stem cells, which are neural progenitors with a limited self-renewal potential

in vitro. De Marzo et al. (2010) have shown that a combination of PEDF and

fibroblast growth factor supplemented in the media of retinal stem cells can

influence positively their self-renewal (De Marzo et al. 2010). In experiments

where human embryonic stem cell-derived RPE was being evaluated for its ability

to promote survival of retinal progenitor cells, differentiated RPE cells were able to

secrete high levels of PEDF capable of supporting retinal progenitor cell survival

(De Marzo et al. 2010). The observations imply that PEDF can serve to overcome

the limitation of the self-renewal potential of stem cells.

Several other research groups have used PEDF as a key marker of RPE derived

from stem cells. Differentiated RPE cells derived from human embryonic and

induced pluripotent stem cells have been generated and display hallmark functions

of RPE (Vaajasaari et al. 2011). In addition to phagocytosis of photoreceptor outer

segments, RPE derived from human embryonic and induced pluripotent stem cells

secrete PEDF (Klimanskaya et al. 2004; Vaajasaari et al. 2011). Zhu et al. (2011)

have reported that polarized human embryonic stem cell-derived RPE secrete large

amounts of PEDF towards its apical side (Zhu et al. 2011) and that the conditioned

media from the polarized human stem cell-derived RPE exhibits cells’ survival

effects on human fetal retinal progenitor cells, which were decreased when a

blocking antibody to PEDF was added to the media. These results imply that

PEDF plays an important role in retinal progenitor cell growth and protection.

12.5 Therapeutic Implications of PEDF in Retinal Diseases

The neuroprotective, anti-angiogenic, and anti-inflammatory properties of PEDF

make it an attractive therapeutic agent. Decreased ocular levels of PEDF are

reported for many ocular diseases including neovascularization (Duh et al. 2004),

age-related macular degeneration (Holekamp et al. 2002), neuroretinal dystrophies

(Ogata et al. 2004), and diabetic retinopathy (Spranger et al. 2001). So far, there are

no known reports of toxicity by PEDF. For example, PEDF overexpressed in

neonatal mice (Wong et al. 2004) yielding levels up to 3.5-fold than endogenous

levels had no significant toxic effect. Strategies involving the delivery of PEDF and

PEDF functional peptides could prove useful in treating many ocular diseases.
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The photoreceptor protective properties of PEDF may serve to develop thera-

peutic drugs from this protein for preventing blindness originated by photoreceptor

cell death. Some promising results of preclinical experiments with PEDF have been

reported. As mentioned above, administration of PEDF protein into the vitreous

results in lowering apoptosis of photoreceptors in retinal degeneration models rd1
and rds. Intraocular gene transfer of PEDF for a mouse model of light-induced

photoreceptor degeneration in Lewis rats results in photoreceptor cell rescue (Imai

et al. 2005). Intravitreal injection of PEDF-impregnated nanoparticles delays

photoreceptor degeneration by inhibiting apoptosis in Royal College of Surgeons

(RSC) rats (Akiyama et al. 2012). Ocular therapies where patients are treated with

PEDF could prove useful in delaying photoreceptor degeneration, thus preventing

vision loss.

The anti-inflammatory effects of PEDF can be beneficial towards glaucoma,

which is characterized by loss of retinal ganglion cells caused by increases in

proinflammatory factors (Tezel et al. 2001). PEDF expression is reduced with age

in the eyes of the DBA/2J glaucoma mouse model (Zhou et al. 2009). Transfection

of PEDF in DBA/2J mice results in reduced retinal ganglion cells, reduced loss of

the nerve fiber layer, and reduced expression of proinflammatory factors (Zhou

et al. 2009).

The ability for PEDF to regulate neovascularization makes its therapeutic

potential in many ocular diseases evident. It has been established that the imbalance

of proangiogenic and anti-angiogenic factors plays a role in retinal neovascular-

ization. In this regard, Gao et al. (2001) reported that there is a five-fold increase in

VEGF and a two-fold decrease in PEDF in ischemia-induced rats with retinal

neovascularization (Gao et al. 2001). To compensate the imbalance that is permis-

sive to angiogenesis, several research groups have administered PEDF into animal

models of ocular angiogenic diseases. For example, in transgenic mice with VEGF

expression and a mouse model of choroid neovascularization, PEDF gene transfer

results in regression of ocular neovascularization by promoting apoptosis of retinal

cells with lesions (Mori et al. 2002b). Gene transfer of an adenoviral vector

expressing PEDF results in higher intraocular levels of PEDF and suppressed

choroid neovascularization (Gehlbach et al. 2003).

An imbalance of angiogenic regulators in the eye is also a hallmark of diabetic

retinopathy (DR). Patients suffering from DR have an increase in retinal neo-

vascularization caused by lack of blood flow, in which angiogenic factors are

upregulated, while anti-angiogenic factors are downregulated. The anti-angiogenic

properties of PEDF may constitute the base for potential therapies for DR patients.

Spranger et al. (2001) have reported that the ocular fluids from patients with

proliferative diabetic retinopathy show lower levels of PEDF than non-diabetic

patients (Spranger et al. 2001). Patients who previously had photocoagulation, a

surgery used to treat abnormal blood vessels in DR patients, showed higher levels

of PEDF than those who did not. In a diabetes-like retinopathy mouse model,

overexpression of PEDF via gene transfer leads to long-term prevention of

neovascularization (Haurigot et al. 2012). The single injection also results in

normalization of intraocular levels of VEGF and other proangiogenic molecules.
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Additional complications of DR also benefit from PEDF treatment. Two PEDF

derivatives of the anti-angiogenic region (positions 60–77) and neuroprotective

region (positions 78–121) of PEDF were used to examine the effects of retinal

complications caused by diabetes (Liu et al. 2012). In mouse retinas, the neuro-

protective peptide reduces proinflammatory cytokines and prevents diabetes-

induced microglia activation, retinal ganglion cell death, and inner plexiform

layer thinning. Both peptides reduce vascular leakage. PEDF has therapeutic

potential towards preventing patient loss for patients with DR.

The macula is a central part of the retina responsible for detailed vision. Macular

degeneration results in central vision loss. Age-related macular degeneration

(AMD) affects older adults. Choroidal neovascularization is a characteristic of

the neovascular form of AMD called wet AMD, a severe form that can lead to

retinal detachment. The levels of PEDF in patients with choroidal neovascu-

larization due to AMD have been examined (Holekamp et al. 2002). Undiluted

vitreous samples from patients with neovascular AMD have lower levels of PEDF.

The vitreous of patients with AMD has lower levels of anti-angiogenic activity,

probably due to lower levels of PEDF. In a study of Taiwan Chinese patients with

AMD, a PEDF Met72Thr allele was found to be a possible risk factor for

neovascular AMD (Lin et al. 2008). The other form, called dry AMD, is more

prevalent than the wet one, in which photoreceptors undergo atrophy and RPE

degeneration by yet unknown genetic and/or environmental causes. Elevation of

proinflammatory cytokines is associated with these AMD forms. The mouse retina

does not have a macula; therefore, mouse models for AMD mimic certain features

of human AMD such as focal photoreceptor atrophy and RPE degeneration (Chu

et al. 2012). The DKO rd8 mouse model retina shows some features of geographic

atrophy with focal photoreceptor lesions, and its retina and RPE has decreased

PEDF levels (Wang et al. 2013). Injection of PEDF into DKO rd8 mouse eyes

shows attenuation of focal lesion, less photoreceptor and RPE degeneration, and

lower expression of apoptotic and inflammatory molecules. The irreversible vision

loss caused by AMD can be attenuated by PEDF treatment. Thus, the neurotrophic,

anti-angiogenic, and anti-inflammatory properties of this interesting serpin point to

promising PEDF-based therapies for AMD.

12.6 Conclusion

PEDF is a multifunctional protein and a member of the serpin family. It is ubiqui-

tously expressed throughout the body and plays an important protective role in the

retina, as demonstrated in numerous studies in vitro and in vivo. The therapeutic

potential for PEDF is clear, and future preclinical studies towards the generation of

PEDF-based drugs will prove beneficial towards treating retinal diseases.
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Abstract

Alpha1-antitrypsin (AAT) is a serine proteinase inhibitor (serpin) secreted from

hepatocytes. Its normal circulating concentration in the bloodstream is sufficient

to prevent the destruction of lung elastin fibers by excessive elastase released

from activated neutrophils, thereby maintaining the organ’s elasticity and func-

tion. Many naturally occurring genetic variants of AAT, unable to acquire

correct structural maturation following biosynthesis, are subjected to intracellu-

lar proteolysis in the hepatocyte secretory pathway. This, in turn, can contribute

to the development of chronic obstructive pulmonary disease. In addition, the

inappropriate accumulation of structurally aberrant AAT within hepatocytes can

contribute to the etiology of liver disease. The mechanistic analysis of intracel-

lular systems that manage AAT fate has led to the identification of dedicated
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systems that facilitate proper polypeptide folding and orchestrate the selective

elimination of molecules that fail to acquire conformational maturation. These

systems, which contribute to the diverse cellular proteostasis network, are

expected to aid in the identification of disease modifiers and development of

novel strategies for therapeutic intervention of the lung and liver diseases, as

well as additional conformational disorders that involve the secretory pathway.

This review focuses on the discovery and characterization of proteostasis

systems that operate in the secretory pathway that selectively eliminate different

forms of structurally aberrant AAT.

13.1 Conformational Diseases

Many inherited diseases result from mechanistic complications that take place at

the level of encoded proteins, rather than the gene (Balch et al. 2008). This

perspective stems from the understanding that genetic information is transformed

into biological activity in response to translation of the encoded polypeptide which

then undergoes conformational maturation and deployment. Therefore, a current

challenge in both basic science and biomedical research is to elucidate how these

disrupted processes (Fig. 13.1) contribute to, or influence, the molecular pathogen-

esis of numerous inherited disorders. The term “proteostasis” represents a relatively

new designation for the totality of intracellular systems and molecular machinery

Fig. 13.1 Potential fates for the newly synthesized alpha1-antitrypsin polypeptide. The polypep-

tide translocated into the endoplasmic reticulum exists in a nonnative conformation (AAT). The

addition of three asparagine-linked oligosaccharides (not shown) can allow lectin-like molecular

chaperones to facilitate correct polypeptide folding which leads to productive intracellular trans-

port and secretion. Alternatively, polypeptides that misfold are unable to acquire the native

conformation, leading to persistent interaction with the molecular chaperones and prolonged

intracellular retention. Finally, for some genetic variants, mutations in the polypeptide promote

a fraction of the newly synthesized molecules to undergo spontaneous polymerization, leading to

chaperone-independent retention
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responsible for managing all aspects of cellular proteome homeostasis (Hutt

et al. 2009). Because two of its central roles are to facilitate the correct conforma-

tional maturation of translated proteins and orchestrate the selective removal of

those molecules unable to attain this structural milestone, the mechanistic charac-

terization of these pathways is appropriate to elucidate the underlying mechanisms

that might contribute to the development of numerous conformational disorders and

especially those operating in the secretory pathway of eukaryotic cells (Sifers

2010).

13.1.1 Lung Disease

To this end, several naturally occurring genetic variants of AAT have been

identified that coincide with a diminished circulating concentration of the protein-

ase inhibitor (Sifers et al. 1992) as an etiologic agent of lung disease (Lomas and

Mahadeva 2002). The heritable phenomenon of severe AAT deficiency can lead to

clinically relevant consequences. As the most abundant proteinase inhibitor in

human plasma, a primary physiologic role for AAT is to protect lung elastin fibers

from excessive degradation by neutrophil elastase (Eriksson 1965). In many

individuals, a severe deficiency (10–15 % of normal) of the circulating proteinase

inhibitor is an underlying cause for excessive proteolytic destruction of lung elastic

tissues, resulting from the unopposed hydrolytic action of elastase released from

activated neutrophils (Eriksson 1965; Lomas and Mahadeva 2002). Early-onset

panlobular emphysema has been designated as a primary loss-of-function pheno-

type. The situation is exacerbated because the available Z variant is less effective

than the wild-type molecule (fivefold diminished association rate between the

Z variant and neutrophil elastase) (Carrell et al. 1997). The problem is further

intensified by the inappropriate structural conversion caused by the amino acid

substitution (see later) that converts AAT to a chemoattractant for human

neutrophils (Parmar et al. 2002).

13.1.2 Liver Disease

In addition, the accumulation of a fraction of undegraded AAT molecules that have

undergone inappropriate, but spontaneous, polymerization (Crowther et al. 2004)

leads to the formation of diastase-resistant inclusion bodies derived from the

hepatocyte ER (Graham et al. 1990), and these are thought to function as an

etiologic agent for the development of liver disease. In most cases, the detection

of periodic acid–Schiff-positive inclusion bodies in hepatocytes corresponds to

distended regions of the hepatocyte endoplasmic reticulum (ER), resulting from

the inappropriately accumulated Z variant (Carlson et al. 1989). The observation

also led to the eventual identification of the liver as the primary source for AAT

biosynthesis (Sifers et al. 1992). Transgenic animal models have confirmed that the

inclusion bodies can contribute to chronic liver injury as a primary gain-of-toxic-
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function phenotype (Perlmutter 1993). In some individuals the disorder can prog-

ress to hepatitis, cirrhosis, and/or hepatocellular carcinoma (Perlmutter 1993,

2006), the latter of which has also been detected in some, but not all, transgenic

mouse models. Presently, orthotopic organ transplantation is most commonly used

treatment to alleviate the end-stage liver and lung diseases (Perlmutter 1993).

13.2 Proteostasis in the Secretory Pathway

These observations have made AAT deficiency a clinically relevant paradigm to

initiate a mechanistic investigation of how cells facilitate the structural maturation

and intracellular transport of proteins in the secretory pathway of eukaryotic cells

(Sifers et al. 1989) and how these processes might contribute to the extensive

phenotypic variability associated with either disorder (Volpert et al. 2000). As

more fully described in the next section, intensive experimental investigation led

to the discovery that correct conformational maturation of the newly synthesized

AAT polypeptide is a prerequisite for its productive transport along compartments

of the secretory pathway. Subsequent discoveries identified a role for the processing

of asparagine-linked oligosaccharides in promoting the conformational maturation

of newly synthesized glycoproteins in the early secretory pathway (Liu et al. 1997;

Molinari 2007). In addition, a functionally linked system was discovered through

which additional covalent modification of the carbohydrate moieties orchestrates

the proteolytic elimination of numerous structurally aberrant glycoproteins retained

in the endoplasmic reticulum, as well as the utilization of autophagic disposal to

eliminate inappropriately polymerized AAT (Teckman and Perlmutter 2000).

Finally, recent studies have uncovered the existence of an unconventional disposal

branch by which the misfolded monomeric AAT polypeptide is eliminated (Pan

et al. 2011; Pan et al. 2013; Iannotti et al. 2014), leading to the identification of the

system’s participation in accelerating onset of the end-stage liver disease phenotype

(Pan et al. 2009).

The secretory pathway functions as a physical route through which newly

synthesized proteins destined for secretion or membrane association are transported

(Gething and Sambrook 1992). A proteostasis network manages all aspects of this

multistep process (Balch et al. 2008). This particular subset of polypeptides contain

a signal sequence and are targeted into the endoplasmic reticulum as they emerge

from ribosomes bound to the Sec61 translocon. Well-defined systems utilize

molecular chaperones to facilitate conformational maturation (Gething and

Sambrook 1992) that is needed for productive transport to more distant

compartments (Ellgaard and Helenius 2001). Nevertheless, the cycling of numerous

chaperone-bound proteins between the ER and early regions of the Golgi complex

is also common in mammalian cells (Caldwell et al. 2001). Proteins that fail to

achieve conformational maturation or properly assemble into larger complexes are

subjected to “ER-associated degradation” (ERAD) which culminates with their

dislocation into the cytoplasm for elimination by 26S proteasomes. Some known

aspects of facilitated protein folding and quality control are described below.
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13.2.1 Facilitated Glycoprotein Folding

As a general rule, the final three-dimensional conformation of a protein is dictated

by the primary amino acid sequence (Ellgaard and Helenius 2001). Throughout the

cell, the efficiency of protein conformational maturation process is greatly

enhanced in response to physical engagement with molecular chaperones, all of

which hinder nonproductive folding events as a means to facilitate the attainment of

native structure (Gething and Sambrook 1992). The endoplasmic reticulum (ER) is

no exception as it contains a specialized “protein-folding environment” where

molecular chaperones and chaperone-related proteins engage newly synthesized

polypeptides as they emerge during translocation across the ER membrane

(Gething and Sambrook 1992; Plemper and Wolf 1999; Fewell et al. 2001). Argu-

ably, the intracellular machinery responsible for facilitating protein conformational

maturation is best understood for asparagine-linked glycoproteins (Fig. 13.2).

Numerous polypeptides translocated across the ER membrane during biosynthesis,

including AAT, are subjected to asparagine-linked glycosylation at specific aspara-

gine residues (Sifers et al. 1988). The polar nature of these complex appendages

helps maintain the solubility of polypeptides and generate a scaffold through which

a group of oligosaccharide-processing enzymes can mediate the glycoprotein

folding pathway (Cabral et al. 2001; Molinari 2007). Each newly added appendage

consists of a branched, 14-unit oligosaccharide. Cotranslational removal of the

outer glucose units by glucosidases I and II generates a monoglycosylated oligo-

saccharide recognized by the lectin-like molecular chaperones, calnexin, and

calreticulin. Release from either lectin coincides with the enzymatic removal of

the remaining glucose unit by ER glucosidase II (Helenius et al. 1992; Hammond

and Helenius 1995). Subsequently, UDP-glucose:glycoprotein glucosyltransferase

functions as a glycoprotein-folding sensor that uses UDP-glucose as a donor to

catalyze the transfer of a single glucose unit back to high mannose-type glycans

attached to nonnative proteins (Ellgaard et al. 1999; Cabral et al. 2002). This

conformation-driven posttranslational event regenerates the monoglycosylated oli-

gosaccharide to promote reassembly of nonnative glycoproteins with the

glycoprotein-folding machinery described above (Sousa et al. 1992). Following

several rounds of interaction, successful conformational maturation releases native

glycoproteins from the protein-folding machinery for productive delivery to down-

stream compartments (Klausner and Sitia 1990). For some proteins, the conforma-

tional maturation process is coupled to rounds of cycling between the ER and early

regions of the Golgi complex (Caldwell et al. 2001), requiring that molecular

chaperones are no longer bound to allow productive transport beyond early regions

of the Golgi process (i.e., cis-Golgi Network).

13.2.2 Conventional Mannosidase-Mediated Glycoprotein ERAD

As mentioned above, newly synthesized proteins that either remain unfolded for

long periods, eventually misfold, or fail to assemble into multimeric complexes will
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persistently interact with molecular chaperones (Gething and Sambrook 1992).

Rather than compete with other proteins for molecular chaperones, resulting in

nonspecific protein aggregation and disruption of normal secretory pathway func-

tion, these conformationally impaired proteins are selectively eliminated by a

complex disposal system collectively coined ERAD under basal conditions which

culminates in proteolytic elimination by cytoplasmic 26S proteasomes (Bonifacino

and Weissman 1998; Plemper and Wolf 1999).

The exact combination of events by which any individual protein is selectively

eliminated is still under investigation. However, the intracellular machinery respon-

sible for orchestrating the selective disposal of misfolded asparagine-linked

glycoproteins retained in the ER is currently best understood (Cabral et al. 2002;

Molinari 2007; Olivari and Molinari 2007). The capacity of alpha-1,2-mannosidase

inhibitors to abrogate glycoprotein ERAD provided an initial clue that asparagine-

linked oligosaccharides, in addition to promoting glycoprotein folding, can act as

an appendage through which a degradation signal can be generated. This repeated

observation from numerous labs (Cabral et al. 2002; Hosokawa et al. 2007;

Fig. 13.2 Conventional glycoprotein folding and ERAD systems. The folding and intracellular

degradation of many newly synthesized glycoproteins are facilitated by the covalent modification

of asparagine-linked oligosaccharides linked to the polypeptide. Following the insertion of the

ribosome-associated polypeptide from the cytoplasm (Cyto) into the endoplasmic reticulum (ER),

the nonnative polypeptide is generated and glycosylated (GP) (step1). The existence of a terminal

glucose unit (step 2) promotes physical interaction with the molecular chaperones calnexin and

calreticulin to promote folding of the glycoprotein into its native conformation (GP). For those

polypeptides unable to achieve this structural milestone in a biologically relevant time frame, two

mannose units are removed from the asparagine-linked oligosaccharides to generate a degradation

signal (step 3) that leads to the conventional ERAD routing system
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Molinari 2007; Bernasconi et al. 2010) eventually led to an understanding that the

opportunistic removal of 1,2-linked mannose units from asparagine-linked oligosac-

charides (Fig. 13.2) in response to prolonged ER residence (Bernasconi et al. 2008;

Satoh et al. 2010) designates that the associated glycoprotein has failed to acquire

native structure within a biologically relevant time frame (Wu et al. 2003). The

modified glycans promote the extraction of glycoproteins from the calnexin cycle

that facilitates the folding of asparagine-linked glycoproteins (Sousa et al. 1992)

and, in combination with nonnative protein structure, are suspected to complete the

formation of a proposed bipartite glycoprotein ERAD signal (Wu et al. 2003). The

temporal manner in which the bipartite signal is formed is suspected to distinguish

chronically misfolded glycoproteins from nonnative wild-type folding inter-

mediates, such that only the former population is degraded (Wu et al. 2003).

Although ER mannosidase I (ERManI), which is also designated MAN1B1, was

initially considered to play a major role in this process (Hosokawa et al. 2003; Wu

et al. 2003; Karaveg et al. 2005), a recent publication has definitively negated this

possibility (Ninagawa et al. 2014). It was determined that the removal of alpha-1,2-

mannoses from misfolded proteins retained in the ER is sequentially catalyzed by

ER degradation-enhancing mannosidases (EDEMs) 2 and 3 (Ninagawa et al. 2014)

which are members of the class 47 glycosylhydrolase family, as is ERManI.

Subsequent dislocation of the tagged proteins into the cytosol for proteasomal

destruction involves the cooperation of additional events and proteins, many of

which are currently under intense investigation.

13.3 Unconventional ERAD

A series of more recent studies have demonstrated that ERManI/MAN1B1, which

is essential for ERAD of the misfolded AAT monomer (Liu et al. 1997; Cabral

et al. 2000; Hosokawa et al. 2003), contributes to a newly discovered unconven-

tional ERAD branch, as discussed below. For example, both newly synthesized

recombinant human and endogenous mouse ERManI/MAN1B1 orthologs are sub-

ject to rapid lysosomal downregulation shortly following biosynthesis

(Wu et al. 2007). Based on several characteristics of this event, it has been

suggested that most of the newly synthesized ERManI/MAN1B1 molecules are

subjected to ERAD tuning (Bernasconi and Molinari 2011), a lysosomal targeting

process known to manage the intracellular concentration of numerous ERAD

regulators under basal conditions (Cali et al. 2008; Reggiori et al. 2010). Consistent

with this notion, the lysosomal downregulation of ERAD regulators is hindered in

response to ER stress, and this is also observed for ERManI/MAN1B1

(Wu et al. 2007) via the inositol-responsive element 1�X box binding protein

(Ire1-Xbp1) branch of the mammalian UPR (Shen et al. 2001). It should be

noted, however, that unlike most ERAD regulators whose genes are transcribed

more intensely during ER stress, translation of the ERManI/MAN1B1 gene

(MAN1B1) is not transcriptionally upregulated in response to conditions of ER

stress (Yoshida et al. 2003).
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Collectively, the aforementioned observations began to hint about a likely

paradigm shift in the manner that ERAD pathways might operate in lower and

higher eukaryotic cells. This notion was greatly strengthened by the recent

published observation that two known ER degradation-enhancing mannosidases

(EDEMs) 2 and 3 (Ninagawa et al. 2014) contribute to the conventional ERAD of

asparagine-linked glycoproteins retained in the ER, whereas ERManI/MAN1B1 is

completely dispensable (Ninagawa et al. 2014). Importantly, these findings support

our recent published observations that the bulk of endogenous ERManI in numer-

ous human cell lines resides in the Golgi complex where the protein receives four

O-linked oligosaccharides, each of which contains a terminal sialic acid residue

(Pan et al. 2011). Golgi residence of the endogenous protein has also been reported

by additional groups (Rafiq et al. 2011; Rymen et al. 2013), and organelle-specific

proteomics has detected ERManI/MAN1B1 in COPI vesicles recycling from the

Golgi complex (Gilchrist et al. 2006). Consistent with these observations, Kopito

and colleagues (Christianson et al. 2011) were unable to detect endogenous

ERManI/MAN1B1 in the protein linkage map for members of the conventional

ERAD machinery.

In subsequent studies, we identified the existence of gamma-COP-binding sites

in the amino-terminal cytoplasmic tail of ERManI (Pan et al. 2013), as well as the

co-immunoprecipitation of ERManI/MAN1B1 with a misfolded monomeric AAT

variant degraded by 26S proteasomes (Pan et al. 2013). In addition, we observed

that removal of the catalytic domain does not prevent or even hinder recombinant

ERManI/MAN1B1 from inducing proteolytic degradation (Iannotti et al. 2014) and

then identified a conserved decapeptide sequence (conserved among vertebrate

orthologs) within the remaining stem domain that is essential for both

co-immunoprecipitation and proteolytic degradation of misfolded AAT (Iannotti

et al. 2014). Because the elevated expression of recombinant ERManI/MAN1B1

will inappropriately target newly synthesized wild-type AAT and transferrin for

proteasomal degradation (Wu et al. 2003), this combination of recent findings fits a

model in which ERManI/MAN1B1 contributes to the functioning of a unique cargo

capture and retrieval complex that manages proteins, like AAT, that escape the ER

as part of the normal folding and trafficking itinerary (Iannotti et al. 2014). Because

ERManI/MAN1B1 is not utilized in conventional ERAD, and the knockdown of

EDEMs 2 and 3 does not interfere with proteasomal degradation mediated by

ERManI/MAN1B1 (E. Young, unpublished observations), we conclude that

ERManI/MAN1B1 contributes to the operation of a newly discovered unconven-

tional ERAD branch in higher eukaryotes (Fig. 13.3). In our opinion, the existence

of this additional unconventional ERAD branch to the preexisting conventional

ERAD system (Brodsky 2012) likely represents an evolutionary expansion of the

proteostasis network (Balch et al. 2008; Iannotti et al. 2014) whose operation is

governed by distinct mechanistic principals, including the exclusion of oligosac-

charide degradation signals on the protein substrate to promote proteasomal degra-

dation (Iannotti et al. 2014).
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13.4 AAT Polymerization and Autophagic Disposal

The fate of misfolded, monomeric AAT has been discussed up to this point.

