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   Preface   

 The past decade has witnessed a new surge in the development of complement-targeted therapeutics, 
fueled by the successful launch of the  fi rst complement pathway-speci fi c inhibitors and the discovery 
of both orphan and highly prevalent diseases with contributions from complement. Apart from offer-
ing new hope for patients suffering from such diseases, the study of complement pathways, mutations, 
and de fi ciencies also teaches us important lessons about the role of complement in health and disease 
as well as allows us to re fi ne our models and tools for applied and basic research. These exciting 
developments were at the center of the Fifth International Complement Therapeutics Conference 
(June 22–27, 2011) in Rhodes, Greece, where expert scientists from academia, clinical institutions, 
and the pharmaceutical industry convened to discuss current progress, challenges, trends, and emerg-
ing applications in complement therapeutics. This volume represents a collection of highlights from 
this conference covering topics from functional and molecular descriptions of complement targets to 
development of complement-directed inhibitors, drug targeting to cells, tissues, and biomaterials, 
emerging clinical applications (e.g., in ocular, dental, and transplantation medicine), as well as novel 
diagnostic approaches. 

 We would like to express our sincere thanks to all the contributing authors for the time and effort 
they have devoted to writing exceptionally informative chapters in a book that will have a signi fi cant 
impact on the  fi eld of complement-related drug discovery and development. We would also like to 
thank Rodanthi Lambris for collating the chapters and Dimitrios Lambris of Conferex LLC for man-
aging the organization of this exceptional meeting. Finally, we also thank Samantha Lewis of Springer 
Publishers for her supervision in this book’s production. 

 Philadelphia, PA, USA John D. Lambris 
 Aurora, CO, USA V. Michael Holers 
Philadelphia, PA, USA   Daniel Ricklin       
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  Abstract   The past few years have proven to be a highly successful and exciting period for the  fi eld 
of complement-directed drug discovery and development. Driven by promising experiences with the 
 fi rst marketed complement drugs, increased knowledge about the involvement of complement in 
health and disease, and improvements in structural and analytical techniques as well as animal models 
of disease, the  fi eld has seen a surge in creative approaches to therapeutically intervene at various 
stages of the cascade. An impressive panel of compounds that show promise in clinical trials is mean-
while being lined up in the pipelines of both small biotechnology and big pharmaceutical companies. 
Yet with this new focus on complement-targeted therapeutics, important questions concerning target 
selection, point and length of intervention, safety, and drug delivery emerge. In view of the diversity 
of the clinical disorders involving abnormal complement activity or regulation, which include both 
acute and chronic diseases and affect a wide range of organs, diverse yet speci fi cally tailored thera-
peutic approaches may be needed to shift complement back into balance. This chapter highlights the 
key changes in the  fi eld that shape our current perception of complement-targeted drugs and provides 
a brief overview of recent strategies and emerging trends. Selected examples of complement-related 
diseases and inhibitor classes are highlighted to illustrate the diversity and creativity in  fi eld.    

    1.1   Of Dogmas, Challenges, and Opportunities: The Changing 
Field of Complement Research 

 It is very rare that complement research in general, and complement-directed drug discovery in par-
ticular,  fi nds itself in the spotlight of media attention. Yet success stories about the off-label use of the 
clinical anti-C5 antibody Eculizumab (Soliris, Alexion Pharmaceuticals) in the recent outbreak of 
enterohemorrhagic  E. coli  in Europe (Laursen  2011 ; Lapeyraque et al.  2011 ) or the promising results 
with a soluble form of complement receptor 1 (sCR1, Mirococept) in transplantation medicine 
(Sample  2010  ; Sacks and Zhou  2012 )  sparked a general interest in the  fi eld. While this attention may 
not persist at such a high level, it clearly underscores a new perception of the role of complement in 
health and disease and highlights the promise of therapeutic intervention in the complement cascade. 
Its upstream positioning in in fl ammatory processes and modulatory involvement in many (patho)
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physiological processes indeed render complement an attractive target system. Research in recent 
years has unraveled some of the mysteries about complement, shaken various dogmas, and revealed 
fascinating new insights that are of importance for work related to complement-directed drug 
 discovery and beyond. 

 The most well-known function of complement is undoubtedly its role in microbial defense, where 
it recognizes, tags, and helps to eliminate intruders such as bacteria, viruses, fungi, or parasites. 
However, the surface recognition properties of complement are not restricted to pathogen-associated 
molecular patterns (PAMPs) but also include danger-, damage-, or disease-related patterns of host 
cells/tissues, immune complexes, or other foreign surfaces such as biomaterials. The severity and 
outcome of complement response to these distinct triggers have to be tuned carefully and may include 
opsonization, clearance, elimination, and/or danger signaling to in fl ammatory and adaptive systems. 
This tuning is dependent on the context-speci fi c interplay of some 50 different proteins encompassing 
pattern recognition proteins, proteases and their complement component substrates, soluble and 
 membrane-bound regulators, and various receptors (Ricklin and Lambris  2007a  ; Ricklin et al.  2010 ) . 
While often organized in three distinct initiation pathways, that is, the classical, lectin, and alternative 
pathways (CP, LP, and AP, respectively; Fig.  1.1 ), it becomes increasingly evident that there are 
 several interconnectivities and bypasses of the complement activation pathways; the involvement of 
these pathways may therefore greatly vary depending on the trigger, as well as other factors. 
Independent of the initiation route, ampli fi cation of the response by the AP, via formation of C3 con-
vertases that cleave the central component C3 into an anaphylatoxin (C3a) and an opsonin (C3b) 
fragment, often causes the lion’s share of overall complement activation. Opsonization with C3b and 
its degradation fragments iC3b and C3d facilitates both phagocytosis and adaptive immune signaling 
via complement receptors CR1 to CR4. Deposited C3b not only fuels ampli fi cation by forming addi-
tional C3 convertases but also induces the generation of C5 convertases. Cleavage of C5 generates a 
highly potent anaphylatoxin (C5a) with chemotactic and proin fl ammatory capacities as well as C5b, 
which initiates the formation of the terminal complement complex (TCC) that may induce lysis of 
susceptible cells or participate in signaling events. On host cells, a panel of “regulators of complement 
activation” (RCA) and other inhibitors tame ampli fi cation and the accumulation of effector molecules 
(Ricklin et al.  2010 ; Carroll and Sim  2011  ) . While the underlying processes within the cascade during 
complement activation are highly complex and diverse, this level of complexity is not only essential 
for an adequate response to distinct triggers but also offers a wide panel of potential targets for thera-
peutic intervention. Likewise, it becomes apparent that complement is by far not an  isolated system 
but heavily intertwined with other immune, defense, and in fl ammatory systems (e.g., toll-like 
 receptors, the cytokine network, adaptive immunity, and coagulation) and involved in homeostatic, 
developmental, regenerative, or metabolic processes (Ricklin et al.  2010  ) . For example, some 
 proteases involved in coagulation (e.g., thrombin) or other networks (e.g., elastase) have been shown 
to directly activate C3 and C5 (Fig.  1.1 ) (Amara et al.  2010 ; Oikonomopoulou et al.  2012  ) .  

 At the same time, we are getting to know the key players, and thereby potential drug targets, in this 
intricate complement network more closely than ever before. A wealth of high-resolution structural 
models and sensitive functional assays have offered unprecedented insight into the shape, conver-
sions, and ligand interaction sites of complement components and revealed fascinating molecular 
mechanisms that help explain the ability of complement to direct and tune its activities to the speci fi c 
task and target surface. While crystallography is an essential driving force in this development, 
orthogonal biophysical technologies like NMR, hydrogen/deuterium exchange mass spectrometry, 
small-angle x-ray spectroscopy, electron microscopy, or interaction analysis by surface plasmon reso-
nance have  fi lled many gaps and critically contributed to fully describe the structural and functional 
complexity of complement proteins (Arlaud et al.  2007 ; Ricklin and Lambris  2007b ; Schuster et al. 
 2007 ; Perkins et al.  2002  ) . Exemplary for this development is the structural characterization of C3, 
which progressed from describing the C3d fragment (Nagar et al.  1998  )  to the publication of full 
native C3 (Janssen et al.  2005  )  and provided critical insight into the dynamic activation process and 
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newly exposed binding sites in C3b (Janssen et al.  2006 ; Schuster et al.  2008 ; Wiesmann et al.  2006  ) . 
Meanwhile, structural data of C3b-ligand complexes have included activators (Forneris et al.  2010 ; 
Torreira et al.  2009  ) , regulators (Wu et al.  2009  ) , and receptors (Wiesmann et al.  2006  ) . More recently, 
the integration of structural and functional studies revealed mechanistic aspects of the C3 convertase 
(Forneris et al.  2010 ; Rooijakkers et al.  2009  )  and shed light into self-recognition and regulation 
by factor H (FH) (Morgan et al.  2011 ; Kajander et al.  2011  ) , the interaction of C3d with CR2 (van den 
Elsen and Isenman  2011 ; Shaw et al.  2010  ) , or the structure of iC3b (Alcorlo et al.  2011  ) . Yet struc-
tural insight is hardly restricted to C3 and the AP, and important contributions have recently been 
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  Fig. 1.1    Simpli fi ed scheme of the complement cascade and major points of therapeutic intervention. Pattern recognition 
molecules are colored in  purple , proteases in  green , complement components in  blue , regulators in  cyan , and receptors 
in  dark red .  Red symbols  mark major therapeutic classes (small molecules, proteins, and antibodies; see legend) and are 
depicted next to their target protein. Abbreviations used:  C1–C9  complement components 1–9,  C1-INH  C1 esterase 
inhibitor,  C3aR  C3a receptor,  C5aR  C5a receptor,  Conv  convertase,  CR  complement receptor,  CRIg  complement recep-
tor of the immunoglobulin family,  FB  factor B,  Fcn   fi colins,  FD  factor D,  FI  factor I,  FP  properdin,  MASPs  MBL-
associated serine proteases,  MBL  mannose-binding lectin,  RCA  regulators of complement activation,  TCC  terminal 
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made in respect to the CP (e.g., pattern recognition by C1q (Garlatti et al.  2010  ) ), the LP (e.g., MBL-
MASP1 complex (Gingras et al.  2011  ) ), or the terminal pathway (e.g., the structures of C5 or the 
C5b-C6 complex (Laursen et al.  2010,   2011 ; Hadders et al.  2012  ) ). Importantly, and in addition to 
providing mechanistic insight, such structural studies also offer a highly valuable base for understand-
ing disease-related effects of mutations and polymorphisms in complement proteins (Rodriguez de 
Cordoba et al.  2011  ) . Clearly, this progress in providing molecular details of complement proteins 
will largely and bene fi cially in fl uence complement-related drug discovery, either by understanding 
underlying processes or by allowing improved rational design. And there is a good chance that many 
more structures covering major drug targets will be released in the future. 

 Finally, genome-wide association studies (GWAS) and genomic/proteomic analyses have provided 
a steady  fl ow of information that con fi rmed or extended many disease links and put new potential 
disease hot spots on the map. Whereas the link between polymorphisms in FH and the risk for devel-
oping AMD likely represents the most prominent case, strong connections have also been found for 
other complement components in AMD, for some RCA’s in kidney diseases like atypical hemolytic 
uremic syndrome (aHUS) and membranoproliferative glomerulonephritis type II (MGPN II), or for 
several members of the CP in systemic lupus erythematosus (SLE) (Degn et al.  2011  ) . More recently, 
important disease associations have also been revealed between MASP-1/3 and 3MC syndrome 
(Sirmaci et al.  2010  )  and between CR1 and the development of Alzheimer’s disease and depression 
(Hamilton et al.  2012 ; Lambert et al.  2009  ) .  

    1.2   Finding the Achilles’ Heel of Complement, One Disease at a Time 

    1.2.1   A Broad Range of Diseases Warrant a Broad Range of Strategies 

 In view of its deep involvement in many key physiological processes and its complex interplay of 
several dozen specialized proteins, it is not surprising that any disruption in the balance of comple-
ment activation and regulation may have pathological consequences. Indeed, the list of diseases with 
contribution of complement has been steadily growing in the past few decades and encompasses auto-
immune, in fl ammatory, hematological, and neurodegenerative disorders, as well as cancer, ischemia/
reperfusion (I/R) injuries, and sepsis (Ricklin and Lambris  2007a ; Ricklin et al.  2010 ; Lachmann and 
Smith  2009  )  (Fig.  1.2 ). In addition, and despite progress in material sciences, the foreign surfaces 
present in biomaterials ranging from medical implants and hemodialysis  fi lters to drug delivery sys-
tems such as liposomes and micro-/nanoparticles may still trigger complement to a signi fi cant degree 
and contribute to clinical complications (Ekdahl et al.  2011 ; Nilsson et al.  2010  ) . Finally, transplanta-
tion medicine faces multiple complement-related challenges that include antibody-mediated rejection 
of the allo- or xenotransplant, as well as I/R effects (Asgari et al.  2010  ) . The reported diversity in 
involved components and pathways, affected organs, time courses, and case numbers for different 
diseases renders a “one-size- fi ts-all” complement treatment virtually impossible and suggests that 
therapeutic concepts have to be tailored to speci fi c disorders.  

 The direct activation of complement by danger- and disease-associated patterns places it upstream 
of many in fl ammatory reactions that are triggered by foreign or damaged surfaces, thereby supporting 
the concept that complement inhibition should be considered in various in fl ammatory diseases. The 
same might be true for age-related diseases that are in fl uenced by the slow accumulation of debris or 
plaques that may in turn trigger complement activation; such connections have, for example, been 
proposed for both age-related macular degeneration (AMD) and Alzheimer’s disease, yet with distinct 
mechanisms (Anderson et al.  2010 ; Fonseca et al.  2011 ; Veerhuis et al.  2011 ; Proitsi et al.  2012  ) . 
Again, complement inhibition could offer an early point of intervention that could retard, prevent, or 
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even reverse disease progression. Especially in the case of such chronic and slowly accumulative 
diseases, we begin to recognize that the kinetics of complement turnover may be essential and that 
even small changes in the activity of individual complement proteins may add up to a signi fi cant effect 
over the progression of the disease (Heurich et al.  2011  ) .  

    1.2.2   Is There an Optimal Point of Intervention? 

 In principle, the complement cascade offers points of intervention at almost any level ranging from 
initiation and primary activation to ampli fi cation, effector signaling, and lysis. While discussions 
about complement-related drug discovery occasionally center on the identi fi cation of the ideal target 
for “general” complement inhibition, the diversity of triggering patterns, pathomechanisms, and 
involved pathways and components more likely requires a careful and disease-speci fi c selection of 
targets, treatment regimens, and delivery routes. The ideal compromise between suf fi cient blockage 
of disease-causing complement activation and preservation of the network’s immune surveillance and 
homeostatic capacities therefore must be reassessed for each clinical disorder. In general, upstream 
intervention at the level of a speci fi c initiation step, such as the inhibition of C1r/s by C1 esterase 
inhibitor (C1-INH), may effectively shut down activation and subsequent generation of effector mol-
ecules caused by an individual pathway without affecting the protective functions of the other path-
ways (Fig.  1.3a ). However, this requires profound knowledge about the triggering mechanism and 
may not suf fi ciently work if more than one route contributes to the overall response. On the other 
hand, inhibiting at the level of C3 activation, either by blocking C3 directly (e.g., using compstatin) 
or by acting on the convertase, will ef fi ciently block all activation, ampli fi cation, and effector routes 
independent of the disease mechanism (Fig.  1.3b ) but may theoretically bear a higher risk of affecting 
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  Fig. 1.2    Diseases and clinical disorders/complications with demonstrated or suspected involvement of complement. 
Abbreviations used:  aHUS  atypical hemolytic uremic syndrome,  AMD  age-related macular degeneration,  I/R  ischemia/
reperfusion,  PNH  paroxysmal nocturnal hemoglobinuria,  SIRS  systemic in fl ammatory response syndrome,  SLE  sys-
temic lupus erythematosus       
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physiologically bene fi cial complement functions (see below). Finally, blockage at the terminal 
 pathway level can often be tailored to eliminate one or several effector steps depending on the target. 
For example, blocking C5 (e.g., by Eculizumab) will impair both the formation of the TCC and 
in fl ammatory signaling by C5a (Fig.  1.3c ), whereas only the latter, signaling function, is blocked 
when targeting the C5a receptor (C5aR) with antagonists like PMX53 (Fig.  1.3d ). Such downstream 
interventions are often highly ef fi cient in suppressing the major clinical manifestations of excessive 
complement activity while fully preserving key functions like opsonization. Yet, they also tend to be 
more “symptomatic” and do not eliminate the causative activation and ampli fi cation of the cascade. 
This dilemma is perhaps best illustrated in the case of paroxysmal nocturnal hemoglobinuria (PNH), 
where blockage of C5 by Eculizumab ef fi ciently prevents erythrocyte lysis as the predominant clini-
cal issue, thereby dramatically increasing the patient’s quality of life. However, studies have also 
revealed that uninhibited ampli fi cation via the AP leads to an accumulation of C3-derived opsonins, 
which increases extravascular hemolysis of the resulting “ghost erythrocytes.” Inhibition at the level 
of C3 or C3 convertases, for example, by anti-C3b antibodies, compstatin, or targeted regulators 
(TT30; see below), is therefore being evaluated as an alternative option (Risitano et al.  2011 ; Parker 
 2012 ; Luzzatto et al.  2010  ) .  

 Besides the point of intervention, decisions about the type of administration (i.e., local vs. sys-
temic) and treatment duration (i.e., acute/short term vs. chronic/continuous) are at least equally impor-
tant and have to be critically evaluated for each disease (Fig.  1.4 ). In the case of AMD, for example, 
local injection of complement-targeted drugs into the eye combines several advantages concerning 
tissue targeting, pharmacokinetics, and safety (at least regarding preservation of systemic comple-
ment activation) but comes at the price of comparatively inconvenient, invasive, and costly intravitreal 
injection. As AMD has been considered to re fl ect a local manifestation of a more systemic comple-
ment imbalance, the potential of treating AMD by systemic administration of complement drugs has 
been evaluated with some promising results; however, careful evaluation of the therapeutic and eco-
nomic bene fi ts will certainly be necessary in such cases. On the other hand, the suppression of 
in fl ammatory effects and increased organ preservation by complement inhibitors in the case of severe 
sepsis, as recently demonstrated with compstatin treatment, will most likely be based on a short-term 
systemic administration in a hospital setting (e.g., via i.v. infusion) and less dependent on pharma-
cokinetic restrictions.   
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  Fig. 1.3    Points of therapeutic intervention in the complement cascade and their theoretical effect on activation and 
effector mechanisms. The cascade organization in all panels corresponds to the one depicted in Fig.  1.1 .  Green coloring  
symbolizes unaffected functionality, whereas  orange  and  red  tones re fl ect partial or complete impairment, respectively       
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    1.2.3   Safe Ride or Tightrope Walk? A (Cautious) Risk Assessment 

 The strong involvement of complement in microbial defense and many other physiological processes 
intuitively raises questions about the safety and potential risks of therapeutic complement inhibition, 
especially in the case of systemic treatment over long periods. While long-term clinical data are still 
scarce, several clinical trials involving diverse complement inhibitors and the experiences of patients 
receiving complement-directed drugs (i.e., Eculizumab and C1-INH preparations) have largely shown 
bene fi cial safety pro fi les. Previous discontinuations of clinical trials with complement inhibitors were 
mostly caused by lower-than-expected ef fi cacy or strategic business decisions rather than safety 
 concerns. Importantly, in the case of Eculizumab, the long-term blockage of C5 activation in PNH 
patients did not only prove to be largely safe (Roth et al.  2011  )  but was also shown to normalize 
important immune parameters, such as the number of B lymphocytes, which are normally altered in 
patients suffering from PNH (Al fi nito et al.  2011  ) . 

 As evident from patients with primary de fi ciencies or total dysfunctions in speci fi c complement 
proteins, the highest potential risk may be a higher susceptibility to bacterial infections. Whereas 
some individuals de fi cient in C5 have shown a higher rate of neisserial infections, the pathogen spec-
trum appears somewhat more extended in the case of C3 de fi ciencies (Skattum et al.  2011 ; Reis et al. 
 2006  ) . Interestingly, though, these infections appear to be more frequent in childhood and tend to 
improve when de fi cient individuals become adults, and it has been speculated that complement-related 
bacterial defense becomes less important once our body gains full capacity to produce high IgG levels 
(Lachmann and Smith  2009  ) . Importantly, across Eculizumab-related clinical PNH studies, the over-
all infection rate was not signi fi cantly increased between patients receiving the antibody drug or a 
placebo (three cases of  Neisseria meningitidis  were reported during these trials) (Dmytrijuk et al. 
 2008  ) . In some cases, the risk or severity of potential infections can be further reduced by vaccination, 
as in the case of Eculizumab where treatment with a  N. meningitidis  vaccine is required prior to the 
start of therapy. 

 Of course, the question arises whether complete systemic complement blockage is actually neces-
sary, or even achievable, in all cases. In many diseases, it is an imbalance between activation and regu-
lation rather than a complete dysfunction that drives complement’s contribution to pathological states. 
Even a partial or targeted inhibition strategy may therefore suf fi ciently help restore the balance of 
complement activity and potentially reverse disease symptoms. In the case of complement targets 
with high abundance (e.g., C3) or very rapid turnover in the body (e.g., FD), it may also prove techni-
cally dif fi cult to achieve full complement inhibition over a long treatment period. Such partial inhibi-
tion may pose an even lower risk for infection; indeed, an assessment of patients who were positive 
for nephritic factor (i.e., antibodies that stabilize convertases and thereby largely deplete C3 stores) 

Systemic Local

Acute
e.g.,

sepsis

e.g.,
transplant
rejection

Chronic e.g., PNH e.g., AMD

  Fig. 1.4    Examples of complement-related disorders with different potential requirements concerning drug administration       
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indicated that residual C3 levels far below 10% of the normal range were suf fi cient for  fi ghting intrud-
ers, as these patients did not display clinically signi fi cant infection rates (Skattum et al.  1997  ) . Finally, 
many of the potential applications for complement-targeted drugs involve acute and/or time-restricted 
treatment (e.g., during hemodialysis or cardiopulmonary bypass surgery) or local administration to 
tissues with comparatively low risk of infection (e.g., vitreous in the case of AMD), thereby further 
reducing potential risks. 

 Clearly, more data from clinical trials and indicated or off-label use of the marketed drugs are 
needed to paint a more complete picture of complement therapeutics-related risks, and future studies 
still need to be carefully monitored and evaluated. Yet, the currently available data so far appear to 
indicate a rather bene fi cial and well-manageable risk pro fi le.   

    1.3   A Handyman’s Toolbox of Complement Inhibition 

 The points concerning disease diversity, pathway involvement, wealth of intervention points, safety 
and treatment regimens discussed above strongly support the notion that a one-size- fi ts-all approach 
will likely not suf fi ce for managing a diverse set of complement-related disorders. Ideally, we should 
arrive at a panel of speci fi c inhibitors that allow for the selective inhibition of initiation, ampli fi cation, 
and effector steps. Luckily, the  fi eld has experienced a high level of creativity and productivity over 
the past few years that have already produced an impressive panel of inhibitors, some of which have 
been evaluated in clinical trials. Similar to drug discovery in general, complement inhibitors have 
seen a shift from small molecules to biopharmaceuticals such as proteins, antibodies, aptamers, and 
peptides, though this trend seems to be much more pronounced for complement-related drugs. The 
following sections quickly summarize concepts and trends in the major drug classes and name a few 
examples of drugs in clinical development. 

    1.3.1   Towards More Selective Protease Inhibitors 

 Owing to complement’s cascade-type architecture with strong involvement of several serine pro-
teases, and due to the high drugability of proteases, enzymes such as C1s or FB have been among the 
earliest targets for complement-directed drugs. While several attempts have been undertaken to arrive 
at small molecule inhibitors of complement proteases, poor pharmacokinetic pro fi les and insuf fi cient 
target speci fi city have so far prevented such drugs from entering clinical applications (Qu et al.  2009  ) . 
For example, BCX-1470 (BioCryst) was found to inhibit both FD and C1s with high activity and has 
been used to prevent skin edema during Arthus reaction in rats (Szalai et al.  2000  ) ; however, no clini-
cal development has been reported. 

 Today, human C1 esterase inhibitor (C1-INH) is the only complement-directed protease inhibitor 
in the clinic. This large glycoprotein that belongs to the SERPIN family is primarily used in connec-
tion with hereditary angioedema (HAE) (Tourangeau and Zuraw  2011  ) , a genetic disease caused by a 
de fi ciency of functional C1-INH and characterized by a swelling of subcutaneous tissue. While 
C1-INH preparations have been available for the treatment of HAE for several years in Europe and 
other regions, the introduction of such drugs into the US market happened only recently. Whereas the 
C1-INH drug Cinryze (ViroPharma) was approved by the FDA for prophylactic treatment of HAE in 
late 2008, Berinert (CSL Behring) was approved in 2009 for the treatment of acute HAE attacks 
(Gompels and Lock  2011 ; Keating  2009  ) . Although C1 is eponymous of the inhibitor, C1-INH is not 
C1s-speci fi c but blocks additional proteases of the complement (C1r, MASP2),  fi brinolytic (plasmin), 
coagulation (thrombin, factor Xa), and contact systems (plasma kallikrein, FXIIa) (Davis et al.  2010  ) . 
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In addition, C1-INH may exert immunomodulatory activities that are not related to protease inhibition 
(Zeerleder  2011 ; Thorgersen et al.  2010  ) . In fact, it is likely that the pathogenesis of HAE, and thereby 
the main pharmacological activity of the C1-INH treatment for this indication, is more closely related 
to the kallikrein-bradykinin system than to complement. 

 Despite the uncertain complement connection for the current use of C1-INH in HAE treatment, the 
availability of approved drugs with activity towards the classical pathway may largely facilitate appli-
cations in complement-related diseases (Beinrohr et al.  2008 ; Kirsch fi nk and Mollnes  2001  ) . Indeed, 
C1-INH has shown promising effects in various disease models ranging from I/R injury and trans-
plantation (Banz and Rieben  2011 ; Tillou et al.  2010  )  to sepsis (Igonin et al.  2011  ) . Whereas changes 
in the C1-INH status have also been observed in AMD, the therapeutic implications have to be further 
explored (Gibson et al.  2012  ) . 

 Current efforts to modulate the action of complement proteases appear to primarily focus on the 
inhibition of substrate binding via monoclonal antibodies (e.g., against FB, FD, or MASP; see next 
chapter). In addition, peptide mimics of the scissile loop areas have been suggested for inhibiting C2 
and FB (Ruiz-Gomez et al.  2009 ; Halili et al.  2009  ) . More recently, a targeted phage-display library 
approach starting from the sequence of sun fl ower trypsin inhibitor has been used to arrive at peptidic 
inhibitors of MASP-1 and MASP-2 (Kocsis et al.  2010  ) . Yet, the availability of improved structural 
models for activated protease states as in the case of FD (Forneris et al.  2010  )  may well revive the 
design and optimization of new small molecule protease inhibitors.  

    1.3.2   Block It: Protein Interaction Inhibitors from Big to Small 

 Structural studies of several target-ligand complexes of the complement system in recent years have 
impressively demonstrated the exceptionally high prevalence of large protein–protein interaction 
interfaces in complement activation and regulation. For example, the four regulatory domains of FH 
occupy an area of 4,500 Å 2  on the surface of C3b despite a comparatively weak interaction (K 

D
  ~ 10  m M) 

(Wu et al.  2009  ) . In the case of the C3b-FB complex, the formation of additional contacts upon bind-
ing and extension of the interaction footprint largely drives convertase assembly and, thereby, comple-
ment activity (Forneris et al.  2010  ) . Competitive or allosteric blockage of such interaction interfaces 
therefore offers a promising strategy for developing complement inhibitors. 

 Whereas the development of small molecule protein–protein interaction inhibitors has been gain-
ing traction despite the inherent challenges, monoclonal antibodies and antibody fragments are 
undoubtedly the most rapidly growing class of complement inhibitors. Indeed, several complement-
targeted antibodies are currently on the market (anti-C5, Eculizumab, Soliris, Alexion) or in clinical 
development (e.g., anti-FD Fab, Genentech; anti-FB, TA106, Alexion; anti-MASP2, Omeros; anti-
properdin, NovelMed). In addition, minibodies (anti-C5, Mubodina, Adienne), aptamers (anti-C5, 
ARC1905, Ophthotech), and spiegelmers (anti-C5a, NOX-D19, Noxxon) are being developed as 
alternative macromolecular blocking entities. A majority of these new inhibitors in development are 
currently positioned as treatment options for AMD. In the case of Eculizumab, Alexion recently 
received FDA approval for the treatment of atypical hemolytic uremic syndrome (aHUS) in children 
and adults (Alexion  2011  )  after it was found to reduce complement-mediated thrombotic microan-
giopathy and other clinical parameters in this rare but severe genetic disease (Waters and Licht  2011 ; 
Nurnberger et al.  2009 ; Tschumi et al.  2011  ) . In addition to PNH and aHUS, Alexion is currently 
evaluating Eculizumab in several other disorders ranging from AMD and  E. coli -induced HUS to 
transplantation medicine. 

 Even though protein–protein interactions are more challenging to inhibit with small molecules, 
peptides and other low size entities have nevertheless proven successful in several cases and promise 
advantages in administration and cost when compared to therapeutic antibodies (Wells and McClendon 
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 2007 ; Mullard  2012  ) . In the case of complement, the limitation of low cell permeability, often seen 
for peptidic drugs (Mullard  2012  ) , does not have to be taken into account since all potential targets are 
available in circulation or extracellularly. Compstatin, a cyclic 13-residue peptide that binds to C3 and 
prevents complement activation and ampli fi cation by all pathways (Ricklin and Lambris  2008 ; Sahu 
et al.  1996  ) , is currently the only member of that class in clinical development. One compstatin analog 
(POT-4, Potentia; AL-78898A, Alcon) has successfully passed phase I clinical trials for AMD and is 
currently evaluated in a phase II trial (Yehoshua et al.  2011  ) . In primates, this compstatin analog was 
shown to reverse the formation of drusen, which are a hallmark of early AMD (Chi et al.  2010  ) . At the 
same time, compstatin has been further optimized and has shown promising effects in other disorders 
such as sepsis, transplantation, PNH, hemodialysis-associated complications, severe asthma, and 
chronic obstructive pulmonary disease (Kourtzelis et al.  2010 ; Silasi-Mansat et al.  2010 ; Qu et al. 
 2011  ; Qu et al.  2012 )  (currently developed by Amyndas Biotherapeutics and Apellis Pharmaceuticals). 
An alternative approach based on antisense homology has been explored to generate a peptide that is 
complementary to a region of C5a and binds to the anaphylatoxin (C5aIP (Fujita et al.  2004  ) ). This 
peptide interfered with C5a-mediated activation of neutrophils and was later shown to attenuate cross 
talk between complement and coagulation in a model of islet transplantation; in addition, evaluation 
of C5aIP in a phase II clinical trial for sepsis has previously been announced (Fujita et al.  2004 ; 
Tokodai et al.  2010  ) .  

    1.3.3   Build Your Own Regulator 

 Our body produces a natural panel of highly effective complement inhibitors that primarily act at the 
level of convertases or the TCC, and which can be exploited for therapeutic purposes. Among them, 
the “regulator of complement activation” (RCA) protein family has attracted particular interest. These 
modular proteins composed of 4–30 complement control protein (CCP) domains include FH and 
C4b-binding protein (C4BP) in circulation as well as membrane-associated CR1 (CD35), decay 
accelerating factor (DAF/CD55), and membrane cofactor protein (MCP/CD46); they either accelerate 
the decay of the C3 convertase or mediate the degradation of C3b by FI. With the strongest activity on 
both CP- and AP-mediated complement activations, soluble CR1 (sCR1; TP10, Avant) has been the 
most extensively developed RCA and used in a variety of disease models. Despite promising data in 
preclinical and phase I studies for preventing complement activation during cardiac surgery (Li et al. 
 2006  ) , questions regarding gender speci fi city and ef fi cacy in phase II trials affected its clinical pro-
gression (Lazar et al.  2007  ) . More recently, Celldex has picked up development of sCR1 (CDX1135) 
and is assessing its use in rare renal diseases and antibody-mediated transplant rejection. In addition, 
recombinant FH (Optherion) has been evaluated for use in AMD and renal diseases that are often 
affected by polymorphisms in the FH gene. A key disadvantage of these RCAs is their large size 
(150–300 kDa), which may render production and therapy both challenging and costly. 

 The modular nature of RCA proteins has inspired various efforts to extract, combine, or extend 
selected domain modules to arrive at tailored or targeted regulators (Fig.  1.5 ). Early examples in clinical 
development include the combination of the short four CCP-domain regulators MCP and DAF into an 
inhibitor with extended regulatory functions (CAB-2, Millennium) or the truncation of CR1 into shorter 
fragments. More recently, targeting of regulatory modules to sites of activation or tissues of interest by 
addition of addressing moieties/modules has regained attention and led to the development of highly 
promising inhibitors and therapeutic approaches (e.g., TT30, Mirococept; Fig.  1.5 ; see Sect.  1.4 ).  

 Besides RCAs and C1-INH (see above), CD59 is another regulator with therapeutic potential. By 
intercalating with components C8 and C9, membrane-bound CD59 prevents formation of the TCC 
and, consequently, TCC-mediated lysis or signaling. While currently not clinically developed, soluble 
and targeted forms of CD59 have recently been explored for the prevention of choroidal neovascular-
ization (CNV) as it occurs in the wet form of AMD (Cashman et al.  2011 ; Bora et al.  2010  ) .  



111 Progress and Trends in Complement Therapeutics

    1.3.4   A Friendly Reception: Prevention of In fl ammatory Signaling 

 Anaphylatoxins (C3a, C5a) are among the strongest effectors generated by complement activation and 
induce chemotaxis, cell activation, and in fl ammatory signaling via binding to their respective 
G-protein-coupled receptors (GPCR), that is, C3aR and C5aR (CD88). While a third anaphylatoxin 
receptor (C5L2, GPR77) has been identi fi ed, its binding speci fi city, signaling pattern, and functional 
role have not yet been fully elucidated (Ricklin et al.  2010 ; Klos et al.  2009  ) . In view of their strong 
in fl ammatory effects and the potential drugability as GPCRs, anaphylatoxin receptors have long been 
identi fi ed as attractive drug targets. However, the development of C3aR antagonists has proven to be 
considerably challenging, and a promising clinical candidate (SB 290157, Merck) was later shown to 
exert partial-agonistic activities (Mathieu et al.  2005  ) . In contrast, the clinical development of 
antagonists for C5aR has been much more rewarding and has produced several low molecular weight 
candidates (e.g., PMX53 and PMX205, Cephalon/Teva; JPE-1375, Jerini; CCX168, ChemoCentryx; 
NGD-2000-1, former Neurogen; see also reviews in (Ricklin and Lambris  2007a ; Qu et al.  2009 ; 
Woodruff et al.  2011 ; Monk et al.  2007  ) ). Among them, the PMX family of molecules have been par-
ticularly well studied and successfully used in a variety of preclinical studies ranging from AMD and 
sepsis to trauma, transplantation, cancer, and Alzheimer’s disease (Woodruff et al.  2011 ; Kohl  2006 ; 
Bosmann and Ward  2012 ; Fonseca et al.  2009 ; Recknagel et al.  2012 ; Lewis et al.  2008 ; Markiewski 
et al.  2008  ) . Although both PMX53 and JPE-1375 have been evaluated in clinical trials and have 
shown bene fi cial safety pro fi les, none of these trials have yet been extended. In addition, C5aR ago-
nists (e.g., EP54/EP67 (Kollessery et al.  2011  ) ), inverse agonists (e.g., NDT 9513727, former Neurogen 
(Brodbeck et al.  2008  ) ), or modi fi ed recombinant C5a with dual antagonistic activity for C5aR and 
C5L2 (A8  D 71–73 , (Otto et al.  2004  ) ) have been explored. Clearly, anaphylatoxin receptor modulators 
remain a highly important class of drug candidates with high implication in in fl ammatory diseases.  
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  Fig. 1.5    Modular concept of complement regulators and receptors composed of CCP domains and their use for designing 
therapeutic complement inhibitors.  Colored circles  depict individual CCP domains, with regulatory and targeting enti-
ties marked in  red  and  pale magenta , respectively. *CAB-2 is not currently listed in the pipeline of Millennium; **Even 
though Mirococept is not currently listed in the pipelines of pharmaceutical companies, it has recently been evaluated 
for transplant protection       
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    1.3.5   Back to the Roots: Exploiting Natural Concepts 

 Microorganisms and parasites that enter circulation are exposed to the defensive action of 
 complement and therefore have been required to develop powerful evasion strategies, many of which 
rely on the secretion of inhibitors against host complement components (Lambris et al.  2008  ) . While 
they may not be used as therapeutic inhibitors directly due to immunogenicity concerns, these patho-
gen-derived inhibitors may nevertheless serve as templates for developing complement-targeted 
drugs. An example of a pathogen-derived inhibitor that is in clinical development is the chemotaxis 
inhibitory protein of  Staphylococcus aureus  (CHIPS), which acts as an antagonist of the C5aR. 
A truncated and mutated form of CHIPS (ADC-1004, Alligator Bioscience) has been developed and 
successfully tested in a preclinical model of I/R injury during myocardial infarction (Gustafsson et al. 
 2009 ; van der Pals et al.  2010  ) . 

 Another promising agent from natural sources is the tick-derived  Ornithodoros moubata  
 complement inhibitor (OmCI), which binds to C5 and potently inhibits its activation to C5a and C5b 
(Nunn et al.  2005 ; Roversi et al.  2007  ) . OmCI has shown ef fi cacy in a rodent model of myasthenia 
gravis in rats (Hepburn et al.  2007  )  as well as in an  ex vivo  model of  E. coli -induced sepsis in human 
and porcine blood (Barratt-Due et al.  2011  ) . Orthopox viruses, on the other hand, produce several 
RCA mimics, such as the vaccinia virus complement control protein (VCP) and the smallpox inhibitor 
of complement enzymes (SPICE) (Ahmad et al.  2007  ) ; VCP has been explored in several disease 
studies (Ghebremariam et al.  2010 ; Kulkarni et al.  2011  ) . Finally,  S. aureus  appears to be an espe-
cially rich source of complement inhibitors and immune modulators that act on a variety of targets and 
show a fascinating diversity of inhibitory mechanisms (Laarman et al.  2010 ; Chavakis et al.  2007  ) , 
including allosteric modulation of C3b (Chen et al.  2010  ) .   