However, approximately 95 % of patients that exhibit severe AAT deficiency are

homozygous for the proteinase inhibitor Z (PI Z) variant (incidence of homozygos-

ity is ~1/1800 live births) (Sifers et al. 1992; Crowther et al. 2004). A single amino

acid substitution (Glu394Lys) at the base of the reactive center loop diminishes the

molecule’s secretion in response to hindered folding kinetics (Lomas et al. 1992),

such that only a very small fraction of monomers are secreted from hepatocytes

(Le et al. 1992; Qu et al. 1996). The mutation promotes the specific conformational

rearrangement of a late, monomeric folding intermediate (Fig. 13.1) that favors

subsequent polymerization (Yu et al. 1995). Several mechanisms of polymerization

have been proposed and will be the subject of a chapter within this series. Never-

theless, intermolecular polymerization also underlies the severe deficiency

Fig. 13.3 Nonnative alpha1-antitrypsin monomers are managed by an unconventional ERAD

branch. The newly synthesized alpha1-antitrypsin (AAT) polypeptide is translocated from the

cytoplasm (Cyto) into the endoplasmic reticulum (ER) where it is glycosylated and bound to a

variety of molecular chaperones (step1). Rather than remaining in the ER, it is eventually

transported to a post-endoplasmic reticulum (post-ER) compartment (step 2) where it is captured

by one or more presumptive cargo receptors (factor X). Retrieval of the chaperone-bound AAT

folding intermediate back to the ER (step 3) allows the alpha1-antitrypsin polypeptide to reengage

with the polypeptide folding machinery, allowing for conformational maturation (AAT) (step 4)

and secretion. For AAT molecules that fail to correctly fold, ERManI/MAN1B1 (factor M)

eventually associates with the AAT-cargo receptor complex (step 5). Existence of ERManI/

MAN1B1, as a new member of the retrieval complex, plays a deterministic/adaptor role that

promotes proteasomal elimination of associated AAT. Currently, it is suspected that the experi-

mental elevation of ERManI/MAN1B1 enhances the rate in which step 5 occurs, thereby enhanc-

ing the elimination of misfolded AAT as well as the newly synthesized wild-type polypeptide

(asterisk). Presently, it is assumed that polymerization of the late folding intermediate occurs

following step 3 and possibly triggered by repeated introduction to the acidic environment of post-

ER compartments
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associated with the rare Siiyama (Ser-53Phe) and Mmalton (deletion of residue 52)

deficiency variants of AAT, plus the milder deficiency variants designated

S (Glu264Val) and I (Arg39Cys) (Lomas and Mahadeva 2002). Metabolic pulse-

chase radiolabeling studies have convincingly demonstrated that the rate in which

the monomeric Z variant is subject to intracellular transport is greatly hindered as

compared with correctly folded monomers (Le et al. 1990; Teckman and Perlmutter

1996; Teckman et al. 2001). The structural anomaly is considered pathogenic

because mutations suspected to most favor polymerization also coincide with the

greatest risk of liver injury and most severe plasma deficiency (Carrell et al. 1997).

Moreover, several members of the serpin family exhibit mutations that result in

their spontaneous polymerization, intrahepatic retention, and plasma deficiency.

Identification of the common molecular mechanism has allowed for the different

disorders to be designated a new class of disorders called the serpinopathies
(Lomas and Mahadeva 2002). Finally, the recent use of a monoclonal antibody

specific for the detection of AAT polymers led to the detection of Z polymers in

emphysematous tissue that colocalized with neutrophils in the lung alveoli (Lomas

and Mahadeva 2002). Therefore, polymerization not only limits the secretion of

AAT from hepatocytes but might also directly contribute to the destruction of lung

elastin fibers. The proinflammatory nature of the material was further substantiated

by the influx of neutrophils into the lungs of mice instilled with polymers. Based on

these observations, one must now consider whether the chemoattractant nature of Z

polymers might promote the progression of severe lung damage.

Although accumulation of the Z variant induces ER stress, several reports have

convincingly demonstrated that the classical unfolded protein response (UPR)

pathway is not activated either in transfected cultured cell lines or in transgenic

mice (Graham et al. 1990; Hidvegi et al. 2005). The exact mechanism(s) by which

the accumulated polymers lead to cellular injury is currently under intense investi-

gation and includes augmented transcription of nuclear factor-B (Hidvegi

et al. 2005) and a marked autophagic response that strongly correlates with the

absolute amount of the mutant protein accumulated within the individual cell

(Teckman and Perlmutter 2000). Stimulation of the apoptotic cascade with specific

patterns of both mitochondrial autophagy and mitochondrial injury has also been

detected (Teckman and Perlmutter 2000; Teckman et al. 2004). Based on these

findings, plus the successful use of autophagy enhancers as an experimental thera-

peutic treatment (Hidvegi et al. 2010), it is now apparent that autophagy is playing a

pivotal role in endeavoring to remove the accumulated material in an attempt to

protect hepatocytes from injury.

13.5 Genetic Modifier of the End-Stage Liver Disease

Importantly, accumulation of polymerized AAT is apparently necessary, but not

sufficient, to promote liver disease. In fact, only a subset (10–15 %) of patients who

accumulate Z polymers in the hepatocyte ER actually develop clinically relevant

liver disease (Perlmutter 1993; Qu et al. 1997). Because patients with liver disease
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exhibit extensive phenotypic variability in terms of the time of disease onset

(Perlmutter 2000), the involvement of genetic modifiers is suspected to control

the rate at which the disease is manifested and possibly its severity. Notably, Z

polymers accumulate in the distended hepatocyte ER (Carlson et al. 1989; Graham

et al. 1990), rather than in the cytoplasm, implying that an early step in the disposal

process may lack the ability to initially target the secretion-impaired molecules into

the cytoplasm. In support of this notion, a delay in the degradation of the Z variant

has been observed in transduced fibroblasts from patients who eventually

underwent liver transplantation (Wu et al. 1994), implying that the intracellular

degradation process likely contributes to disease pathogenesis. One suggestion is

that severe liver injury results from a greater burden (Perlmutter 1991) of

accumulated Z polymers in response to their impaired intracellular clearance.

Because a monomeric folding intermediate functions as the direct precursor of

toxic AAT polymers, and ERManI/MAN1B1 contributes to the elimination of the

monomer, we asked whether a single-nucleotide polymorphism in the human

MAN1B1 gene might contribute to phenotypic variability of the liver disease.

Therefore, genomic DNA was extracted from resected livers obtained during

transplantation to allow for the candidate gene approach. With the use of statistical

analyses, it was demonstrated that homozygosity for a single-nucleotide polymor-

phism (SNP) in the 30-untranslated region of the ERManI/MAN1B1 mRNA tran-

script (i.e., the “A” nucleotide allele as rs4567) coincides with onset of end-stage

liver disease in Caucasian ZZ patients at 2 years of age or less, requiring orthotopic

liver transplantation (Pan et al. 2009). In the inclusion of addition of quantifiable

biochemical methodology in a set of functional assays, it was then concluded that

the “A” allele of the SNP induces the conditional suppression of ERManI/MAN1B1

translation in response to ER stress caused by the intracellular accumulation of the

Z variant. Even more recently, a combination of predictive algorithms and miRNA

profiling determined that the “A” allele was responsible for generating a new

microRNA (miRNA) binding site and that elevated concentrations of the

corresponding miRNA are sufficient to suppress the translation of endogenous

ERManI/MAN1B1 in a SNP-dependent manner in both transfected laboratory

cell lines and genotyped ZZ patient fibroblasts (S. Pan, unpublished observation).

Based on these findings, a model has been proposed in which the single-nucleotide

polymorphism generates a conditional hypomorphic allele for ERManI/MAN1B1

that, when inherited in a homozygous fashion, can impair the liver’s capacity to

efficiently degrade Z polymers, thereby accelerating the rate at which toxic

polymers are formed, accelerating the attainment of a toxic threshold. It should

be noted that homozygosity for the SNP is not sufficient to promote the develop-

ment of liver disease in most ZZ patients (Qu et al. 1997; Perlmutter 2000),

indicating that it likely functions as a disease modifier and that the underlying

major causal defect is still unknown. Nevertheless, these observations support

the notion that proteasomal elimination of the newly synthesized Z monomeric

intermediate, which is the direct precursor for the formation of polymers, is directed

by the unconventional ERAD branch for which ERManI/MAN1B1 plays a

pivotal role.
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13.6 Conclusions and Future Directions

The analysis of AAT as a secreted serpin has played a major role in identifying the

proteostasis machinery of the secretory pathway and defining the principles by

which the network operates. The information led to the discovery of roles played by

asparagine-linked oligosaccharides in the facilitation of glycoprotein folding and

orchestration of the conventional ERAD system. More recently, the identification

of a novel unconventional ERAD branch has emerged in which a putative cargo

receptor must still be identified, and the deterministic role played by bound

ERManI/MAN1B1 must be clearly defined at a mechanistic level. If it holds true

that the catalytic activity of ERManI/MAN1B1 is dispensable for its role in

unconventional ERAD, then it is likely that its role in biology has been repurposed

during evolution. Additional future pursuits will be designed to understand how the

unconventional ERAD pathway emerged during the evolution of cellular compart-

mentalization and to elucidate the underlying mechanistic principles in which the

new system operates under basal and stress conditions.

The contribution of a lowered ERManI/MAN1B1 concentration in accelerating

the onset of the end-stage liver disease is a clinically relevant observation that must

be further analyzed and may be amenable to the use of synthetic complimentary

antagomers to diminish the expression of the responsible microRNA. Therefore, the

underlying biology of both ERManI/MAN1B1 and the unconventional ERAD

branch will be further investigated as sources for new prognostic indicators and

novel sites for therapeutic intervention of both the liver disease and lung diseases

(Fig. 13.4), plus elucidation of their roles in promoting the phenotypic variability of

both disorders.

Fig. 13.4 Potential treatment options for associated conformational diseases. Knowing themanner

in which the conformational maturation and elimination of the alpha1-antitrypsin monomer is

orchestrated, plus having identified most of the corresponding molecular machinery, several

potential options have conceptually emerged to treat the associated liver and lung diseases. One

option is to use interfering RNAi technology to selectively hinder the synthesis of the alpha1-

antitrypsin polypeptide. This is a reasonable strategy because the formation of toxic polymers

should be halted, and additional genetic and/or environmental factors are apparently necessary for

lowered circulating levels of the inhibitor to cause lung disease. Another proposed option is to use

combinations of pharmacological chaperones to increase the efficiency of conformational matura-

tion. This strategy is predicted to diminish both polypeptide misfolding and polymerization,

allowing for more protein to be secreted. In another strategy, attempts will be made to enhance

the efficiency of unconventional ERAD. This should prevent the formation of toxic polymers and

should counteract the destructive role of the identified SNP rs4567 (see text). Finally, early attempts

to enhance autophagy are being explored to prevent the intracellular accumulation of toxic polymer
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Abstract

The endoplasmic reticulum (ER) is an essential compartment for the synthesis

and maturation of transmembrane and secretory proteins. Perturbations of pro-

tein folding by environmental or genetic factors result in the accumulation of

misfolded proteins within the lumen of the ER. This leads to ER stress, a state

defined as an imbalance between the rate of secretory protein synthesis and the

capacity of the ER to fold new client proteins. The unfolded protein response

(UPR) and the ER overload response (EOR) are two stress-induced signalling

pathways emanating from the ER during the accumulation of either misfolded or

well-folded client proteins, respectively. The serpins are unique as a class of

proteins, since naturally occurring mutations appear to cause disease by trigger-

ing either the UPR or the EOR depending upon the specific nature of the

mutation, such that different mutants of the same protein can preferentially
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trigger one or other response. Here, we discuss these signalling responses and

how study of the serpinopathies has shed light on this area of cell biology.

14.1 Endoplasmic Reticulum: Structure and Function

The endoplasmic reticulum (ER) is composed of an interconnected network of

tubular membranes and flattened cisternae in continuity with the nuclear membrane

that together enclose an internal space, the ER lumen, that is topologically

separated from the cytosol (Voeltz et al. 2002). It is a multifunctional organelle

involved in the synthesis, folding and maturation of secreted and transmembrane

proteins prior to their trafficking along the secretory pathway. An appropriate

balance between the load of client proteins within the ER and the folding capacity

of the organelle is essential for its proper function. The ER is also the major site for

the intracellular storage of calcium, which can be released to mediate intracellular

signalling (Rutkowski and Kaufman 2004). Since many of the chaperones within

the ER lumen have evolved to function only in a high calcium environment to

facilitate productive folding of proteins, depletion of ER calcium stores can precip-

itate secretory protein misfolding (Lievremont et al. 1997).

ER proteins that misfold will fail to pass the ER quality control checkpoint that

ensures only correctly folded proteins exit the ER (Ellgaard and Helenius 2003).

Such misfolded ER client proteins are retained within the lumen of ER where

repeated cycles of interaction with ER-resident chaperones continue to promote

folding towards the native conformation (Fewell et al. 2001; Chambers and

Marciniak 2014). However, proteins that remain misfolded are eventually degraded

either by specific ER-associated protein degradation (ERAD) (McCracken and

Brodsky 1996; Meusser et al. 2005; Vembar and Brodsky 2008) or by autophagy

of portions of the ER and its contents (Ravikumar et al. 2010). When protein-

folding homeostasis (proteostasis) fails, misfolded proteins can accumulate within

the lumen and lead to ‘ER stress’ (Marciniak and Ron 2006; Walter and Ron 2011).

Eukaryotic cells have therefore evolved a surveillance system to sense and respond

to ER stress by activating a homeostatic pathway termed the ‘unfolded protein

response’ (UPR) (Walter and Ron 2011) (Fig. 14.1). Ultimately, if the cell fails to

re-establish proteostasis, ER stress leads to programmed cell death by apoptosis

(Tabas and Ron 2011).

The precise mechanism by which the UPR is triggered remains a matter for

debate. One model suggests that when the level of free BiP falls owing to an

increased load of misfolded protein, it releases transmembrane signalling molecules

PERK, IRE1 and ATF6 from an inhibitory interaction (Bertolotti et al. 2000; Shen

et al. 2002). This links the activation of the UPR to BiP’s known interaction with

exposed hydrophobic residues of incompletely folded and misfolded proteins

(Gething et al. 1986; Dorner et al. 1992). However, it has been reported that mutants

of yeast Ire1p lacking the BiP-interaction site remain able to respond to ER stress

(Kimata et al. 2004; Pincus et al. 2010). An alternative model suggests that these ER
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Fig. 14.1 Signalling responses from the lumen of the endoplasmic reticulum (ER). Newly

synthesised serpin molecules enter the ER cotranslationally, are folded by resident chaperones

and continue along the secretory pathway. (1) Polymers of mutant serpins activate NF-κB via a

calcium-dependent ER overload response (EOR) triggering pro-inflammatory responses. (2) In a

cell type-dependent manner, serpin mutants are eliminated either by autophagy of insoluble

polymers or by ER-associated degradation (ERAD) of soluble monomers. (3) The presence of

serpin polymers makes the ER hypersensitised to the activation of the unfolded protein response

(UPR) in response to a second insult. PERK attenuates global translation while increasing ATF4

synthesis; IRE1 initiates splicing of XBP1 mRNA; and ATF6 is cleaved to a soluble transcription

factor (ATF6c). Ultimately, these pathways enable the cell to adapt to ER stress by inducing

chaperones and protein degradation machinery or else trigger cell death
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stress sensors can interact directly with misfolded proteins (Credle et al. 2005;

Gardner and Walter 2011). These two models are not mutually exclusive, but they

both stress the importance of elevated misfolded protein as the trigger. It is therefore

unsurprising that the accumulation of well-folded proteins within the ER lumen fails

to activate the UPR (Hidvegi et al. 2005; Davies et al. 2009). Instead, such well-

folded proteins have been shown to induce a distinct and less well-understood stress

pathway called the ‘ER overload response’ (EOR) characterised by NF-κB activa-

tion (Pahl and Baeuerle 1995; Lawrence 2009) (Fig. 14.1).

14.2 ER Dysfunction and Serpinopathies

In this chapter, we will explore the role of ER stress pathways in the development of

the serpinopathies, diseases caused by point mutants of serine protease inhibitors
(serpins) (Lomas and Mahadeva 2002). An unusual feature of the serpinopathies is

that many of their point mutants accumulate as large polymerised assemblies of

relatively well-folded protein, e.g. Z (E342K) α1-antitrypsin (Lomas et al. 1992;

Yamasaki et al. 2008, 2011). Ordered polymers of serpin molecules are not

trafficked but instead accumulate as inclusions within the ER (Granell et al. 2008;

Miranda et al. 2008; Ordonez et al. 2013) (Fig. 14.2a). Although the mechanism of

polymer toxicity is not fully understood, these mutant proteins cause disease both in

the synthesising tissue by a toxic gain of function (Dycaico et al. 1988) and at

distant sites through loss of function allowing uncontrolled proteolytic cascades

(Eriksson 1965; Elliott et al. 1998). In addition to these polymeric mutants,

serpinopathies have been associated with truncated (misfolding) variants (e.g. the

null Hong Kong (Sifers et al. 1988) and Saar (Faber et al. 1994) α1-antitrypsin) that
are efficient substrates for ERAD (Brodbeck and Brown 1992; Liu et al. 1997) and

potently induce ER stress if allowed to accumulate (Hidvegi et al. 2005; Ordonez

et al. 2013). As such, the serpinopathies are excellent models for the study of ER

dysfunction since well-characterised disease-associated and synthetic mutants of

the same protein can trigger either the UPR or the EOR depending upon the

consequence of each mutation for protein folding.

14.3 UPR and EOR Signalling

It appears that the accumulation of misfolded or of polymerised well-folded

proteins represents two distinct classes of stress to the cell, since not only are the

stress sensors distinct, but the downstream signalling differs (Ron and Walter 2007;

Pahl and Baeuerle 1995) (Fig. 14.1). But, whereas the UPR has been studied

extensively, the EOR remains somewhat mysterious.
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14.3.1 Unfolded Protein Response

ER stress can be defined as the threat that misfolded protein will accumulate within

the ER. Factors that cause ER stress do so by impairing protein maturation by a
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Fig. 14.2 Polymers of α1-antitrypsin disrupt ER morphology, impair luminal protein mobility

and increase sensitivity to ER stress. (a) Representative live cell image (left panels), immunofluo-

rescence (middle panels) and electron micrograph (right panels) of CHO-Tet-On cell lines

expressing either M (wild type) or Z human α1-antitrypsin. For live cell images, cells were

co-transfected with the ER fluorescent marker, KDEL-RFP (or ER-RFP). For immunofluores-

cence, cells were fixed and co-immunostained with an α1-antitrypsin polyclonal antibody and ER

protein marker (BiP). For electron micrographs, left panels represent whole cell, with higher

power images shown in the right panels. Black arrows indicate the ER cisterns. Inclusion bodies

were only identified in micrographs of the polymerogenic mutant (Z α1-antitrypsin). (b) Fluores-
cence recovery after photobleaching (FRAP) analysis of M and Z α1-antitrypsin-expressing cells

demonstrating impaired ER protein mobility on the expression of Z α1-antitrypsin. (c) Fluores-
cence loss in photobleaching (FLIP) analysis of cells expressing Z α1-antitrypsin cells and ER-RFP
within both a tubular ER network cell and an α1-antitrypsin polymer-filled ER. (d) ATF6 activa-

tion during weak induction of ER stress with the indicated doses of tunicamycin (Tm) for 16 h. α1-
Antitrypsin expression was induced for 48 h. Twenty-four hours prior to lysis, cells were

transfected for 6 h with an ATF6-luciferase reporter. Reproduced from Ordonez et al. (2013)

with permission
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number of means: through a deficiency of energy, through impaired chaperone

function (e.g. impaired N-glycosylation on treatment of tunicamycin or depletion of

ER calcium on treatment with the SERCA pump inhibitor thapsigargin), through

lipid deprivation, or through difficult (or impossible) to fold mutated client proteins.

The UPR of mammals, mediated by IRE1, PERK and ATF6, alleviates ER stress

through several mechanisms (Fig. 14.1). There is an immediate lessening of

secretory protein synthesis, which reduces the influx of newly synthesised client

proteins into the lumen and thus helps prevent the ER from being further

overwhelmed (Harding et al. 1999). Next, folding capacity is increased through

enhanced expression (Kozutsumi et al. 1988; Dorner et al. 1992) and activation of

dormant ER-resident chaperones (Flynn et al. 1991; Blond-Elguindi et al. 1993;

Chambers et al. 2012), while expansion of the ER membrane allows these

components to be accommodated without increased molecular crowding (Bernales

et al. 2006; Schuck et al. 2009). In parallel, the efficient degradation of misfolded

proteins is enhanced via upregulation of ERAD components (Travers et al. 2000)

(Fig. 14.1).

IRE1 is the most conserved of the ER sensors being found in all eukaryotes (Cox

et al. 1993). It has a cytoplasmic domain with kinase and nuclease activities. During

ER stress, oligomerisation of IRE1 leads to its trans-autophosphorylation, which
activates the endoribonuclease domain (Sidrauski and Walter 1997). One function

of this domain is to initiate the unconventional splicing of X-box binding protein-1

(XBP1) mRNA (Calfon et al. 2002). This is achieved by excising an intron that,

following religated by RtcB, causes a frameshift in XBP1 generating the transcrip-

tion factor XBP1s (Calfon et al. 2002; Lu et al. 2014b). Targets of XBP1s include

many UPR genes involved in protein folding and ERAD (Yamamoto et al. 2007). In

addition, IRE1 has been shown to degrade many other mRNAs encoding secretory

proteins, both because of their proximity to the ER membrane and because of

specific IRE1 cleavage sites (So et al. 2012). This so-called regulated IRE1-

dependent mRNA decay (RIDD) contributes to the off loading of the organelle

and frees ribosomes to translate mRNAs of UPR target genes (Hollien et al. 2009).

IRE1 has additional signalling functions beyond its nucleolytic activity, with

prolonged activation being linked to cell death through a pro-apoptotic IRE1-

TRAF2-JNK signalling pathway (Urano et al. 2000). The cytoplasmic domain of

IRE1 interacts with the adaptor protein TRAF2 that ultimately activates Jun amino-

terminal kinases (JNKs) that interact with pro-apoptotic components such as

caspase-12 (Yoneda et al. 2001). It is worth noting, however, that active caspase-

12 is restricted to humans from sub-Saharan Africa, suggesting the additional ER

stress death pathways must exist (Saleh et al. 2004).

PERK is a protein kinase that mediates the translational effects of ER stress by

phosphorylating the translation initiation factor eIF2α (Harding et al. 1999). Once

phosphorylated, phospho-eIF2α potently inhibits the activity of its own guanine

nucleotide exchange factor, eIF2B, and thus global protein synthesis is inhibited.

However, phosphorylation of eIF2α also promotes the translation of a subset of

mRNAs, notably that encoding activating transcription factor 4 (ATF4), whose

target genes include amino acid transporters and antioxidant factors that contribute
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to the cell’s adaptation to stress (Harding et al. 2000). ATF4 also induces expression

of the transcription factor CHOP, and then together ATF4 and CHOP induce

GADD34 (Novoa et al. 2001, 2003). GADD34, which is also known as

PPP1R15A owing to its role as a regulatory subunit of protein phosphatase

1 (PP1), selectively dephosphorylates eIF2α and so completes a negative feedback

loop promoting the recovery of protein translation (Novoa et al. 2001, 2003;

Marciniak et al. 2004). During chronic ER stress, the recovery of protein translation

mediated by this ATF4–CHOP–GADD34 axis can contribute to cellular toxicity

(Marciniak et al. 2004). Recently, it has been suggested that death receptor 5 (DR5)

is induced during ER stress by CHOP and contributes to cell death (Lu et al. 2014a).

During transient ER stress, IRE1 degrades DR5 mRNA via RIDD to prevent death,

but during chronic stress, the eventual deactivation of IRE1 may enable DR5 to be

synthesised leading to activation of apoptosis.

The third branch of the UPR is governed by ATF6. During ER stress, this protein

traffics from the ER to the Golgi apparatus where it is cleaved by resident proteases

that release its cytoplasmic domain (ATF6c) (Haze et al. 1999). This is a transcrip-

tion factor that translocates to the nucleus to upregulate genes containing ER stress

response elements (ERSE), such as BiP (Chen et al. 2002). Since ATF6 can also

induce XBP1 expression, this arm of the UPR can synergise with IRE1 signalling

(Yoshida et al. 2001).

14.3.2 ER Overload Response

In 1995, Pahl and colleagues reported that the accumulation of well-folded proteins

within the ER initiated nuclear factor κB (NF-κB) signalling via a poorly defined

mechanism that was termed the ER overload response (EOR) (Pahl and Baeuerle

1995). This was initially described in the context of viral infection, but the

overexpression of other proteins within the ER, such as MHC class I or the

ΔF508 mutant of CFTR, also induces NF-κB signalling indicating that the EOR

is not limited to viral protein accumulation (Pahl et al. 1996; Knorre et al. 2002).

Subsequently, studies linked activation of NF-κB to the accumulation of proteins

within the ER lumen, including ordered polymers of α1-antitrypsin and neuroserpin
(Lawless et al. 2004; Hidvegi et al. 2005; Davies et al. 2009; van’t Wout

et al. 2014). Therefore, the term EOR is used for the cellular response elicited by

the ER retention of proteins that have achieved their native or near-native

conformations.