    1.4   Aim Before You Shoot: Targeting of Complement Drugs 

 In the vast majority of complement-related disorders, the detrimental activation and ampli fi cation 
process occurs directly on surfaces that trigger the defensive actions of complement, including micro-
bial particles, foreign biomaterials (e.g., implants or drug delivery systems), transplanted cells or 
organs, or diseased cells and tissues. Systemic complement inhibitors have frequently proven effective 
in suppressing such surface-induced in fl ammatory effects (Ekdahl et al.  2011 ; Nilsson et al.  2010  ) , as, 
for example, in the case of hemodialysis  fi lter membranes (Kourtzelis et al.  2010  )  or implantable 
devices (Sokolov et al.  2011  ) . Yet rather than saturating circulation with soluble inhibitors, the selec-
tive blockage of complement activation directly on the triggering surface appears to be a more elegant 
and focused approach that may better preserve systemic complement activity and reduce drug doses 
and cost. Fortunately, recent years have produced a panel of creative and diverse strategies of targeted 
surface protection from complement attack (Fig.  1.6 ). Similar to systemic inhibition, the task is a deli-
cate one and has to be tailored to the clinical situation. For example, biomaterials can be coated with 
inhibitors during production, and transplants may be perfused with inhibitor solutions  ex vivo , thereby 
allowing the use of targeting entities with broader speci fi city. In contrast, the targeted inhibition on 
selected cells types such as erythrocytes during PNH requires a much more selective strategy.  

 In the case of biomaterials, coating with heparin has been explored and demonstrated to largely 
prevent activation of both complement and coagulation; however, the demand on production and cost 
of such surfaces as well as the broad binding speci fi city of heparin impose potential limitations. PEG 
coatings, on the other hand, effectively reduce protein binding and certain initiation processes but have 
shown ambiguous success in preventing complement activation. The use of small molecular entities to 
recruit physiological regulators such as C4BP or FH to surfaces by means of mimicking self- protection 
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of human cells or complement evasion strategies by certain pathogens has recently resulted in promising 
applications (Ekdahl et al.  2011  ) . For example, coating of model biomaterials with small peptides that 
bind to the nonregulatory part of FH and thereby attracting this regulator in a functional way were 
shown to signi fi cantly reduce complement activation (Wu et al.  2011  ) . 

 Perfusion of organ transplants with membrane-targeted inhibitors after removal from the donor has 
emerged as another highly promising application. Mirococept (APT070) is a particularly interesting 
and well-studied candidate in this context. This combination of a truncated CR1 fragment (CCP1-3) 
with a lipopeptide anchor that attaches to cell membranes was initially described several years ago 
(Smith and Smith  2001 ; Smith  2002  )  and had been shown to ameliorate I/R-injury effects in rat intes-
tine and models of myocardial infarction and renal isograft (Banz et al.  2007 ; Souza et al.  2005 ; Patel 
et al.  2006  ) . Though the compound was not clinically developed for several years, Mirococept has 
recently regained attention after its clinical evaluation in kidney transplantations indicated highly 
promising effects based on signi fi cantly increased life spans for transplants that were perfused with 
this targeted inhibitor (Sample  2010  ) . A similarly targeted variant of CD59 (APT542) has also been 
described (Fraser et al.  2003  )  and was recently tested in a model of CNV (Bora et al.  2010  ) . 

 Whereas targeting of a systemically administered complement inhibitor to a speci fi c cell type 
imposes considerable challenges, this problem can be partially circumvented by instead targeting sites 
of ongoing activation/ampli fi cation. Surfaces under attack by the complement system accumulate 
opsonins such as C3b that are subsequently transformed into cleavage fragments (e.g., iC3b, C3d). By 
coupling regulatory RCA modules to moieties that bind to such opsonization fragments, one can achieve 
complement inhibition that is focused on activation sites. A well-described inhibitor that follows this 
promising strategy is TT30 (Alexion), a chimeric protein that combines regulatory domains from 
human FH (CCP1-5) with C3d-binding domains from CR2 (CCP1-4) and potently inhibits AP activa-
tion (Fridkis-Hareli et al.  2011  ) . TT30 and its rodent-speci fi c analogs have shown encouraging results 
in a series of AP-mediated disease models ranging from CNV and I/R injury to arthritis and PNH 
(Fridkis-Hareli et al.  2011 ; Rohrer et al.  2012 ; Rohrer et al.  2010 ; Khan et al.  2011 ; Banda et al.  2009 ; 
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Huang et al.  2008  ) . Alternative approaches for  in vivo  targeting of cell surfaces include the coating of 
sCR1 with sialyl Lewis x to address selectins at sites of in fl ammation (Schmid et al.  2001  ) , the combi-
nation of RCAs with antibodies against cellular markers (Spitzer et al.  2004,   2005  ) , or the coupling of 
compstatin to the C-terminus of FH to achieve protection of (attacked) self-surfaces (Zipfel et al.  2011  )  
(Fig.  1.6 ). Very recently, the new structural information concerning the N- and C-terminus of FH (Wu 
et al.  2009 ; Morgan et al.  2011 ; Kajander et al.  2011  )  was utilized to design a truncated regulator con-
struct with full regulatory (via CCP1-4) and versatile targeting activities (to both sites of activation and 
self-surfaces via CCP19-20) that showed promising results in PNH models (Schmidt et al.  2012  ) . The 
modularity of RCA and CR proteins, the potent activity of RCAs on the convertase level, and the 
increased knowledge about the molecular involvement of individual CCP domains based on mutational 
analysis will likely uphold regulator design and targeting as a powerful source of complement-directed 
therapeutics.  

    1.5   Alternative Concepts 

 Whereas the majority of inhibitory strategies are focused on the selective blockage of individual 
complement components, alternative approaches based on depletion, reconstitution, or gene therapy 
have also been pursued. Cobra venom factor (CVF) is the most prominent example of the  fi rst 
 category; this snake protein isolated from certain cobra species shares high structural and sequence 
similarity with C3 and is able to form highly stable convertase complexes that rapidly activate and 
consume C3 and C5 in circulation (Vogel and Fritzinger  2010  ) . CVF and a recombinant humanized 
form created by replacing small stretches of the C3 sequence with the stabilizing parts of CVF (HC3-
1496, InCode BioPharmaceutics) have been evaluated in various disease models including myocar-
dial I/R injury, CNV, arthritis, PNH, or transplant accommodation (Vogel and Fritzinger  2010 ; 
Fritzinger et al.  2010 ; Chen Song et al.  2011  ) . 

 Even though administration of puri fi ed proteins is preferred for treating diseases caused by 
de fi cient, dysfunctional, or mutated complement components, such an option is not available or eco-
nomically feasible in all cases. Reconstitution with functional complement components can be 
achieved in such cases by infusion with fresh frozen plasma. This type of therapeutic approach has 
been utilized for C3 dysfunction (Nilsson et al.  1994  )  and aHUS (Licht et al.  2005  ) . 

 In most cases, and as illustrated above, the therapeutic use of complement regulators involves the 
administration of RCA constructs, their recruitment to surfaces, or reconstitution from plasma. 
However, in the case of cancer, complement regulators may undesirably protect tumor cells from 
complement attack, thereby warranting their therapeutic modulation. For example, CD59 inhibitors 
have been shown to enhance the anticancer activity of cancer-directed antibodies in certain cases (Ge 
et al.  2011  ) . Similarly, genetic knock-down of membrane-associated RCAs (CD46, CD55, CD59) 
using small interfering RNA (siRNA) has been bene fi cial as an adjuvant strategy to antibody-based 
cancer immunotherapy (Geis et al.  2010  ) . In view of the dual role that complement may have in dif-
ferent types of cancer (Markiewski and Lambris  2009  ) , the potential of using complement inhibitors 
and “enhancers” has to be more closely explored. 

 Finally, the complex intertwinement and collaboration of complement with other defense and 
in fl ammatory pathways suggests that certain diseases may bene fi t from combinatorial treatment strat-
egies. Such an approach based on simultaneous inhibition of toll-like receptor and complement path-
ways (via anti-CD14 mAb and compstatin, respectively) has shown promising and synergistic effects 
in models of bacteria-induced sepsis (Christiansen et al.  2012  ) . Also, simultaneous inhibition of com-
plement and coagulation targets promises advantages for preventing in fl ammatory responses induced 
by biomaterials or transplants (Ekdahl et al.  2011 ; Fujiwara et al.  1997  ) . Clearly, such combinatorial 
therapies are just starting to be explored and may be highly potent for the treatment of diseases with 
complex etiologies.  
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    1.6   Pinpointing Activation Sources: Diagnostic Strategies 

 The early involvement of complement in many disease processes and its upstream position in the 
in fl ammatory system potentially render it an interesting option for biomarker analysis in clinical diag-
nostics. In this context, approaches have been exploited that measure either the plasma levels of intact 
complement components, the presence of complement activation products, or the opsonization of tis-
sue with fragments of C3 or C4. 

 Examples of using total complement component concentrations as markers are the measurement 
of C3 and C4 levels in SLE, antiphospholipid syndrome, atopic asthma, or cardiovascular disease 
(Mosca et al.  2011 ; Engstrom et al.  2007 ; Palikhe et al.  2007 ; Ramos-Casals et al.  2004  ) . On the other 
hand, many activation products, such as C3a, C5a, or FB fragments, are increased in a variety of 
in fl ammatory and immune-related diseases and have been used as predictive markers for disorders 
like pregnancy complications and preeclampsia, heart failure, or adult respiratory distress syndrome 
(Gombos et al.  2012 ; Lynch et al.  2008,   2011 ; Zilow et al.  1990  ) . Recently, several studies also inves-
tigated the systemic concentrations of complement proteins and activation products of the alternative 
pathway in the case of AMD and revealed signi fi cant correlations for several markers (Hecker et al. 
 2010 ; Scholl et al.  2008 ; Reynolds et al.  2009  ) . Whereas biomarker analysis at the protein level has 
several advantages over genetic studies, including the potential assessment of posttranslational 
modi fi cations and activation fragments, protein-based diagnostic approaches are often dependent on 
the method and dif fi cult to multiplex, thereby complicating biomarker discovery and analysis. 
However, recent developments in advanced screening methods are increasingly facilitating such 
endeavors. For example, assay platforms based on SOMAmers (i.e., chemically optimized aptamers 
that form tight complexes with protein targets; SOMAscan, SomaLogic) offer multiplexing capabili-
ties and diagnostic versatility in low sample quantities (Kraemer et al.  2011 ; Gold et al.  2010  ) . Several 
other diagnostic platforms are also available based on mass spectrometry or antibody arrays (Sanchez-
Carbayo  2011 ; Blonder et al.  2011  ) . 

 In many cases, though, the most profound accumulation of complement activation products occurs 
directly on the surface of diseased organs, as in the case of various kidney diseases (Berger  1974 ; 
Brown et al.  2007  )  and organ/cell transplantations (Asgari et al.  2010 ; Kato et al.  2003  ) , as well as in 
AMD where such fragments are found both in drusen and on the subretinal tissue (Anderson et al. 
 2010  ) . Opsonizing complement fragments such as C3b or C4d have long been used for diagnostic 
purposes, but their deposition has mainly been determined through tissue biopsies and immunohis-
tochemistry applications. More recently, noninvasive technologies have been developed that utilize 
the same principles of addressing sites of ongoing complement activation as described above for 
inhibitor targeting. For example, iron oxide nanoparticles have been coated with the C3d-binding 
domains of CR2 to perform magnetic resonance imaging of in fl ammatory kidney disease in a mouse 
model of lupus nephritides with promising results (Serkova et al.  2010  ) . Similar approaches with 
targeted contrast agents or other diagnostic entities may therefore be developed and could allow a 
more dynamic and noninvasive route to monitor complement activation  in vivo ; they also might be 
useful in the decision-making process to determine which patients may bene fi t from complement-
targeted treatments.  

    1.7   Conclusions and Outlook 

 With its strong involvement in many in fl ammatory, I/R-injury-related, immune and degenerative 
diseases, its 50 potential targets, and its cascade organization that allows various points of interven-
tion, complement presents itself as an increasingly attractive target network for pharmaceutical inter-
vention. Currently, the approved therapeutics only cover orphan diseases (PNH, aHUS, HAE), 
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thereby in fl uencing both cost and recognition in the  fi eld. However, additional and much bigger 
markets ranging from transplantation medicine to prevalent diseases like AMD are already looming 
on the horizon. It will be interesting to follow the changes and new opportunities in the  fi eld of com-
plement-directed therapeutics once new drugs that target different levels of the cascade hit the market. 
Similarly, much may be learned when those new therapeutics, along with existing drugs such as 
Eculizumab and rC1-INH, have their applications gradually extended through off-label use or newly 
approved indications. The shifting dogmas and increased knowledge about complement in health and 
disease, and the high level of diversity and creativity in complement-targeted drug discovery, surely 
paint a bright picture and promise an exciting future for treating complement-mediated disorders.      
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  Abstract   Proteases play important roles in human physiology and pathology. The complement 
 system is a proteolytic cascade, where serine proteases activate each other by limited proteolysis in a 
strictly ordered manner. Serine proteases are essential in both the initiation and the ampli fi cation of 
the cascade. Since uncontrolled complement activation contributes to the development of serious 
disease conditions, inhibition of the complement serine proteases could be an attractive therapeutic 
approach. In this chapter, we give a brief overview of the major types of natural serine protease inhibi-
tors and their role in controlling the complement cascade. A special emphasis is laid on C1-inhibitor, 
a natural complement protease inhibitor, which is approved for clinical use in hereditary angioedema 
(HAE). We also examine the potential of developing arti fi cial complement protease inhibitors. 
Synthetic small-molecule drugs can be very ef fi cient serine protease inhibitors, but they usually lack 
suf fi cient speci fi city. A promising approach to yield more speci fi c compounds is the alteration of 
natural protease inhibitors through engineering or directed evolution resulting in new variants with 
 fi ne-tuned speci fi city and enhanced af fi nity.    

    2.1   The Key Role of Serine Proteases in Cascade Systems 

 Proteases (other commonly used names: peptidases, proteinases) are enzymes that are able to degrade 
protein or peptide substrates via catalyzing the hydrolysis of the peptide bond. Proteases are ubiqui-
tous in all forms of life from bacteria to mammals. Typically 2–4 % of the genes in a genome encode 
for proteases (Puente et al.  2005  ) . While some of the proteases have broad substrate speci fi city and 
thought to be mainly involved in the nonspeci fi c degradation of unwanted or dietary proteins (e.g., the 
proteasome or trypsin), many proteases play key roles in various biological processes through mediat-
ing highly speci fi c cleavages on certain proteins (Neurath  1984  ) . According to their mechanisms of 
action, proteases can be classi fi ed into six distinct classes: serine, cysteine, threonine, aspartic, glu-
tamic, and metalloproteases, with the name re fl ecting on the centrally important catalytic enzyme 
residue or compound (López-Otín and Bond  2008  ) . More than one third of all known proteases belong 
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to the class of serine proteases (Page and Di Cera  2008  ) . The catalytic mechanism of the serine 
proteases is typically based on the catalytic triad of serine, histidine, and aspartate residues (Hedstrom 
 2002  ) . In the  fi rst step of the proteolysis, the nucleophilic serine of the active site attacks the carbonyl 
moiety of the substrate peptide bond resulting in the formation of an acyl-enzyme complex through 
an unstable tetrahedral intermediate in parallel with the release of the C-terminal half of the substrate 
peptide. During the catalysis, the nucleophilicity of the serine is enhanced by the adjacent histidine, 
while the basic character of the histidine is enhanced by the aspartate. Deacylation (decomposition of 
the acyl-enzyme intermediate) occurs via a similar mechanism, but in this case a water molecule is the 
attacking nucleophile and an ester is the scissile bond. The biological signi fi cance of this catalytic 
mechanism is underlined by the fact that the same catalytic triad has been developed four times by 
independent evolutionary events in different organisms (convergent evolution). The archetype of the 
serine proteases is the chymotrypsin. Chymotrypsin-like enzymes form the largest and most studied 
family (S1) of serine proteases (clan PA). In the human plasma, proteases having chymotrypsin-fold 
and trypsin-like speci fi city (i.e., they cleave after positively charged side chains: Arg or Lys) form 
extracellular signaling cascades mediating various physiological processes such as blood clotting, 
 fi brinolysis, angiogenesis, and in fl ammatory and complement responses (Krem and Di Cera  2002  ) . In 
fact, serum serine proteases form a sophisticated network. Division of this network into distinct cas-
cades is rather arti fi cial since there are numerous cross talks between the more or less arbitrarily 
de fi ned cascades (Fig.  2.1 ).  

 The driving force behind the signaling cascades is the sequential activation of serine protease zymo-
gens. In the resting state of the cascades, the serine proteases are present as nearly inactive proen-
zymes (zymogens) which become fully activated by proteolytic cleavage at the N-terminus. The very 
 fi rst enzymatic event is usually an autoactivation step where the  fi rst proenzyme of the cascade acti-
vates itself by self-cleavage. The proteolytically activated initiator protease then activates the subse-
quent member of the cascade launching the cascade reaction. From this point, each successive 
zymogen is proteolytically activated by the previous member of the cascade. Since one protease 
molecule of the system can activate many subsequent zymogen protease molecules, by the end of 
the cascade reaction an enormous signal-ampli fi cation effect takes place. Consequently, activation of the 
proteolytic cascades must be tightly regulated in space and time by inhibitors to avoid self-damage. 
Inhibition of the initial proteases could be very ef fi cient in regulating the whole cascades. 

 The complement system is a sophisticated network of about 30 proteins circulating in serum or 
bound to cell surface (Walport  2001 ; Ricklin et al.  2010  ) . It contains nine serine proteases: eight of 
them (C1r, C1s, MASP-1, MASP-2, MASP-3, factor D, C2, factor B) are involved in the initiation and 
propagation of the cascade, while factor I is a cascade-regulating protease (Sim and Tsiftsoglou  2004  ) . 
All complement proteases, except factor D, are mosaic proteins containing several noncatalytic 
domains preceding the catalytical serine protease domain (Fig.  2.2 ). These noncatalytic domains form 
protein–protein interactions with other complement components contributing to the narrow substrate 
speci fi city of the complement proteases. The complement proteases do not act alone, but they are 
 usually part of larger multimolecular complexes, and consequently their substrates are also frequently 
found in such complexes.  

 There are three major ways of complement activation: the classical, the lectin, and the alternative 
pathway. The common characteristic of the classical and the lectin pathway is that they use soluble 
pattern recognition molecules (“receptors”) associated with serine protease zymogens to initiate the 
cascade. The pattern recognition molecule of the classical pathway is C1q which associates with a 
heterotetramer of C1r and C1s molecules (C1s-C1r-C1r-C1s) to form the C1 complex (Nayak et al. 
 2011  ) . When C1q binds to its target (IgG- or IgM-containing immune complex, C-reactive protein, 
apoptotic cell surface, etc.), C1r autoactivates (Gál et al.  2009  ) . Active C1r then cleaves C1s which is 
the executioner protease of the C1 complex. C1s cleaves C4 and C4b-associated C2 to form the 
 classical pathway C3 convertase C4b2a. 

 In the lectin pathway, we currently know  fi ve pattern recognition molecules: mannan-binding 
 lectin (MBL) (Dommet et al.  2006 ; Thiel  2007  ) , three  fi colins ( fi colin-1,  fi colin-2, and  fi colin-3) 
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(Endo et al.  2011  ) , and collectin-11 (CL-K1) (Hansen et al.  2010  ) . There are three serine proteases 
and two nonenzymatic proteins associated with the pattern recognition molecules. MASP-1, MASP-3, 
and MAp44 (Degn et al.  2009 ; Skjoedt et al.  2010a ) are alternative splice products of the  MASP-1  
gene while MASP-2 and MAp19 (Stover et al.  1999 ; Takahashi et al.  1999  )  are that of the  MASP-2  
gene. MASP-1, MASP-2, and MASP-3 contain different serine protease domains linked to  fi ve non-
catalytic domains, whereas MAp44 and MAp19 consist of four and two N-terminal-interacting 
domains of MASP-1 and MASP-2, respectively (Fig.  2.2 ). The activation mechanism of the lectin 
pathway is not fully understood. It was shown that MASP-2 combines the activity of C1r and C1s in 
a sense that it autoactivates and cleaves C4 and C2 (Ambrus et al.  2003 ; Rossi et al.  2001 ; Gál et al. 
 2005  ) . A MASP-2 dimer associated with an MBL molecule is able to initiate the complement cascade 
(Vorup-Jensen et al.  2000  ) . However, the physiological situation is much more complex since several 
lines of evidence suggest that MASP-1 signi fi cantly contributes to the lectin pathway activation 
through cleaving C2 and facilitating the activation of MASP-2 (Chen and Wallis  2004 ; Moller-Kristensen 

  Fig. 2.1    Cascade systems in the blood. In the blood plasma, trypsin-like serine proteases form a sophisticated network, 
which can be divided into distinct cascade systems. The blood clotting,  fi brinolytic, kallikrein-kinin, and the comple-
ment system are shown. The  fi gure illustrates numerous cross talks between the cascades both in respect of activators 
and inhibitors       
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et al.  2007 ; Takahashi et al.  2008 ; Kocsis et al.  2010  ) . Although MASP-3 can cleave  synthetic sub-
strate, its active involvement in the lectin pathway activation has not been proven (Dahl et al.  2001 ; 
Zundel et al.  2004  ) . Moreover, it was shown that MASP-3 can downregulate lectin pathway activation 
by displacing MASP-2 in the MBL-MASPs and  fi colin-MASPs complexes (Skjoedt et al.  2010b    ). 
The noncatalytic N-terminal splice variants (MAp44 and MAp19) may have similar regulatory roles. 

 The activation of the alternative pathway is based on the low-rate continuous spontaneous hydro-
lysis of C3 (C3 tick-over) (Holers  2008  ) . Hydrolyzed C3 (C3(H 

2
 O)) binds the serine protease factor 

B which is cleaved by factor D. The resulting C3(H 
2
 O)Bb is a C3 convertase which generates C3b 

molecules that can attach to nearby cell surface. Deposited C3b molecules bind more factor B which 
after factor D-mediated cleavage form the alternative pathway C3 convertase C3bBb. Previously, it 
was thought that the deposition of C3b onto the cell surface is always spontaneous; recent evidence, 
however, suggests that properdin can act as a pattern recognition molecule initiating alternative path-
way activation on apoptotic cells and certain microorganisms (   Kemper and Hourcade  2008 ). On the 
surface of the host cells, the deposited C3b is rapidly degraded by the serine protease factor I (Nilsson 
et al.  2011  ) . Factor I can cleave C3b only if it is in complex with factor H or other cofactors such as 
CR1, membrane cofactor protein (MCP), and decay-accelerating factor (DAF). Factor I can also break 
down the classical/lectin pathway C3 convertase C4b2a by using C4b-binding protein or one of the 
above-mentioned cofactors. While most of the proteases are circulating as inactive proenzymes, factor 
D and factor I are present as cleaved, preactivated species (Volanakis and Narayana  1996  ) . These 
enzymes however recognize and cleave their substrates only in complex with other proteins 
 (cofactors); therefore, their activity in vivo depends on the formation of transient substrate-cofactor 
complexes (e.g., C3bB and C3bfH). Moreover, structural studies showed that the active center of free 
factor D is distorted, and it adopts the active conformation only after binding to the substrate 
 (substrate-induced catalysis). Recently, a possible new link has emerged between the lectin and the 
alternative pathway. It has been suggested that MASP-1 (Takahashi et al.  2010  )  and/or MASP-3 
(Iwaki et al.  2011  )  are responsible for the cleavage of profactor D (see Chap.   3     in this book), a prereq-
uisite for initiation of the alternative pathway. 

  Fig. 2.2    Domain organization of complement serine proteases. The serine proteases of the complement system, with 
the exception of factor D, are multidomain proteins. The C-terminal serine protease domains are preceded by several 
noncatalytic modules. The cleavage sites for activation are indicated by arrows. MAp19 and MAp44 are the noncata-
lytic alternative splice products of the  MASP-2  and  MASP-1  genes, respectively. Domain name abbreviations:  CUB  C1r/
C1s, sea urchin Uegf, and bone morphogenetic protein-1,  EGF  epidermal growth factor,  CCP  complement control 
protein,  VWFA  von Willebrand factor type A,  FIMAC  factor I membrane-attach complex,  SRCR  scavenger receptor 
cysteine-rich,  LDLR  low-density lipoprotein receptor       
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 Since enhanced or uncontrolled complement activation can be dangerous to the host and can 
 contribute to the development of serious disease conditions, the complement system is tightly regu-
lated by various natural inhibitors of different mechanisms of action. In this chapter, we focus only on 
the serine protease inhibitors. The initiator serine proteases of the classical and the lectin pathway are 
controlled by C1-inhibitor (Davis et al.  2010  ) . The serine protease components of the C3- and 
C5-convertases (C2 and factor B) are not inhibited directly. Regulation of the convertases occurs 
through the disassembly of the complexes and proteolytic degradation of their components by factor 
I (Nilsson et al.  2011  ) . In the following chapters, we discuss the basic characteristics of the natural 
serine protease inhibitors and also analyze the perspectives of developing novel complement protease 
inhibitors for therapeutic use.  

    2.2   Major Types of Protease Inhibitors 

 It is somewhat paradoxical that all the natural endogen inhibitors of the protein-degrading enzymes 
are themselves proteins (Bode and Huber  1992  ) . There are two major types of natural serine protease 
inhibitors (Rawlings et al.  2004  ) . The inhibitors of the  fi rst type undergo major conformational change 
during the inhibitory process and form irreversible complexes with the target proteases. The two 
classes of this type of inhibitors are the serpins ( s erine  p rotease  in hibitors) (Gettins  2002  )  and the 
macroglobulins (Sottrup-Jensen  1989  )  (Fig.  2.3a, b ). These are large protein inhibitors and are abun-
dant in the blood. The second major type of serine protease inhibitors consists of small proteins that 
form – by thermodynamic terms – reversible complexes with the target protease (Krowarsch et al. 
 2003  )  (Fig.  2.3c ). Although in this case no covalent bond forms between the two proteins, the binding 
af fi nity can be so high (K 

i
   £  10 −9  M) that the interaction is practically irreversible. There are two 

prominent classes of these tight-binding inhibitors: the canonical and noncanonical inhibitors. Both 
block the active site of the inhibited enzyme albeit differently. The canonical inhibitors follow the 
standard Laskowski mechanism (Laskowski  1986  ) . These are typically small (usually shorter than 
100 amino acids) proteins, or domains of mosaic proteins, harboring different scaffolds but possessing 
an exposed inhibitory loop which always shows virtually the same (canonical) main-chain conforma-
tion (Jackson and Russel  2000  ) . This convex inhibitory loop imitates a peptide substrate and  fi ts per-
fectly to the concave active site of the protease. This tight lock-and-key protein–protein interaction 
involves an antiparallel  b -sheet. The noncanonical inhibitors do not mimic a substrate. Instead of an 
inhibitory loop, the N-terminal segment of the inhibitor binds to the active site of the protease forming 
a short parallel  b -sheet. A striking characteristic of these inhibitors is that they form additional exten-
sive secondary interactions outside the active site (exosites) resulting in a very high af fi nity (K 

i
  in the 

fM range) (Grütter et al.  1990  ) . These highly specialized noncanonical inhibitors are much less abun-
dant than other types of protease inhibitors as they can be found only in blood-sucking organisms 
(leeches and insects) inhibiting two key enzymes of blood coagulation thrombin and factor Xa.  

 Proteolytic enzymes in the human body are controlled mainly by serpins and canonical inhibitors. 
Interestingly, signaling cascades in the blood plasma are regulated almost exclusively by serpins, and 
to a lesser extent, by macroglobulins. Although canonical inhibitors are abundant in the human body, 
they have almost no role in the regulation of the plasma cascades. Perhaps, the only exception is tissue 
factor pathway inhibitor (TFPI, alternative names: extrinsic pathway inhibitor, EPI, and lipoprotein-
associated coagulation inhibitor, LACI) that inhibits coagulation factors VIIa and Xa (Broze et al. 
 1988  ) . Studying the mechanism of action of serpins is extremely important in respect of better under-
standing the physiological inhibition of the proteolytic cascades and also the pathological processes 
associated with serpin mutations. Canonical inhibitors on the other hand are promising candidates 
for developing highly speci fi c serum serine protease inhibitors for basic research as well as for phar-
maceutical purposes. 
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 Since serpins are the most important protease inhibitors in the serum, it is not surprising that most 
serpins inhibit trypsin-like serine proteases. Intact native serpins adopt a metastable (stressed) confor-
mation which is a prerequisite of their inhibitory activity (Silverman et al.  2001 ; Pike et al.  2002  ) . The 
conserved serpin fold (350–500 amino acids in size) consists of three  b -sheets (A, B, and C), at least 
7  a -helixes (most typically 9) and loops connecting the sheets and helixes. The most important loop 
is the reactive center loop (RCL) of about 17 amino acids, which is tethered between  b -sheets A and 
C and contains the scissile bond for the protease (P1–P1 ¢ ). Similarly to the canonical inhibitors, ser-
pins interact with their target proteases in a substrate-like manner. In the  fi rst step, the protease forms 
a noncovalent Michaelis-like complex with the serpin. The active site serine of the protease attacks 
the backbone carbonyl of the P1 residue forming the stable acyl-enzyme intermediate. Unlike the less 
 fl exible protease-binding loops of the canonical inhibitors, the RCLs of the serpins are able to adopt 
several different conformations. Immediately after cleavage, the RCL begins to insert into  b -sheet A, 
and it carries the covalently bound protease with it. The insertion of the RCL happens so quickly that 
there is no time for the deacylation step (kinetic trap). After complete insertion of the RCL, the serpin 
adopts a very stable relaxed conformation. The protease is translocated by over 70 Å from its initial 
position in the Michaelis complex. Moreover, its active site is distorted as a consequence of the 
enzyme being crushed against the base of the serpin. The serpin-protease complex will then be cleared 
from the circulation long before signi fi cant complex decay could occur. The driving force of the 

a

b

c

  Fig. 2.3    Major types of serine protease inhibitors. Macroglobulins ( a ) and serpins ( b ) are large proteins which undergo 
major conformational change during the inhibition process and form irreversible complex with the target proteases. The 
canonical inhibitors ( c ) are small proteins which occupy the active site and form very tight but thermodynamically 
reversible complex with the target proteases       
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inhibitory process is the stressed-to-relaxed transition of the serpin which provides energy for the 
quick distortion of the protease structure. If the insertion of the RCL is impeded, the deacylation step 
goes through resulting in a relaxed cleaved serpin and an active protease (noninhibitory pathway). 
In some cases, the uncleaved RCL can also insert into  b -sheet A forming the latent conformation of 
the serpin. The latent conformation is inactive but can be converted back to the active (stressed) state 
by renaturing. The speci fi city of the serpins is determined primarily by the sequence of the RCL. 
Since the RCLs are quite  fl exible, it is not surprising that most serpins target several proteases. 
C1-inhibitor (SERPING1), besides inhibiting the classical and the lectin pathways of the complement 
system, also regulates the activity of proteases of the contact activation system. Antithrombin 
(SERPINC1) which inhibits thrombin has been shown to ef fi ciently block the activity of complement 
protease MASP-1 (Dobó et al.  2009  ) . Recently, evidences began to accumulate suggesting that besides 
the RCL, exosites on the body of the serpins can also play a role in the ef fi cient recognition of the 
target proteases (Whisstock et al.  2010  ) . Some serpins recognize their target proteases ef fi ciently only 
in the presence of certain cofactors. A prominent example is heparin which speeds up the interaction 
between serpins and proteases of the blood clotting and the complement system (Gettins and Olson  2009 ; 
Pike et al.  2005  ) . These cofactors can bind to exosites contributing to the speci fi city of the serpin. 
Mapping of these exosites is therapeutically important as one could target them with drugs and thereby 
modulate serpin-protease interactions. 

 The inhibitory action of the macroglobulins is somewhat similar to that of serpins since the prote-
olytic cleavage of the bait region induces major conformational change of the inhibitor. As a result of 
this conformational change, the protease will be buried inside the inhibitor structure and will no lon-
ger be available for substrates in spite of its active site remaining intact. The macroglobulin-inhibitor 
complex, like the serpin-inhibitor complex, will bind to the respective receptor and will be cleared 
from the circulation before any further proteolytic reaction could take place. The best characterized 
macroglobulin in human plasma is  a  

2
 -macroglobulin, a tetrameric glycoprotein composed of 1,451 

residue subunits (Marrero et al.  2012  ) . The reactive loop for protease attack (the bait region) is 
signi fi cantly larger (30–40 residues) than the RCL of the serpins. This large  fl exible loop can be found 
in the middle of the polypeptide chain and contains cleavage sites for many types of proteases. As a 
result,  a  

2
 -macroglobulin is a pan-protease inhibitor, inhibiting proteases of all mechanistic families. 

It is highly abundant in human plasma (1–2 g/L): its concentration is comparable to that of C3, the 
most abundant complement protein.  a  

2
 -Macroglobulin is closely related to complement components 

C3 and C4 arising from the same ancestral gene. These proteins contain a buried thioester bond which 
is exposed after proteolytic cleavage. Upon cleavage of the bait region of  a  

2
 -macroglobulin, the 

thioester bond between Cys949 and Gln952 becomes exposed and reacts rapidly with any available 
nucleophile. In this way, a covalent linkage can be formed between the inhibitor and the protease. 
Unfortunately, there are no detailed structural data available about  a  

2
 -macroglobulin; therefore, 

the mechanism of its action is only poorly characterized at the molecular level. The physiological 
importance of  a  

2
 -macroglobulin is also not well understood. It inhibits blood coagulation and 

 fi brinolysis. It may also inhibit the lectin pathway of complement since it was shown to react with 
MASP-1 and MASP-2. Apparently, signaling cascades in the blood are regulated by the concerted 
action of serpins and macroglobulins.  

    2.3   C1-Inhibitor 

 C1-inhibitor is a serpin having strong anti-in fl ammatory activity (Davis et al.  2008,   2010  ) , which is 
exerted through the regulation of both the complement and the kallikrein-kinin systems (Fig.  2.4a ). 
It is an ef fi cient inhibitor of the C1r and C1s components of the classical pathway    and the MASP-1 
and MASP-2 components of the lectin pathway of complement activation. Plasma kallikrein, the 
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protease responsible for the generation of the highly vasoactive peptide bradykinin from high 
molecular weight kininogen, is also inactivated by C1-inhibitor (Kaplan and Ghebrehiwet  2010  ) . The 
list of other proteases inhibited by C1-inhibitor includes factor XIIa of the contact system, factor XIa 
and thrombin of the coagulation system, and plasmin and tissue-type plasminogen activator of the 

a

b c

  Fig. 2.4    C1-inhibitor: biological functions and pharmaceutical potentials. ( a ) C1-inhibitor mediates various biological 
functions. It inhibits proteases of different cascade systems, and it also exerts anti-in fl ammatory activities which are not 
related to the serpin activity. ( b ) The activity of C1-inhibitor against selected serine proteases can be tuned by altering 
the surface charge by mutation. Wild-type C1-inhibitor has a positive charge at the protease-contacting region. 
Neutralization of this positive charge will increase the reaction rate against positively charged serine proteases 
(e.g., fXIa, C1s). The thickness of the  arrows  indicates the relative rate of inhibition. ( c ) C1-inhibitor can be guided to 
selected targets by fusing it with different interacting domains (“magic bullets”). In this way, pathway-speci fi c and/or 
in fl ammatory site-speci fi c chimeras can be constructed       
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 fi brinolytic  system. These proteases cleave the Arg444-Thr445 bond in the RCL which results in the 
formation of a covalent protease-C1-inhibitor complex. A very important role of C1-inhibitor is to 
prevent the spontaneous activation of the zymogen proteases in the plasma (Ziccardi  1985  ) . C1-inhibitor 
may also regulate the alternative pathway of the complement through interaction with C3b (Jiang 
et al.  2001  ) . This interaction does not rely on protease inhibition. C1-inhibitor is unique among ser-
pins by containing a long, heavily glycosylated amino terminal domain. This 100-amino-acid-long 
nonserpin, mucin-like domain contains both N- and O-linked sugar moieties and contributes to the 
anti-in fl ammatory activity of C1-inhibitor. C1-inhibitor was shown to bind to cells, extracellular 
matrix component, and endogenous proteins. C1-inhibitor binds to human peripheral blood lympho-
cytes, monocytes, and neutrophils. It can inhibit the adhesion of human monocytic U937 cells to 
HUVEC (human umbilical vein endothelial cells) (Cai and Davis  2003  ) . This effect is mediated by 
the sialyl Lewis x  moieties of the N-linked carbohydrate chains of the nonserpin domain. These sugars 
are ligands of the E- and P-selectins. In this way, C1-inhibitor, even in its cleaved, inactivated form, 
can inhibit leukocyte-endothelial cell adhesion and leukocyte rolling in vivo. Interaction of C1-inhibitor 
with these cells can signi fi cantly contribute to its anti-in fl ammatory effect. C1-inhibitor binds to 
extracellular matrix proteins type IV collagen, laminin, and entactin.    These interactions may accumu-
late C1-inhibitor at the extravascular sites of in fl ammation allowing for the local regulation of the 
proteolytic cascades. Interestingly, some bacteria may evade complement attack by binding 
C1-inhibitor on their surfaces possibly through the N-terminal domain (Lathem et al.  2004  ) .  

 The inhibitory activity of C1-inhibitor can be modulated by the cofactor heparin. Heparin is a natu-
rally occurring polyanion, a sulfated glycosaminoglycan having the highest negative charge density 
among the biological macromolecules. It has a strong anticoagulant activity since it can facilitate the 
complex formation between thrombin and the serpin antithrombin. It also modulates the action of 
C1-inhibitor on the complement and contact system proteases. The nature and degree of this effect, 
however, depend on the protease. Heparin speeds up the inhibitory reaction towards factor XIa the 
most, while the potentiation effect is less in the case of C1s and kallikrein. Surprisingly heparin 
slightly impedes the reaction between C1-inhibitor and factor XIIa. The potentiation effect of heparin 
depends on the chain length of the polyanion in the case of most serpin-protease interactions except 
those involving C1-inhibitor. These and other experimental data suggest that the mode of action of 
heparin on the modulation of C1-inhibitor action is different from the previously described “bridging” 
and allostery mechanisms. 