When inactive, NF-κB is located in the cytoplasm bound to its inhibitor, IκB.
External stimuli or endogenous stimuli can induce degradation of IκB to release

NF-κB which translocates into the nucleus where it upregulates pro-inflammatory

and immune-modulatory factors (Fig. 14.1). The precise mechanism by which ER

overload activates NF-κB remains unclear, but the use of small molecule

antagonists supports a role for the release of ER calcium into the cytoplasm and

subsequent generation of reactive oxygen species (ROS) (Pahl and Baeuerle 1996;

Davies et al. 2009), although definitive studies are required to define the mechanism
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by which distention of the ER leads to calcium release. It is important to distinguish

activation of NF-κB during the EOR from its activation during ER stress, since

these appear to be distinct processes. While the EOR involves active degradation of

IκB, the UPR can cause NF-κB signalling in a different manner. The inhibition of

cap-dependent mRNA translation by PERK during ER stress can be sufficient to

block synthesis of IκB if the stress is severe (Jiang et al. 2003). Because the half-life

of IκB is shorter than that of NF-κB, eventually sufficient free NF-κB is available to

activate its downstream transcriptional programme simply through failure to

synthesise its inhibitor. More recently, it has been suggested that IRE1 can form a

complex with the inhibitor κB kinase (IKK) through TRAF2, leading to phosphor-

ylation and degradation of IκB (Tam et al. 2012).

14.4 Do Serpin Polymers Activate the UPR, EOR or Both?

The ability of ER stress sensors to initiate NF-κB signalling and the relatively

opaque nature of EOR signalling have led some to argue that the EOR is little more

than a weak UPR. In this regard, the serpinopathies represent a powerful tool with

which to examine this question, in that they can result from the retention of ordered

polymers of protein within the ER, but classical misfolding mutants for the same

proteins also exist (Irving et al. 2011). Serpins whose mutants are prone to

polymerisation include antithrombin (Bruce et al. 1994; Picard et al. 2003),

C1-inhibitor (Aulak et al. 1993; Eldering et al. 1995) and α1-antichymotrypsin

(Faber et al. 1993; Poller et al. 1993), causing thrombosis, angioedema and emphy-

sema, respectively. Arguably, however, the most characterised serpinopathies

result from point mutations of SERPINA1 (encoding α1-antitrypsin), causing cir-

rhosis (Eriksson et al. 1986) and emphysema (Elliott et al. 1998), and of SERPINI1
(encoding neuroserpin) in the rare dementia familial encephalopathy with

neuroserpin inclusion bodies (FENIB) (Davis et al. 2002). Ordered polymers of

α1-antitrypsin are seen in tissue of patients expressing the E342K, ‘Z’ allele or the

H334D mutant (Lomas et al. 1992; Miranda et al. 2010), while polymers of

neuroserpin occur within neurons in the brains of S52R and G392E FENIB patients

(Davis et al. 1999; Coutelier et al. 2008). In contrast, the naturally occurring

truncated NHK mutant of α1-antitrypsin caused by the C-terminal truncation of

61 residues and addition of 15 new amino acids (Sifers et al. 1988) or the synthetic

truncation of neuroserpin (ΔNS) lacking the C-terminal 134 residues (Davies

et al. 2009) are both efficiently degraded by ERAD, which prevents their accumu-

lation (Muensch et al. 1986; Brodbeck and Brown 1992).

It is well known that the truncated mutants of α1-antitrypsin and neuroserpin

invoke the UPR, and they have been used in many studies as positive controls for

ER stress (Davies et al. 2009; Kroeger et al. 2009; Ordonez et al. 2013). In contrast,

the response of cells to the expression of polymerogenic serpins has been the

subject of much debate with apparently conflicting reports that polymers of protein
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within the ER lumen do (Carroll et al. 2010; Schipanski et al. 2013) or do not trigger

the UPR (Graham et al. 1990; Lawless et al. 2004; Hidvegi et al. 2005; Davies

et al. 2009; Ordonez et al. 2013; van’t Wout et al. 2014, 2015).

The first observation that polymers of Z α1-antitrypsin do not activate the UPR

was made in 1990 (Graham et al. 1990), when studies performed in primary

hepatocytes from ZZ α1-antitrypsin transgenic mice showed levels of BiP to be

unaffected. Remarkably, they also showed that polymers triggered cells to

upregulate BiP more than in wild-type α1-antitrypsin-expressing cells upon treat-

ment with an ER stress inducer or ‘second hit’. A subsequent study using Chinese

hamster ovary (CHO) and human embryonic kidney (HEK) 293 cell lines tran-

siently expressing either wild-type or Z α1-antitrypsin suggested that accumulation

of Z α1-antitrypsin increased BiP and GRP94 expression consistent with activation

of the UPR (Lawless et al. 2004). Interestingly, this was only observed in combina-

tion with a second stress, such as tunicamycin or incubation at 42 �C. Moreover,

under unstressed conditions, the expression of Z α1-antitrypsin failed to increase the
phosphorylation of eIF2α. Tet-Off HeLa cell lines (human cervical carcinoma)

made to express Z α1-antitrypsin did not increase the expression of either BiP

or GRP94 acutely (2 days) or chronically (7 days) (Hidvegi et al. 2005).

More recently, stable Tet-On CHO or PC12 (rat pheochromocytoma) cell lines

expressing polymerogenic of either variants α1-antitrypsin (E342K and H334D)

(Ordonez et al. 2013) or neuroserpin (S53R and G392E) (Davies et al. 2009) were

developed to examine UPR signalling in more depth. Both lines showed no

induction of UPR target proteins (BiP, GRP94 or PDI) nor activation of proximal

signalling pathways (splicing of XBP1 or activation of an ATF6 reporter), but

retention of polymers of α1-antitrypsin significantly sensitised cells to activation of

the UPR by a second insult (Ordonez et al. 2013). More recently, studies with

transgenic mice expressing the mutant S49P neuroserpin have reported UPR acti-

vation in neuron suggesting that tissue-specific difference may exist (Schipanski

et al. 2013).

We recently observed that primary bronchial epithelial cells isolated from PiZZ

patients show no evidence of constitutive ER stress when grown in vitro with

normal levels of XBP1s, CHOP and GADD34 mRNA and normal levels of chaper-

one proteins (van’t Wout et al. 2014). Similarly, stable Tet-On A549 lung carci-

noma cells induced to express Z α1-antitrypsin did not activate the UPR. In both

cases, however, neither cell type could accumulate detectable levels of polymers of

α1-antitrypsin. This may plausibly reflect the low expression of α1-antitrypsin in

lung epithelial cells, approximately 100-fold lower than hepatocytes, and the

concentration dependence of serpin polymerisation (van’t Wout et al. 2014). Of

note, in these cells, expression of Z α1-antitrypsin did not affect the sensitivity of

the UPR.

Despite much evidence that ordered serpin polymers do not evoke a UPR, it was

recently suggested that the accumulation of mutant α1-antitrypsin in monocytes

isolated from homozygous PiZZ α1-antitrypsin patients was associated with

increased mRNA levels of several UPR target genes including BiP, GRP94,
Derlin-1 and p97 (Carroll et al. 2010). This might reflect a tissue-specific effect
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of serpin polymers, although a subsequent study failed to replicate those findings in

PiZZ patient-derived monocytes or in monocyte-derived macrophages (van’t Wout

et al. 2015). Moreover, like the airway epithelium, monocytes and monocyte-

derived macrophages appear to make insufficient α1-antitrypsin to generate

polymers.

Several groups have independently reported that polymerogenic serpins such as

Z α1-antitrypsin and S52R or G392E neuroserpin initiate NF-κB signalling inde-

pendent of the UPR (Hidvegi et al. 2005; Lawless et al. 2004; Davies et al. 2009;

van’t Wout et al. 2014). How serpin polymers (or any trigger of the EOR) might

activate NF-κB remains to be elucidated fully, but early studies implicated cyto-

solic calcium as a component of the signalling pathway (Carlson et al. 1989). It is

plausible that the marked changes to the ER structure caused by the accumulation of

polymers might disrupt ER calcium homeostasis leading to release into the cytosol

(Fig. 14.2a, electron microscopy) (Ordonez et al. 2013). Our own work has shown

that chelation of intracellular, but not extracellular calcium, ameliorates the activa-

tion of NF-κB in a cell culture model of FENIB (Davies et al. 2009). However,

recent work has shown that in primary bronchial epithelial cells from PiZZ α1-
antitrypsin patients NF-κB signalling is active despite the absence of detectable

polymers (van’t Wout et al. 2014). It was shown that NF-κB activation in this case

was mediated through hyperactivity of the ERK signalling pathway in a manner

dependent upon ADAM17. The mechanism for hyperactivation of the ERK signal-

ling pathway in cells deficient in α1-antitrypsin is unclear. It has been suggested α1-
antitrypsin can inhibit ADAM17, an enzyme responsible for the generation of

EGFR ligands upstream of ERK signalling (Bergin et al. 2010), but detailed

analysis of ADAM17 in vitro recently failed to replicate this (van’t Wout

et al. 2014).

On balance, it appears likely that overloading the ER with polymers of mutant

serpin molecules does not efficiently activate a classical UPR in most cell types

(Graham et al. 1990; Lawless et al. 2004; Hidvegi et al. 2005; Davies et al. 2009;

Ordonez et al. 2013). It has been proposed that serpins polymerise via the insertion

of a reactive centre loop into the underlying beta sheet of an adjacent molecule

(Lomas et al. 1992). This model suggests that both monomer and polymer will

present few (or no) residues to the environment that are normally buried in their

native structure, and so interaction with chaperones, in particular with BiP, the

putative master regulator of the UPR, would appear unlikely. Recently, a competing

model for polymerisation has emerged in which individual protomers exchange

larger domains during polymerisation, as was shown for a stable trimer of α1-
antitrypsin formed by denaturation-renaturation (Yamasaki et al. 2011). It seems

unlikely that the specific domain swap observed in that crystal structure occurs

naturally since polymer-selective monoclonal antibodies that recognise polymers

generated in vivo fail to recognise polymers formed by similar refolding of dena-

tured α1-antitrypsin (Ekeowa et al. 2010). However, the possibility that other

domain swaps might play some role in serpin polymerisation persists (Yamasaki

et al. 2011). In fact, the ER chaperones BiP, GRP94 and GRP170 have been shown

to interact with mutant α1-antitrypsin retained within the ER (Schmidt and
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Perlmutter 2005), whereas other studies suggest association with BiP but not with

GRP94 (Cabral et al. 2002). This therefore remains a fertile and important area for

research.

We recently made use of live cell imaging techniques to examine the relative

mobilities of proteins within the ER in cells expressing wild-type or polymerogenic

mutants of α1-antitrypsin, since one could imagine that polymer accumulation

could impede protein movement either directly or through alterations to ER struc-

ture (Ordonez et al. 2013). Using photobleaching techniques, we demonstrated that

accumulation of serpin polymers within the ER impaired the mobility of other

soluble marker proteins (Fig. 14.2b, c), which correlated with their increased

susceptibility of affected cells to ER stress caused by a second insult (Ordonez

et al. 2013). Based on these observations, we proposed a model in which impaired

mobility of ER chaperones due to the accumulation of ER polymers might increase

heterogeneity within the organelle. That is to say, localised mismatches in the load

of client proteins and the availability of chaperones might result from the reduced

protein diffusion, either through increased viscosity of the luminal environment or

because of changes to the normal ER structure. This would render the cell vulnera-

ble to regional defects in protein homeostasis and so increase the likelihood of

activating the UPR during mild ER stress (Fig. 14.2d).

Subcellular fractionation has suggested that ER inclusion bodies containing

serpin polymers are physically separated from the main ER network (Granell

et al. 2008). Further studies are required to determine if such inclusions might

communicate with the ‘healthy’ ER and whether this aids the cell to withstand the

ultrastructural changes that accompany polymer formation.

14.5 Consequences of Stress Signalling in the Serpinopathies

The lack of functional α1-antitrypsin may also have additional pro-apoptotic

effects. Accumulation of Z α1-antitrypsin has been linked with the activation of

ER-associated caspase-12 in mice and caspase-4 in human cells (Hidvegi

et al. 2005). The precise mechanisms are unclear, although BAP31, an integral

membrane protein involved in the ER retention of several proteins, has been

suggested to mediate pro-apoptotic signals between the ER and mitochondria

during accumulation of Z α1-antitrypsin (Schamel et al. 2003). Indeed, mitochon-

drial dysfunction has been described in mouse models of α1-antitrypsin deficiency

and in the livers of PiZZ patients (Teckman et al. 2004).

It is curious that although PiZZ patients frequently show evidence of intra-

luminal α1-antitrypsin accumulation, only 10 % of patients develop clinically

relevant liver disease (Sveger 1976). Although this accumulation can induce cell

death, it appears also to cause hepatocellular proliferation and may contribute to the

development of hepatocellular carcinoma (Rudnick et al. 2004). It is tempting to

speculate that this might involve a ‘regenerative stimulus’ from dying cells to
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compensate for their loss. Equally, NF-κB signalling arising as part of the EOR may

also represent a cell-autonomous proliferative signal (Biswas et al. 2004). Polymers

of α1-antitrypsin are also detectable in the circulation of individuals with α1-
antitrypsin deficiency caused by polymerogenic mutations (Tan et al. 2014).

Owing to the pro-inflammatory nature of extracellular polymers, these may explain

the association of this disease with panniculitis and vasculitis (de Serres and Blanco

2014).

14.6 Degrading Serpins: ERAD and Autophagy

A proportion of all proteins made, even in health, will misfold. This is prevented

from causing harm by the identification and degradation of the offending proteins.

In the broadest terms, such proteins can be degraded by two main mechanisms.

The ubiquitin proteasome pathway tags misfolded proteins for destruction by the

addition of ubiquitin chains (Hiller et al. 1996; Brodsky and Wojcikiewicz 2009),

while macro-autophagy (often referred to simply as ‘autophagy’) involves the

engulfment of organelles or portions of the cytoplasm by specialised double-

membrane structures that fuse with lysosomes to degrade their contents (Ravikumar

et al. 2010) (Fig. 14.1).

There has been some controversy regarding the role of each of the two pathways

in the degradation of serpin polymers (Qu et al. 1996; Teckman and Perlmutter

2000; Kruse et al. 2006; Kamimoto et al. 2006; Kroeger et al. 2009). Mutant

α1-antitrypsin was among the first substrates shown to be degraded by ERAD

(Le et al. 1990, 1992; Werner et al. 1996; Liu et al. 1997, 1999). The NHK variant

of α1-antitrypsin caused by the C-terminal truncation of 61 residues cannot fold and

is efficiently cleared by ERAD (Sifers et al. 1988; Brodbeck and Brown 1992; Liu

et al. 1997). Accordingly, treatment of cells with lactacystin, an irreversible inhibi-

tor of the proteasome, reduces NHK α1-antitrypsin turnover by 90 % (Cabral

et al. 2000). ERAD has also been shown to be important in the degradation of

other variants, including polymerogenic Z α1-antitrypsin (Wu et al. 1994; Werner

et al. 1996; Qu et al. 1996; Teckman et al. 2001; Kroeger et al. 2009). Similarly,

polymerogenic variants of neuroserpin can be cleared by ERAD (Ying et al. 2011;

Kroeger et al. 2009; Roussel et al. 2013). Different cell types, however, differ in

their reliance upon ERAD for the degradation of polymeric serpins. For example, in

PC12 cells, ERAD is the dominant mechanism for the degradation of polymerising

neuroserpin, while in mouse embryonic fibroblasts, autophagy appears to be more

important (Kroeger et al. 2009).

Because the proteasome is located in the cytosol, if ER client proteins fail to

reach their native conformation, they are retrotranslocated to the cytosol to be

degraded by the proteasome (Kruse et al. 2006). Although the mechanism by

which these processes occur is not entirely clear, for N-glycoproteins interaction

240 A. Ord�o~nez and S.J. Marciniak



with lectin-like chaperones appears to be key (Ou et al. 1993; Hebert et al. 1995;

Liu et al. 1997). Serpins such as α1-antitrypsin are therefore ideal subtracts for the

study of this glycoprotein ERAD (GERAD) (Sifers 1992; Cabral et al. 2001, 2002).

The enzyme ER α-1,2 mannosidase I (ERManI) trims mannose residues from the

N-glycan of such proteins and in so doing generates an early signal for degradation

(Cabral et al. 2000, 2001; Fagioli and Sitia 2001). Accordingly, overexpression of

ERManI in cells improves the degradation of newly synthesised NHK and Z α1-
antitrypsin (Hosokawa et al. 2003), while treatment with chemical inhibitors of the

ERManI, e.g. kifunensine, has been shown to retard this (Wu et al. 2003). An

enzymatically inactive homologue of ERManI called EDEM also interacts selec-

tively with terminally misfolded glycoproteins like NHK α1-antitrypsin, to enhance
their GERAD (Hosokawa et al. 2006, 2010; Molinari et al. 2003).

Remarkably, although ERMan1 was thought to reside within the ER, recent

work showed that it cycles between the ER and Golgi apparatus and that its primer

site of action is within the Golgi (Pan et al. 2011; Iannotti et al. 2014). This suggests

that its substrates, including NHK α1-antitrypsin, are tagged for GERAD in the

Golgi before being returned to the ER (Pan et al. 2011). Indeed, ERManI has

recently been shown to be able to interact simultaneously with NHK α1-antitrypsin
in the lumen of the cis-Golgi and with γ-COP, a component of the vesicle coat on

the cytosolic side that mediates retrograde traffic of proteins from the Golgi to the

ER (Pan et al. 2013). Since only 10 % of patients with α1-antitrypsin deficiency

develop clinically apparent liver disease, other genetic or environmental factors

must contribute. Homozygosity for the minor allele of a polymorphism ofMAN1B1
(the gene encoding ERManI) has been reported to reduce expression levels and to

be overrepresented in infants who had required transplantation for ZZ liver disease

(Pan et al. 2009). A subsequent study failed to demonstrate an association between

this polymorphism and the development of established liver disease, which argues

that rather than causing liver disease, this variant may accelerate the onset of

disease (Chappell et al. 2009).

Early work suggested that targets of ERAD are returned to the cytosol by being

thread back through the pore composed of Sec61 complex, also known as the

translocon (Zhou and Schekman 1999), but more recent studies identified an

important role for derlin and suggested it instead might contribute to the structure

of the retrotranslocon (Ye et al. 2004). The force to extract ERAD targets from the

ER is generated by p97-ATPase (also called VCP), which resides in the cytosol,

couples the hydrolysis of ATP to the movement of substrates through the

retrotranslocon (Ye et al. 2005) and has been required for the degradation of mutant

neuroserpin (Ying et al. 2011). Also on the cytosolic side of the ER membrane, the

ubiquitin E3 ligases Hrd1 and gp78 cooperate with their E2 ligases, UBE2j1 and

UBE2g2, respectively, in the degradation of many misfolded proteins (Chen

et al. 2006). It has been shown that Hrd1 and gp78 are both involved in the

degradation of α1-antitrypsin (Christianson et al. 2008; Wang et al. 2011) and

neuroserpin (Ying et al. 2011; Roussel et al. 2013). Hrd1 and UBE2j1 appear to

show some selectivity towards polymerogenic forms of neuroserpin, whereas

gp78 and UBE2g2 preferentially target truncated forms of neuroserpin (Roussel
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et al. 2013). Recent work has hinted at an interaction between ER membrane

cholesterol metabolism and the machinery involved in the ERAD of serpins,

although the details remain to be clarified (Roussel et al. 2013).

The narrowness of the retrotranslocon pore requires that proteins cross the

membrane in an unfolded state (Rapoport 2007). It is therefore likely that ERAD

is important for the degradation of monomeric species that have yet to be

incorporated into polymer chains. This is an attractive idea, since there is compel-

ling evidence that monomers of Z α1-antitrypsin adopt a non-native intermediate

conformation prior to polymerisation (Ekeowa et al. 2010). There is also much

evidence that the rate of folding of Z α1-antitrypsin is slowed compared to wild

type, and so this variant will inevitably be more prone to identification by timer-

based ERADmechanisms (Kruse et al. 2006; Miranda et al. 2010). Existing ordered

polymers of mutant serpins would require disassembly prior to degradation by

ERAD, but a mechanism for such disassembly is currently lacking. Instead,

established polymers would more plausibly be degraded by autophagy as occurs

for the degradation of other large aggregates of mutant protein, for example,

huntingtin in neurons affected by Huntington’s disease (Kegel et al. 2000).

Macro-autophagy can either be a non-selective bulk-turnover process, or it can be

targeted towards specific targets via adaptor molecules like sequestosome-1. It has

been proposed to be the primary mode of degradation of α1-antitrypsin (Perlmutter

2006; Hidvegi et al. 2011) as suggested by the numerous autophagosomes observed

in the livers of mice expressing Z α1-antitrypsin and in liver biopsy material from

homozygous PiZZ α1-antitrypsin patients (Teckman and Perlmutter 2000). Several

mouse and cell-based models have supported a role for autophagy in the degrada-

tion of Z α1-antitrypsin and other polymerogenic mutant serpins (Hidvegi

et al. 2010, 2011; Kroeger et al. 2009; Kamimoto et al. 2006; Kruse et al. 2006).

Indeed, it has been claimed that autophagy selectively degrades insoluble polymers

of α1-antitrypsin (Kamimoto et al. 2006; Kruse et al. 2006), and treatment of mice

carbamazepine, an antiepileptic drug known also to enhance autophagy, was found

to decrease the hepatic load of Z α1-antitrypsin and reduce liver damage (Hidvegi

et al. 2010; Marciniak and Lomas 2010). But it remains unclear to what extent the

autophagy of serpin polymers is a selective process and how much this simply

reflects the role of autophagy in the turnover of most organelles including the ER. It

is noteworthy that in the neuronal-like PC12 cell line, autophagic degradation of

wild-type and polymerising variants of neuroserpin shows no selectivity towards

the polymeric form (Kroeger et al. 2009). In contrast, heterologous expression in

fibroblasts leads to apparent preferential degradation of polymeric neuroserpin by

autophagy, but interpretation was hampered by the failure of wild-type protein to

accumulate significantly in this cell type. Conceptually, for autophagy to show

selectivity towards polymer-containing ER, there would be a need for a method for

the autophagic machinery to recognise these structures. At present, such a mecha-

nism has not been identified, although it is tempting to speculate that the reported

induction of macro-autophagy by NF-κB signalling (Criollo et al. 2010) might

plausibly link activation of the EOR to this process. Further work in this area is

required.
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14.7 Concluding Remarks

Over the last two decades, the study of polymerogenic variants of α1-antitrypsin and
neuroserpin has contributed to our understanding, not only of disease mechanisms,

but also of the basic cell biology that protects the cell from ER dysfunction. The

truncated mutants are efficient activators of the classical UPR, while ordered

polymers trigger the more mysterious EOR response, which may be crucial to

their cell-autonomous pro-inflammatory effects. But little is known about the

molecular mechanisms by which ER overload triggers its downstream signalling

or how the presence of serpin polymers within the lumen of the ER alters the cell’s

sensitivity to ER stress caused by a second insult. Studies that address these

questions will expand our understanding of ER stress signalling and may provide

novel therapeutic targets for this intriguing class of disease.
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Abstract

C. elegans is an extremely powerful model organism to study gene function and

biology. The nematodes’ genetic tractability and high degree of genetic similar-

ity with humans make it ideal to study the biologic role of serpins. The endo-

genous C. elegans serpins are most similar to the human clade B or intracellular

serpin family and have a predominantly cytoplasmic distribution. Since the

nematode genes often have functional orthologues in humans, the biological

role of mammalian serpins can be extrapolated from C. elegans. Additionally,
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mutant-mammalian serpin genes resulting in serpinopathies can be introduced

into C. elegans to determine the biological pathways that play a role in disease

progression, as well as develop potential therapeutics to ameliorate the disease.

15.1 Introduction

Since the 1970s, Caenorhabditis elegans has emerged as a powerful model organ-

ism to study homologous and orthologous human protein families due to its genetic

amenability, relatively fast generation times, small size, large brood size, and cost

effectiveness. Moreover, the sequencing of the C. elegans genome (Consortium

1998) has facilitated the development of whole-genome RNAi libraries (Rual

et al. 2004; Kim et al. 2005; Kamath et al. 2003), large repositories of gene

knockouts (Consortium 2012), global tissue and development expression data

(Hunt-Newbury et al. 2007; McKay et al. 2003; Dupuy et al. 2007), as well as

proteomic and drug treatment datasets (Boyd-Kimball et al. 2006; Dong et al. 2007;

Madi et al. 2003a, b; Schrimpf et al. 2009; Taskov et al. 2005; van Rossum

et al. 2001; Gosai et al. 2010; Leung et al. 2013; Benson et al. 2014; O’Reilly

et al. 2014a, c). Thus, the resources and information available to the C. elegans
community to determine biological function of genes have expanded exponentially.

Although morphologically distinct from mammalian species, ~40 % of the

C. elegans genome has human orthologues, with many conserved pathways

(Shaye and Greenwald 2011), suggesting that the nematode has more in common

with Homo sapiens than its anatomy dictates. In support of this, several groups have

used C. elegans to express human genes with known disease-causing mutations and

have successfully recapitulated human phenotypes in the worm. Thus C. elegans is
an important model organism for studying biological function of genes, especially

human orthologues with unknown function. Thus, C. elegans has proved to be a

valuable model organism for studying numerous disease-related genes.

The serpin superfamily is divided into 13 clades. Most of the biological

functions of the serpin superfamily have been determined from human disease-

causing mutations with the serpin gene itself (e.g. α1-antitrypsin deficiency). These
serpins result in what has now been termed serpinopathies. However, many serpin

members have yet to have an ascribed biological function due to either no known

mutations resulting in an obvious disease state or a lack of tools and resources

available. Additionally, those that have mutations resulting in a serpinopathy are

not always clearly linked to a known biological pathway. Thus, using C. elegans as
a model organism can provide invaluable insight into biologic functions of serpins

or determine the cellular pathways involved in an individual serpinopathy that can

aid therapeutic intervention.
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15.1.1 The C. elegans Serpins

After the complete sequence of the genome was published (Consortium 1998),

C. elegans serpin genes were first identified in silico using genefinder algorithms

(Solovyev and Salamov 1997) and homology to human serpins (Whisstock

et al. 1999; Kruger et al. 2002). Phylogenetic analysis of the all known serpin

primary amino acid sequences placed the C. elegans serpins into their own phylo-

genetic clade L (Silverman et al. 2001). However, C. elegans serpins show the

strongest sequence homology to members of clade B (or intracellular) serpins,

especially as they lack C-terminal extensions, an alanine at the P10 position, and

a N-terminal signal peptide (Luke et al. 2006; Pak et al. 2004). The entire C. elegans
serpin family resides on a single chromosome, V. Initially, ten C. elegans serpin
genes were identified, all with the prefix srp- followed by their respective number.

srp-4 was originally identified by cDNA analysis (Reboul et al. 2001) being almost

identical to srp-3 differing by only 1 amino acid at the P1 position (Pak et al. 2004).

Additionally, as all the other C. elegans serpin genes are positioned on chromosome

V in pairs (srp-1 and -2, srp-5 and -6, srp-7 and -8, srp-9 and -10), it was tempting to

speculate that srp-3 had a genomic partner in close proximity. However, extensive

RT-PCR and genomic analysis has shown the srp-4 cDNA to be a molecular

biology-generated artifact (Pak et al. 2004). Of the remaining nine C. elegans serpin
genes, five have been determined to be true protease inhibitors (srp-1, -2, -3, -6, and
-7), three have been classed as pseudogenes (srp-5, -9, and -10), and srp-8 lacks a

reactive center loop consistent with an inhibitory serpin (Luke et al. 2006, 2007;

Pak et al. 2004, 2006). Interestingly, in contrast to the inhibitory C. elegans serpins,
these non-RCL encoding serpins and pseudogenes do not have orthologous

counterparts in other nematode species, suggesting that these may be unique to

C. elegans resulting from a more recent duplication event (Luke et al. 2006).

15.2 Individual Serpins

15.2.1 Inhibitory-Type Serpins

15.2.1.1 SRP-1
Based on genefinder predictions (Solovyev and Salamov 1997), srp-1 (C05E4.3)

was predicted to be a protein-coding gene with five exons. Reverse-transcriptase

PCR amplified a full-length cDNA from total wild-type RNA, which was subse-

quently named srp-1 (Pak et al. 2004). The protein product of srp-1 is a 366-amino-

acid protein of predicted molecular mass of ~41.3 kDa. Primary amino acid analysis

predicted the SRP-1 protein to be an intracellular serpin that inhibits the proteolytic

activity of proteases (Luke et al. 2006; Pak et al. 2004; Whisstock et al. 1999;

Kruger et al. 2002). The N-terminus of the protein is predicted to have several

interesting protein motifs, several phosphorylation sites for glycogen synthase

kinase 3 (GSK3) and casein kinase (CK) 1 and 2, an LC3 interacting domain, and

an N-linked glycosylation site (Table 15.1) (Dinkel et al. 2014). While SRP-1’s

protease targets have yet to be identified in vitro or in vivo, it is predicted to inhibit
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the lysosomal cysteine proteases as it contains a phenylalanine at the P2 position,

which is favored by this class of protease (Bromme et al. 1993, 1994, 1996, 1999).

Using transgenic GFP-tagged expression analysis, SRP-1 was shown to be

expressed in both larval and adult stages of C. elegans, specifically in the arcade

cells and body wall muscle (McKay et al. 2003; Meissner et al. 2011). Recently a

study was undertaken to generate a subcellular “localizome” in the body wall

muscle of C. elegans. SRP-1 was shown to have reticular expression, reminiscent

of ER localization (Meissner et al. 2011). This was a surprising finding, given the

Table 15.1 The endogenous inhibitory serpins in C. elegans

C. elegans
Serpin SRP-1 SRP-2 SRP-3 SRP-6 SRP-7

a b c d

AA
#a 366 359 362 375 366 366 365 373
PIa 6.02 4.49 8.51 5.20 5.50 5.95 6.17 5.38

MWa 41265.75 39664.67 40618.25 41695.73 40417.38 40362.42 40512.56 41219.25

Primary AA 
Motifsb

BIR; GSK3; 
CK1; CK2; 

LIR; N-Glyc; 
PTB

BIR; N-Glyc; 
PIKK

BIR;NRD; 
Nend; ERret

BIR; 14-3-3; 
CK1; CK2; 

NEK2
BIR BIR BIR KEN; BIR

Subcellular 
locale ER [1] Cytoplasm [2] Cytoplasmc Cytoplasm 

[3] Cytoplasmc Cytoplasmc Cytoplasmc Cytoplasmc

Proteases 
inhibited

Lysosomal 
cysteine 

Granzyme B 
and CatG, -L, -S 

and -V [2]

Chymotrypsin
and cathepsin

G [4]

CatL, -K 
and -V and 
calpain II [3]

Lysosomal 
cysteine and 
trypsin-like 

serine

Trypsin-like 
serine

Trypsin-like 
serine

Lysosomal 
cysteine and 
trypsin-like 

serine
P4-P4’ IFFT�SASS VQLE�MMIM AVPM�SARM FSLT�SVFI ISLK�SAMF FVRK�SARP IERC�RKKM ISLK�SAMF

Tissue 
distribution

ArCLva; 
BWMAd [1, 5]

BWM [6]; PhN
[2]; Hyp [2, 7]; 
SoC [2]; SeC
[2]; Int [2] ASM
[2]

IntLva; 
BWMLva;Ad [4]

SoC; PIV; 
VHyp; Spe; 

Int [3]
Unknown

Life stage 
expression Lva; Ad [1, 5] Emb; Lva; Ad

[2, 6, 7] Lva; Ad [4] Lva; Ad [3] Unknown

Biological 
Function Unknown Development [2] Unknown

Lysosomal 
dependent 
necrotic cell 

death [3]

UPR [8, 9]

Emb, embryo; Lva, larval; Ad, adult; BIR, baculoviral IAP repeat; GSK3, GSK3 phosphorylation

site; CK1, casein kinase 1 phosphorylation site; CK2, casein kinase 2 phosphorylation site; LIR,

LC3-interacting region; N-Glyc, N-linked glycosylation site; PTB, phosphotyrosine-binding

domain; PIKK, phosphoinositide-3-OH-kinase-related kinase phosphorylation site; NRD, N-Arg

dibasic convertase (nardilysin) cleavage site; Nend, N-degron NBox domain; ERret, Endoplasmic

reticulum retention signal; 14-3-3, 14-3-3 protein-binding domain; NEK2, NEK2 phosphorylation

site; KEN, APCC-binding destruction motif KEN box domain; ArC, arcade cells; BWM, body

wall muscle; PhN, phasmid neurons; Hyp, hypodermis; SoC, socket cells; SeC, seam cells; Cut,

cuticle; Int, intestine; PIV, pharyngeal-intestinal valve; VHyp; vulval hypoderm; Spe, spermatheca

Grey boxes indicated predicted data. aPredicted from primary amino acid sequence using

MacVector Software (v13.5.0). bMotif prediction using the ELM protein site predication server

(http://elm.eu.org; Dinkel et al. 2014). Only those outside the structural motifs are listed;
cpredicted using PSORT II database server (http://psort.hgc.jp/)

1. Meissner et al. (2011)

2. Pak et al. (2004)

3. Luke et al. (2007)

4. Pak et al. (2006)

5. McKay et al. (2003)

6. Schipanski et al. (2013)

7. Hunt-Newbury et al. (2007)

8. Shen et al. (2005)

9. Urano et al. (2002)

10. Dinkel et al. (2014)
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lack of a secretion tag (Luke et al. 2006) and an ER retention carboxy-terminal

signal (Kapulkin et al. 2005). However, the presence of N-linked glycosylation in

SRP-1 may also suggest the possibility of ER transport, possibly via nontraditional

mechanisms or glycosylation in the cytoplasm (Kaji et al. 2003).

While a knockout deletion allele exists for srp-1, this null strain shows no overt

phenotypes. However, upon exposure to Staphylococcus aureus, srp-1(ok262)
showed a reduced life-span when compared to wild type (Pak, Luke and Silverman,

Unpublished data). However the biological significance of these findings has yet to

be determined.

15.2.1.2 SRP-2
srp-2 (C05E4.1) also encodes an ovalbumin-like serpin of 359 amino acids, with a

predicted molecular mass of ~39.7 kDa, and is a functional protease inhibitor.

Transcriptionally, srp-2 is unique in the C. elegans serpins as it is the only one of

this family shown to contain the splice leader, SL1 (Pak et al. 2004). The role of

splice leaders in C. elegans is unknown but is thought to be involved in mRNA

stabilization and/or translation regulation (Maroney et al. 1995; Lall et al. 2004).

The srp-2 gene contains six exons, although the first exon has no translated codons,
and is positioned on chromosome V in relatively close proximity to srp-1. At a
primary amino acid level, srp-2 is predicted to have an N-linked glycosylation site

(Table 15.1), although, unlike the other C. elegans inhibitory serpins, a glycan

moiety was not detected in lectin affinity pulldowns and subsequent mass spectro-

metry analysis (Kaji et al. 2003). SRP-2 is also predicted to have a phospho-

inositide-3-OH-kinase phosphorylation site (Table 15.1) (Dinkel et al. 2014).

Phylogenetic analysis of SRP-2 shows it has the highest degree of identity with

human serpins SERPINB1 and -B8 at the primary amino acid level, while human

SERPINB7 showed the highest overall similarity (Silverman et al. 2015).

Recombinant SRP-2 was purified from Escherichia coli and assayed against a

panel of proteases to identify its targets in vitro. SRP-2 inhibited granzyme B and

the cathepsins G, L, S, and V, indicating that it is a cross-class inhibitor of both

serine and cysteine proteases. Analysis of the interaction of recombinant SRP-2 and

human granzyme B and cathepsin V indicated that it formed an SDS-stable

complex with both enzymes and inhibited with a ka value of 2.3� 104 and

2.9� 104 M�1 s�1, respectively. Interestingly, analysis of the cleavage site of

these two enzymes shows that granzyme B is cleaved between the P1–P10

(Glu-Met), whereas cathepsin V is cleaved between the P1–P20 (Met-Met) residues

(Pak et al. 2004).

Transcriptional fusions expressing GFP under the control of the srp-2 promoter

suggested that this gene was expressed in multiple cell types throughout develop-

ment. However, cell-type expression varies throughout development. In L1 and L2

larva, GFP expression was seen in the hypoderm, the socket cells, the alae, the seam

cells, and the posterior intestinal cells. In the adult hermaphrodite, strong expres-

sion was visible in the hypodermal cells surrounding the pharynx and vulva, the

phasmid neurons, and the fibrous organelles (Pak et al. 2004). Additional transcrip-

tional expression analyses of srp-2 have also indicated expression in the adult
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hypoderm (Hunt-Newbury et al. 2007; McKay et al. 2003) and seam cells (http://

www.wormbase.org/species/all/expr_pattern/Expr53#021--10). Expression of full-

length N-terminal GFP::SRP-2 fusions under the control of the srp-2 promoter

indicates expression in the body wall muscle (Schipanski et al. 2013) and hypo-

dermis (Silverman et al. 2015).

While SRP-2 has a diverse inhibitory profile in vitro and expression pattern

in vivo, a null deletion mutant strain, srp-2(ok350), shows no overt phenotype.

However, overexpression of srp-2 resulted in larval arrest or slow-growing animals.

These data suggests a potential role for srp-2 in postembryonic development (Pak

et al. 2004).

15.2.1.3 SRP-3
srp-3 (Y32G9A.4) was originally predicted to encode a 362-amino-acid protein by

genefinder prediction algorithms (Solovyev and Salamov 1997). The srp-3 gene

only contains four exons and, unlike its other serpin counterparts, does not have a

genetic partner in close proximity on chromosome V (Pak et al. 2004). Primary

amino acid and phylogenetic analyses indicated srp-3 to be a probable functional

inhibitory serpin (Whisstock et al. 1999; Kruger et al. 2002; Pak et al. 2004; Luke

et al. 2006). Using protein-prediction databases, SRP-3 is indicated to have residue

in the cytoplasm; however, it is also predicted to have an ER retention signal.

Phylogenetically, SRP-3 is closest to human SERPINB1 (http://www.wormbase.

org/species/c_elegans/gene/WBGene00005644).

To determine whether SRP-3 was able to function as an inhibitory serpin,

recombinant GST-SRP-3 inhibitory activity was tested against various cysteine

and serine proteases (Pak et al. 2006). The reactive center of SRP-3 (Pro-Met·Ser-

Ala) is similar to that of human α1-antitrypsin (Pro-Met·Ser-Ile). In these bio-

chemical studies, SRP-3 completely inhibited the activity of human cathepsin G

and chymotrypsin, but did not inhibit other serine proteases nor any of the cysteine

proteases. rGST-SRP-3 formed SDS-stable complexes with both cathepsin G and

chymotrypsin, in vitro. The stoichiometry of inhibition for the interaction of rGST-

SRP-3 with both cathepsin G and chymotrypsin was approximately 1:1 with

association constants (ka) of 1.3� 105 m�1 s�1 for the interaction with cathepsin

G and 0.7� 105 m�1 s�1 for chymotrypsin. Analysis of the cleavage site by matrix-

assisted laser desorption/ionization (MALDI) mass spectrometry revealed that the

P1–P10 Met-Ser residues of SRP-3 served as the reactive center with both cathepsin

G and chymotrypsin (Pak et al. 2006). Taken together, these findings describing the

biochemical characterization of SRP-3 are typical for a serpin::target protease

interaction (Gettins 2002).

The expression pattern of both LacZ and GFP promoter fusions of SRP-3 is

localized in muscle cells in both larval and adult animals (Pak et al. 2006). In early

developmental stages (L2), SRP-3 was observed in both the posterior intestinal and

anterior muscle cells, while in late larval (L4) and adult stages, expression was

restricted to the body wall muscle cells of the anterior region of the animal.

These studies provide insight into both the biochemical activity and expression

pattern of SRP-3. However, little is still known regarding the biological function of
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SRP-3 inhibitory function within the muscle cell of C. elegans and how this regu-

lation of proteolytic activity may contribute to the maintenance of overall muscle

cell homeostasis. Interestingly, human SERPINB6, which is produced in multiple

cell types (keratinocytes, monocytes, mast cells) including muscle, and SRP-3 in

C. elegans both inhibit chymotrypsin-like proteases (Coughlin et al. 1993; Strik

et al. 2004). This overlap suggests that there is conservation of tissue-specific

inhibitory function among these serpins and that common roles may exist regarding

the function of these protease inhibitors in muscle cells.

15.2.1.4 SRP-6
SRP-6 has been the best characterized of all the C. elegans serpins. As with the

other serpins, srp-6 (C036.18) was originally identified by the genefinder algorithm
and subsequently confirmed by cDNA expression analysis (Reboul et al. 2001; Pak

et al. 2004; Luke et al. 2007). The gene structure contains six exons, the first exon

containing a small N-terminal extension of MSDSSSDEK. This extension is

predicted to contain multiple casein kinase I and II and NEK2 phosphorylation

sites as well as a 14-3-3 binding motif (Dinkel et al. 2014).

Similar to the inhibitory profile of human SERPINB3, biochemical analysis

demonstrated that recombinant 6xHis::SRP-6 inhibits lysosomal cysteine

proteases, but not serine proteases; however, unlike all cysteine protease-inhibitory

serpins investigated to date, SRP-6 also inhibited the calcium-activated cytoplasmic

cysteine protease, calpain-2 (Luke et al. 2007). The stoichiometry of inhibition was

1:1 for the interaction with cathepsin L and 1:1.5 for calpain-2, with ka values of
1� 104 m�1 s�1 and 2.3� 104 m�1 s�1, respectively. Additionally, SDS-PAGE

analysis showed that in vitro radiolabeled synthesized SRP-6 could form an

SDS-stable complex with both cathepsin L and calpain-2 when recombinant

SRP-6 was incubated with either protease.

A full-length SRP-6::GFP transgene showed expression within the nucleus and

cytoplasm of intestinal cells in adult animals. In addition to the intestine, SRP-6

expression was also visualized in other tissues including socket cells, pharyngeal-

intestinal valve, vulval hypoderm, spermatheca, and the spermathecal-uterine junc-

tion (Luke et al. 2007).

Like the other serpin-null strains, a deletion in the srp-6 gene (srp-6(ok319)) did
not result in any overt phenotypes under normal conditions. However, once exposed

to noxious stimuli, the intestinal cells of srp-6 null animals underwent a necrotic

cell death (NCD) routine, which resulted in death of the animals (Luke et al. 2007).

This NCD was dependent on multiple factors including calcium release from the

ER and full lysosomal rupture. This NCD routine was truly dependent on the

absence of SRP-6 alone as it could be phenocopied by srp-6(RNAi) and rescued

using a full-length srp-6 gene. Additionally, intestinal expression of SRP-6 was

enough to rescue the phenotype fully. Moreover, mutation of the RCL with the

rescue construct at either the P14 or P2-P1 positions abolished this rescue,

suggesting that it was the protease-inhibitory activity of SRP-6 responsible for

the protection of intestinal cells against this stress-induced NCD pathway (Schick

et al. 1998). Consistent with these findings, treatment of srp-6 null animals with the
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cysteine protease inhibitor E-64d also protected against necrosis, suggesting cyste-

ine protease activity involvement in this pathway. Using a reverse genetic

approach, it was demonstrated that treatment of srp-6 null animals with RNAi’s

directed against specific C. elegans calpains (tra-3; clp-5; W05G11.4) and lyso-

somal cysteine proteases (cpl-1; cpr-6) protected these animals from undergoing

necrosis in response to various stressors. Finally, electron and fluorescence micros-

copy studies show that lysosomal rupture was required for the necrosis phenotype

found in srp-6 null animals (Luke et al. 2007; Zou et al. 2014). Since lysosomes did

not rupture in wild-type animals when exposed to stress, this suggests that SRP-6

protects these animals against lysosomal rupture. However, since SRP-6 was a

lysosomal cysteine protease inhibitor in vitro, lysosomes were artificially damaged

in both wild-type and srp-6 null animals using the photosensizing compound

acridine orange, which causes lysosomal rupture upon exposure to blue light. Full

lysosomal rupture within the intestine of srp-6 null animals resulted in nearly 100 %

of animals dying. However, this death was significantly reduced in wild-type

animals, suggesting that SRP-6 also functioned in the cytoprotection of intestinal

cells post-lysosomal damage. Astoundingly, surviving wild-type animals post-blue

light exposure reformed their lysosomal compartments, suggesting that fulminant

lysosomal rupture was not the end point of this pathway (Luke et al. 2007).

Taken together, these findings demonstrate that cellular necrosis was not a

passive process, but was triggered by an ordered, SRP-6-regulated, protease-driven

stress response pathway involving the lysosomal compartment. Thus, these studies

highlight the concept that intracellular serpins can function as pro-survival factors

that play a cytoprotective role against multiple stressors that result in necrosis in

C. elegans (Luke et al. 2007).

15.2.1.5 SRP-7
While SRP-7 is one of the least-characterized serpins in C. elegans, it is potentially
one of the most interesting. The srp-7 gene (F20D6.4) was predicted by the

genefinder algorithm to contain five exons with all the structural hallmarks of an

inhibitory serpin in its translated amino acid sequence (Solovyev and Salamov

1997). However, it is unique within this class of serpins as it encodes at least three

different isoforms as a result of alternately spliced RCL-containing exons all

confirmed by cDNA analysis (Pak et al. 2004). Denoted SRP-7a, b, and c, these

chimeric serpins potentially have different target specificity and inhibit different

proteases as they contain different amino acids from P4-P4’ (Table 15.1). Recently,

using a more comprehensive cDNA analysis, an additional 50 exon has been

identified upstream of the original exon 1, and thus another variant has been termed

SRP-7d (http://www.wormbase.org/species/c_elegans/gene/WBGene00005648).

This small new exon 1 gives rise to a N-terminal extension of MSDPKEN, which

contains a KEN box domain, which in other proteins, has been shown to direct

polypeptides to the ubiquitin-proteasome system for degradation (Chao et al. 2012;

Pfleger and Kirschner 2000). While not confirmed by RT-PCR, the presence of this

small first exon also suggests a possibility of two additional isoforms SRP-7e and f,

again with potentially different target protease activity.
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The presence of the basic amino acids at or within close proximity to the P1

position in the RCLs of the various isoforms (SRP-7a–c) suggests that all the

isoforms have the ability to inhibit trypsin-like serine proteases. The presence of

the hydrophobic leucine residue at the P2 position of SRP-7a also suggests that this

isoform has the ability to inhibit the papain-like cysteine proteases as well. Inter-

estingly, SRP-7c has a cysteine at the P1 position, similar to the human intracellular

serpins SERPINB1, -6, -8, and -9, which all have this amino acid at or close to the

potential cleavage site.

While many of the in vivo cell biology and in vitro biochemical assays remain

uncharacterized, the srp-7 gene has been implicated in the endoplasmic reticulum

unfolded protein response (UPR) by genetic screen analyses in C. elegans (Urano
et al. 2002; Shen et al. 2005). In these studies, SRP-7 was induced at least twofold

by tunicamycin treatment in wild-type animals, but this upregulation was abolished

in the absence of XBP-1 and IRE-1, both UPR-specific gene regulators. These data

and the presence of a KEN box motif suggest a role of SRP-7 in the UPS pathway

and regulation of turnover of misfolded substrates.

15.2.2 Other Serpin-Like Genes in C. elegans

Of the nine intracellular serpin genes in theC. elegans genome, four genes (srp-5, -8,
-9, and -10) are unlikely to be inhibitory serpins, either due to their genomic structure

(srp-5, -9, and -10) or primary amino acid sequence of the RCL (srp-8) (Luke
et al. 2006).

Analysis of genomic srp-5 shows a high degree of identity with srp-6 with most

of the variation found in the potential RCL (Luke et al. 2006). However, compared

to srp-6, there is a single nucleotide deletion in exon 2, which would cause a

frameshift in the translation and early termination. Initial genefinder predictions

had an alternate splice site to maintain in order to circumvent this frameshift and

maintain a whole translatable transcript. However, this serpin transcript would be

missing vital structural motifs rendering SRP-5 unlikely to function as a true serpin.
Thus srp-5 has been labeled a pseudogene (http://www.wormbase.org/species/c_

elegans/gene/WBGene00005646). Interestingly, a deletion in the srp-5 gene (srp-5
(tm1347)) is reported as being lethal (NBRP, Japan, http://www.shigen.nig.ac.jp/c.

elegans/); however, this is more likely to be due to alternate mutations within the

mutagenized genome, as srp-6(RNAi) would also knockdown srp-5 as a secondary

target, and no overt lethality issues without stress have been observed (Luke

et al. 2007).

srp-9 and -10 are a serpin gene pair found in close genomic proximity to each

other at the telomeric region of chromosome V. Both these genes contain nonsense

mutations in the genomic DNA that would lead to premature stop codons in exon

1 for srp-9 and exon 3 for srp-10 (Luke et al. 2006). Initial genefinder predictions

indicated alternative splicing to circumvent these early termination codons; how-

ever, these would also encode for serpins missing key structural motifs that would

likely result in a nonfunctional serpin. Additionally, cDNAs generated for these
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genes did not concur with the genefinder prediction and retained the early termi-

nation codon (Luke et al. 2006). Interestingly, using transcriptional fusion trans-

genic C. elegans, the srp-9 promoter directed GFP expression in the intestine of

larval animals, suggesting that the promoter was active (Hunt-Newbury et al. 2007).

While srp-5, -9, and -10 are all classed as pseudogenes and contain early

termination codons, cDNAs could be generated for all three genes (Luke

et al. 2006), and the RCL region of these genes remains a potential inhibitory

serpin motif. The lack of additional mutations, especially in the RCL region, and

the absence of these pseudogenes in other nematode species give strong precedent

that these genes arose from a recent duplication event with C. elegans.
The srp-8 gene encodes for a full-length serpin-like gene with high homology to

SRP-7. The presence of srp-8 transcripts has also been identified and they concur

with the genefinder predictions (Lamesch et al. 2004). However, variations in the

amino acid sequence within the RCL make this serpin unlikely to function as a

protease inhibitor but still may have alternative biological roles.

15.2.3 Using C. elegans to Model Human Serpinopathies

15.2.3.1 C. elegans Versus Other Model Organisms
Since its introduction to biology in the late 1960s, the soil nematode C. elegans has
played a critical role in elucidating many important genetic pathways involved in

development (Brenner 1974), cell death (Hengartner and Horvitz 1994a, b), and

aging (Kenyon 2010). The multicellular and multi-organ system complexity in the

C. elegans model organism recapitulates more efficaciously higher complex multi-

cellular organisms than in vitro or unicellular systems, and therefore is able to more

faithfully model human diseases. As many cellular processes are conserved,

C. elegans has been extensively used to model complex human diseases including

Alzheimer’s disease (Levitan et al. 1996; Levitan and Greenwald 1995; Wittenburg

et al. 2000), Parkinson’s disease (Braungart et al. 2004), diabetes (Ogg et al. 1997),

Duchenne muscular dystrophy (Gieseler et al. 2000; Grisoni et al. 2003), and cancer

(Sternberg and Han 1998).

Due to the benefits of using this model organism listed in the introduction,

C. elegans has been successfully used for whole organism-based high-content

screening (O’Reilly et al. 2014b, c) and whole-genome RNAi screens (Sin

et al. 2014).

15.2.3.2 Examples of Modeled Serpinopathies Studied in C. elegans
SERPINA1 (α1-antitrypsin) is produced in hepatocytes and circulates to the lungs

where it protects the lung tissue from neutrophil elastase. In α1-antitrypsin defi-

ciency (ATD), the accumulation of misfolded protein aggregates within the ER of

hepatocytes can be cytotoxic and may lead to liver cirrhosis and increase suscepti-

bility to hepatocellular carcinomas. In addition, the retention of aggregated protein

in the liver results in a reduced level of active AT in circulation, which may lead to

lung diseases (COPD and emphysema) (Silverman et al. 2013). The gain-of-func-

tion disease state of ATD has been successfully modeled in C. elegans. Fluorescent
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protein-tagged human SERPINA1 with the most common genetic variant (ATZ)

has been expressed in the C. elegans intestine (Gosai et al. 2010). This humanized

C. elegans model of ATD effectively recapitulates the human disease; ATZ

accumulates as polymers within the ER of the intestinal cells, is poorly secreted,

and decreases longevity (Long et al. 2014). This model has also been used to

successfully screen for promising inhibitors of ATZ aggregate accumulation

(Gosai et al. 2010) and identify other novel genetic factors influencing AT accumu-

lation, by whole-genome RNAi library and EMS mutagenesis screen (Long

et al. 2014; O’Reilly et al. 2014b).