 Recently, we have determined the X-ray structure of the serpin domain of human C1-inhibitor 
(Beinrohr et al.  2007  ) . In order to allow crystallization, we made a construct from which most of the 
heavily glycosylated N-terminal domain was removed. After recombinant expression and puri fi cation, 
we managed to crystallize a noninhibitory form of C1-inhibitor. This noninhibitory form proved to be 
the latent conformation of the serpin with the uncleaved RCL being partially inserted into  b -sheet A. 
The physiological signi fi cance of this newly discovered latent form of C1-inhibibitor is not clear, but 
it suggests how some disease-causing mutations may facilitate the active-to-latent transition. One of 
the most interesting features of the structure is the bipolar charge distribution on the surface of the 
serpin domain. There is a positive electric  fi eld on the “top” of the serpin, where the RCL is located, 
whereas the “bottom” of the serpin domain is negatively charged. This surface charge distribution can 
explain the unconventional effect of heparin on the C1-inhibitor-protease reactions.  In silico  docking 
experiments show that the negatively charged heparin binds to the positively charged region on the top 
of the serpin domain. This region overlaps with the area involved in the formation and stabilization of 
the encounter (Michaelis) complex. If heparin or other polyanion binds to this region, it neutralizes the 
positive charge, which diminishes the repulsion between the positively charged serpin and the posi-
tively charged protease. The more positively charged the protease, the greater the potentiation effect 
is. This “charge sandwich” model explains why heparin signi fi cantly facilitates the inhibition of the 
positively charged factor XIa while exerting an opposite effect on the inhibition of the negatively 
charged factor XIIa. It is also evident why the potentiation effect does not depend on the chain length 
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of the polyanion (Rossi et al.  2010  ) . Based on this hypothesis, it might be possible to engineer the 
serpin domain of C1-inhibitor in order to make fast-acting serpin by mimicking the effect of heparin 
(Fig.  2.4b ). In this way, one could also tune the speci fi city of C1-inhibitor against complement 
 proteases. Such inhibitor variants are being tested in our laboratory. 

 C1-inhibitor is the only approved drug on the market that inhibits complement proteases. Isolated 
from human plasma, it has been used for many years to treat hereditary angioedema (HAE) in Europe, 
and recently it has been approved by the FDA for prophylactic treatment (Epstein and Bernstein 
 2008  ) . Recombinant C1-inhibitor puri fi ed from the milk of transgenic rabbits is also available (Sardana 
and Craig  2011  ) . HAE is an autosomal dominant disease characterized by recurrent episodes of acute, 
localized increases in vascular permeability that can lead to lethal tissue swelling if it occurs in the 
larynx. HAE is the consequence of low C1-inhibitor activity in the patients’ plasma leading to uncon-
trolled release of bradykinin by plasma kallikrein. Since C1-inhibitor controls the activity of the clas-
sical and lectin pathway of complement, it might be bene fi cial in the treatment of certain in fl ammatory 
diseases as well. Ischemia-reperfusion (IR) injury results in serious tissue damage as it occurs in 
myocardial infarction. The complement system recognizes the ischemic cells as altered self and initi-
ates their elimination. The involvement of the lectin pathway in IR injury-related tissue damage has 
been demonstrated in different IR models (Walsh et al.  2005  ) . Animal models and clinical studies 
have shown that administration of C1-inhibitor is protective against IR injury reducing infarct size and 
improving various cardiac parameters (Buerke et al.  1995 ; Fattouch et al.  2007  ) . Other possible indi-
cations include sepsis, hyperacute transplant rejection, and other in fl ammatory disease models. The 
strong anti-in fl ammatory effect of C1-inhibitor is the combined result of the inhibition of the prote-
olytic cascades and other activities that do not require protease inhibition (e.g., blocking the activity 
of gram-negative bacterial endotoxin, enhancement of phagocytosis, suppression of leukocyte roll-
ing) and are likely mediated by the N-terminal nonserpin domain. The interaction of the N-terminal 
domain with several proteins directs the anti-in fl ammatory activity of C1-inhibitor to the site of 
in fl ammation. Using this strategy, “magic bullets” can be designed, i.e., C1-inhibitor molecules fused 
with proteins that guide the inhibitor to the initiation complexes of the classical or lectin pathway or 
to the sites where these complexes bind thereby selectively eliminating an activation route (Beinrohr 
et al.  2008  )  (Fig.  2.4c ). Although the applicability of this concept has not been veri fi ed experimen-
tally, it is worth mentioning that recombinant C1-inhibitor is more effective in reducing cerebral dam-
age in case of stroke than plasma-derived C1-inhibitor. Recombinant C1-inhibitor has a particular 
glycosylation pattern that enables it to bind to MBL. In the ischemic brain, recombinant C1-inhibitor 
colocalized with MBL in the cerebral vessels making possible the instant and selective inhibition of 
the lectin pathway (Gesuete et al.  2009  ) .  

    2.4   Small-Molecule Inhibitors 

 Enzymes and receptors are the most frequent target proteins of drug development. Due to their well-
de fi ned concave substrate binding site, the serine proteases should belong to the most druggable tar-
gets in the complement system (Ricklin and Lambris  2007  ) . In fact, early drug development attempts 
aimed at  fi nding small-molecule inhibitors against the complement serine proteases. During the last 
decades, numerous low molecular weight compounds have been shown to ef fi ciently inhibit comple-
ment proteases; however, none of them has been approved as an anticomplement drug (Qu et al.  2009  ) . 
The main problem is that the serum contains a large number of evolutionary and therefore structurally 
related trypsin-like serine proteases. Low molecular weight organic compounds that bind tightly to 
the active site of a given serum protease usually also bind to several other serum proteases. As we have 
seen in the previous chapters, natural protease inhibitors are proteins which provide more extensive 
interactions with the protease assuring higher speci fi city. 
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 A prominent example of small-molecule serine protease inhibitors, which inhibits complement 
activation, is FUT-175 (Nafamostat, Futhan) (Fujii and Hitomi  1981  ) . FUT-175 inhibits C1r and C1s 
with high af fi nity, but it also blocks the activity of trypsin, plasmin, plasma kallikrein, and thrombin. 
In a guinea pig-to-rat ex vivo xenogeneic lung perfusion model, FUT-175 inhibited complement 
activation and improved lung xenograft function (Tagawa  2011  ) . Administration of FUT-175 before 
reperfusion signi fi cantly reduced myocardial injury in a rabbit model of IR injury (Schwertz et al. 
 2008  ) . It is not clear however whether this bene fi cial effect is the consequence of the complement 
inhibition alone or it is due to parallel inhibition of other in fl ammatory proteases as well. 

 The same rabbit model was used to test the cardioprotective effect of C1s-INH-248, a peptidomi-
metic C1s inhibitor (IC 

50
  = 2 nM) (Buerke et al.  2001  ) . This compound was developed from the throm-

bin inhibitor D-Phe-Pro-Arg. The selectivity of this inhibitor was much better than that of FUT-175; 
however it may have short half-life in vivo. Another low molecular weight C1s inhibitor is BCX-1470 
which also inhibits factor D (IC 

50
  = 1.6 and 96 nM, respectively) (Szalai et al.  2000  ) . Although this 

compound was tested in phase I clinical trials, its development may have been discontinued. Recently 
a new type of C1s inhibitors has been reported based on the arylsulfonylthiophene-2-carboxamidine 
scaffold (Travins et al.  2008  ) . These compounds were further optimized for dosing as an intravenous 
agent for the treatment of complement-related diseases. These molecules are strong (K 

i
  = 10 nM) and 

selective C1s inhibitors, but in vivo data from animal models are still lacking. 
 The serine protease components of the C3-/C5-convertase complexes, C2 and factor B, were also 

targeted with small-molecule inhibitors. The lack of selectivity is also a problem here since the inhibi-
tors usually cross-react with the two structurally similar serine proteases. Moreover, these convertases 
(C4bC2a and C3bBb) are extremely unstable and short-lived complexes. This makes them ill-suited 
targets for high-throughput selection of protease inhibitors. Isolated C2 and factor B have negligible 
proteolytic activity at physiological pH. This problem has recently been overcome by showing that in 
the absence of cofactors, C2 and factor B have protease activity in their own under alkaline condi-
tions. This facilitates studying their catalytic properties and developing small-molecule inhibitors 
against them (Halili et al.  2009 ; Ruiz-Gómez et al.  2009  ) . In this way, hexapeptide aldehyde inhibitors 
were selected against C2 and factor B. These inhibitors blocked membrane attack complex formation 
and inhibited complement-mediated lysis of erythrocytes.  

    2.5   Engineered Protease Inhibitors 

 To prevent harmful activation of the complement system in disease, potent and speci fi c complement 
inhibitors should be developed. A promising strategy is blocking the activity of the initiation serine 
proteases of the activation pathways. As the example of C1-inhibitor shows, inhibition of the early 
serine proteases of the classical or the lectin pathway completely and ef fi ciently eliminates the given 
pathway. However, for a detailed in vivo characterization of the contribution of each individual path-
way to the pathogenesis of certain diseases, even more speci fi c inhibitors are needed. Unfortunately, 
neither C1-inhibitor nor the small-molecule inhibitors are speci fi c enough. Selectivity of the 
C1-inhibitor may be improved by protein engineering as discussed in Chap.   3    . Other options are to 
generate protease-speci fi c monoclonal antibodies or to engineer canonical inhibitors. 

 Monoclonal antibodies can bind speci fi cally and tightly to the target proteins. Antibodies, however, 
can very rarely occupy the concave active site of proteases (Farady et al.  2007  )  since their antigen-
binding loops usually recognize only  fl at or convex protein surfaces. Nevertheless, one can generate 
antibodies that bind near enough at the active site to block the access of protein substrates and act prac-
tically as competitive inhibitors (Scott and Taggart  2010  ) . Antibodies can also bind to exosites acting 
as negative allosteric effectors or can block binding sites of other allosteric effectors (Wu et al.  2007 ; 
Ganesan et al.  2009  ) . Another possibility is to block the exosites necessary for substrate recognition 

http://dx.doi.org/10.1007/978-1-4614-4118-2_3
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and binding. In the case of C1s and MASP-2, it was shown that exosites found on the complement 
control protein modules are essential for ef fi cient C4 cleavage (Rossi et al.  1998 ; Ambrus et al.  2003  ) . 
Consequently, antibodies binding to the CCP domains can prevent the access to the exosites and inhibit 
C4 cleavage. A recent example of complement protease-speci fi c monoclonal antibodies is AbyD 
04211, an anti-MASP-2 antibody, which prevented lectin pathway activation in a murine model and 
reduced tissue damage at IR injury (Schwaeble et al.  2011  ) . 

 As we mentioned in the previous chapters, canonical inhibitors are rare in the human serum. 
Because of their structural properties and mode of actions, canonical inhibitors can be highly speci fi c. 
However, structure-based rational design of highly speci fi c interaction sites is far from trivial. 
Moreover, without a high-resolution structure of the target protease engaged in a substrate-like 
complex, such an approach would be even more challenging. On the other hand, large libraries of 
canonical inhibitors can be created by combinatorial mutagenesis of inhibitory loop residues involved 
in the binding to the protease. Then, the most potent protease binders from this library can be selected. 
In this way, one could tune the speci fi city of a canonical inhibitor theoretically against any serine 
protease target assuming that its substrate binding site is different enough from that of other proteases. 
The most powerful directed evolution system for this particular goal is phage display (Zani and 
Moreau  2010  ) . Canonical inhibitors are small proteins that can be readily displayed as functionally 
active molecules on bacteriophage surface. Moreover, the binding loop of these inhibitors usually 
contains six to seven protease-contacting surface-exposed residues. These are reasonably tolerant to 
point mutations, and their number is low enough to enable construction of inhibitor-phage libraries 
that contain all (about 10 10 ) possible variants. One prominent example of phage-display-derived 
recombinant canonical inhibitors is DX-88 (ecallantide) (Fig.  2.5a ), which is based on the  fi rst Kunitz 
domain of TFPI and was selected against plasma kallikrein (Markland et al.  1996  ) . Ecallantide has 
been approved by the FDA for the treatment of HAE (Lunn and Banta  2011  ) . In the HAE patients, 
ecallantide successfully complements the reduced activity of C1-inhibitor preventing uncontrolled 
bradykinin release.  

 Recently we have developed inhibitors against MASP-1 and MASP-2 by means of directed evolu-
tion using phage display (Kocsis et al.  2010  ) . As a starting scaffold, we used the sun fl ower trypsin 
inhibitor (SFTI), which is the smallest known natural serine protease inhibitor. It is a 14-amino-acid 
residue cyclic peptide having a disul fi de bridge. SFTI is an extremely potent trypsin inhibitor having 
a K 

i
  value in the subnanomolar range. From a structural point of view, SFTI represents the protease-

interacting loop of the much larger canonical inhibitor scaffold of Bowman-Birk inhibitors. SFTI 
preserves its protease inhibitor potency in an opened-up form; therefore it can be displayed on phage 
in an active form. Comparative sequence analysis of different Bowman-Birk inhibitors showed us 
which residues should be randomized for library construction. In the SFTI scaffold, there are two 
cysteines (making the disul fi de bond) and two prolines which have essential structural roles and are 
conserved in all Bowman-Birk inhibitors. In our library, we kept these structurally important residues 
but randomized all other potential protease-contacting residues, including the conservative P2 threo-
nine and P1 ¢  serine. In the P1 position, we allowed only lysine or arginine since the MASPs are 
trypsin-like enzymes. Our SFTI phage library contained ~2 × 10 9  individual clones each monovalently 
displaying an inhibitor variant. After three rounds of panning on MASP-coated plates, two function-
ally distinct inhibitor sets were isolated. The  fi rst set obtained from independent selection on MASP-1 
or MASP-2 inhibited both proteases, while the second set selected on MASP-2 inhibited only 
MASP-2. Two inhibitors, sun fl ower MASP inhibitor (SFMI)-1 (GICSRSLPPICIPD) and SFMI-2 
(GYCSRSYPPYCIPD) were designed representing the two consensus sequences (Fig.  2.5b ). We 
measured the inhibitory effect of SFMIs on puri fi ed recombinant MASP enzymes. SFMI-2 inhibited 
exclusively MASP-2 with a K 

i
  of 180 nM whereas SFMI-1 inhibited MASP-1 in the  fi rst place 

(K 
i
  = 65 nM), but with a lesser extent it also inhibited MASP-2 (K 

i
  = 1,030 nM). It should be noted 

that SFMI-2 inhibits MASP-2 six times more ef fi ciently than SFMI-1 does. On the other hand, SFMI-1 
is 16 times more ef fi cient against MASP-1 than MASP-2. Keeping these numbers in mind, we 
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 performed in vitro complement activation assays. In order to test the selectivity of our inhibitors, we 
studied their effect on the three different activation pathways. We used the Wieslab kit which detects 
the formation of the terminal membrane attack complex. As we expected, SFMI-1 and SFMI-2 
inhibited the lectin pathway only while leaving the classical and the alternative pathway intact and 
fully functional. We can draw the conclusion that SFMIs are indeed MASP-speci fi c as they do not 
inhibit C1r, C1s, C2, factor B, and factor D. Surprisingly, however, SFMI-1 proved to be a more 
ef fi cient lectin pathway inhibitor (IC 

50
  = 3.2  m M) than SFMI-2 (IC 

50
  = 9.9  m M), in spite of being a 

weaker MASP-2 inhibitor. The same tendency was observed at C3 deposition experiments where the 
IC 

50
  of SFMI-1 (0.04  m M) was  fi ve times lower than that of SFMI-2 (0.22  m M). These results unam-

biguously demonstrated that inhibition of MASP-1 attenuates lectin pathway activity, and conse-
quently MASP-1 signi fi cantly contributes to the activation of the lectin pathway. We know that 
MASP-1 alone cannot initiate lectin pathway activation since it does not cleave C4. C4 deposition 
experiments therefore inform us how MASP-1 in fl uences MASP-2 activity. We performed two types 
of C4 deposition assays. In one experiment, we captured the MBL-MASP complexes on mannan-
coated surface, washed away the other serum components, and let the MASPs become activated. Then 
we added puri fi ed C4 together with the inhibitors. In this case, SFMI-2 proved to be much more 
ef fi cient inhibitor (IC 

50
  = 2.65  m M) than SFMI-1 (IC 

50
  = 25  m M) in accordance with the fact that SFMI-2 

  Fig. 2.5    Phage-display-selected inhibitors. The in vitro evolution method, phage display, was used to select speci fi c 
and high-af fi nity inhibitors from large canonical inhibitor libraries against serine proteases. Ecallantide ( a ) is a powerful 
plasma kallikrein inhibitor which is based on the  fi rst Kunitz domain of TFPI. The structural model of ecallantide was 
prepared using the I-TASSER server (Roy et al.  2010  ) . SFMI-1 and SFMI-2 ( b ) are lectin pathway-speci fi c inhibitors 
which were derived from SFTI. The mutated amino acid residues are shown in  green  and the disul fi de bonds in  yellow . 
The  red arrows  indicate the scissile bond between the P1 and P1 ¢  residues       
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is a stronger MASP-2 inhibitor than SFMI-1. In another experimental setting, we added nonactivated 
serum to the mannan-coated plates and followed the effect of the inhibitors on C4 deposition. In this 
case, the picture changed dramatically as now SFMI-1 was one order of magnitude stronger inhibitor 
(IC 

50
  = 0.23  m M) than SFMI-2 (IC 

50
  = 2.7  m M). A plausible explanation of this phenomenon is that 

MASP-1 facilitates MASP-2 activation in normal human serum. In fact, it was shown previously that 
the activation of the lectin pathway is delayed and diminished in MASP-1 knockout mice and in 
MASP-1-depleted human serum (Takahashi et al.  2008 ; Moller-Kristensen et al.  2007  ) . Our results 
also suggest that MASP-1 is likely to be as good target for controlling lectin pathway activation as 
MASP-2. As we can see, our MASP-selective inhibitors, besides being invaluable tools in comple-
ment research, can also be lead molecules for development of anticomplement drugs. 

 To investigate the role of MASP-1 in even more detail, we have already developed an entirely 
MASP-1-speci fi c inhibitor by starting with a larger inhibitor scaffold that offered more side-chain 
interactions for the protease. With this unique reagent, we have corrected the hitherto inaccurate 
model of lectin pathway activation (Héja et al.  2012a ;  b ). We demonstrated that MASP-2 is activated 
exclusively by MASP-1 in human blood.  

    2.6   Conclusions 

 Inhibition of the serine protease components is an attractive way to control complement activity in 
case of complement-related diseases. C1-inhibitor is the only approved drug which inhibits comple-
ment proteases. Its speci fi city can be tuned by protein engineering, and it can be directed to the site of 
in fl ammation by replacing its N-terminal nonserpin domain. Developing ef fi cient and selective 
arti fi cial inhibitors is a challenge because of the presence of numerous structurally and functionally 
related serine proteases in the blood plasma. This problem can be overcome by generating monoclo-
nal antibodies or engineering natural serine protease inhibitors. A very promising approach to develop 
highly speci fi c serine protease inhibitors is to select canonical inhibitors from large inhibitor libraries 
by phage display. Such libraries can be generated by mutating the protease-contacting residues of the 
inhibitory loop of the canonical inhibitors. The recently approved plasma kallikrein inhibitor ecal-
lantide was developed by using this strategy. We produced lectin pathway-speci fi c inhibitors by using 
the sun fl ower trypsin inhibitor scaffold, and we are currently working on larger scaffolds to improve 
the speci fi city and selectivity. The lectin pathway-speci fi c inhibitors may be applied in treating vari-
ous ischemia-reperfusion-related in fl ammatory pathologies, such as myocardial infarction or stroke.      
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  Abstract   The complement system, which consists of more than 30 plasma and cell surface proteins, 
is activated by three pathways: the classical, lectin, and alternative pathways, leading to the generation 
of opsonins and pathogen destruction. In the lectin pathway, mannose-binding lectin (MBL) and 
 fi colins act as pattern recognition molecules for pathogens, resulting in the activation of MBL-associated 
serine proteases (MASPs: MASP   -1, MASP-2, and MASP-3). Among these proteases, MASP-2 is a 
key enzyme that cleaves C4 and C2 to assemble a C3 convertase (C4b2a). However, the physiological 
function of MASP-1 and MASP-3 remains unclear. To investigate the roles of MASP-1 and MASP-3, 
we generated a MASP-1- and MASP-3-de fi cient (M1/3 KO) mouse model and found that the de fi cient 
mice lacked alternative pathway activation because factor D (Df) remained as a proenzyme in the 
serum. MASP-1 and MASP-3 were able to convert the proenzyme of Df to an active form in vitro. In 
addition, MASP-1 was able to activate MASP-2 and MASP-3 as C1r activates C1s. Thus, MASP-1 and 
MASP-3 seem to be involved in activation of both the lectin and alternative pathways.    