Recently, srp-2 has been suggested as model of the neuroserpin serpinopathy

familial encephalopathy with neuroserpin inclusion bodies (FENIB) (Schipanski

et al. 2013). Neuroserpin aggregation within neurons due to missense mutations in

the protein results in progressive brain dysfunction, dementia, and seizures. The

same point mutation in neuroserpin that causes FENIB (H320R) also results in

aggregation of srp-2 when introduced by mutagenesis (Schipanski et al. 2013;

Silverman et al. 2015). Downregulation of the unfolded protein response (UPR)

was shown to increase srp-2 aggregation in neurons. However, a more in-depth

phylogenetic analysis shows that SRP-2 has closer primary amino acid identity and

similarity to the clade B serpins (Silverman et al. 2015). Moreover, SRP-2 does not

contain any of the neuroserpin-targeting sequences. Additionally, in intestinal cells

SRP-2::GFP expression did not colocalize with the ER marker, DsRed::KDEL,

suggesting that SRP-2 is entirely cytoplasmic (Silverman et al. 2015). Thus, it

seems unlikely that SRP-2 could be a relevant model for neuroserpin serpinopathies

in C. elegans; however, as with the α1-antitrypsin C. elegans model, it remains to

be determined if human or mouse neuroserpin mutants could be expressed in

C. elegans to more faithfully recapitulate this serpinopathy.

15.3 Conclusions

Here we present the current state of knowledge of C. elegans serpins. C. elegans
expresses five serpins which are verified as true protease inhibitors, one potentially

non-inhibitory serpin and three pseudogenes However, there are still much to be

learned about these intracellular serpins, such as the endogenous protease targets of

each of the serpins, the functionality of the non-RCL encoding serpins, and the

pathways that each serpin is involved in.

While C. elegans possesses many of the characteristics of a good model organ-

ism to study intracellular serpin gene function, there has also been recent move to

model human serpinopathies of the secreted serpins. Thus, the C. elegans model

organism is likely to be extremely helpful for studying many of the conserved

pathways involved in proteostasis and disease progression. C. elegans’ surprising
genetic similarity to mammalian systems, its ease of culture, short life-span, and

genetic amenability, as well as the collaborative C. elegans community, make this

organism an ideal starting point for drug discovery, biologic function studies, and

serpin biology in general.
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Abstract

Serpins are well-known inhibitors of plasminogen activators, key components of

fibrinolysis. Within the last decades, tissue-type plasminogen activator (tPA)

became more than a fibrinolytic agent and has been demonstrated to be a

neuromodulator with physiological and pathological roles within the brain.

Indeed, tPA is involved in brain plasticity, learning and memory and develop-

ment. But in a stroke context, tPA contributes to the increase of intraneuronal

calcium, by interacting with the GluN1 subunit of the NMDA receptor, leading

to an increase in excitotoxicity. It also promotes blood-brain barrier leakage and

inflammation, but in certain conditions tPA can also exert beneficial effects in

stroke.
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These complex effects of the protease can be inhibited by several serpins,

such as neuroserpin, plasminogen activator inhibitor (PAI)-1 and protease nexin

(PN)-1. In this chapter, we will focus on the differential effects of the plasmino-

gen activator tPA and make an overview of the literature about serpins’ effects

on the cerebral roles of tPA.

16.1 Introduction

Stroke is the third cause of death and the second cause of disability in adults in

industrialized countries. Worldwide, a stroke occurs every 5 s. 25 % of these

patients die within a month and only 50 % are alive after 1 year with unfortunately

a permanent handicap in most of the case. Schematically, we can divide stroke into

two major subgroups: haemorrhagic stroke that represents 20 % of the total stroke

events and the more often represented ischaemic stroke.

Cerebral ischaemia is a complex pathology that starts with a vascular event

leading to cerebral consequences. Ischaemia results from severe reductions in

cerebral blood flow, due to the occlusion of cerebral and/or extracerebral vessels

supplying nervous tissues, or a cardiac arrest. The drop of cerebral blood flow leads

to a depletion of oxygen and energy in neurones and thus to metabolic stress, ionic

perturbations and ischaemic cell death (Siesjo et al. 1989; Dirnagl et al. 1999). The

molecular events triggering neuronal death are complex, involving excitotoxicity

(Vivien et al. 2011; Nicole et al. 2001), inflammation (Kaindl et al. 2012), apoptosis

(Broughton et al. 2009; Liot et al. 2006) and endoplasmic reticulum (ER) stress

(Roussel et al. 2013).

Since 1995, medical authorities allow the use of only one drug to treat ischaemic

stroke: the recombinant form of tissue-type plasminogen activator (tPA) (NINDS

1995) (Fig. 16.1). When injected intravenously, tPA promotes fibrinolysis and thus

clot lysis via the conversion of the inactive fibrin-bound zymogen plasminogen into

plasmin (Collen and Lijnen 1991). However, tPA is also an endogenous protein

produced by various cell types, including neurones (Krystosek and Seeds 1981) that

display various roles in physiological brain functions, such as learning and memory

processes (Huang et al. 1996; Matys et al. 2004; Obiang et al. 2012) or synaptic

plasticity (Baranes et al. 1998), and in pathological conditions like cerebral ischae-

mia [for review (Yepes et al. 2009)]. On top of that, it was described that exogenous

tPA injected for thrombolysis can cross the blood-brain barrier (BBB) and reach the

brain parenchyma to exert its deleterious effects, including BBB leakage and

neurotoxicity (Benchenane et al. 2005b).

In this context, serine protease inhibitor (serpin) superfamily plays an important

role in the regulation of tPA functions and dysfunctions [for review (Roussel

et al. 2011a)]. Three well-known serpins can inhibit tPA: neuroserpin, plasminogen

activator inhibitor (PAI)-1 and protease nexin (PN)-1.
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16.2 The tPA/Plasminogen/Plasmin System and Its Inhibitors
in the Vascular Compartment

The most known function of the tPA/plasminogen/plasmin system in the vascular

compartment is the dissolution of fibrin clots, the cleaved insoluble form of

fibrinogen. Fibrinolysis takes place when undesirable fibrin is formed or when a

haemostatic thrombus prevents efficient brain perfusion. Plasminogen activation by

its activators is the initial step in fibrinolysis. tPA and urokinase-type plasminogen

activator (uPA) are the two main physiological plasminogen activators. Besides

fibrinolysis, this system and its regulators display other pathophysiological roles

during cerebral ischaemia.

Fibrinolysis is the main mechanism (although probably not the only one as

ADAMTS-13 cleaves the von Willebrand factor, and thrombectomy becomes an

alternative) leading to arterial recanalization after acute ischaemic stroke (Rijken

tPA structure and domains

Kringle 1 Kringle 2

Growth factor

Finger

Fibrin

Fibrin

PAI-1

NS

GluN1 subunit – NMDA receptor 

Plg Mannose 6P receptor
LRP-1

EGF receptor

PAI-1
NS

Protease

Catalytic domain Stabilization

Plg

LRP-1
PDGF-CC

PDGF-CC

Annexin A2 receptor

HMGB-1

Ligands
Inhibitors
Receptors
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Fig. 16.1 Functions of tissue-type plasminogen activator (tPA). tPA has five domains, including

a finger domain, an epidermal growth factor (EGF)-like domain, two kringle domains and a serine

protease domain. Its functions are related to specific interactions of these domains to different

ligands, including serpin inhibition. HMGB-1, high-mobility group box-1 protein; LRP, lipopro-

tein receptor-related protein; mannose-6-phosphate receptor; NMDA receptor, N-methyl-D-aspar-

tate receptor; NS, neuroserpin; PAI-1, plasminogen activator inhibitor type-1; PAI-2, plasminogen

activator inhibitor type-2; PDGF-CC, platelet-derived growth factor-CC, plg, plasminogen; PN-1,

protease nexin-1
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and Sakharov 2001). Intravenous administration of recombinant tPA further

activates this mechanism and is, therefore, efficient to treat stroke by promoting

clot dissolution (Millan et al. 2010; Adams et al. 2007). The ability of tPA to

activate plasminogen is regulated by several proteins in the blood, including PAI-1,

PN-1 and thrombin-activatable fibrinolysis inhibitor (TAFI) (Sashindranath

et al. 2012; Gils and Declerck 2004; Bouton et al. 2012; Vercauteren et al. 2013).

Circulating tPA and serpin-tPA complexes are cleared by the liver after high-

affinity binding to low-density lipoprotein-related receptors (LRPs) or mannose

receptors (Biessen et al. 1997; Smedsrod and Einarsson 1990).

In the vasculature, tPA is synthesized, stocked in granules and released from

endothelial cells as an active form, either constitutively or in a regulated fashion

following various kinds of stimuli (Urano and Suzuki 2012). PAI-1 is the main

regulator of tPA activity in the vasculature and influences the efficiency of both

endogenous and pharmacologically induced fibrinolysis (Rijken and Lijnen 2009).

Since PAI-1 exists in plasma in molar excess over tPA, most of the tPA circulates in

an inactive, complexed form with PAI-1: only a small fraction of this total tPA

circulates as an active enzyme (Suzuki et al. 2011). Accordingly, PAI-1-deficient

mice display reduced ischaemic damages following thrombotic stroke as compared

to their wild-type (WT) littermates due to faster clot dissolution (Nagai et al. 2005).

Moreover, ischaemic stroke patients with low plasmatic levels of PAI-1 present a

better arterial recanalization when tPA is injected (Ribo et al. 2004); and another

prospective study shows the PAI-1/tPA ratio as an independent risk factor for the

development of a first stroke (Johansson et al. 2000).

Compared to PAI-1, plasmatic levels of neuroserpin are very low, suggesting

that it does not significantly impact the fibrinolytic system in vivo. However, a

recent study provides first clinical evidence that neuroserpin, as previously

demonstrated in experimental models, could display a critical role during cerebral

ischaemia (Yepes et al. 2000). They show an association between serum levels of

neuroserpin and functional outcome after ischaemic stroke (Rodriguez-Gonzalez

et al. 2011b). Moreover, there is a significant correlation between neuroserpin

serum levels and the incidence of haemorrhagic transformation in patients treated

with tPA (Rodriguez-Gonzalez et al. 2011b).

Platelet PN-1 strongly influences fibrinolysis and may play a role in stroke

outcome by inhibiting tPA, plasmin and thrombin (Boulaftali et al. 2010). It has

been demonstrated that PN-1 is a major determinant of the resistance of platelet-

rich clots to tPA-induced fibrinolysis. Accordingly, PN-1-deficient mice present

improved reperfusion in a FeCl3 thrombotic model with tPA administration

(Boulaftali et al. 2010). Unlike PAI-1, PN-1 expression is very weak in plasma.

However, its concentration increases in the presence of platelets (Bouton

et al. 2012). To date, the respective contributions of PAI-1 and PN-1 in thrombus

resistance to tPA remain unknown.

Plasminogen activator inhibitor type-2 (PAI-2) is another member of the serpin

family, able to inhibit both uPA and tPA (Lobov et al. 2008). PAI-2 is tenfold more

efficient to inhibit uPA than tPA. PAI-2 is not usually associated with fibrinolysis

because it is normally undetectable in the blood. Moreover, fibrin-bound tPA is

272 B.D. Roussel et al.



protected from PAI-2 inhibition, as for PAI-1. Its role in ischaemic stroke patho-

physiology remains so far unknown.

The inhibition of the fibrinolytic system can also occur directly at the plasmin

level by alpha2-antiplasmin (α2-AP) and PN-1. The main difference between PN-1

and α2-AP is dependent on their way to inhibit plasmin: α2-AP is a specific plasmin

inhibitor, able to bind free plasmin, but the rate of inactivation slows down very

significantly when plasmin is bound to fibrin (Schaller and Gerber 2011). In

contrast, PN-1 is able to inhibit both fibrin-bound and free plasmin (Boulaftali

et al. 2011). Factor XIII plays a key role in α2-AP-mediated inhibition of clot lysis,

since it cross-links α2-AP to fibrin inside the clot (Mosesson et al. 2008; Fraser

et al. 2011). Interestingly, lower concentrations of α2-AP are associated with

arterial recanalization after tPA administration in ischaemic stroke patients

(Marti-Fabregas et al. 2005).

TAFI (thrombin-activatable fibrinolysis inhibitor) is another inhibitor of the

fibrinolytic system, acting by removal of the C-terminal lysine from fibrin. Indeed,

the fibrinolytic system is initiated after the formation of fibrin when both plasmino-

gen and tPA bind at the fibrin surface. This binding is mediated by specific

interactions with C-terminal lysine residues of partially degraded fibrin (Declerck

2011). Thus, TAFI-mediated removal of plasminogen and tPA lysine-binding sites

present in the thrombus prevent plasminogen activation and are important regulator

of fibrinolysis (Gils and Declerck 2004). Accordingly, genetic deficiency in TAFI

or TAFI inhibition using matrix metalloproteinase-10 (MMP-10) improves out-

come after thrombotic stroke in mice (Orbe et al. 2011). Recent studies in humans

suggest that plasmatic levels of TAFI correlate with stroke severity (Montaner

et al. 2003), affect the recanalization rate after thrombolysis (Brouns et al. 2009)

and are associated with stroke risk (Leebeek et al. 2005).

Since fibrinolysis is thought to be the main physiological mechanism preventing

excessive thrombosis, a number of studies investigated the interrelationships

between genetic variants of fibrinolysis-related genes (mainly tPA (PLAT) and

PAI-1) and the risk of stroke or myocardial infarction (Jood et al. 2005). Analyses

regarding functional PAI-1 gene polymorphisms have shown that PAI-1 4G/5G

genotype increases re-occlusion rates, poor functional outcome after stroke throm-

bolytic therapy (Fernandez-Cadenas et al. 2010) and the risk of future ischaemic

stroke (Wiklund et al. 2005). However, another study has failed to confirm this

association in young patients (de Paula Sabino et al. 2011).

16.3 The tPA/Plasminogen Axis and Its Inhibitors
at the Blood-Brain Barrier

Despite its demonstrated clinical efficiency, tPA-mediated thrombolysis displays

serious side effects at the vascular level, which affects patient outcomes. The most

documented side effects are haemorrhagic transformation (Wardlaw 2012) and
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brain oedema (Strbian et al. 2013), which are thought to be caused by tPA-induced

BBB permeability/leakage.

Experimental and clinical studies suggest that tPA adverse effects are mediated

through activation of metalloproteinases (MMPs) that promotes BBB leakage by

degrading components of the endothelial layer, tight junctions and the extracellular

matrix (Lijnen 2001; Briasoulis et al. 2012; Wang et al. 2003). Laser microdissec-

tion and microarray techniques have demonstrated that several MMPs (including

MMP-2, MMP-3 and MMP-9) are up-regulated in the infarcted brain tissue after

stroke in humans (Cuadrado et al. 2009). Evidence argues for a crucial role of two

particular MMPs, MMP-2 and MMP-9 (collagenases), in BBB disruption during

ischaemic stroke (Lakhan et al. 2013). Accordingly, MMP-3 (or stromelysin-1)

appears to play an important role in intracerebral haemorrhage (ICH) induced by

tPA treatment of ischaemic stroke in mice (Suzuki et al. 2007).

The mechanisms by which tPA induces MMP overexpression during stroke

remain unclear. Numerous studies argue for a role of LRP-1 receptor. LRP-1 is a

receptor that binds various ligands and presents a very high affinity for tPA (Etique

et al. 2013). In the neurovascular unit, LRP is found in endothelial cells, neurones

and astrocytes (Herz and Strickland 2001; Polavarapu et al. 2007). Binding of tPA

to LRP has been shown to induce the overexpression of MMP-3 and/or MMP-9 by

the brain [especially endothelial cells, astrocytes and neurones (Suzuki 2010)].

Interestingly, LRP expression has been reported to be time-dependently

up-regulated in endothelial cells exposed to ischaemia (Zhang et al. 2007; Suzuki

et al. 2009). Therefore, the increased intracerebral haemorrhage risk associated

with delayed tPA treatment may be explained by an increased LRP expression.

According to this hypothesis, adjuvant treatment with RAP (receptor-associated

protein) reduces the rate of haemorrhagic transformation in a photothrombotic

mouse model of stroke with late tPA administration (Suzuki et al. 2007). Recent

studies also suggest that tPA promotes BBB leakage via a mechanism independent

of plasminogen (Yepes et al. 2003) and by LRP-mediated activation of latent

platelet-derived growth factor (PDGF)-CC (Su et al. 2008). This effect requires

the kringle 2 domain of tPA and can be inhibited by a PDGF receptor-alpha

(PDGFRα) antagonist (Su et al. 2008). All these mechanisms are plasminogen

independent but require tPA proteolytic activity and are, therefore, susceptible to

serpin-mediated blockade.

It should be emphasized that if the deleterious role of tPA on the BBB is

consensual, the protective effect of tPA inhibition by serpin has been recently

challenged. In a mouse model of traumatic brain injury, Sashindranath and

coworkers first demonstrated that tPA dose-dependently increases neurovascular

damages. Surprisingly, they also showed that tPA inhibition by intracerebral

administration of PAI-1 further potentiated those damages. The mechanism may

involve tPA/PAI-1 complex-mediated signalling through LRP receptors leading to

MMP-3 overexpression and BBB leakage (Sashindranath et al. 2012). This appears

contradictory with other studies showing that PAI-1 coming from the peripheral

vasculature and the brain is a regulator of the BBB, helping the barrier function of

the endothelial tight junctions (Dohgu et al. 2011). Others also proved that PAI-1
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overexpression increased tPA/PAI-1 complex levels in the affected brain after

middle cerebral artery (MCA) ligation model, suggesting a role of extravasated

PAI-1 that would counteract tPA-derived neurotoxicity (Nagai et al. 2005). Fur-

thermore, the use of PAI-1-derived peptides that inhibited the tPA’s effect on BBB

function without modifying its proteolytic activity improved outcome in thrombo-

embolic models of stroke (Abu Fanne et al. 2010). Others have also shown that

neuroserpin administration reduced MMP-9 activity and this was associated with a

lower BBB leakage (Zhang et al. 2002). Therefore, the mechanisms by which

serpins exert their actions on the BBB are still not fully understood.

Fibrinolysis-independent role for plasminogen/plasmin during stroke has been

less extensively studied. Since plasmin is required for MMP activation, it may play

a crucial role in the deleterious effects of tPA on the BBB (Gur-Wahnon

et al. 2013). Besides, plasmin may also act on endothelial protease-activated

receptor-1 (PAR-1), which displays both pro- and anti-inflammatory roles

(Coughlin 2001; Greenidge et al. 2013). Other plasmin-mediated mechanisms

leading to BBB leakage have been described including cleavage of monocyte

chemoattractant protein-1 (MCP-1) and Rho-kinase pathway-dependent astrocytic

retraction (Yao and Tsirka 2011). Whether inhibitors of plasmin-dependent delete-

rious effects may be used to improve thrombolysis outcome remains to be

demonstrated.

During stroke, the tPA/plasminogen/plasmin axis plays also a crucial role on

cerebrovascular inflammation. Indeed, tPA administration leads to adhesion mole-

cule overexpression and to a pro-thrombogenic phenotype of endothelial cells

(Zhang et al. 2005, 2009b). The mechanism of tPA-induced inflammation remains

elusive and may involve both intravascular and parenchymal effects, especially

since tPA is able to cross both compromised and intact BBB after stroke

(Benchenane et al. 2005a). In physiological conditions, this transcytosis is mediated

by LRP receptors and is independent of tPA proteolytic activity. In hypoxic

conditions, this crossing is exacerbated and becomes LRP independent

(Benchenane et al. 2005b). Therefore, endogenous and exogenous plasmatic tPAs

are able to reach the brain parenchyma, thereby directly acting on neurones and

glial cells (Jin et al. 2010).

Altogether, these results demonstrate that tPA displays both beneficial and

deleterious effects at the vascular level during cerebral ischaemia. On one hand,

tPA facilitates arterial recanalization but on the other hand, it worsens BBB

damages (Benchenane et al. 2004). Therefore, the net benefit of tPA-mediated

thrombolysis on stroke outcome is dependent on the fine equilibrium between

these opposite roles, with blood-derived serpins as mediators.
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16.4 The tPA/Plasminogen/Plasmin System and Its Inhibitors
in the Brain Parenchyma

These fibrinolytic actors are also present in the brain parenchyma with various roles

in physiological and pathological conditions. tPA has mainly been described in

neurones (Rogove et al. 1999; Docagne et al. 1999) but is also present in astrocytes,

microglia and oligodendrocytes. tPA can be found in the hippocampus, hypothala-

mus, cerebellum, corpus callosum and amygdala (Docagne et al. 1999; Salles and

Strickland 2002; Correa et al. 2011). The presence of plasminogen in the brain

parenchyma has been debated for years, but it has been described at the surface of

hippocampal neurones (Ledesma et al. 2000), and there are evidences of an

implication of the tPA/plasmin ax in neuronal growth cone (Krystosek and Seeds

1981), migration of cerebellar granule neurones during development (Friedman and

Seeds 1995) and synaptic remodelling (Baranes et al. 1998). Inhibitors of this

system are also present in the brain parenchyma. PAI-1 co-localizes with tPA in

the hippocampus (Salles and Strickland 2002) but seems to be mainly expressed by

astrocytes (Hultman et al. 2010; Gravanis and Tsirka 2005). Neuroserpin is mostly

synthesized and secreted from neurones of the central and peripheral nervous

systems (Hastings et al. 1997; Krueger et al. 1997). PN-1 is also present in

astrocytes and neurones (Mansuy et al. 1993) and its expression is increased during

cerebral ischaemia (Hoffmann et al. 1992).

The whole system and its regulators have been implicated in cerebral ischaemia-

mediated excitotoxicity, apoptosis, ER stress and inflammation and will be discuss

in each following section.

16.4.1 Excitotoxicity

Excitotoxicity designs a pathological process by which nerve cells are killed by

excessive glutamate stimulation. In 1995, Tsirka and collaborators were the first to

establish a link between the glutamatergic transmission and tPA (Tsirka

et al. 1995): tPA-deficient mice are more resistant to intra-hippocampal kainate

injections than their WT littermates. Later, it was described that tPA can bind to the

GluN1 subunit of NMDA receptors and then increase its permeability to Ca2+

(Nicole et al. 2001; Fernandez-Monreal et al. 2004). The direct effect of tPA on

GluN1 happens by a two-step docking system (Lopez-Atalaya et al. 2008), but

other observations suggest an effect on GluN1 via the transformation of plasmino-

gen into active plasmin (Matys and Strickland 2003) and an indirect cleavage of the

NMDA receptor by tPA through the LRP receptor (Samson et al. 2008).

The use of serpins to counteract tPA-mediated excitotoxicity has been widely

used in the literature but has not reached the clinical state. For example, it was

demonstrated that the astrocytic overexpression of PAI-1 by transforming growth

factor-alpha (TGF-α) rescued neurones from excitotoxicity (Gabriel et al. 2003). As

explained before, in a MCA ligation model of cerebral ischaemia, the use of

transgenic mice overexpressing PAI-1 shows a decrease in infarct volume, but in
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a thrombosis model, the inhibition of vascular tPA provokes a bigger infarct

volume (Nagai et al. 2005). The use of these two models demonstrates that the

inhibitory effect of PAI-1 in reperfusion leads to greater damages in the brain, while

inhibition of neuronal tPA protects them from excitotoxicity. This is supported by

the use of PAI-1 knock-out mice that display exacerbated brain damages (Nagai

et al. 1999). It is interesting to note that a meta-analysis shows that the PAI-1 4G

high expression allele in humans seems to have a protective effect in cerebral

ischaemia, whereas the same allele may be associated with an increased risk of

myocardial infarction (Bentley et al. 2010).

Neuroserpin has also been widely studied in cerebral ischaemia. In a rat stroke

model, the intracerebral administration of neuroserpin decreases the infarct volume

(Yepes et al. 2000). The direct inhibition of tPA by neuroserpin in the brain

parenchyma leads to a lesser level of excitotoxicity in vitro (Lebeurrier

et al. 2005; Rodriguez-Gonzalez et al. 2011b) and in mice models of ischaemia

(Cinelli et al. 2001; Lebeurrier et al. 2005) but also reduces microglial activation,

which in turn results in a lower production of tPA.

In contrast to the overexpression of PAI-1 and neuroserpin during cerebral

ischaemia, there is no induction of PN-1 (Hultman et al. 2010). Nevertheless,

PN-1 shows neuroprotective effects in cerebral ischaemia, but it seems mediated

via its action on thrombin (Mirante et al. 2013).

16.4.2 Apoptosis

Serpins have also been implicated in anti-apoptotic processes. Yepes and

collaborators discovered that neuroserpin decreases the number of apoptotic cells

after cerebral ischaemia (Yepes et al. 2000). Once again, this effect is mediated by

the direct interaction between neuroserpin and tPA (Yepes et al. 2000). This first

observation was followed by other works that show either anti-apoptotic effects

(Lee et al. 2007; Liot et al. 2006) or pro-apoptotic effects (Liu et al. 2004; Flavin

et al. 2000) of tPA.

In the hippocampus, the delayed neuronal cell death observed after cerebral

ischaemia is dependent of tPA’s proteolytic activity and is mediated by plasmin via

NMDA receptor-Akt phosphorylation (Echeverry et al. 2010). Another hypothesis

would be the conversion of pro-brain-derived neurotrophic factor (BDNF) into its

active form (Pang et al. 2004). But tPA can also act independently of its proteolytic

activity, by inhibiting apoptotic cell death in a model of serum deprivation on

neurones, via the recruitment of the PI3-K pathway (Liot et al. 2006). In oligoden-

drocytes, tPA is clearly anti-apoptotic independently of its proteolytic properties,

and this effect requires the activation of the EGF receptor (Correa et al. 2011). In

contrast to these results, tPA has been described as a pro-apoptotic molecule in

cerebral ischaemia by activating caspase-3 via the caspase-8. This effect is partially

blocked by activated protein C (Liu et al. 2004). These discrepancies on apoptosis

can partially be explicated by the variety of models used for these studies: in the
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cerebral ischaemia field, results depend on the stroke model used (Young

et al. 2007).