    3.1   Introduction 

 Immunity to infection is mediated by two systems, the acquired (or adaptive) immune system and the 
innate immune system. The innate immunity system is an evolutionarily ancient form and offers the 
main resistance to a microbial pathogen within the  fi rst minutes, hours, or days of an infection. Innate 
immunity was formerly thought to be a nonspeci fi c immune response characterized by phagocytosis. 
However, innate immunity has considerable speci fi city and is able to discriminate between pathogens 
and self, as well as between classes of pathogen, by pattern recognition molecules. These molecules 
recognize conserved pathogen-associated molecular patterns (PAMPs) shared by large group of 
microorganisms, thereby successfully defending animals against infection (Hoffmann et al.  1999  ) . 

    Chapter 3   
 The Role of MASP-1/3 in Complement Activation       
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 Complement was  fi rst described in the 1890s as a heat-labile bactericidal activity in serum which 
was triggered after the heat-stable antibodies had recognized and bound to the invading microorgan-
isms. Now, the complement system, consisting of more than 30 proteins in plasma and on the cell 
surface, plays roles in immunological responses, such as opsonization of pathogens, chemotaxis and 
activation of leukocytes, direct killing of pathogens, clearance of immune complexes and apoptotic 
cells, and enhancing the adaptive immune response as a natural adjuvant (Walport  2001a,   b ; Carroll 
 2004  ) . Once the complement system is activated, a chain of reactions involving proteolysis and assem-
bly occurs, resulting in cleavage of the third complement component (C3). The cascade up to C3 
cleavage is called the activation pathway. There are three activation pathways: the classical, lectin, 
and alternative pathways. In general, the classical pathway is one of the major effector mechanisms of 
the acquired immune system. The other two, the lectin and alternative pathways function in innate 
immune defense (Fujita  2002  ) . The classical pathway is initiated by antibodies that are bound to anti-
gens on the pathogen surface. Upon binding of C1q to immune complexes, serine proteases C1r and 
C1s are activated. Activated C1s then cleaves C4 and C2 to form a C3 convertase (C4bC2a), which 
cleaves C3 into C3a and C3b. The alternative pathway is triggered by charge distribution patterns on 
a range of microorganisms and does not involve speci fi c recognition molecules. C3 is spontaneously 
hydrolyzed, generating C3(H 

2
 O) at its low level in plasma. Binding of C3(H 

2
 O) to factor B (Bf) 

induces a conformation change in Bf that makes it susceptible to cleavage by factor D (Df), generating 
Ba and Bb. Df is thought to circulate in blood as the only activated protease in the complement system 
(Rosen et al.  1989  ) . The resulting C3(H 

2
 O)Bb complex is the initial C3 convertase. If Bf associates 

with C3b bound to the pathogen surface, Bf is activated by Df to form a surface-bound C3 convertase 
(C3bBb). This convertase generates more surface-bound C3bBb through an ampli fi cation loop, lead-
ing to the deposition of many molecules of C3b on the pathogen surface. This ampli fi cation loop also 
contributes complement activation triggered through the classical and lectin pathways. 

 The lectin pathway is initiated by binding of mannose-binding lectin (MBL) or  fi colins to arrays of 
carbohydrates on pathogen surface and the subsequent activation of associated enzymes, MBL-
associated serine proteases (MASPs) (Fujita  2002  ) . Three distinct MASPs, MASP-1 (Matsushita and 
Fujita  1992  ) , MASP-2 (Thiel et al.  1997  ) , and MASP-3 (Dahl et al.  2001  ) , have been identi fi ed in 
many species of vertebrates. Similar to C1s, MASP-2 cleaves C4 and C2 to generate the C3 con-
vertase (C4bC2a). Although we reported that MASP-1 cleaves C3 directly (Matsushita and Fujita 
 1995  ) , the activity was very weak and the physiological function of MASP-1 was unclear. Also, the 
function of MASP-3 is still unknown, including its activation mechanism and physiological sub-
strates. To identify the roles of MASP-1 in vivo, we generated a MASP-1-de fi cient mouse in which 
MASP-3 is also absent (M1/3 KO). Using M1/3 KO mice, we reported that MASP-1 triggered the 
lectin pathway activation by promoting MASP-2 activation (Takahashi et al.  2008  ) . Recently, we 
found no activation of the alternative pathway in M1/3KO mice and analyzed the underlying mecha-
nisms (Takahashi et al.  2010  ) . In this chapter, we focus on molecular basis of the lectin pathway and 
the novel function of MASP-1 and MASP-3 in relation to their roles in initiation of the alternative 
pathway, together with our recent progress on activation mechanism of MASP-3 (Iwaki et al.  2011  ) .  

    3.2   Recognition Molecules Involved in Lectin Pathway Activation 

 MBL is a C-type lectin that plays a crucial role in the  fi rst line of host defense (Mizuno et al.  1981 ; 
Drickamer et al.  1986 ; Ezekowitz et al.  1988  ) . The importance of this molecule is underlined by a 
number of clinical studies linking MBL de fi ciency with increased susceptibility to a variety of infec-
tious diseases (Jack et al.  2001  ) . MBL belongs to the collectin family of proteins that consist of col-
lagen-like domain and carbohydrate recognition domain (CRD) (Holmskov et al.  1994  ) . MBL is an 
oligomer of structural subunits each composed of three identical 32-kDa polypeptides. Human MBL 
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has an apparent molecular mass of about 300–650 kDa, consisting of 3–6 subunits. Each subunit 
 contains an amino-terminal region rich in cysteine, a collagen-like domain consisting of tandem 
repeats of Gly- X - Y  triplet sequences, and a carboxy-terminal CRD. Through its CRD, MBL binds 
carbohydrates with 3- and 4-hydroxyl groups in the pyranose ring in the presence of calcium (Weis 
et al.  1992  ) . So, prominent ligands for MBL are mannose and  N -acetyl-glucosamine (GlcNAc), 
whereas carbohydrates that do not  fi t this steric requirement, for example, galactose and sialic acid, 
which usually decorate the mammalian glycoproteins, have undetectable af fi nity for MBL (Drickamer 
 1992  ) . This steric speci fi city of MBL, along with differences in the spatial organization of its ligands, 
enables the speci fi c recognition of carbohydrates on pathogenic microorganisms, including bacteria, 
fungi, parasitic protozoans, and viruses, and avoids the recognition of self (Sheriff et al.  1994  ) . 

 Ficolin is a family of oligomeric proteins consisting of two major domains, an N-terminal colla-
gen-like and a C-terminal  fi brinogen-like domain. Like MBL, the collagen-like domain is involved in 
the oligomerization of  fi colin by forming a trimeric collagenous stalk. Unlike MBL, however, the 
globular  fi brinogen-like domain is responsible for the lectin activity speci fi c for  N -acetylated com-
pounds such as GlcNAc (Garlatti et al.  2007a,   b ; Tanio et al.  2007 ; Endo et al.  2011  ) . Ficolin was 
originally identi fi ed the transforming growth factor- b 1-binding proteins on porcine uterus membranes 
(Ichijo et al.  1993  ) . The human homologue of  fi colin was isolated from the plasma, which was  fi rst 
designated P35 (   Matsushita et al.  1996  )  and afterwards renamed L- fi colin or FCN-2. In addition to 
L- fi colin, two  fi colins have been identi fi ed in humans, designated M- fi colin (FCN-1) (Endo et al. 
 1996 ; Lu et al.  1996  )  and H- fi colin (FCN-3) (Sugimoto et al.  1998  ) . To date, these human  fi colins 
have been intensively characterized and found that they recognize PAMPs on pathogens as the pattern 
recognition molecules. In addition to MBL, all of human  fi colins have the abilities to associate with 
MASPs and trigger the complement activation through the lectin pathway (Matsushita et al.  2000a, 
  2002 ; Liu et al.  2005 ; Endo et al.  2011  ) . 

 Recently, it was reported that one of the collectin family, collectin 11 (CL-11, CL-K1) associated 
with MASP-1/3, probably subsequently activating the complement system (Hansen et al.  2010  ) .  

    3.3   Structure and Function of MASPs 

 In 1992, we discovered that MBL associated with a novel C1s-like proteolytic enzyme and MASP 
(Matsushita and Fujita  1992  ) . Then, MASP-2 and MASP-3 were identi fi ed and  fi rst MASP was called 
MASP-1 (Thiel et al.  1997 ; Dahl et al.  2001  ) . MASPs associate with MBL and  fi colins, which are 
recognition molecules of the lectin pathway (Fujita  2002  ) . The overall structure of MASPs resembles 
two proteolytic components of C1 in the classical pathway, C1r and C1s. Also, the gene structure of 
MASP-2 and C1r/C1s are similar. In contrast, MASP-1 and MASP-3 derived from the same gene; 
MASP-3 is produced from the  MASP1  gene by alternative splicing (Dahl et al.  2001  ) . The  MASP1  
gene has an H-chain-coding region common to MASP-1/3, followed by tandem repeats of protease 
domain-coding regions speci fi c for respective MASP-3 and MASP-1 (Fig.  3.1 ). Thus, the  MASP1  gene 
is very unique in having the double protease-coding regions among the serine protease superfamily.  

    Five members of the MASP/C1r/C1s family are composed of clearly six domains, including two 
C1r/C1s/Uegf/bone morphogenetic protein 1 (CUB), an epidermal growth factor (EGF)-like domain, 
two complement control proteins (CCPs) or short consensus repeats (SCRs), and a serine protease 
domain. On binding of MBL and  fi colins to carbohydrate on the surface of a pathogen, the proenzyme 
form of MASP is cleaved between the second CCP and protease domain, resulting in the active form 
comprising of two polypeptides, heavy (H) and light (L) chains, or also called A and B chains (Fig.  3.1 ) 
(Fujita  2002  ) . In classical pathway, recognition of C1q to the Fc portion of antibodies in immune 
complex leads to autoactivation of C1r, followed by C1r activation of C1s. The activated C1s cleaves 
C4 and C2, then generating C3 convertase. In the case of the lectin pathway, however, the activation 
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mechanisms have not been fully understood. As with C1s, MASP-2 is required and essential to drive 
the lectin activation pathway (Thiel et al.  1997 ; Iwaki et al.  2006 ; Schwaeble et al.  2011  ) , and acti-
vated MASP-2 cleaves C4- and C4b-bound C2, generating C4b2a, the classical and lectin pathway C3 
convertase. MASP-1 appears to facilitate lectin pathway activation by either direct cleavage of 
 complex-bound MASP-2 or cleavage of C4b-bound C2 (Matsushita    et al.  2000b ; Chen and Wallis 
 2004 ; Takahashi et al.  2008 ; Schwaeble et al.  2011  ) , and it cleaves factor XIII and  fi brinogen in vitro, 
suggesting the relation to the coagulation system (   Hajela et al.  2002 ; Krarup et al.  2008  ) . As described 
below, we demonstrated recently that MASP-1 and MASP-3 play a key role in the maturation and 
initiation of the alternative activation pathway (Takahashi et al.  2010 ; Iwaki et al.  2011  ) . The proper-
ties of the MASP/C1r/C1s family are shown in Table  3.1 .  

 In addition, two nonenzymatic splice variants of MASPs are reported. One is a truncated form of 
MASP-2, named small MBL-associated protein (sMAP or MAp19) (Takahashi et al.  1999 ; Stover 
et al.  1999  ) , which is generated by alternative splicing from a single structural gene ( MASP2 ), and 
sMAP consists of the  fi rst CUB (CUB1) domain, the EGF-like domain, and an extra four amino acids 

  Fig. 3.1    Structure of the MASP/C1r/C1s family. Gene structure ( left ); the schematic gene structure of MASP-2 and 
C1r/C1s are similar ( upper ). In contrast, MASP-1 and MASP-3 derived from the same gene ( lower ): the  MASP1  gene 
has an H-chain-coding region common to MASP-1/3, followed by tandem repeats of protease domain-coding regions 
speci fi c for respective MASP-3 and MASP-1. Domain structure ( right ); MASP-1, MASP-2, MASP-3, C1r, and C1s 
consist of six domains: two CUB domains, EGF-like domain, two CCP domains, and a serine protease domain. Histidine 
( H ), aspartic acid ( D ), and serine ( S ) residues are essential for the formation of the active center in the serine protease 
domain. The proenzyme form ( upper ) is cleaved between the second CCP and the protease domain, which results in an 
active form that consists of two polypeptides, H and L chains (also known as A and B chains)       

   Table 3.1    Human MASP/C1r/C1s family   

 MASP-1  MASP-2  MASP-3  C1r  C1s 

 Concentration ( m g/mL)  6  0.5  6.4  50  50 
 Chromosomal location  3q27  1p36  3q27  12p3  12p3 
  Serine protease domain  
 Number of exon  6  1  1  1  1 
 Number of cysteine  7  5  5  5  5 
 Codon of active serine  TCT  AGC  AGY  AGT  AGT 
  Substrate speci fi city   C2, C3,  Df   C4, C2   Df, Bf   C1s  C4, C2 

  Note that underlined substrates were described in this review  
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at the C-terminal end encoded by a sMAP-speci fi c exon. The other is the product    of the  MASP1  gene, 
named MAp44 (Degn et al.  2009  )  or MAP1 (Skjoedt et al.  2010  ) , that consists of CUB1-EGF-CUB2-
CCP1, and a ninth exon encodes 17 C-terminal amino acids unique to this protein. The three MASPs, 
sMAP, and MAp44 are considered to form homodimers, which associate with MBL and  fi colins 
through their N-terminal domains. To clarify the role of sMAP, we have generated sMAP-de fi cient 
mice by targeted disruption of the sMAP-speci fi c exon and found that sMAP and MASP-2 compete 
to bind to MBL/ fi colins and sMAP has the ability to downregulate the lectin pathway (Iwaki et al. 
 2006  ) . Similar results were obtained in the case of MAp44 that competes with MASP-2 for binding 
to MBL, resulting in inhibition of C4 deposition (Degn et al.  2009  ) .  

    3.4   Character of MASP-1 and MASP-3 (M1/3) Knockout Mouse 

    3.4.1   Generation of MASP1/3 Knockout Mouse (M1/3KO) 

 To assess the roles of MASP-1 and MASP-3 in vivo, we established a gene-targeted mouse that lacks 
both MASP-1 and MASP-3. The  MASP1  gene has ten exons that encode the heavy chain common to 
both MASP-1 and MASP-3. A targeting vector was constructed to replace the second exon with a 
neomycin-resistant gene cassette. Finally, four neomycin-resistant ES clones were obtained, in which 
the homologous recombination events were con fi rmed by Southern blotting analysis. Two of these 
were independently injected into C57BL/6 blastocysts, and the founder chimeras were bred with 
C57BL/6J females. Southern blotting analysis of tail DNA from agouti-color pups showed germ line 
transmission of the targeted allele. Heterozygous mice were subsequently intercrossed to generate 
homozygous mice (M1/3 KO) and furthermore backcrossed with C57BL/6J for more than  fi ve gen-
erations to eliminate the 129/Sv genetic background (Takahashi et al.  2008  ) . 

 M1/3 KO mice (from 4 to 10 weeks old) were signi fi cantly smaller than control mice. The average 
body weights of males at 6 weeks of age were 20.8 ± 1.97 g (M1/3+/+), 21.1 ± 1.34 g (M1/3+/−), and 
16.8 ± 1.66 g (M1/3−/−), and those of females were 17.9 ± 1.16 g (M1/3+/+), 17.5 ± 2.38 g (M1/3+/−), 
and 14.8 ± 1.73 g (M1/3−/−). These data suggest that MASP-1 and/or MASP-3 might be involved, in 
part, in development and growth. Although they showed no abnormality in macroscopic appearance 
or subcutaneous adipose tissue, parametrial adipose tissue weights were signi fi cantly lower in M1/3 
KO mice, compared to wild-type mice, and this tissue showed apparent atrophy by microscopic analy-
sis (manuscript in preparation).  

    3.4.2   Lectin Pathway Activation in M1/3 KO Mice 

 To assess the activity of the lectin pathway in M1/3 KO mice, we carried out the C4-deposition assay 
with mannan-coated plates and found that C4 deposition from the sera of M1/3 KO mice was 
signi fi cantly lower than that in wild-type mice. Kinetic plots of C4 deposition also showed a very low 
activity in M1/3 KO mice. Next, we asked whether MASP-2 was activated in M1/3 KO serum by 
Western blotting using anti-MASP-2. No activation of MASP-2 was observed in M1/3 KO serum, 
when serum was incubated with mannan-agarose for 10 or 20 min, whereas activation of MASP-2 
was observed in normal serum. MASP-2 was converted to the activated form after 30 min; however, 
the amount of active MASP-2 in M1/3 KO mice was lower than that in wild-type mice. We prepared 
recombinant MASP-1 by replacing the arginine residue at the reactive site P1 for activation of 
MASP-1 with lysine (rMASP-1K), and the rMASP-1K overcame the problem of self-activation and 
degradation of MASP-1, allowing us to produce larger amounts of the stable recombinant protein 
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(Takahashi et al.  2008  ) . The C4-deposition activity and MASP-2 activation in M1/3 KO mouse serum 
was restored by the reconstitution of stable rMASP-1K. These results support the possibility that 
MASP-1 contributes to the activation of the lectin pathway at the step of MASP-2 activation. 

 To con fi rm the above results, we assessed whether MASP-1 cleaves MASP-2 directly. Since the 
previous studies have shown that recombinant MASP-2 was easily autoactivated during its prepara-
tion (Vorup-Jensen et al.  2000  ) , we prepared rMASP-2i which was not cleaved by itself because it 
lacks protease activity. When rMASP-2i, the mutant of MASP-2, was incubated with rMASP-1K, 
rMASP-1K was able to cleave rMASP-2i directly. Similarly, we performed the C3-deposition assay 
with mannan-coated plates and found that C3-deposition from the sera of M1/3 KO mice was 
signi fi cantly lower than that in wild-type mice (Takahashi et al.  2008  ) . In addition to activation of 
MASP-2, MASP-1 acts to cleave C4b-bound C2, generating C3 convertase (Matsushita et al. 2000; 
Chen and Wallis  2004  ) . Thus, it is likely that MASP-1 plays a pivotal role in the activation of the 
lectin pathway, probably through activation of MASP-2 and C2.  

    3.4.3   M1/3KO Mice Lack Activation of the Alternative Complement Pathway 

 To determine whether the alternative pathway is activated in M1/3 KO mice, the mouse sera were 
assayed for hemolytic activity against rabbit erythrocytes that is speci fi c for the alternative pathway 
activation. In this assay, mice with a C4-de fi cient background ( C4  −/− ) and Mg 2+ -EGTA-containing buf-
fer were used to eliminate the effects of the classical and lectin pathways. Surprisingly, sera derived 
from M1/3 KO mice were demonstrated to have no ability to activate the alterative pathway compared 
to the heterozygous mice that have normal levels of MASP-1/3 (Fig.  3.2 ). The similar results were 
obtained for C3-deposition assay using zymosan-coated microwells. Therefore, these results indicate 
that there is some defect in the activation process of the alternative pathway in M1/3 KO mice.  