Regarding PAI-1, the same contradiction exists and also depends on the models

used. For example, PAI-1 shows anti-apoptotic effects in various cell lines like

neutrophils (Zmijewski et al. 2011) or fibroblasts (Zhang et al. 2013) and has

pro-apoptotic effects in some other cell lines [for review (Balsara and Ploplis

2008)]. In the central nervous system, the deficiency of PAI-1 in astrocytes leads

to apoptosis in neurones, by stimulating the release of cytochrome C and in the

meantime decreasing the transcription of B-cell lymphoma 2 (Bcl-2) and B-cell

lymphoma-extra large (Bcl-XL) (anti-apoptotic genes) while increasing

pro-apoptotic Bcl-XS and Bax mRNA (Soeda et al. 2001).

Serpins also inhibit the transformation of plasminogen into active plasmin and

thus decrease anoı̈kis-mediated apoptosis. PN-1 protects cells from apoptosis

mediated by plasminogen activation (Rossignol et al. 2004). PN-1 also protects

from OGD-induced apoptosis, but this effect is mediated by the inhibition of

thrombin (Mirante et al. 2013).

16.4.3 ER Stress

The endoplasmic reticulum (ER) is an important organelle where membrane and

secretory proteins are folded and processed. To control the accumulation of native/

aberrant proteins within the ER, a signal exists and is mediated by three sensors at

the reticulum membrane: protein kinase RNA-like endoplasmic reticulum kinase

(PERK), inositol-requiring protein 1 (IRE-1) and activating transcription factor

6 (ATF6) [for review (Marciniak and Ron 2006)]. Under physiological conditions,

the chaperone protein Bip binds to the intra-reticulum domain of the three sensors.

Under stress conditions, Bip disengages from the sensors, leading to their activa-

tion. PERK oligomerizes and then phosphorylates the α-subunit of the eukaryotic

initiation factor 2 (eIF2α), leading to the shutdown of translation (Marciniak and

Ron 2006). Despite this shutdown, a small proportion of proteins are actively

expressed, like activating transcription factor (ATF4), C/EBP homologous protein

(CHOP), growth arrest and DNA damage-inducible protein (GADD34) and other

chaperones. GADD34 will be responsible for the dephosphorylation of eIF2α and

the recovery of protein synthesis. In the meantime, the other sensors are also

activated by ER stress. When unbound to Bip, IRE-1, an endoribonuclease, is

able to cleave the mRNA X-box binding protein 1 (XBP-1). The spliced variant

of XBP-1 is an active transcription factor that promotes the expression of ER stress

genes (Marciniak and Ron 2006). Under stress conditions, ATF6 is released from

the reticulummembrane and migrates to the Golgi where the protein is cleaved. The

cleaved fragment acts as a transcription factor and activates ER stress genes

(Marciniak and Ron 2006). If unfolded/aberrant proteins remain within the ER,

they will be targeted by the ERAD (ER-associated degradation) for degradation by

the proteasome (Needham and Brodsky 2013; Brodsky 2012; Smith et al. 2011).
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ER stress has been associated with many neurodegenerative diseases, including

stroke (Roussel et al. 2013). In that part, we will focus on ER stress in cerebral

ischaemia and the influence of tPA and its regulators.

Many studies have clearly demonstrated the activation of ER stress in in vitro

and in vivo models of ischaemia. In culture of cortical neurones under oxygen

deprivation (Halterman et al. 2010), in rat astrocytes cultures under oxygen and

glucose deprivation (OGD) (Benavides et al. 2005) and in primary cultures of

mixed rat brain cortical cells under OGD (Badiola et al. 2011), ER stress markers

such as PERK, IRE-1, GADD34, ATF4, CHOP and Bip are clearly up-regulated.

ER stress-related genes and proteins are also increase in murine [mice (and rats)

models of middle cerebral artery occlusion (Morimoto et al. 2007; McCaig

et al. 2005)] and in a transient model of bilateral common carotid arteries occlusion

(Owen et al. 2005; Tajiri et al. 2004; Doutheil et al. 1999). However, some

discrepancies remain about the role of ER stress in cerebral ischaemia.

Many studies consider CHOP as a pro-apoptotic factor. One of the first studies

was performed by Tajiri and colleagues in 2004 where they show that primary

hippocampal neurones from CHOP(�/�) mice are more resistant to a hypoxia-

reoxygenation insult than those fromWT animals (Tajiri et al. 2004). CHOP is also

increased in astrocytes under OGD, leading to cell death (Benavides et al. 2005).

CHOP is also implicated in neuronal cell death during cerebral ischaemia in in vivo

studies (Li et al. 2012; Yuan et al. 2011; Nakka et al. 2010). Despite these effects, a

study shows a protective role of CHOP in hypoxia-induced neuronal death

(Halterman et al. 2010): the deletion of CHOP increases the neuronal susceptibility

to both hypoxic and thapsigargin-mediated injury and the overexpression of CHOP

protects culture against hypoxia (Halterman et al. 2010). Moreover, CHOP leads to

the expression of GADD34, and it is well described that GADD34 displays

pro-survival effects after cerebral ischaemia (McCaig et al. 2005; White

et al. 2004; Paschen et al. 2004).

Ischaemia induces an energetic depletion, impairing the ER calcium homeosta-

sis. Within the cell, the ER is the main calcium pool, and disturbance of its

homeostasis is known to play a role in ER stress (Nakagawa et al. 2000). tPA is

also responsible for the increase in intracytosolic calcium in ischaemic conditions,

by cleaving the GluN1 subunit of the NMDA receptor (Nicole et al. 2001). The

combination of ER stress and ischaemic conditions in the presence of tPA might

deliver a double blow of calcium within the cytoplasm that could increase cell

death.

16.4.4 Inflammation

Inflammation plays a critical role in many diseases related to neurodegeneration,

including stroke [for review (Nilupul Perera et al. 2006)] and Alzheimer

(Eikelenboom et al. 2002; Gonzalez-Scarano and Baltuch 1999) and Parkinson

diseases (Perry et al. 2010; Tansey and Goldberg 2010). It has been shown that tPA

is able to activate microglia in excitotoxic conditions independently of its
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proteolytic activity (Gravanis and Tsirka 2005; Gelderblom et al. 2013; Rogove

et al. 1999; Pineda et al. 2012). Indeed, in a culture model of mixed cortical

neurones and purified microglial cell, treatment with lipopolysaccharide (LPS)

leads to a transient increase in the expression of tumor necrosis factor-alpha

(TNFα) and to morphological changes of microglia. When realized in tPA�/�
cultures, no microglial activation is observed after LPS treatment (Rogove

et al. 1999). The microglial activation is restored in tPA�/� cultures by a

pretreatment with tPA or inactive tPA. On its own, tPA is not capable to activate

microglia. Similarly, in an in vivo model of kainate injection, activation of

microglia is restored in tPA�/� mice when inactive tPA is co-injected (Rogove

et al. 1999) (Fig. 16.2).

To further characterize the mechanisms involved in tPA-mediated microglial

activation, different mutants of tPA were tested in vitro. With that method, it has

been shown that the interaction of the finger domain of tPA with Annexin A2

receptor causes a molecular cascade that leads to microglia activation (Siao and

Tsirka 2002). This molecular cascade involves a rapid activation of extracellular

signal-regulated kinase (ERK1/2) and c-Jun N-terminal kinase (JNK) pathways and

a delayed activation of protein kinase B (PKB also called Akt) pathway. It is

interesting to note that inactive tPA only activates ERK1/2 and JNK pathways.

Although most studies show a non-proteolytic effect of tPA in microglial

activation, others found the opposite (Godier and Hunt 2013; Rogove and Tsirka

1998; Gelderblom et al. 2013). tPA is not the only ligand for the Annexin A2

receptor; plasminogen (Kim and Hajjar 2002) or plasmin [for review (Godier and
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ERK1/2 JNK
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JAK/STAT1 Microglia 
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Fig. 16.2 tPA mediates microglia activation. In the injured brain, tissue-type plasminogen

activator (tPA) can activate microglia by a direct interaction with the Annexin A2 receptor or

by transforming plasminogen into plasmin. It results in the activation of signal-regulated kinase

(ERK1/2) and c-Jun N-terminal kinase (JNK/Akt) pathways. tPA can also bind to lipoprotein

receptor-related protein-1 (LRP-1) receptor, leading to the microglial migration via the Janus

kinase/signal transducer and activator of transcription-1 (JAK/STAT1) pathway
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Hunt 2013)] can also bind to it. Thereby, a subunit of Annexin A2 receptor can be

cleaved by plasmin, leading to a pro-inflammatory response as a ligand for trans-

membrane receptors (Godier and Hunt 2013). This action of plasmin reveals a

proteolytic, but indirect, effect of tPA in Annexin A2 activation-mediated

inflammation.

Annexin A2 receptor is not the only mediator of tPA-induced inflammation. By

using an in vivo model of MCA occlusion (MCAO), it has been demonstrated that

the microglia activation is mediated by the binding of tPA to LRP-1 receptor

(Zhang et al. 2009a). Moreover, PAI-1 promotes microglial migration via the

LRP-1/Janus kinase (JAK)/signal transducer and activator of transcription-1

(STAT1) pathway and modulates microglial activation by suppression of the

Toll-like receptor-2 (TLR-2) signalling (Jeon et al. 2012). Despite the

pro-inflammatory properties of PAI-1, another serpin seems to be protective in

cerebral ischaemia, by decreasing the inflammatory response. In an in vivo stroke

model of temporary MCAO, neuroserpin inhibits the pro-inflammatory effects of

tPA (Gelderblom et al. 2013). In this study, they subjected neuroserpin-deficient

(Ns�/�) and WT mice to temporary MCAO. They show an increase of the infarct

size and neurological disability in Ns�/� mice compared to WT mice 72 h after

ischaemia. Ns�/� mice present a decrease of fibrin/fibrinogen level in the

ischaemic hemisphere. Furthermore, in Ns�/� mice there is an increase in TNFα
expression which is produced by activated microglia. Thus, they confirm the

neuroprotective role of neuroserpin in ischaemia (Gelderblom et al. 2013).

The intracellular signalling cascades triggered by tPA could be blocked using

JNK or Akt pathway inhibitors. Treatment in mixed glial cells with tPA and JNK

inhibitor-1 (JNKI-1) decreases the induction of TNFα induced by tPA treatment

alone, while treatment with tPA and an inhibitor of Akt pathway increases the

expression of TNFα (Pineda et al. 2012).

16.5 New Therapeutic Strategies for Stroke

tPA is a two-side molecule: it is clearly beneficial within the vascular compartment,

by promoting the dissolution of fibrin clots and restoring the cerebral blood flow,

but tPA is also pro-neurotoxic by its influence on excitotoxicity (Nicole et al. 2001)

(Fig. 16.3).

The identification of new strategies to enhance tPA-related fibrinolytic efficacy

and reduce at the same time its associated complications (haemorrhage and neuro-

toxicity) is still a priority. Annexin A2, a cofactor which binds to tPA and plasmin-

ogen resulting in enhanced plasmin generation, was identified in endothelial cells

(Hajjar et al. 1994). Administration of recombinant Annexin A2 can make low-dose

tPA more effective in a murine stroke model, minimizing haemorrhagic transfor-

mation and infarction, indicating that this cofactor is a promising approach for

ischaemic stroke treatment (Zhu et al. 2010).
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Another way to improve thrombolysis is to make a “safer” tPA by decreasing its

pro-neurotoxicity without changing its ability to convert plasminogen into active

plasmin. By generating mutants of tPA with these properties, Parcq and

collaborators have proved that a non-cleavable single-chain (sc) form with restored

zymogenicity (sc*-tPA) and a tPA modified in the kringle 2 (K2) lysine-binding site

(K2*-tPA) are fibrinolyticly active and without NMDA receptor mediated (Parcq

et al. 2013). Another possibility is a direct inhibition of the interaction between the

NMDA receptor and tPA. By generating an antibody targeting the cleaved part of

the GluN1 subunit (Macrez et al. 2010), it was demonstrated that the toxicity

triggered by tPA during cerebral ischaemia is significantly reduced (Macrez

et al. 2011). A third way to improve tPA is the co-injection with another molecule.

For example, the co-injection of tPA and high-mobility group box-1 protein

(HMGB-1) promotes fibrinolysis and reduces tPA-mediated neurotoxicity (Roussel

et al. 2011b). It could give the opportunity to inject less tPA for the same fibrinoly-

sis efficiency, but also decrease a toxicity that would be lower due to the lesser dose

injected. However, many drugs have been tested in co-injection protocols, but few
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Fig. 16.3 tPA actions on both sides of the blood-brain barrier (BBB). tPA promotes clot lysis in

the vascular compartment by activating plasminogen into active plasmin. tPA can also cross the

BBB through LRP receptors and promotes excitotoxicity in the brain compartment during cerebral

ischaemia. tPA, tissue-type plasminogen activator; PAI-1, plasminogen activator inhibitor 1;

TAFI, thrombin-activatable fibrinolysis inhibitor; PN-1, protease nexin 1; plg, plasminogen; Pl,

plasmin; uPA, urokinase plasminogen activator; α2-AP, alpha-2 antiplasmin; PAR-1, protease-

activated receptor 1; LRP, lipoprotein receptor-related protein; BBB, blood-brain barrier; MMP,

matrix metalloproteinase; PDGF-CC, platelet-derived growth factor-CC; NS, neuroserpin; BDNF,

brain-derived neurotrophic factor; NMDA, N-methyl-D-aspartate; LTP, long-term potentiation
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have reached the clinical level and none are used nowadays in the clinic: in 1026

neuroprotective drugs in 2006, all of them have failed in clinical trials (O’Collins

et al. 2006).

Serpin’s inhibition is a major topic in the field of thrombolysis since elevated

levels of antifibrinolytic proteins, such as TAFI and PAI-1, are known to provoke

and increase the risk for thrombosis. For the moment, different therapies have been

developed. Currently, early studies on PAI-1 inhibition have been focused on

monoclonal antibodies that convert PAI-1 to the latent or cleaved form and the

inhibitory peptides that correspond to the reactive site of PAI-1. However, the

implications of plasminogen activation go beyond of just fibrinolytic control and

extend other processes. For instance, serpins are also used as molecules that block

tPA-mediated toxicity. For example, a stable mutant of PAI-1 blocks tPA toxicity

when injected intracerebroventricularly in a neonatal model of ischaemia (Yang

et al. 2013). In vitro, neuroserpin also blocks tPA-mediated death by attenuating

inflammation and BBB leakage (Rodriguez-Gonzalez et al. 2011a), by inhibiting

the interaction with NMDA receptor (Lebeurrier et al. 2005; Zhang et al. 2002) and

by decreasing apoptosis in cerebral ischaemia (Yepes et al. 2000). However, the use

of serpins seems limited in clinic because of its inhibition of fibrinolysis (Nagai

et al. 2005). Moreover, in most of the neuroprotective studies using serpins, authors

apply the molecule directly in the brain to show their effects. Only few studies

inject serpins in the vascular compartment or do use a thromboembolic stroke

model.

This review highlights the two roles of tPA in cerebral ischaemia with a positive

fibrinolytic function in the vascular compartment that restores a normal cerebral

blood flow and a pro-neurotoxic effect in the brain parenchyma. Serpins have

already demonstrated a good therapeutic potential to counteract the parenchymal

effects of tPA; however, this strategy needs to be improved to allow a peripheral

administration that will not decrease thrombolysis.
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Abstract

Serine protease inhibitors, termed serpins, regulate myriad physiological pro-

cesses in the mammalian body from thrombotic and thrombolytic pathways to

inflammation, angiogenesis, hormone transport, and hypertension. The large

percentage of serpins among the plasma proteins in the circulating blood as in

the case of plasminogen activators, the functional redundancy of serpins, and

also the debilitating serpinopathies of antithrombin III (SERPINC1),

neuroserpin (SERPINI1), and alpha-1 antitrypsin (SERPINA1) provide evidence

of the importance of serpins and their widespread impact in normal physiologi-

cal homeostasis. Inflammation, also termed innate immunity, interacts closely

with and both regulates and is regulated by thrombotic and thrombolytic serine

proteases. Activation of the coagulation proteases is, in turn, controlled by

serpins. Apoptosis is also modulated by serpins with cross-class inhibitory

activity for cysteine and serine proteases. Excessive inflammation and cell

death processes are now recognized as interacting with the thrombotic and

thrombolytic proteases. Viruses have evolved to communicate and control

these processes by encoding their own serpins, which confer on them the ability

to evade host immune defenses. This chapter provides an introduction to the

viral serpins derived from poxvirus origins that have been shown not only to be

essential for successful viral infection but, in some cases, as for Serp-1 and Serp-

2, to have the potential to mitigate inflammatory disease in animal models. Serp-

1 has in fact been successfully tested in a small phase 2A clinical trial in unstable
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angina patients with coronary stent implants. A tandem discussion of mamma-

lian serpins with actions similar to those of the viral serpins is also presented to

emphasize potential evolutionary relationships between viral and mammalian

serpins. The anti-inflammatory serpins hold the potential to be effective in

disease states such as atheroma, sepsis, cancer, and wound healing given that

these conditions are all associated with aberrant inflammatory responses and

with dysregulation of thrombotic, thrombolytic, and apoptotic protease

cascades. The capacity of viral serpins to provide antiviral protection by

modulating the virome as well as possible therapeutic effects of serpin

metabolites in inflammation will also be discussed. In summary, viral serpins

have evolved over many millions of years and provide a unique and highly

potent reservoir for both the study of serpin modulation of inflammatory

responses and for new therapeutic approaches to inflammatory and even infec-

tious diseases.

Serpins
Serpent molecule
Serpiginous trap
Strikes
Secures
Stabilizes
The ultimate protease regulatory weapon
Alexandra Lucas, MD

Preface
Current research indicates that wound healing, atherosclerosis, sepsis, and cancer

share pathogenic as well as curative processes. In disease states, many of these

pathways are driven by an excess or an imbalance in the normal innate immune

response. Activation of innate immune, or inflammatory, responses is also

associated with activation of proteases that drive the coagulation, the

inflammasome, and the apoptotic pathways. These serine proteases are regulated

by inhibitors, termed serpins.

Activation of serine proteases in clot-forming and clot-dissolving cascades can

increase inflammatory responses. These interactions between the thrombotic (clot-

ting) and thrombolytic (clot lysis) proteases are now recognized as central

mediators in pathogenic states where there is excess inflammation. The thrombotic

and thrombolytic cascades are composed of sequentially activated serine protease

cascades that are, as noted regulated by serpins. Similar interactions are also seen

between the apoptotic (cell death), inflammasome, and innate immune pathways.

The serine protease granzyme B and select cysteine proteases (caspases) drive cell

death and also activation of the inflammasome. Some serpins can function as cross-

class inhibitors, inhibiting not only serine proteases, but also cysteine proteases in

the apoptotic and inflammasome pathways.

Large DNA viruses have evolved highly effective immune-modulating

mechanisms over millions of years that serve as a protective shield against host
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immune responses to viral infection. These viruses have identified serpins as pivotal

immune-modulating agents. Virus-derived serpins demonstrate the impact of

serpin-mediated inhibition of protease pathways on host immune responses,

displaying powerful blockades of the host responses to viral infection. Viral serpins

may also provide a mechanism for blockade of invasion by other infectious agents,

potentially modifying the host microbiome. With this chapter, we will discuss the

viral serpins, their immunomodulatory mechanisms, and their potential as a new

class of anti-inflammatory therapeutic and for identification of new therapeutic

directions. We begin with the discovery of innate immunity followed by

discussions of coagulation, apoptosis, and inflammasome pathways and the inter-

action of these protease pathways with inflammation. We will then provide an

overview of serpin biology and individual viral serpins, both in viral infections and

as translational therapeutics. The potential roles for viral serpins in the virome will

also be discussed. In translation research on viral proteins as therapeutics, the

known viral serpins have demonstrated the capacity to alter the course of disease

in a broad array of disease models. One such myxomaviral serpin, Serp-1, has

demonstrated efficacy in animal models of atherosclerosis, inflammatory vasculitis,

transplant rejection, arthritis, cancer, and viral sepsis illustrating a very wide range

of disease-modifying actions. This same serpin has been safely and effectively

tested in one small phase 2a clinical trial. In sum, we would suggest that analysis of
serpin immunomodulation has extraordinary potential for improving understand-
ing of inflammatory mechanisms in disease and providing new directions for
treatment of inflammation-based disorders. Current work on viral serpins has
only begun to tap this natural biological resource.

17.1 Central Roles of Innate Immunity in Healing and Disease:
The History

The innate immune system plays a pivotal role in inflammation and is increasingly

reported as fundamental for both healing processes in man and pathogenic pro-

cesses in disease. This early cellular response occurs within hours, long before

antibodies are upregulated in acquired immunity. Innate immune responses are

responsible for 80 % of healing and antimicrobial responses (Zetterstrom 2009;

Ross et al. 1977, 1984; Lowe 2003; Bennett et al. 2009). Inflammatory cell activa-

tion at sites of local injury has been reported by researchers from Mechnikov and

Virchow to Russell Ross. Ilya Ilyich Mechnikov (Institut Pasteur, France; 1845–

1916) was the first to discover the innate immune cellular response. He reported a

very early massing of mononuclear cells in the transparent starfish larvae

bipinnaria that occurred after insertion of tangerine thorns. Mechnikov later con-

firmed that there was also an early inflammatory cell response in Daphnia water

fleas infected with microbes. Rudolf Virchow (Germany, 1821–1902) was a multi-

talented pathologist and public health physician, biologist, and scientist. Virchow

was among the first to note a connection between inflammatory cell invasion in
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atherosclerotic plaques in the arterial wall and also to observe the connection

between endothelial cell injury, hypercoagulability, and thrombosis in venous

thrombosis and pulmonary emboli (although Virchow’s triad was only named as

such many years later) (Lowe 2003; Bennett et al. 2009). Finally, Russell Ross

(University of Washington, Seattle, USA; 1929–1999) formulated the “response to

injury hypothesis” in which he stated that atherosclerotic plaque develops in

response to multiple different forms of endothelial injury in the artery from

hypertension, diabetes, and hyperlipidemia to surgical injury during percutaneous

angioplasty. These three seminal observations provide the basis for what is now

known as innate immunity, beginning with endothelial cell injury and culminating

in platelet activation and adherence and inflammatory cell activation, adhesion, and

invasion (Ross et al. 1977, 1984). Excess inflammation is now understood to be

associated with disease progression in wound healing, atheroma, sepsis, and also

cancer.

With endothelial damage and attendant inflammatory cell responses, there is

upregulation of coagulation protease activity on the surface of activated platelets,

on damaged endothelium, on mononuclear cells, and in the surrounding matrix. The

inflammatory and coagulation systems modulate one another stimulating further

inflammation and also clotting and/or bleeding (Carmeliet et al. 1997; Hu et al.

2015; Fu et al. 2014; Chen and Dorling 2009; Chen et al. 2008). With cellular

injury, there is also cell death and cell suicide (apoptosis). Apoptotic cells can also

induce activation of proteases in the thrombotic cascade as well as release of

cytokines that induce further activation of inflammatory cells (Hiebert and

Granville 2012; Wen et al. 2012; Masters 2013; Wensink et al. 2015). This same

coactivation of thrombotic, thrombolytic, and inflammatory cascades is seen in

atherosclerotic and inflammatory vascular disease, wound healing, uncontrolled

septic states with disseminated intravascular coagulation (DIC), and also cancer. In

recent studies, inflammatory macrophage and neutrophils, designated tumor-

associated macrophage and neutrophils (TAM and TAN), and myeloid-derived

suppressor cells (MDSC) have been reported to initiate and/or promote local cancer

invasion and metastases. Additionally, work by Maden and Scott on wound healing

in the newt axolotl (Ambystoma mexicanum) and the African spiny mouse (Acomys)
has demonstrated associations with some of these same thrombotic, thrombolytic,

inflammatory, and connective tissue pathways in tissue regeneration during wound

healing (Fig. 17.1). The spiny mice along with the axolotl have very active

regeneration systems when compared to wild-type mice, and their work has

detected associated changes in macrophage, collagen XII, matrix metallopro-

teinases (MMPs), and several growth factors (Seifert et al. 2012; Lopez et al.

2014; Maden 2009). MMPs are activated from the pro-form, and selected

growth factors are released from connective tissues by plasminogen activators

and plasmin.
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17.2 Inflammation and Mammalian Serpins

In the following section, protease pathways that initiate inflammatory cell

responses will be discussed followed by an overview of the serpins that regulate

these pathways, their biology, the known viral serpins, and their protease targets.

We will then discuss the immune-modulating functions of known viral serpins and

their capacity to modify pathogenesis in disease. The potential for serpin-mediated

immune modulation in therapeutic applications as well as the concept of serpin-

Fig. 17.1 Interaction of platelets, monocytes, and T cells with areas of endothelial damage. Many

of the cytokine, chemokine, protease, and connective tissue responses are shared in processes from

wound healing to atherosclerosis, sepsis, and cancer
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directed changes in the virome. In each case, we will discuss what is known about

the role of serpins in specific pathologies, and where possible, the regulatory actions

of mammalian serpins will be contrasted with viral serpins that target similar

pathways.

17.2.1 Coagulation Pathways and Inflammatory Responses

The thrombolytic serine proteases, specifically urokinase- and tissue-type plasmin-

ogen activators (uPA and tPA), activate plasmin. Plasmin not only functions to

dissolve fibrin clots but also activates matrix metalloproteinase (MMP) enzymes, as

do tPA and uPA. MMPs together with plasmin break down connective tissue,

specifically collagen, elastin, and gelatin, surrounding the endothelial layer in the

vascular tree (Huang et al. 2014; Gong et al. 2008). This breakdown of connective

tissue layers allows cells to move freely into the arterial wall or in fact any vascular

wall, in vein, arterial, lymphatic, and capillaries. uPA binds to the uPA receptor

(uPAR) on the leading edge of invading monocytes, activating MMPs to allow cell

ingress into tissues and also activating and releasing vascular endothelial growth

factor (VEGF), transforming growth factor beta (TGFβ), and basic fibroblast

growth factor (bFGF) from connective tissue stores. Interaction of uPA with its

receptor, uPAR, also modifies cell activation. The uPAR is glycosylphosphatidy-

linositol (GPI) linked and also sits in a large lipid raft of membrane proteins that

initiate signaling pathway activation and thus modifies gene expression potentially

through altered signaling of adjacent lipid raft integrins and seven transmembrane

G protein-coupled chemokine receptors (GPCRs). Once inhibited by serpin binding

to the uPA/uPAR as for plasminogen activator inhibitor-1 (PAI-1, SERPINE1) this

complex becomes internalized and can alter cell signaling through select JAK/

STAT pathways (Fleetwood et al. 2014; Viswanathan et al. 2009; Kanse et al. 2004;

Chen et al. 2013a).