  Fig. 3.2    The alternative pathway activation in M1/3 KO mice. Rabbit erythrocytes (2.5 × 10 6 ) were incubated for 1 h 
with mouse serum in gelatin-veronal buffer (GVB) containing Mg 2+ -EGTA. Hemolysis was measured in a microplate 
reader at 405 nm. Two individual mice, C4-de fi cient (C4−/− M1/3+/−) and M1/3- and C4-de fi cient (C4−/− M1/3−/−), 
were analyzed. In M1/3 KO mice, no activation of the alternative pathway was observed       
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 To identify the cause of the above results in M1/3 KO mice, Bf cleavage was investigated by Western 
blotting. When serum from wild-type C57BL/6 mice was incubated at 37°C for 1 h, a fragment called 
Ba was cleaved from Bf by limited proteolysis. On the other hand, no Ba fragment was detected in the 
incubation of serum from M1/3 KO mice. Since Bf was cleaved by Df, addition of puri fi ed human Df 
(active form) to M1/3 KO mice sera resulted in the cleavage of Bf. A very low level of hemolytic activ-
ity against rabbit erythrocytes in the sera of M1/3 KO mice was compensated by adding active human 
Df. These results suggest that M1/3 KO mice carry an abnormality in the activation of Df.  

    3.4.4   Proenzyme of Df in M1/3KO Mice 

 To investigate the nature of Df in M1/3 KO serum, Df protein was isolated by immunoprecipitation 
with an anti-mouse Df antibody. Df was detected as 40–44-kDa broad bands in both M1/3 KO and 
wild-type mice. When these bands were treated with N-glycosidase F, the deglycosylated Df in M1/3 
KO serum was slightly larger than that in wild-type mouse (Fig.  3.3 ). Df is reported to circulate in 
blood as an activated protease (Rosen et al.  1989  ) . A putative activation peptide QPRGR predicted 
from its cDNA sequence is removed during Df maturation and secretion (Cook et al.  1985  ) . Therefore, 
it is likely that Df in M1/3 KO mice still retains the activation peptide. To verify this, we performed 
electrospray ionization time-of- fl ight mass spectrometry (ESI-TOF-MS) of Df-derived fragments 
cleaved by V8 protease. A molecular ion peak corresponding to the mass of an N-terminal-activated 
Df fragment ILGGQE was detected after cleavage of Df from wild type, showing that wild-type 
mouse has an active Df. Among V8 protease-treated fragments of Df from M1/3 KO mice, on the 
other hand, a different molecular ion peak corresponded to the sequence (p)QPRGRILGGQE, includ-
ing a modi fi ed N-terminal pyroglutamate. These results revealed that M1/3 KO mice failed to convert 
pro-Df to its active form. Thus, it seems likely that MASP-1 and/or MASP-3 is involved in the cleav-
age of the activation peptide from pro-Df.  

 Another important  fi nding is that Df is not secreted as the active form, in contrast to several previ-
ous reports (Barnum and Volanakis  1985 ; White et al.  1992  ) . Recently, we demonstrated that differ-
entiated adipocytes secreted pro-Df with the activation peptides, clearly indicating that pro-Df is 
cleaved after secretion (Takahashi et al.  2010  ) .   
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    3.5   Novel Functions of MASP-1 and MASP-3 

    3.5.1   Recombinant MASP-1 Cleaves and Activates Pro-Df 

 Recombinant pro-Df has been produced in insect cells using a baculovirus expression system (Rosen 
et al.  1989  ) . According to this method, we prepared recombinant mouse pro-Df containing a hexahis-
tidine (6xHis) tag. As expected, the recombinant Df produced was pro-Df with the activation peptide. 
To assess whether recombinant pro-Df is a substrate for MASP-1, recombinant pro-Df was incubated 
with rMASP-1K. As shown in Fig.  3.4 , rMASP-1K reduced the molecular weight of deglycosylated 
recombinant pro-Df to that of active Df, indicating that MASP-1 is able to directly cleave the activa-
tion peptide in pro-Df. Thus, MASP-1 is the enzyme for complement activation that not only enhances 
the activation of MASP-2 as mentioned above but also activates pro-Df in the alternative pathway 
(Takahashi et al.  2010  ) .   

    3.5.2   Characteristics of rMASP-3 and Its Activation 

 In previous studies, the human recombinant MASP-3 was puri fi ed as a proenzyme without autoactiva-
tion (Dahl et al.  2001 ; Zundel et al.  2004  ) , whereas recombinant MASP-1 and MASP-2 were autoac-
tivated during puri fi cation steps and obtained as the activated enzymes (Thielens et al.  2001 ; Cseh et al. 
 2002 ; Takahashi et al.  2008  ) . We obtained mouse rMASP-3 as a single-chain proenzyme like the 
recombinant human MASP-3 and tried to  fi nd substances to induce rMASP-3 activation. Mouse 
rMASP-3 was added to wild-type mouse serum and incubated with mannan-agarose or GlcNAc-
agarose, since binding of the MBL-/ fi colin-MASPs complexes to GlcNAc- or mannan-agarose-
activated MASP-1 and MASP-2 (   Matsushita and Fujita  1995 , Matsushita et al.  2000a  ) .    However, 
rMASP-3 activation was hardly detected after incubation with these agarose conjugates. When 
rMASP-3 and wild-type mouse serum were incubated with heat-killed Staphylococcus aureus 
(S. aureus) at 37˚C for 3 h, the L chain of activated rMASP-3 was clearly detected, showing that heat-
killed S. aureus was an effective inducer for MASP-3 activation. We also tried to reproduce the 
MASP-3 activation by incubation with heat-killed  S. aureus  in combinations of the puri fi ed proteins 
such as rMASP-3 and rMBLs. When rMASP-3 and rMBL-A were incubated together with the bacteria, 
rMASP-3 was obviously activated. When rMBL-C was used instead of rMBL-A, the activation was 
very weak, probably, due to its low activity to form the complex with MASP-3 (Iwaki et al.  2011  ) . 

 Next, we examined rMASP-3 activation in the MASP-de fi cient sera. We obtained MASP-2 (M2) 
KO mice (Iwaki et al.  2006  )  and all MASPs KO mice (Iwaki et al.  2011  ) . The mixture of rMASP-3 

rMASP-1K(µg)
0.07 00 0.14 0 0 1.4 0

rDf(0.08µg)

0.70

  Fig. 3.4    MASP-1 activates pro-Df. Recombinant pro-Df (80 ng) was incubated with various amounts of rMASP-1K at 
37°C for 1 h. As a control, pro-Df was incubated without rMASP-1K. After removing N-glycosylations by N-glycosidase 
F treatment, samples were separated by SDS-PAGE and immunoblotted with anti-Df antibody       
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and mouse serum was incubated with the bacteria and the rMASP-3 activation was observed by 
Western blotting. The rMASP-3 activation in all MASPs KO sera was the lowest, and the activation 
in M1/M3 KO serum was lower than in M2 KO serum, compared to the wild type. Therefore, MASP-1 
might be more important than MASP-2 for MASP-3 activation. The activation of rMASP-3 in all 
MASPs KO sera was increased by addition of MASP-1, and rMASP-3 was directly cleaved by 
rMASP-1K. These data suggested that MASP-1 has the ability to activate MASP-3 as well as MASP-2 
(Takahashi et al.  2008  ) , as mentioned above.  

    3.5.3   MASP-3 Activates the Alternative Pathway 

 Since there is no activation of the alternative pathway in M1/3 KO sera, as mentioned above, we 
examined the involvement of MASP-3 in the alternative pathway activation. As previous studies have 
indicated (Dahl et al.  2001 ; Zundel et al.  2004  ) , rMASP-3 was unable to directly cleave C3. We next 
examined whether MASP-3 is involved in Bf activation, a major component of the alternative path-
way. After incubation of heat-killed  S. aureus  with several KO sera, Bf activation was analyzed by 
immunoblotting to detect fragment Ba. Bf activation in M2 KO serum was detected at almost the same 
level as in wild-type mouse serum. However, M1/M3 KO and all MASPs KO sera exhibited low levels 
of Bf activation, and this activation was restored by the addition of rMASP-3 to these sera. Then, we 
tried to reconstitute the Bf activation caused by MASP-3 with combinations of puri fi ed proteins and 
heat-killed  S. aureus . Bf was activated in the presence of rMASP-3, rMBL-A, and C3(H 

2
 O) and the 

cleavage was further increased by the addition of pro-Df. By contrast, no cleavage was observed in the 
absence of rMASP-3. 

 Since the Bf cleavage was increased by the addition of pro-Df, MASP-3 may have the ability to 
activate Df as well as Bf. We examined Df activation by rMASP-3. When pro-Df was incubated alone 
or with rMASP-3, the molecular mass of Df incubated with rMASP-3 was only slightly lower than 
that of pro-Df incubated alone, and the same result was obtained after incubation with rMASP-1 
(Fig.  3.4 ). These data indicate that rMASP-3, as well as rMASP-1, can directly cleave the activation 
peptide from pro-Df. Unlike Bf cleavage, Df cleavage by rMASP-3 was observed in the absence of 
MBL and bacteria, showing that MASP-3 even in a proenzyme form can activate Df. This might be a 
possible explanation for Df circulating in plasma in its active form (Rosen et al.  1989  ) . In our previous 
study, mouse rMASP-1 was unable to activate the endogenous proenzyme Df in M1/M3 KO serum, 
and we considered that rMASP-1 activity was blocked by its physiological inhibitors in the serum 
(i.e., C1 inhibitor and alpha 2-macroglobulin) (Takahashi et al.  2010  ) . However, we found that mouse 
rMASP-3 converted the endogenous proenzyme Df in all MASPs KO sera to the active form. 
Therefore, MASP-3, which did not react with C1 inhibitor (Zundel et al.  2004  ) , may be more effective 
than MASP-1 in activating Df in plasma. 

 In short, MASP-3 is able to activate Bf and Df, major components of the alternative pathway, 
thereby playing an important role in initiating the alternative pathway activation.   

    3.6   Concluding Remark 

 In this chapter, we discussed the role of MASPs, especially MASP-1 and MASP-3 in complement 
activation. A putative model for MASP-mediated complement activation is shown in Fig.  3.5 . 
We would like to emphasize the multifunction of MASP-1, that is, MASP-2 and MASP-3 activation 
in the lectin pathway, C2 activation in the lectin pathway, and Df activation in the alternative pathway. 
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It is well known that MASP-2 activates C4 and C2 to generate C3 convertase. Proenzyme MASP-3 
complexed with MBL is activated by bacteria, and activated MASP-3 induces activation of the alter-
native pathway by cleaving Df and Bf. Although previous studies suggested that MASP-3 inhibited 
MASP-2-dependent C4 deposition (Dahl et al.  2001  ) , we propose that activation of the alternative 
pathway may be a more physiological function of MASP-3. Although MASP-1 and MASP-3 play a 
key role in the maturation and initiation of the alternative activation pathway, we do not know to what 
extent the MASP-1/3-mediated pathway contributes to complement activation, but it might be able to 
boost the alternative pathway or act as a backup pathway in the case of de fi ciencies of complement 
components, like the MBL-dependent C2 bypass pathway (Selander et al.  2006  ) . In addition, the 
in vivo study revealed that phagocytic activities of M1/3 KO and all MASPs KO mice against  S. 
aureus  and the bacterial clearance in these mice were lower than wild-type and MASP-2-de fi cient 
mice, indicating that the MASP-1/3-mediated pathway plays an important role in host defense (Iwaki 
et al.  2011  ) . On the other hand, inappropriate activation of complement affects the pathogenesis of 
in fl ammatory diseases (Walport  2001a  ) . In this sense, there are two reports concerning developments 
of diseases in M1/3 KO mice such as the murine collagen Ab-induced arthritis (CAIA) model (Banda 
et al.  2010  )  and a murine model of occlusive thrombosis (La Bonte et al.  2012  ) . These experimental 
models    suggest the therapeutic effects of MASP-1/3 inhibition in the lectin pathway-mediated disor-
ders, as in the case of MASP-2 where the therapeutic effects of MASP-2 inhibition were observed in 
the experimental model of myocardial and gastrointestinal ischemia/reperfusion injury (Schwaeble 
et al.  2011  ) . Recently, mutations in the  MASP1  gene have been reported to be a cause of the Carnevale, 
Mingarelli, Malpuech, and Michels syndromes (so-called 3M syndrome), a disorder that includes 
MASP-1 and MASP-3 de fi ciency and craniofacial defects (Rooryck et al.  2011  ) . It is possible that 
MASP-1/3-mediated pathway may also play an important role in embryonic development.       

  Fig. 3.5    Putative MASP-mediated pathway of complement activation. MBL is composed of trimeric subunits and each 
MASP forms a homodimer. Binding of MBL/ fi colin to carbohydrates on the bacterial surface induces activation of 
MASPs in the MBL/ fi colin complex. Activated MASP-1 plays a role in cleavage of MASP-2 and MASP-3, C2, and Df. 
MASP-2 activates C4 and C2 to generate C3 convertase. Activated MASP-3 cleaves C3(H 

2
 O)-bound Bf. The resulting 

C3(H 
2
 O)Bb complex is the initial C3 convertase. Bacterial surface-bound C3b acts as an opsonin or associates with Bf 

to generate more C3 convertase (C3bBb). Proenzyme MASP-3 can activate Df       
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  Abstract   For the last two decades, there had been remarkable advancement in understanding the role 
of complement regulatory proteins in autoimmune disorders and importance of complement inhibitors 
as therapeutics. Systemic lupus erythematosus is a prototype of systemic autoimmune disorders. The 
disease, though rare, is potentially fatal and af fl icts women at their reproductive age. It is a complex disease 
with multiorgan involvement, and each patient presents with a different set of symptoms. The diagnosis 
is often dif fi cult and is based on the diagnostic criteria set by the American Rheumatology Association. 
Presence of antinuclear antibodies and more speci fi cally antidouble-stranded DNA indicates SLE. Since 
the disease is multifactorial and its phenotypes are highly heterogeneous, there is a need to identify 
multiple noninvasive biomarkers for SLE. Lack of validated biomarkers for SLE disease activity or 
response to treatment is a barrier to the ef fi cient management of the disease, drug discovery, as well as 
development of new therapeutics. Recent studies with gene knockout mice have suggested that mem-
brane-bound complement regulatory proteins (CRPs) may critically determine the sensitivity of host 
tissues to complement injury in autoimmune and in fl ammatory disorders. Case-controlled and follow-
up studies carried out in our laboratory suggest an intimate relation between the level of DAF, MCP, 
CR1, and CD59 transcripts and the disease activity in SLE. Based on comparative evaluation of our data 
on these four membrane-bound complement regulatory proteins, we envisaged CR1 and MCP tran-
scripts as putative noninvasive disease activity markers and the respective proteins as therapeutic targets 
for SLE. Following is a brief appraisal on membrane-bound complement regulatory proteins DAF, 
MCP, CR1, and CD59 as biomarkers and therapeutic targets for SLE.    

    4.1   Membrane-Bound Complement Regulatory Proteins 

 Exaggerated complement activation, de fi ciency of complement components, and modulation of 
complement regulatory proteins have been observed in various autoimmune disorders. While active 
complement peptides and membrane attack complex may cause signi fi cant cellular injury, comple-
ment regulatory proteins protect the host against complement-mediated tissue damage. Membrane-
bound complement regulatory proteins (mCRPs) are ubiquitously expressed throughout the cells of 
the hematopoietic system and protect host cells from complement-mediated lysis .  The balance 
between acceleration and inhibition of complement activation is critical to whether complement 
activation leads to host defense or tissue injury of host organs (    Nangaku  2003  ) . 
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 Therefore, the sensitivity of the host to autoimmune pathogenic mechanisms is predominantly 
determined by the status of the complement regulatory proteins. This forms the basis of exploring the 
potential of complement regulatory proteins as biomarkers and therapeutic targets for autoimmune 
disorders. A large number of complement regulatory proteins are known (Table  4.1 ), of which CR1, 
DAF, MCP, MIRL, and CD59 are membrane-bound. Soluble form of these membrane-bound comple-
ment regulatory proteins is also known.  

 In humans, a number of the regulatory proteins are encoded by a cluster of genes located on the 
long arm of chromosome 1 (1q32). This region is called the regulator of complement activation (RCA) 
gene cluster (Weis et al. 1987; Heine-Suner et al. 1997) (Fig.  4.1 ).  

 Although the proteins within the RCA family vary in size, they share signi fi cant primary amino 
acid structure similarities. They are organized in tandem structural units termed short consensus 
repeats (SCRs), which are present in multiple copies in the proteins. Each SCR consists of 60–70 
highly conserved amino acids, including four cysteines. The cysteines are disul fi de-bonded, holding 
the SCRs in a rigid triple-loop structure (Hourcade et al.  1989 ; Ahearn and Fearon  1989  ) . Decay-
accelerating factor (DAF), membrane cofactor protein (MCP), and complement receptor type 1 (CR1) 
(Rodriguez de Cordoba et al.  1985 ; Holers et al.  1985  )  are also encoded by the RCA (Fig.  4.2    ).  

    4.1.1   Decay-Accelerating Factor (DAF) 

    4.1.1.1   History 

 Decay-accelerating activity present on human erythrocytes was  fi rst described by Hoffmann  (  1969  ) , 
and it was later described in other species like guinea pig and rabbit (Hoffmann and Etlinger  1973  ) . 
DAF was  fi rst puri fi ed from guinea pig (Hoffmann and Etlinger  1973  ) , followed by puri fi cation from 
humans (   Nicholson-Weller et al.  1982  ) .  

   Table 4.1    Complement regulatory proteins   

 Regulator  Location  Function 

 C1 INH  Plasma  Dissociates activated C1 
 C4-binding protein (C4BP)  Plasma  Dissociates classical C3 convertase 

 Cofactor for factor I 
 Properdin  Plasma  Stabilizes C3bBb3b 
 Factor H  Plasma  Dissociates alternative C3 convertase 

 Cofactor for factor I 
 Factor I  Plasma  Degrades C4b and C3b 
 Serum proteases  Plasma  Inactivate anaphylatoxins 
 S protein (vitronectin)  Plasma  Block membrane binding of soluble C567 
 CR1  Membrane  Dissociates C3 convertase 

 Cofactor for factor I 
 Decay-accelerating factor (DAF, CD55)  Membrane  Dissociates C3 andC5 convertases 

 Cofactor for factor I 
 Membrane cofactor protein (MCP, CD46)  Membrane  Cofactor for factor I 
 Homologous restriction factor (HRF, C8BP, MIP)  Membrane  Inhibits MAC formation 
 MIRL (protectin, CD59)  Membrane  Inhibits MAC formation 

C4BP 
CHAIN

C4BP 
CHAIN

C4BP 
CHAIN-Like DAF CR2 CR1 MCP-Like CR1-Like MCPFH

35

  Fig. 4.1    Linkage of the regulation of complement activation (RCA) genes on chromosome 1       
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    4.1.1.2   Distribution 

 Decay-accelerating factor is widely expressed on most circulating cells including erythrocytes, leuko-
cytes, NK cells, vascular endothelial cells, and on many types of epithelial cells (Kinoshita et al.  1985 ; 
Medof et al.  1987b  ) . DAF is also extensively expressed in the urinary, gastrointestinal, and exocrine 
systems (Medof et al.  1987b  and Cosio et al.  1989  ) ; placenta; spermatozoa; and eyes and is associated 
with the subendothelial matrix (   Hindmarsh and Marks  1998  ) . Soluble forms of DAF have been found 
in many body  fl uids including plasma, tears, saliva, urine, synovial, and    cerebrospinal  fl uids (Medof 
et al.  1987b ; Cosio et al.  1989 , Rooney et al. 1991   ). Various tumor lines overexpress CD55 including 
colorectal, gastric, ovarian, and osteosarcoma cells (Spendlove et al.  1999  ) , and the expression levels 
can be up to 100-fold greater than normal cells (Li et al.  2001  ) .  