Factor X (FXa) and thrombin bind selected protease-activated receptors (PARs)

1–4 with variable efficiency on the mononuclear cell surface. This interaction also

leads to altered cytokine expression in the activated mononuclear cell (Chen and

Dorling 2009; Chen et al. 2008).

17.2.2 Inflammasome Pathways in Inflammatory Responses

Caspase 1 is a cysteine protease that activates interleukin-1 beta (IL-1β) as well as
IL-18, two pro-inflammatory cytokines. Nod-like receptor proteins (NLRPs) form

multiprotein complexes together with the adaptor protein apoptosis-associated

speck-like protein containing a CARD (ASC). Caspase 1 engages the adaptor

protein ASC and dimerizes to form an active protease that cleaves pro-IL-1β
producing the active, secreted cytokine (Wen et al. 2012; Masters 2013;

Viswanathan et al. 2012). NLRP3 has been the most intensely investigated NLR

and detects pathogen-associated molecular patterns (PAMPs) and damage-

associated molecular patterns (DAMPs) and also environmental irritants, hazardous
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chemicals, and drugs. Genetic deletion studies of NLRP3 implicate NLRP3 in

protective responses to viruses, bacteria, and fungi. NLRP3 is associated with

diseases such as diabetes, atherosclerosis, and infections. The inflammasome not

only initiates activation of inflammatory cytokines but also is associated with a

form of cell death termed pyroptosis.

17.2.3 Apoptotic Pathways in Inflammatory Responses

Apoptosis pathways are activated both by the serine protease granzyme B (GrB) as

well as through other activating pathways which then signal through cytoplasmic

cysteine proteases (caspases) via sequential protease reactions. Apoptotic cells

release pro-inflammatory mediators or cytokines, and some apoptotic macrophages

release large packets of cytokines into the circulation (Chen et al. 2008; Wensink

et al. 2015). Apoptotic cells are also reported to activate platelets, and the throm-

botic cascade again engenders more inflammatory as well as clot-forming

responses.

GrB is a serine protease mainly produced by cytotoxic lymphocytes and is

traditionally considered part of the molecular machinery in cells that induce T

cell-driven apoptosis (cell death or cell suicide) in virus-infected cells or tumor

cells. GrB is released together with perforin into the immunological synapse

between the cytotoxic T cell and the target cell. The granule exocytosis pathway

releases cytotoxic proteins stored in lymphocyte granules which includes perforin, a

pore-forming protein, and serine protease granzymes. GrB together with perforin

enters the target cell and activates apoptotic pathways by cleavage of intracellular

substrates. More recent work has found that GrB can also enter a cell and induce

apoptosis independently of the perforin-mediated pathway.

17.3 Serpin Biology

For each of these protease-activated responses, there are virus-derived regulatory

serpins that modify their activation. These viral serpins are both classical inhibitors

of serine proteases, such as the coagulation enzymes and GrB, and also cross-class

inhibitors that block both serine and cysteine proteases through a serpin inhibitory

mechanism (Turner et al. 1999; Messud-Petit et al. 1998; Turner and Moyer 2001;

Komiyama et al. 1994).

Serpins are found throughout evolution from viruses to bacteria, from horseshoe

crabs, dinosaurs, and shrimp to mammals and man (Janciauskiene 2001; Lomas

et al. 2005; Carrell and Travis 1985; Irving et al. 2000; Iwanaga and Kawabata

1998; Law et al. 2006; Silverman et al. 2001; Marszal and Shrake 2006; Huntington

et al. 2000; Patston et al. 2004; Ye et al. 2001; Lawrence et al. 2000; Whisstock and

Bottomley 2006; Liu et al. 2014; Lucas et al. 2009). Serpins have central regulatory
roles throughout the mammalian body, serving as pivotal points in normal physio-

logical functions, regulating protease activation from thrombotic pathways to
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inflammation, complement, angiogenesis, hormone transport, or even hypertension,

among many others (Law et al. 2006; Silverman et al. 2001; Whisstock and

Bottomley 2006). The role of serpins as central regulators of normal physiologic

functions is well illustrated by the profound effects of genetic mutations in some

serpins, disease states with serpin deficiency, and the newly discovered marked

immunomodulating capacities for virus-derived serpins. Genetic mutations of

serpins cause severe disorders, named serpinopathies. Alpha-1 antitrypsin

(SERPINA1) mutations lead to severe emphysema with lung damage as well as

liver and pancreatic disease (Janciauskiene et al. 2011), and antithrombin (AT,

SERPINC1) deficiency causes excess thrombosis (Ishiguro et al. 2000; Conard and

Samama 1986; Coller et al. 1987). Unstable or unbalanced serpin levels can be

lethal in severe sepsis with DIC. Additionally, as further evidence of the profound

effects of serpins on the mammalian inflammatory response, presence or absence of

viral serpins can be the difference between a benign poxviral infection and a lethal

infection (Upton et al. 1990), and when used in animal models, viral serpins

markedly reduce inflammation-mediated disease progression (Viswanathan et al.

2006, 2009, 2012; Nash et al. 1997; Miller et al. 2000; Lucas et al. 1996, 2000,

2014a; Chen et al. 2013b, 2015).

Serpin regulation of thrombotic and thrombolytic cascades is one of the primary

examples of the central roles for serpins in physiologic regulation of a very major

pathway in the bloodstream. Without regulation of clot formation, there is risk of

excess thrombosis and organ ischemia in heart attack and stroke, as well as

hemorrhage, as seen in sepsis and DIC. Regulation of apoptosis and the

inflammasome represents a second major pathway that is controlled by serpins.

The serine proteases initiate a series of sequential reactions, illustrated best in

the coagulation cascade which causes clot formation and thrombosis and which in

turn is regulated by AT (SERPINC1). The thrombolytic or clot lysis pathway is also

a serine protease cascade regulated by serpins, specifically plasminogen activator

inhibitors-1, 2, and 3 as well as antiplasmin and protease nexin. The impact of

serpin regulation of protease functions in normal pathophysiologic function is

clearly illustrated in disease states where there is an imbalance in either the

proteases or the serpins. Serpins with cross-class inhibitory activity are also seen

wherein the serpin inhibits both serine and cysteine proteases. This serpin function

has the potential to suppress activation of apoptotic pathways through blockade of

GrB as well as inhibition of both the apoptotic and inflammasome pathways

through cysteine protease (caspase) inhibition (Turner et al. 1999; Messud-Petit

et al. 1998; Turner and Moyer 2001; Komiyama et al. 1994).

Serpin inhibitory activity is defined as a “suicide inhibition” (Fig. 17.2). With

serpin inhibition, the reactive site loop (RSL) presents a P1–P10 scissile bond to

target proteases as a form of bait or trap. The targeted proteases then cleave the P1–

P10 bond, and in this process, the protease springs the serpin trap, becomes bound to

the RSL, and the protease is dragged across the serpin face forming a new link in the

A beta-sheet (Janciauskiene 2001; Lomas et al. 2005; Carrell and Travis 1985;

Silverman et al. 2001; Marszal and Shrake 2006; Huntington et al. 2000; Patston

et al. 2004; Ye et al. 2001; Lawrence et al. 2000; Whisstock and Bottomley 2006;

Francis et al. 2012; Rashid et al. 2015; Stocks et al. 2012; Khan et al. 2011; Olson
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et al. 2010; Yamasaki et al. 2010). The targeted protease may first interact with an

exosite, providing a structure that allows RSL cleavage to occur and loop insertion

to proceed (Rashid et al. 2015; Stocks et al. 2012; Khan et al. 2011; Olson et al.

2010; Yamasaki et al. 2010; Shi et al. 2013; Khanaree et al. 2013). Regulation of the

large numbers of serine proteases in a cascade such as the thrombotic and throm-

bolytic pathways thus requires an equally large number of regulatory serpins

specific to each protease pathway. As serpins are suicide, one-to-one, inhibitors,

there would be a need for relatively high proportional quantities of serpins to

modify protease activation. Serpins are in fact reported to represent from 2% to

10 % of circulating plasma proteins.

In certain genetic abnormalities, the RSL of one serpin is inserted into the beta-

sheet of an adjacent serpin causing formation of an aggregate of inactive and even

pro-inflammatory serpins (Janciauskiene 2001; Lomas et al. 2005; Carrell and

Travis 1985; Irving et al. 2000; Iwanaga and Kawabata 1998; Law et al. 2006;

Fig. 17.2 Interaction of Serp-1 with tPA. The crystal structures with PDB IDs 3Q02, 1DVN, and

1K9O are used for homology modeling of relaxed Serp-1 (1), stressed Serp-1 (2), and Serp-1: tPA

interaction (3), respectively. (1) Relaxed form of Serp-1 and free tPA (2) Proteolytic interaction

between Serp-1 and tPA (3) Formation of covalently bound Serp-1: tPA complex or relaxed Serp-1

and active tPA as a result of the interaction
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Silverman et al. 2001; Marszal and Shrake 2006; Huntington et al. 2000; Patston

et al. 2004; Ye et al. 2001; Lawrence et al. 2000; Whisstock and Bottomley 2006;

Liu et al. 2014; Lucas et al. 2009; Francis et al. 2012; Rashid et al. 2015; Stocks et

al. 2012; Khan et al. 2011; Olson et al. 2010; Yamasaki et al. 2010). The AAT

genetic serpinopathy leads to severe lung disease as well as hepatitis and pancreati-

tis (Janciauskiene et al. 2011); neuroserpin genetic mutations cause epilepsy and

dementia (Onda et al. 2005; Davis et al. 1999a, b; Bradshaw et al. 2001; Miranda

and Lomas 2006), while mutation of C1 esterase causes angioedema, and AT

mutation causes excess clot formation (Ishiguro et al. 2000; Conard and Samama

1986; Coller et al. 1987). Not all serpin/protease interactions necessarily lead to

inhibition. In some cases, the serpin RSL is cleaved by the protease causing a loss of

function of the serpin, while leaving the protease active. There are also serpins that

lack serpin functions, the best known of which are ovalbumin, thyroxine-binding

globulin, corticosteroid-binding globulin, and angiotensinogen, the precursor to the

major hypertension regulating protein angiotensin II.

As noted above in addition to regulating the coagulation cascades, there are

serpins involved in regulation of apoptosis, complement activation, neuron signal-

ing, angiogenesis, and many other central response pathways. Serpins that block

apoptosis are now believed to aid in development of T cells as well as

hematopoietic lines in the bone marrow. Several mammalian serpins have been

associated with effective inhibition of cancer growth as is reported for maspin

(SERPINB5) and pigment epithelial-derived factor (PEDF; SERPINF1), although

maspin’s role in cancer biology has been contested (Shi et al. 2013; Khanaree

et al. 2013).

17.4 Viral Serpins and Immunomodulation

The extraordinary roles of serpin regulation of key physiological pathways in innate

immune responses are also illustrated by the markedly effective serpin suppression

of host inflammatory response in myxoma virus infections (Viswanathan et al.

2006, 2009; Turner et al. 1999; Messud-Petit et al. 1998; Nash et al. 1997, 1998;

Miller et al. 2000; Lucas et al. 1996, 2000; Chen et al. 2013b; Bedard et al. 2006;

Bot et al. 2003; Christov et al. 2005; Dai et al. 2003, 2006; Davids et al. 2014; Liu

et al. 2013; Lomas et al. 1993; Lucas and McFadden 2004; MacNeill et al. 2006;

McFadden et al. 1995; Munuswamy-Ramanujam et al. 2010; Richardson et al.

2006; Seet et al. 2003; Tardif et al. 2010; Zalai et al. 2002). We have furthermore

demonstrated very potent anti-inflammatory activity for two viral serpins, as well as

one mammalian serpin (neuroserpin, SERPINI1) in a wide range of animal models

of inflammatory vascular disease, transplant, cancer, and more recently mouse

models of severe and lethal viral infection (Turner et al. 1999; Messud-Petit et al.

1998; Nash et al. 1997, 1998; Lomas et al. 1993; MacNeill et al. 2006; McFadden

et al. 1995). In the following sections, we will discuss current knowledge on viral

serpins (Table 17.1). Each viral serpin will be discussed from the perspective of
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virus-mediated evasion of host inflammatory responses as well as potential efficacy

in inflammatory diseases. These serpins will also be discussed with reference to

mammalian serpins that regulate similar protease pathways (Table 17.1). There are

in fact suggestions that these virus-derived serpins were originally acquired from

the mammalian genome. Others have suggested, given the markedly greater num-

bers of microbes that colonize mammals, that some mammalian serpins may have

originated from the viral genome. Large DNA viruses have developed powerful

strategies to modify immune responses. The high level of function of many of these

immune-modulating serpins is due to the fact that these serpins have evolved over

many millions of years to provide effective protective strategies for virus survival.

Among the poxvirus immune targets, as might be predicted, are the serine proteases

in the coagulation, inflammasome, and apoptotic pathways. The poxviruses and

specifically smallpox (variola) were one of the most deadly scourges before vacci-

nation was developed. Poxviruses are highly effective viral invaders. There is still

fear that variola will be developed as a bioweapon, and stocks are carefully guarded

by the World Health Organization. Thus, viruses have evolved extremely effective

immune-modulating strategies, and one such stratagem is the expression of viral

serpins that regulate thrombotic and thrombolytic protease cascades (Fig. 17.3). A

second viral survival stratagem involves the expression of cross-class serpins that

block both cysteine proteases and caspases in the inflammasome pathways, as well

as serine and cysteine proteases, GrB, and caspase-8, respectively, in the apoptotic

cascade (Fig. 17.3).

Viral serpins significantly alter viral pathogenesis through blockade of the host

immune response, the host defenses mounted against the invading virus. The

impact of one myxoma viral serpin is illustrated by its role in myxoma viral

infections. Myxoma virus infects European rabbits, Oryctolagus cuniculus, with
80–100 % mortality. In these infected animals, the virus effectively blocks the host

immune response allowing for subsequent severe bacterial sepsis and early death.

In a natural variant of myxomavirus or in viruses genetically engineered to lack this

serpin, the infection becomes a benign local infection that is cleared within a few

weeks (Nash et al. 1997, 1998; Lomas et al. 1993; McFadden et al. 1995). Thus, the

myxomavirus has developed very effective immune-modulating serpins that target

and block central immune response pathways demonstrating the outstanding capac-

ity of these virus-engineered immunomodulating molecules. In some cases, these

immune-modulating viral proteins indicate new or previously underappreciated

protease pathways critical to normal innate and acquired immune responses.

Large DNA viruses such as the pox and herpesviruses induce many factors that

are instrumental in modifying activation of innate and acquired immune responses.

Thus, these larger DNA viruses can block host immune responses designed by the

host to reduce viral infection and invasion. In some cases, the viruses literally hijack

the host immune cell responses riding along in infected cells in order to disseminate

the infectious particles throughout the host body.

The virus-derived serpins have profound effects on the outcomes of viral

infections (Turner et al. 1999; Messud-Petit et al. 1998; Nash et al. 1997, 1998;
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Lomas et al. 1993; MacNeill et al. 2006; McFadden et al. 1995). A few virus-

derived serpins have also been tested in vivo in animal models and have been highly

effective at reducing inflammation and disease progression for disorders from

inflammatory vascular disease and atherosclerosis, transplant rejection and

vasculopathy, cancer growth, and arthritis (Viswanathan et al. 2006, 2009, 2012;

Lucas et al. 1996, 2000; Chen et al. 2013b; Bedard et al. 2006; Bot et al. 2003;

Christov et al. 2005; Dai et al. 2003, 2006; Davids et al. 2014; Liu et al. 2013; Lucas

and McFadden 2004; Munuswamy-Ramanujam et al. 2010; Richardson et al. 2006;

Seet et al. 2003; Zalai et al. 2002). One small phase 2A clinical trial has been

successfully completed, demonstrating safety and efficacy in patients with coronary

stent implants in the setting of small heart attacks and unstable angina (Tardif et al.

2010).

There are three serpins encoded by myxoma virus, two of which have been

studied in depth in animal models Serp-1 and Serp-2. Serp-1 is a secreted serpin that

Fig. 17.3 Figure depicting poxviruses (EMmicrograph of poxvirus), virus-expressed serpins, and

the serpin targets. (A) Serp-1, a myxoma virus-secreted serpin, inhibits tPA, uPA, and plasmin of

the thrombolytic pathway and FXa and thrombin of the thrombotic pathway. (B) Serp-2, cytosolic

myxoma viral serpin, inhibits caspase-1 and its downstream inflammatory effects along with

inhibiting granzyme B which along with perforin enters the cell and contributes to apoptotic cell

death. (C) CrmA or SPI-2 is a cytosolic orthopox viral protein capable of inhibiting caspase-1 and

granzyme B like Serp-2 along with inhibiting apoptotic caspases 8 and 10. (D) SPI-3 is a cytosolic

orthopox viral protein capable of inhibiting proteases in thrombotic and thrombolytic pathways

much like Serp-1. (E) SPI-1, another cytosolic orthopox viral protein, can affect the immune and

autoimmune pathways of the cell by its inhibition of cathepsin G. Arrow indicates virus expression

of serpins and targeted pathways. Solid line with bar indicates inhibition. Dotted line with bar
indicates postulated inhibition
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binds and inhibits thrombotic and thrombolytic serine proteases (Viswanathan et al.

2006, 2009; Nash et al. 1997, 1998; Miller et al. 2000; Lucas et al. 1996, 2000;

Chen et al. 2013b; Bedard et al. 2006; Bot et al. 2003; Christov et al. 2005; Dai et al.

2003, 2006; Davids et al. 2014; Liu et al. 2013; Lomas et al. 1993; Lucas and

McFadden 2004; McFadden et al. 1995; Munuswamy-Ramanujam et al. 2010;

Richardson et al. 2006; Seet et al. 2003; Tardif et al. 2010; Zalai et al. 2002), and

Serp-2 is an intracellular serpin that inhibits serine and cysteine proteases in the

apoptotic and inflammasome pathways (Viswanathan et al. 2012; Turner et al.

1999; Messud-Petit et al. 1998; Davids et al. 2014; MacNeill et al. 2006). Both

serpins markedly increase the pathogenesis of myxoma infections in rabbits.

17.4.1 Viral Serpins That Target the Thrombotic and Thrombolytic
Proteases

17.4.1.1 Serp-1
The impact of Serp-1 expression on myxoma viral infection in European rabbits is

clearly illustrated by the effect of the presence and absence of a functional Serp-1

gene in the virus. Wild-type myxoma with normal Serp-1 gene expression causes a

lethal infection with 80–100 % mortality in European rabbits, while in the Serp-1

defective variant of myxoma virus, Shope fibroma virus, or in viruses genetically

engineered to lack Serp-1(S-1 knockout myxoma virus), the infection is benign

(Nash et al. 1997, 1998; Lomas et al. 1993; McFadden et al. 1995).

Serp-1 is a 55 kDa secreted serpin, the only known secreted viral serpin, that

binds and inhibits tissue- and urokinase-type plasminogen activators (tPA and uPA,

respectively), plasmin, and factor Xa. Serp-1 also inhibits thrombin at select

concentrations of heparin in vitro. The Kass for Serp-1 is low at 103 to 105 for

each protease (Lomas et al. 1993). Treatment with purified Serp-1 protein has now

been tested in a very wide range of models of inflammatory disorders (Viswanathan

et al. 2006, 2009; Miller et al. 2000; Lucas et al. 1996, 2000; Chen et al. 2013b;

Bedard et al. 2006; Bot et al. 2003; Christov et al. 2005; Dai et al. 2003, 2006;

Davids et al. 2014; Liu et al. 2013; Lucas and McFadden 2004; Munuswamy-

Ramanujam et al. 2010; Richardson et al. 2006; Seet et al. 2003; Zalai et al. 2002)

and has been successfully tested in a small phase 2A randomized, dose escalating,

double-blind clinical trial (as mentioned above) in patients with unstable angina,

and non-ST elevation myocardial infarction (non-STEMI) at 7 sites in Canada and

the USA (Zalai et al. 2002). Each patient had a documented coronary plaque lesion

with significant stenosis considered appropriate for stent implant. After the decision

was made to proceed with stent implant, patients were randomized to treatment

with either sterile saline vehicle or Serp-1 (VT-111; Viron Therapeutics, Inc.,

London, Canada). In this clinical trial, there was a significant reduction in markers

of myocardial damage (troponin and CK-MB) early after stent implant with Serp-1

treatment but with no detected decrease in plaque size on intravascular ultrasound

(IVUS) interrogation. The major adverse clinical event (MACE) for Serp-1 treat-

ment was zero, these studies thus demonstrating some efficacy and safety.
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Serp-1 treatment has been demonstrated to reduce inflammation and disease

progression in aortic allograft models of chronic transplant vasculopathy, a leading

cause of transplant failure after the first year posttransplant (Miller et al. 2000;

Lucas et al. 2000; Dai et al. 2006). Serp-1 treatment was also efficacious in acute

and chronic renal (Bedard et al. 2006) and cardiac allografts (Jiang et al. 2007) and

even a xenograft (Wang et al. 2003) transplant model, significantly reducing

inflammation, vasculitis, arterial plaque, and scarring. In the aortic allograft

model, Serp-1 reduced engrafted aortic inflammatory cell invasion and intimal

plaque in engrafted mouse aortas with knockout of mammalian serpin, plasminogen

activator inhibitor-1 (PAI-1), but not in engrafted uPAR-deficient mouse aortas

(Dai et al. 2003). This indicated that Serp-1 inhibits vasculitis at least in part

through the uPAR pathway in the aortic transplant model. More recently, Serp-1

was found to reduce growth of temporal artery (TA) xenograft implants in the

abdominal aorta of severe combined immunodeficient (SCID) mice lacking T and B

lymphocytes. The TA specimens were derived from human temporal artery

biopsies isolated from biopsies taken from patients with suspected temporal arteritis

and giant cell arteritis (Chen et al. 2015). In prior work spanning 20–25 years, Serp-

1 treatment has thus proven effective in mouse, rat, rabbit, and microswine models

of aortic and coronary angioplasty and stent implant, inflammatory vasculitis, and

also transplant vascular disease (Viswanathan et al. 2006, 2009, 2012; Miller et al.

2000; Lucas et al. 1996, 2000; Chen et al. 2013b, 2015; Bedard et al. 2006; Bot et al.

2003; Christov et al. 2005; Dai et al. 2003, 2006; Davids et al. 2014; Liu et al. 2013;

Lucas and McFadden 2004; Munuswamy-Ramanujam et al. 2010; Richardson et al.

2006; Seet et al. 2003; Tardif et al. 2010; Zalai et al. 2002; Wang et al. 2003; Li

et al. 2008) with proven safety in a small clinical trial in unstable coronary plaque

(Zalai et al. 2002).

Serp-1 and Collagen-Induced Arthritis Models
The rodent collagen-induced arthritis (CIA) model illustrates how fibrinolytic

enzymes such as plasminogen and uPA are important components of inflammatory

responses, contributing to the pathogenesis in arthritis. Increased expression of uPA

and the uPA receptor (uPAR) is seen on joint macrophage and synoviocytes in RA.

Thus, the thrombolytic protease pathways have a role in activating early innate

immune responses in arthritis as well as in vasculitis and cancer. uPA and tPA also

activate plasminogen to form plasmin, and these thrombolytic proteases then

activate matrix metalloproteinases (MMPs). The MMPs are active in connective

tissue degradation, which allows inflammatory cells to invade joint tissues and

causes further damage. Control of these pathways by serpins represents a new

regulatory approach to reducing joint inflammation and damage and potentially

reducing lytic lesions. Serp-1 has been used in models of both rat and rabbit CIA

and ovalbumin-induced arthritis with effective decreases in joint swelling as well as

lytic lesions and DTH (Brahn et al. 2014; Maksymowych et al. 1996).
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Serp-1 and Tumor-Associated Macrophages (TAM)
In a small study using human pancreatic cell lines, Serp-1 treatment also reduced

tumor weight for two differing pancreatic cell lines implanted in SCID mice (Zheng

et al. 2013). In this model, Serp-1 treatment reduced tumor weight and associated

invasive tumor macrophages at 4 weeks. Additionally, serpin treatment reduced the

pancreatic cancer-driven increase in spleen cell myeloid-derived suppressor cells

that the tumor uses to block immune responses to the foreign cancer cells. Other

tumor cell lines tested in this model, e.g., breast cancer and hepatoma, were not

affected by treatment with this viral serpin.

Serp-1 Modulation of Unrelated Viral Infections
In one of the more recent studies, the effects of Serp-1 on vasculitis and survival in a

lethal mouse herpesvirus 68 (MHV68) infection were examined, and the outcome is

particularly interesting. This study demonstrates that Serp-1 treatment improves

survival in lethal MHV68 infections in interferon-gamma receptor knockout mice

(Chen et al. 2013b). In the MHV68 infection model, there is 80–100 % mortality

over 30–40 days. With Serp-1 treatment for 10 up to 30 days, there was a significant

improvement in survival (P< 0.04). Serp-1 also improved survival in a prior pilot

study with mouse-adapted Ebola infection (Chen et al. 2013b), but not in Ebola-

infected hamsters (personal communication, H Feldmann, NIH Rocky Mountain

Labs). The improved survival is associated with a significant reduction in pulmo-

nary hemorrhage and inflammatory consolidation, as well as reduced macrophage

invasion in the lung and aorta. There is a trend toward reduced T-cell invasion, but

this is not significant. Of even greater interest, there is a reduction in tissue-

associated MHV68 antigen and a similar reduction in detected Ebola genomes in

the two mouse models of lethal viral infections. In the MHV68 infection, the related

mammalian serpin, NSP, was ineffective. NSP inhibits only thrombolytic pathways

but not FXa or thrombin. These findings suggest that Serp-1 improves lung consol-

idation and hemorrhage as well as vasculitis through blockade of either FXa or

thrombin rather than uPA/uPAR or tPA in this disease model.

Reduction in the bleeding time, a measure of hemorrhagic tendency, was also

detected. The decrease in bleeding time with Serp-1 treatment was half that seen

with NSP, and an associated reduction in FXa tissue levels was also detected. We

also demonstrated a significant increase in interleukin-10 (IL-10) and several

mammalian serpins.

Serp-1 and the Virome
This marked efficacy of a myxoma virus-derived serpin to potentially modify the

disease course of two severe viral infections, one by a DNA virus and one by an

RNA virus, would suggest that this serpin function may represent a form of viral

defense against competing viral invaders that vie for host resources. Recent litera-

ture has demonstrated that both bacterial and viral infections can modify the

immune response, whether innate or acquired, on a more broad scale. Commensal

microorganisms that live on and within a host animal are now known to alter

infections by other pathogens. The native mammalian host is normally colonized

310 S. Ambadapadi et al.



by a large number of bacteria and one presumes also by viruses (Lucas et al. 2014b;

Norman et al. 2015; Virgin 2014). This microbiome of colonizing bacteria and the

virome of colonizing viruses living inside the gastrointestinal and respiratory tracts

and also on the dermis can theoretically modify host immune responses to foreign

infectious pathogens. We now understand that there is approximately tenfold more

DNA present in the microbiome than there is human DNA. The viral serpins may

thus not only serve as a response to the host attack on the invading myxoma virus

but may also allow the virus to combat other viruses invading their space. The

microbiome has become an area of intense interest and investigation. The

microbiome usually refers more to the bacterial colonization of the human oral,

GI, or respiratory tracts, capable of modifying host inflammatory responses. The

virome is also now of interest, and certainly, this newly observed function of Serp-1

treatment in modifying severe viral infections would imply potential functions for

virus-derived immune-modulating agents that may work to alter the capacity of

other viruses to infect and invade a mammalian host (Lucas et al. 2014b; Norman

et al. 2015). We have not as yet examined whether infection with this rabbitpox

virus does modify the host virome. However, we have demonstrated that treatment

with a viral anti-inflammatory protein such as Serp-1 can reduce plaque growth in

ApoE�/� mice with active periodontal bacterial infections (Lucas et al. 2014a). A

recent study also demonstrated reduced plaque growth in microswine after infection

with swine pox (Shimamura et al. 2012). Both these studies support, in part, a role

for virus-derived serpin modulation of unrelated pathogenic microorganisms.

Serpin-Derived Reactive Site Loop (RSL) Peptide Functions
Serp-1 has also demonstrated the ability to extend immune-modulating functions

via binding to host receptors such as the uPA receptor (uPAR) and interaction with

associated uPAR lipid raft molecules (Viswanathan et al. 2009). In one prior study,

Serp-1 was found to pull down together with the uPAR and also with filamin B.

Altered filamin B expression was detected in cultured mononuclear cells by

microarray and reverse transcriptase-polymerase chain reaction (RT-PCR) analy-

sis. Filamin B is an actin-binding protein associated with the GPI-linked uPAR with

a role in macrophage invasion. Small inhibitory ribonucleic acid (siRNA) knock-

down of filamin decreased Serp-1 efficacy in reducing macrophage migration in

vitro in Boyden chambers. The interaction of Serp-1 with uPAR and associated

membrane proteins in the uPAR lipid raft can induce changes in expression of

selected genes in targeted inflammatory cells, specifically human monocytes and T

and endothelial cell lines.

We have also recently detected an expanded anti-inflammatory repertoire for

Serp-1 in a series of naturally processed RSL-derived peptides (unpublished data),

suggesting that serpins extend their anti-inflammatory functions through natural

peptide metabolites. Other peptides derived from mammalian serpins have been

reported to modify sepsis and infections. Angiotensinogen is a protein with serpin

structure but lacking serpin inhibitory activity. Angiotensinogen is cleaved by renin

and subsequently the angiotensin-converting enzyme (ACE) to form angiotensin I

and angiotensin II, respectively. Angiotensin II is a potent vasoconstrictor with a
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central role in regulation of vascular tone and blood pressure. C36 is a C-terminal

peptide-derived AAT (SERPIN A1) that induces a pro-inflammatory response in

human monocytes, together with receptor interaction and the capacity to alter gene

expression. One AAT C-terminal peptide is also reported to have antiviral

functions, inhibiting HIV-1. The N-terminus of a second mammalian serpin, hepa-

rin cofactor II (SERPIN D1), is reported to block endotoxin activity. However, anti-

inflammatory functions of RSL peptides have not been previously reported.

17.4.1.2 SPI-3
Serine protease inhibitor-like protein 3, or SPI-3, is an orthopox serpin belonging to

clade O of the serpin superfamily with arginine as its P1 residue. SPI-3 is expressed

by vaccinia, cowpox (Turner et al. 2000; Turner and Moyer 2008), monkeypox

(Farlow et al. 2010), and also rabbitpox viruses and has a potential role in cell

fusion after infection. SPI-3 may act to prevent superinfection by orthopoxviruses

(Turner and Moyer 2008). Similar to the protease inhibitory spectrum of myxoma

viral Serp-1, purified SPI-3 inhibits plasmin, urokinase-type, and tissue-type plas-

minogen activators with inhibition constants of 0.64, 0.51, 1.9 nM, an inhibitory

effect that is lost with P1–P10 mutations (Turner et al. 2000). SPI-3 also inhibits

FXa and thrombin, albeit with weaker complex formation (Turner et al. 2000).

Vaccinia virus with disrupted SPI-3 open reading frame has equivalent replication

and pathogenesis to its wild-type counterpart in mice, suggesting a limited role for

SPI-3 in pathogenesis (Law and Smith 1992). The SPI-3 knockout in vitro however

causes fusion of the infected cells in certain cell lines (Law and Smith 1992; Zhou

et al. 1992). Subsequently, similar disruptions in SPI-3 in the cowpox virus (BR

strain) and rabbitpox virus (HA+ strain) were shown to result in a fusion phenotype

(Turner and Moyer 1992). The fusion phenotype did not seem to depend on the

serine protease inhibitory activity of SPI-3 as site-directed mutagenesis in the

crucial RSL at P1 to P10 positions, P5 to P50 positions, or changes in P17 to P10

residues did not result in loss of activity or fusion inhibition (Turner and Moyer

1995). Of interest, substitution of SPI-3 for Serp-1 in myxoma virus did not replace

Serp-1-mediated anti-inflammatory activity in rabbit infections (Wang et al. 2000).

Despite the fact that SPI-3 lacks the capacity to replace Serp-1 in myxoma virus-

infected rabbits, in one pilot study (unpublished work of Dr. R Moyer), SPI-3

expression from AAV vectors was able to reduce arterial plaque in a rodent

atherosclerosis model.

17.4.1.3 HEV/Hepatitis E Virus Serpin
Protease and serpin interactions for open reading frame 3 (ORF3) in hepatitis E

virus (HEV) have recently been identified through co-immunoprecipitation (co-IP).

Binding to plasminogen and alpha-2 antiplasmin (AP; Serpin F2) was detected

(Zhou et al. 2014). As noted above, conversion of plasminogen to plasmin can

enhance macrophage activation and increase inflammatory cell responses to viral

infections. In herpesvirus infections, enhanced ORF3 is believed to generate

increased kinase and growth factor signaling and reduced mitochondrial cell

death pathways with improved cell survival, with the potential to increase cell
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infection. ORF3 is also reported to modulate host innate immune responses.

Herpesviruses increase plasmin generation which in turn enhances herpesviral

infections. Whether HEV ORF3 interaction with plasminogen or AP modifies

inflammatory cell responses, as for herpes, it remains to be determined.

17.4.2 Mammalian Serpins with Related Targeting of Thrombotic
and Thrombolytic Cascades

A few selected mammalian serpins with functions potentially related to the viral

serpins will be discussed here (Table 17.1).

17.4.2.1 Plasminogen Activator Inhibitor-1 (PAI-1; SERPIN E1)
PAI-1 is considered the main regulator for thrombolytic serine proteases in the

circulation, preventing excess clot lysis and bleeding. PAI-1 binds to and inhibits

the uPA/uPAR complex causing internalization and reduced uPA/uPAR pro-

inflammatory activity. PAI-1 also binds tPA-reducing thrombolysis and potentially

reducing tPA-mediated inflammation through binding to protease-activated

receptors (PAR). In vascular injury models, Carmeliet and Collen demonstrated

that PAI-1-deficient mice had increased inflammatory arterial plaque after arterial

injury in some rodent models that was reduced by increased expression of PAI-1 (de

Waard et al. 2002; Devy et al. 2002; Nagai et al. 1999). Other rodent models

demonstrated an opposite effect for PAI-1 with increased plaque and smooth

muscle cell proliferation when PAI-1 was expressed. Dichek et al. have studied

other aortic injury models demonstrating that uPA and PAI-1 expression alter

plaque growth and aneurysm formation in part through modification of MMP

activity (de Waard et al. 2002; Devy et al. 2002). MMPs are activated from the

pro-form by thrombolytic proteases, tPA, uPA, and plasmin. Other models have

conversely demonstrated increased inflammatory responses with PAI-1 expression.

Altered expressions of uPA, tPA, uPAR, and PAI-1 have been reported as markers

for inflammation and aggressive atherosclerotic vascular disease and also cancer

growth and metastasis in some tumors. PAI-1 has furthermore been found to alter

angiogenesis in a dose-dependent manner. Thus, Serp-1 efficacy in moderating

plaque growth and vascular inflammation does parallel the effects of PAI-1.

17.4.2.2 Plasminogen Activator Inhibitor-2 (PAI-2/SERPIN B2)
PAI-2 is a major product of activated monocyte/macrophage cells and is induced

during infection and inflammation together with close associations with cancer cells

and metastases (Chuang et al. 2013; Lomas and Carrell 2002; Schroder et al. 2014).

PAI-2 as for PAI-1 is an inhibitor of the thrombolytic proteases but is considered a

less potent inhibitor of the clot lytic cascade than PAI-1. Analyses of published

microarray studies have detected higher levels of PAI-2 expression (mRNA) in

monocytes from HIV-1-infected patients. PAI-2 is also purported to modulate

inflammasome/IL-1β activation in macrophage and Th1/Th2 responses, but the
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physiological role in mammals for PAI-2 remains elusive as absence of PAI-2 does

not markedly alter thrombolytic activity in vivo (Chuang et al. 2013).

17.4.2.3 Alpha-1 Antiplasmin (SERPINF2)
Plasmin is activated by tPA and uPA and can in turn activate MMPs and release

select growth factors. Thus, plasmin is predicted to induce inflammatory cell

invasion and activation, and AP might be expected to reduce inflammation. Defi-

ciency of plasminogen has been reported to reduce excitotoxin-induced nerve

damage in mouse models (Nagai et al. 1999). AP deficiency conversely induced

increased stroke volumes in mice after middle cerebral arterial ligation. In contrast,

local injection of either plasmin or AP reduced nerve damage in response to

injected excitotoxin such as a glutamic acid analog.

17.4.2.4 Neuroserpin (NSP/SERPINI1)
NSP binds and inhibits tPA and uPA, but not thrombotic proteases. Genetic

mutations of NSP cause a serpinopathy with development of seizures (epilepsy)

and dementia (Lomas and Carrell 2002). Mice with genetic deficiency of NSP have

increased stroke area and worse neurological outcome after middle cerebral artery

occlusion in murine stroke models (Gelderblom et al. 2013), whereas mice-

expressing NSP have been documented to have smaller size strokes. We have

demonstrated that treatment of mice after aortic allograft transplant with purified

NSP protein, but not with an inactive P1–P10 mutant NSP protein, significantly

reduces inflammatory arterial plaque (Munuswamy-Ramanujam et al. 2010). This

reduction in plaque area is associated with a decrease in Th1/Th2 ratios. This

suggests a decrease in the pro-inflammatory CD4+ T-cell population. In this

model, the mammalian serpin, NSP, reduced inflammation and plaque in aortic

allografts. NSP binds and inhibits tPA and uPA, but not thrombotic proteases FX

and thrombin, suggesting that Serp-1 and NSP block inflammatory vasculopathy in

mouse aortic transplant through blockade of uPA and/or potentially tPA activity.

Work with a series of predicted naturally processed NSP RSL peptides has also

displayed some inflammation-modulating ability (unpublished observations).

17.4.2.5 Antithrombin III (AT, SERPIN C1)
Thrombin is now known to induce pro-inflammatory responses via the PARs (Chen

and Dorling 2009; Chu 2010; Esmon 2005). AT (SERPINC1) is the main inhibitor

of thrombin and factor X (FX) in the mammalian circulation. In fact, AT is the

target for the anticoagulant drug heparin, a glycosaminoglycan (GAG) that

increases AT activation 100- to 1000-fold when given into the circulating blood.

Mutations of AT also produce a serpinopathy, which is associated with excess

thrombosis (Lomas and Carrell 2002). Patients with DIC in severe sepsis have been

treated with AT alone or AT with heparin (Hoffmann et al. 2006). In two studies,

AT treatment did improve outcomes in sepsis with associated hemorrhagic or

thrombotic (DIC) complications, but not when heparin was given concomitantly.
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17.4.3 Viral Cross-Class Serpins That Target the Apoptotic and
Inflammasome Pathways

17.4.3.1 Serp-2
Serp-2 is a 34 kDa cross-class myxoma virus-derived serpin that binds and inhibits

the serine protease, GrB, and also the cysteine proteases, caspases 1 and 8 (Kass—

0.96� 105 for caspase 1) (Turner et al. 1999; Messud-Petit et al. 1998; Turner and

Moyer 2001; MacNeill et al. 2006; Thompson et al. 1993). Thus, Serp-2 is capable

of inhibiting apoptotic responses in cells through binding of GrB and caspase 8, as

well as inhibiting the inflammasome through binding and inhibition of caspase 1.

The apoptotic response in an infected cell represents a mechanism by which the

infected cell commits suicide and destroys the infecting virus. Serp-2 when present

in myxomavirus increases viral pathogenesis.

Serp-2 is an intracellular serpin that is not predicted to function as an extracellu-

lar protease inhibitor. Although it has been reported to be adherent to the extracel-

lular surface of cells it is not generally reported to be found free in the circulation.

However, viral proteins often are multifunctional and to have extended actions. We

thus theorized that Serp-1 might work outside the infected cell to block inflamma-

tory responses and additionally to block apoptosis when released by an infected cell

after virus-induced lysis.

We detected a significant reduction in inflammatory plaque in allograft

transplants in wild-type (C57Bl/6 mice, WT) allografts, but not in GrB-deficient

aortic transplants engrafted into BALB/c mice (Viswanathan et al. 2012).

In a collaborating lab (E Biessen and I Bot, U Maastricht and Leiden U, the

Netherlands, respectively) (Viswanathan et al. 2012), Serp-2, but not CrmA,

inhibited aortic root plaque in ApoE�/� mice. Furthermore, in a liver ischemia-

reperfusion (IR) injury model in normal mice, Serp-2 significantly improved

survival and reduced histological changes in an ischemia reperfusion (IR) liver

model in WT mice. Caspase-1-deficient mice were also protected against IR liver

injury in mice, but caspase 1 deficiency was not as effective as Serp-2 treatment in

wild-type (WT) livers after IR injury (unpublished observations).

17.4.3.2 SPI-2/CrmA
CrmA is an intracellular anti-apoptotic cross-class cowpox virus serpin with targets

very similar proteases to Serp-2 (Messud-Petit et al. 1998; Turner and Moyer 2001;

MacNeill et al. 2006; Thompson et al. 1993; Ali et al. 1994; Kettle et al. 1995;

Melo-Silva et al. 2011; Nathaniel et al. 2004). CrmA, however, has greater in vitro

biochemical inhibitory function than Serp-2 for caspases 1 and 4, 5, 9, and 10 and

also GrB (Kass 170� 105 for caspase 1). CrmA increases virulence in infected

BALB/c mice and inhibits inflammation and apoptosis and in chicken embryonic

chorioallantoic membrane studies (MacNeill et al. 2006; Nathaniel et al. 2004).

CrmA inhibits apoptosis in swine cells. CrmA also blocks cytotoxic T cell (CTL)-

induced apoptosis. However, in vivo in viral infection, Serp-2 deletion leads to a

benign myxoma virus infection with 10 % or less mortality, while CrmA replace-

ment of Serp-2 still allows 70 % mortality rather than the 90–100 % seen with Serp-

17 Serpins, Viruses, and the Virome: New Directions in Therapy 315



2 expression (Thompson et al. 1993). Interestingly, CrmA does not modify inflam-

matory changes in engrafted aortic allografts nor plaque growth in carotid crush

injury, unlike Serp-2, nor did it favorably modify the host T-cell response as

determined by flow cytometry analysis of spleen cells (Viswanathan et al. 2012).

In vitro control of ectromelia infection, a mouse poxvirus is mediated by CTL

death, and GrB is a CTL death effector for infected cells (Melo-Silva et al. 2011).

Of further interest is the fact that the ectromelia mouse poxvirus which is also a

member of the Poxviridae family encodes a CrmA serpin, a cross-class serpin that

inhibits GrB and several caspases as noted above for CrmA from cowpox. Thus,

here a native mouse, mammalian protease regulatory serpin PI-9, and a virus-

expressed serpin CrmA target similar serine protease pathways.

17.4.4 Mammalian Serpins That Target the Inflammasome and
Apoptosis: PI-9

CrmA and Serp-2 are cross-class inhibitors similar to the human serpin proteinase

inhibitor 9 (PI-9, SERPINB9). GrB is inhibited by PI-9, which is reported to control

GrB. Activated cytotoxic lymphocyte (CL) cell death is regulated in part by PI-9

which is an intracellular protein, and PI-9 is also found associated with GrB in

circulating complexes (Bird et al. 2014). Visceral adipose tissue-derived serpin

(vaspin) is another mammalian serpin that inhibits inflammation and apoptosis and

is associated with sepsis (Motal et al. 2015). Among the other granzymes, GrA is

inhibited by the serpin Kazal, and extracellular GrA is inhibited by AT and a2-

macroglobulin. GrH is inhibited by SERPINB1. GrM is inhibited by SERPIN B4 as

well as AAT and AP (deWaard et al. 2002). PAI-2 has been identified as a regulator

of NLRP3 inflammasome dependent caspase-1 and its downstream effector cyto-

kine IL-1β and is found to modulate the cellular apoptotic response to pathogen or

damage related signalling (Chuang et al. 2013).

17.4.5 Viral Serpin That Targets Cathepsin G

17.4.5.1 SPI-1
SPI-1 is a 40 kD early orthopoxvirus serpin protein belonging to clade N of the serpin

superfamily understood to be nonessential for the virulence of cowpox, rabbitpox, and

vaccinia viruses (Brooks et al. 1995; Moon et al. 1999; Shisler et al. 1999). It was

subsequently shown that a rabbitpox virus mutant with a knockout of SPI-1 reduced

the host range for rabbitpox in pig kidney cells (PK-15) and human lung carcinoma

cell lines (A549) (Kettle et al. 1995). SPI-1 is also reported to reduce apoptosis and to

prevent CTL-induced cell killing (Moon et al. 1999). The reduction in virulence was

reported to be caused by the death of the infected cells through a nonclassical or

caspase-independent apoptotic pathway that did not include the terminal activation of

caspase-3 (Brooks et al. 1995; Moon et al. 1999). SPI-1 forms a complex with

cathepsin G, in vitro, and this activity is abolished by mutations in the RSL in the

P1 and P14 residues. The serpin function of SPI-1 appeared to be important in
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regulating host range as these rabbitpox mutant viruses with altered P1 and P14

residues did not grow in A549 cells (Shisler et al. 1999). A vaccinia virus mutant

with deleted SPI-1 also has restricted growth in human keratinocytes and A549 cells,

further demonstrating the importance of SPI-1 in viral infections.

17.4.6 Other Viral Serpins

17.4.6.1 M3
MHV68 expresses a viral serpin that functions as a chemokine-binding protein with

no known serpin inhibitory activity (Alexander et al. 2002; van Berkel et al. 2000).

M3 protein is a known chemokine-modulating protein expressed by MHV68. M3 is

a highly active chemokine modulator that binds and inhibits both the chemokine to

receptor and the chemokine to glycosaminoglycan-binding functions. This M3

protein effectively inhibits aortic transplant vascular plaque and inflammatory

cell invasion in a chemokine receptor-dependent function (Dai et al. 2010; Liu

et al. 2004). Of great interest, D. Freemont, Washington University St Louis, has

demonstrated that M3 has a serpin sequence homology, but is modified such that the

structure of M3 is now a chemokine-modulating protein.

17.4.6.2 Baculoviral Serpin
A serpin ortholog has recently been detected in baculovirus (group II

alphabaculovirus) representing the first serpin expressed outside of the Poxviridae
(poxvirus family) (Rohrmann et al. 2013). The baculoviral gene HESP018 has

approximately 34 % amino acid sequence homology to serpins from host insects

suggesting the gene was captured from an infected insect. One of the main antiviral

responses in insects involves melanization which involves a serine protease cascade

which catalyzes phenol oxidation. Oxidized phenols then polymerize and form

melanin which encapsulates foreign bodies. Although the role of the baculoviral

serpin is not known, it may interfere with host defenses against viral invasion in

Lepidoptera.

17.4.7 Viral Serpins and the Virome

Natural serine protease inhibitors (serpins) are now reported to detect intruding

microbes with attendant activation of cellular immune responses, and serpins are

now predicted to represent part of the host innate immune response to viral

infections. These innate immune responses include lectins, soluble CD14,

defensins, and antimicrobial peptides. This early inflammatory response includes

the mononuclear cells, neutrophils, monocytes, and T lymphocytes as well as the

endothelial cell barrier all of which cell activity may be modified by serpins

targeting various protease pathways. We would postulate that viruses have adapted

these serpin anti-inflammatory mechanism to provide their own defense system, not

only against the host immune response but also to prevent infection and invasion by

competing viruses (Norman et al. 2015; Virgin 2014).
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This serpin-mediated soliciting of host responses to pathogens is reported for

human immunodeficiency virus (HIV), herpes simplex virus (HSV), and hepatitis C

virus (HCV)-infected cells. Recent work has reported a role for AT in early

responses to herpes simplex virus (HSV). AT reduced mortality in an abrasion

model in mice after HSV infection. As noted above, the coagulation cascade is now

more and more recognized as part of an early innate immune response. AT

(SERPINC1) has also been reported to reduce viral titers in vitro and to reduce

mortality by 20 % in mouse-adapted H1N1 infections, further promising inhibitory

activity for a range of viral infections. Local epithelial mucosal surface serpins also

decrease susceptibility to HIV infections. SERPINA3 abrogates activity of the

serine proteases cathepsin G and elastase that enhance macrophage susceptibility

to HIV infection and promotes pro-inflammatory cytokine expression, with recruit-

ment of HIV target cells, including T cells.

Serpins demonstrate primarily indirect antiviral mechanisms, through interfer-

ence with host proteases. Serpin A1/alpha-1 antitrypsin (AAT, SERPINA1) how-

ever binds and inhibits HIV. Interaction of AAT, with its target protease, leads to

cleavage of a C-terminal fragment, designated C-36. C-36 is an inhibitor for gp120.

This fragment has also recently been identified as a gp41 fusion protein inhibitor

and is under investigation in a phase I/II clinical trial as antiretroviral therapy. AAT

(SERPINA1) also interferes with viral protein late processing, through interference

with gp120 formation and processing of p55 (gal) to p24 (Aboud et al. 2014). AAT

and Serpin C1 (AT) both interfere with HIV infection through obstruction of innate

immunity and nuclear factor κB (NFκB) activity. Mutations in the AAT gene, the

most abundant circulating serpin, are associated with increased risk of HIV

infections (Aboud et al. 2014). The serpin B clade is also believed to protect against

HIV ingress into the female genital tract. SERPINB1 inhibits elastase-like and

chymotrypsin-like proteases and cathepsin G and is believed to control inflamma-

tion. SLPI is a major HIV-inhibiting component, present in mucosal secretions and

in serum. SLPI has inhibitory activity against neutrophil serine proteases, e.g.,

cathepsin G and neutrophil elastase, while also inhibiting chymotrypsin and trypsin.

Yellow fever virus also modifies serine protease and serpin activity (Woodson et al.

2013).

Thus, one might have predicted that viruses would develop their own serpins,

which would not only subvert the host antimicrobial defenses, but which might also

undermine invasion by competing microbes, specifically viruses, thus providing an

advantage for the virus in establishing an infection, invading a host, proliferating,

and spreading throughout the infected host. Serpins are also modified by selected

bacterial infections.

Our recent finding that the myxoma viral serpin Serp-1 can improve mortality in

severe and lethal MHV68 infections in mice with associated reductions in detected

viral load (antigen for MHV68) would support a role for virus-derived serpins in

modifying infections by unrelated viral species (Chen et al. 2013b). One small

study assessed plaque growth in a cholesterol-fed swine model after swine pox

infection and atheromatous plaque sizes were reduced by the swine pox infection

(Shimamura et al. 2012). Given the very marked potency of the virus-derived
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serpins in many animal models tested to date, we would suggest that the evolution

of viral serpins over many millions of years may provide a new source of antiviral

agents with exceptional efficacy.

17.4.8 Summation and Overview of the Viral Serpins and Their
Therapeutic Potential

Like a kaleidoscope of butterflies, the range of virus-derived serpin families may be

much more varied than has been previously known. Scientists have speculated that

the viral serpins may both represent mammalian genes that have been borrowed or

mimicked by the virus or that the viral serpins have evolved in parallel with

mammalian genes. Conversely, viruses may have been the original source for

some mammalian serpins. There is an extraordinary potential for the adaption of

these viral serpins themselves, either as therapeutic proteins or as a basis for drug

design to mimic and/or target the same protease pathways. One can also envision

the modulation of host immune responses through altered viral populations that

inhabit the mammalian host, the so-termed virome (Lucas et al. 2014b; Norman

et al. 2015; Virgin 2014). Thus, treatment with a serpin or related agent may alter

the host symbiotic infestation of the biome to modify the mammalian immune

response and provide an enhanced protection against other invading pathogens,

viral, bacterial, or parasitic. What is currently understood about serpin immune

regulation may thus represent only a small portion for the future discovery and the

true range of serpin functions.
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