    4.1.1.3   Structure and Molecular Biology of DAF 

 CD55 or decay-accelerating factor is a 70,000-MW membrane glycoprotein (Medof et al.  1987a  ) . The 
amino terminal part of the protein contains four “short consensus repeats” (SCRs), each with about 60 
amino acids held together in a single domain by two internal disul fi de bridges. The carboxy-terminus 
of the protein contains 70 amino acids rich in serine, threonine, and proline residues (STP-rich region), 
and this region contains sites for the addition of O-linked oligosaccharides. The 17 terminal amino 
acids are essential for the formation of a glycophosphatidylinositol (GPI) anchor that links the func-
tional protein to the cell membrane. The SCR domains of CD55 are commonly found within C3b/4b-
binding proteins and can be cross-linked to either subunit on the cell surface, indicating that the 
inhibitor is in close contact with these fragments (Kinoshita et al.  1986 ; Reid et al.  1986  ) . Decay-
accelerating activity is located in SCR domains 2 and 3 for the classical pathway and domains 2–4 for 
the alternative pathways (Brodbeck et al.  1996  ) . The CD55 gene is located within the complement 
regulatory locus on the long arm of chromosome 1, band q32 (Lublin et al.  1988  ) . The gene spans 
approximately 40 kb and is comprised of 11 exons.  

30 SCRs

DAF MCP CR1 CD59

SCR GPI anchor

disulifide bonding between cysteine pairs

  Fig. 4.2     Membrane-bound CRPs.  While DAF, MCP, and CR1 are members of the RCA gene cluster and share SCRs, 
CD59 has a completely different structure       
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    4.1.1.4   DAF as Receptor for Pathogens 

 DAF acts as a receptor for echovirus 7 (Clarkson et al.  1995  ) , enterovirus 70 (Karnauchow et al. 
 1996  ) , and coxsackieviruses A21, B1, B3, and B5 (Bergelson et al.  1995  ) .  

    4.1.1.5   Functions of DAF 

      Complement Regulatory Role of DAF 

 CD55 functions to accelerate the decay of either C4b2a or C3bBb and corresponding C5 convertases. 
CD55 acts intrinsically by rapidly dissociating C2a and Bb from C4b and C3b, respectively, which are 
bound to the cell membrane to which it is anchored, thus preventing assembly of the C3 convertase 
(Fujita et al.  1987  ) . Evidence has shown that CD55 activity is predominantly upon preformed con-
vertase complexes containing Bb or C2a and that binding either fB or C2 to C3b or C5, respectively 
(Fujita et al.  1987  ) . Binding af fi nity analysis of CD55 and its complement-associated ligands has 
identi fi ed signi fi cant differences between interactions with single subunits and complete complexes. 
CD55 has a low af fi nity interaction with both C3b and C4b on the cell surface enabling their release 
from the regulator post convertase decay, allowing “recycling” of CD55 and enabling further interac-
tions with newly formed convertases (Harris et al.  1999 ; Fig.  4.3 ).   

      DAF as a Ligand for Lymphocyte Antigen CD97 

 In addition to functioning as a complement inhibitor, DAF is a ligand for the activation-associated 
lymphocyte antigen CD97 (Hamann et al.  1996 ; Qian et al.  1999  ) . CD97 is a seven-span transmem-
brane protein with sequence homology to type II G-protein-coupled cell surface receptors and is 
potentially involved in lymphocyte/macrophage activation and cell signaling (Hamann et al.  2002 ; 
Gray et al.  1996  ) . The site of CD97 binding is SCR 1, 2, and 3 of DAF.  

      DAF as a Signal Transducer 

 A number of studies have suggested that DAF may participate in T cell function as a GPI molecule in 
lipid rafts (Davis et al.  1988 ; Shenoy-Scaria et al.  1992 ; Tosello et al.  1998  ) . The GPI anchor of DAF 

Decay Accelerating Activity (DAA): dissociation of convertase

Binding

Dissociation

Membrane

DAF DAF

C2a C2a

Convertase

C4b C4b

  Fig. 4.3     Inhibitory mechanisms for regulation of complement activation by decay-accelerating activity: the decay of 
convertases.  Illustration of the decay of the classical pathway C3 convertase, C4b2a, by DAF       
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has been shown to be vital for signaling, as when it is replaced with the transmembrane and cytoplasmic 
domains of membrane cofactor protein, all signaling is subsequently lost (Shenoy-Scaria et al.  1992  ) . 
Although the complete signaling pathway for decay-accelerating factor is unknown, it is understood 
that DAF associates with  src  family tyrosine kinases in microdomains within the membrane, called 
lipid rafts or detergent-insoluble glycolipid-enriched domains. Davis et al.  (  1988  )  showed that a mito-
genic signal could be transduced within T lymphocytes by costimulating DAF following submito-
genic stimulation with PHA, resulting in T cell proliferation. Phosphatidylinositol phospholipase C 
treatment of T cells, cleaving the GPI anchor of DAF, abrogated this costimulation indicating that T 
lymphocytes are stimulated through the GPI anchor. Upregulation of glucose consumption and phago-
cytosis has been noted when DAF is stimulated by monoclonal antibodies on phagocytes (   Shibuya 
et al.  1991  ) .  

      DAF in T Cell Immunity 

 DAF has a role in the suppression of adaptive immune responses. Liu et al.  (  2005  )  reported that in both 
C57BL/6 and BALB/c mice, de fi ciency of the Daf1 gene, which encodes the murine homologue of 
human DAF, signi fi cantly enhanced T cell responses to active immunization. Daf1 −/−  mice exhibited 
hypersecretion of interferon (IFN)- g  and interleukin (IL)-2, as well as downregulation IL-10 during 
antigen restimulation of lymphocytes in vitro which was normalized by disabling the complement sys-
tem. Compared with wild-type mice, Daf1 −/−  mice also displayed markedly exacerbated disease progres-
sion and pathology in a T cell-dependent experimental autoimmune encephalomyelitis (EAE) model 
which was attenuated by C disabling thus establishing a critical link between complement and T cell 
immunity. Spendlove et al.  (  2006  ) , have shown that soluble, recombinant DAF inhibits T cell activation 
and proliferation, an effect that can be blocked by the addition of DAF (SCR 1-3)-speci fi c antibodies.    

    4.1.2   Membrane Cofactor Protein (MCP, CD46) 

 MCP is a membrane-bound regulator of complement activation acting at the level C3 and C5 con-
vertase of both classical and alternative pathways. 

    4.1.2.1   History 

 MCP was  fi rst identi fi ed in 1985 as a C3-binding membrane protein isolated from leukocytes (Cole 
et al.  1985  ) . However, several groups independently discovered this protein as early as 1981 using 
monoclonal antibodies to cell surface antigens though its complement regulatory function was not 
known then (Johnson et al.  1981 ; Sparrow and McKenzie  1983  ) .  

    4.1.2.2   Distribution 

 MCP is a 48–68 kDa integral membrane glycoprotein (Seya et al.  1986  ) . In humans, it is present on 
all circulating cells including platelets, granulocytes, T cells, B cells, NK cells, and monocytes but is 
absent from erythrocytes (Cole et al.  1985 ; Seya et al.  1988  ) . Leukocytes express between 4,000 and 
10,000 copies of MCP per cell. MCP is expressed at a very high level on certain neoplastic hematopoi-
etic cell lines. MCP is ubiquitously expressed on virtually every cell and tissue studied so far (Johnstone 
et al.  1993  ) , and this includes epithelial cells, endothelial cells,  fi broblasts, kidney, skin, respiratory 
tract, eye, brain, spermatozoa, and placental trophoblast cells (Cole et al.  1985 ; Seya et al.  1988  ) .  
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    4.1.2.3   Structure and Molecular Biology of MCP 

 MCP has an overall structure very similar to DAF. It contains four short consensus repeat (SCR) 
domains [also called Sushi domains or complement control protein (CCP) modules in the extracellu-
lar part (Liszewski et al.  1991  ) ]. The binding of different ligands involves different CCP modules. For 
example, SCR2, SCR3, and SCR4 are necessary for C3b/C4b binding, whereas SCR1 and SCR2 are 
necessary for measles virus binding (Manchester et al.  1997  ) . The SCRs are followed by a region rich 
in serine, threonine, and proline (STP region) with three potential glycosylation sites. However, unlike 
DAF, MCP has transmembrane and cytoplasmic domains (Lublin et al.  1988  ) . The STP region of 
MCP is heavily glycosylated. There are two differently glycosylated forms of MCP (58–68 kDa and 
48–56 kDa) that contain both O- and N-linked carbohydrate side chains with the larger form being 
more heavily sialylated (Ballard et al.  1987  ) . 

 The MCP gene is a part of the RCA gene cluster located on the long arm of chromosome 1 (Lublin 
et al.  1988  ) . The MCP gene is 43 kb in length and contains 14 exons and 13 introns. There are various 
isoforms of MCP, which are produced by alternative splicing, the common isoforms being STP-BC 
and STP-C. Alternative splicing of exon 13 gives rise to different cytoplasmic tails Cyt1 and Cyt2, 
varying in length (Liszewski et al.  1991  ) .  

    4.1.2.4   MCP as Receptor for Pathogens 

 The  fi rst report of the association of MCP with any pathogenic element was the identi fi cation of MCP 
as a receptor for measles virus (   Dorig et al.  1993 ; Naniche et al.  1993 ; Manchester et al.  2000  ) . But 
later it was revealed that MCP acts as the receptor to as many as seven pathogenic virus and bacteria 
in humans and is appropriately referred to as “magnet for pathogens” (Cattaneo  2004  ) . MCP binds to 
human herpesvirus 6 (Santoro et al.  1999  ) ,  Neisseria gonorrhoeae  and  Neisseria meningitidis  bacteria 
(Kallstrom et al.  1997  ) , and the M protein of streptococcus (Okada et al.  1995  ) .  

    4.1.2.5   Function of MCP 

      Complement Regulatory Role of MCP 

 MCP acts as a cofactor for factor I in mediating cleavage of C3b, but unlike CR1 it does not partici-
pate in the cleavage of iC3b further to C3c and C3dg. MCP is also a cofactor for the factor I-mediated 
cleavage of C4b resulting in the formation of C4c and C4d (Seya and Atkinson  1989  ) . However, MCP 
has a comparatively weaker cofactor activity in the cleavage of C4b (Seya et al.  1986  ) . MCP does not 
accelerate the decay of C3 or C5 convertase and thus complements the activity of DAF. CD46 acts 
intrinsically by preventing C activation on the cells on which it is expressed (Ogelsby et al.  1992  ) , and 
therefore, the correct orientation of MCP to C3b on the membrane is vital for its activity. MCP pref-
erentially inactivates the convertase of the alternative pathway (Seya et al.  1991 ; Kojima et al.  1993  ) . 
The binding sites on MCP for C3b are located within the SCRs. More recently, it was shown that 
CD46 was shed from the cell surface of apoptotic and necrotic cells, allowing their recognition and 
ef fi cient removal by phagocytes (Elward et al.  2005  ) .  

      MCP in Signal Transduction 

 It has been observed that in addition to its complement regulatory function, MCP is also capable of 
transducing signals. MCP ligation, by cross-linking with antibodies or binding of natural ligands at 
the surface of several cell types, induces intracellular signaling (Astier et al.  2000  )  such as calcium 
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 fl ux (Kallstrom et al.  1998  ) , NO production (Hirano et al.  2002  ) , and phosphorylation of intracellular 
substrates (Lee et al.  2002 ; Kurita-Taniguchi et al.  2000  ) . It has been reported that measles virus-
infected monocytes and dendritic cells exhibit a decreased ability to produce IL-12, necessary for 
activating T cells and NK cells (Karp et al.  1996 ; Fugier-Vivier et al.  1997  ) . Furthermore, this 
 suppression of IL-12 production by monocytes was also observed after C3b stimulation or MCP 
cross-linking. All these reports suggest active transduction pathways mediated by MCP (Fig.  4.4 ).   

      MCP in Human T Cell Immunity 

 It was reported that activation of MCP results in the tys-phosphorylation of two substrates, linker for 
activation of T cells (LAT) and p120CBL in human T cells (Astier et al.  2000  ) . On further investiga-
tion of the role of MCP in T cell activation, it turned out that costimulation of MCP and CD3 led to 
potent proliferation of human T cells, with intensity comparable to that of CD28 (Astier et al.  2000  ) . 
Moreover, a similar role in T cell costimulation has also been observed for Crry, the murine homo-
logue of MCP that is expressed in mouse in testis only (Fernandez-Centeno et al.  2000 ; Jimenez-
Perianez et al.  2005  ) . This highlights the new role of these complement regulatory molecules in the 
control of T cell activation. 

 MCP activation also leads to morphological changes in human T cells that are suggestive of a role 
in migration (Zaffran et al.  2001  ) . MCP plays a crucial role in the regulation of T cell polarity (Oliaro 
et al.  2006  )  by interacting with members of the PDZ-containing Scribble complex (Ludford-Menting 
et al.  2005  ) . While MCP acts as a costimulatory molecule when coengaged with CD3, its ligation 
alone causes capping at the distal site in APC:T cell interaction, which prevents the immunological 
synapse formation, subsequent T cell activation, and natural killer cell cytotoxicity. In human primary 
T cells, MCP localizes at the uropod, a protrusion formed during migration, and colocalizes with 
DGL4, which binds speci fi cally to Cyt1 but not Cyt2 (Ludford-Menting et al.  2002  ) . The polarization 
of the MCP–DGL4 complex is also dependent on the functional expression of Scribble. Therefore, the 
triggering of MCP at the surface of human T cells induces a redistribution of the PDZ polarity net-
work and regulates in  fi ne T cell shape and migration (Ludford-Menting et al.  2005  ) . Therefore, MCP 
in fl uences T cell fate by modulating T cell proliferation and affecting T cell shape. 

 Apart from its role in the activation, proliferation, morphology, and polarity of T cells, MCP appears 
to play an important role in the differentiation of T cells. In 2003, Kemper and colleagues showed that 
activation of naive human CD4 +  T cells by MCP and CD3 in the presence of IL-2 led to differentiation 
towards a T regulatory cell 1 (Tr 1) phenotype (Kemper et al.  2003 ; Kemper and Atkinson  2007  ) . The 
MCP-induced Tr1 cells secrete large amounts of IL-10 (Roncarolo et al.  2006  )  and are able to inhibit 
the proliferation of bystander CD4 effector cells.  Streptococcus pyogenes , a natural ligand of MCP, 
also leads to a Tr1 phenotype, demonstrating the physiological relevance of MCP-induced Tr1 cells 
(Price et al.  2005  ) . Further studies have then shown that these Tr1-induced cells secrete granzyme B 
as well as IL-10 and have the potential to kill autologous targets (Grossman et al.  2004  ) .  

Cofactor Activity (CA): proteolytic cleaveg of C3b or C4b
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+ Factor I
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  Fig. 4.4     Inhibitory mechanisms for regulation of complement activation by cofactor activity:  C3b deposited on a target 
is bound by MCP which in turn serves as a cofactor for its cleavage by the serine protease FI       
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      MCP in Human B Cell Immunity 

 MCP has an indirect effect on human B cell immunity through its role on the differentiation of T cell 
into Tr1 phenotype. Fuchs and colleagues  (  2009  )  analyzed the effect of MCP-induced Treg on 
B cell functions in a coculture system and observed that cTreg enhanced B cell Ab production. This B 
cell support is dependent on cell/cell contact as well as cTreg-derived IL-10. In addition, they reported 
that T cells from a MCP-de fi cient patient were not capable of promoting B cell responses, whereas 
MCP-de fi cient B cells had no intrinsic defect in Ig production. Hence, MCP is capable of inhibiting 
the proliferation of CD4 +  T cells as well as promoting Ab production by B cells through IL-10.  

      MCP and In fl ammation 

 MCP exists as different isoforms, and these include two main cytoplasmic tails, C1 and C2. Since 
these two isoforms are coexpressed in human cells, their individual analysis is dif fi cult. Transgenic 
mice that expressed either the C1 or the C2 isoforms were produced, and this mouse model allowed 
the analysis of each cytoplasmic tail individually (Marie et al.  2002  )  When T cell-dependent 
in fl ammation was induced in a contact hypersensitivity model, striking opposite effects were observed 
for each cytoplasmic tail. While the C1 isoform inhibited the overall in fl ammation, the C2 isoform 
increased it. This was the result of differential effects on CD4 +  proliferation and CD8 +  cytotoxicity 
and of different pro fi les of cytokine released. In particular, IL-2 was decreased by C1 expression, 
whereas IL-10 secretion was decreased by C2 expression. Hence, it appears that MCP function is 
quite complex, and depending on which cytoplasmic tail is expressed or activated, a regulatory or 
proin fl ammatory phenotype can be observed. This implies that MCP function in humans must be 
thoroughly examined and understood before MCP is applied in therapies, because opposite and unde-
sired results could be obtained (Astier 2008).    

    4.1.3   Complement Receptor 1 (CR1) 

    4.1.3.1   History 

 In 1953, RA Nelson initiated CR1 research, when he described binding reactions between human 
erythrocytes and speci fi cally opsonized  tryponemes and pneumococci , and coined the term “immune 
adherence” receptor to describe this reaction (Nelson  1953  ) . This immune adherence receptor of the 
RBC was shown subsequently to be speci fi c for C3b in the immune complex. Detailed biochemical 
characterization of CR1 began with Fearon’s puri fi cation of a 205,000-Da glycoprotein from human 
RBCs (Fearon  1979  ) . It is the best characterized receptor for the activated form of complement pro-
tein C3, C3b (Ahearn and Fearon  1989 ; Delibrias et al.  1992  ) . Binding with lower af fi nity was also 
demonstrated for the degraded form of C3b, iC3b, and for complement proteins C4b, C1q, and man-
nan-binding lectins (Tas et al.  1999 ; Ghiran et al.  2000  ) .  

    4.1.3.2   Structure and Molecular Biology of CR1 

 Human CR1 is a single chain, type 1 transmembrane glycoprotein composed of an extracellular 
domain of 1,930 residues organized into 30 short repeats of a consensus element and anchored in 
plasma membrane through a hydrophobic transmembrane domain of 25 residues with a 43 residue 
cytoplasmic domain (Klickstein et al.  1987  ) . 
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 Four polymorphic forms have been identi fi ed with relative molecular weights of 160, 000 (C), 190, 
000 (A), 220, 000 (B), and 250, 000 (D) kDa, respectively, controlled by 4 autosomal codominant 
alleles A, B, C, and D (Dykman et al.  1985  ) . Most common alleles of CR1 (A and B) have gene frequen-
cies of 0.8 and 0.2. Rare alleles (C and D) occur at a frequency of less than 5% (Moulds et al.  1996  ) . 
It belongs to the family of proteins encoded by RCA gene cluster located on chromosome 1q32.  

    4.1.3.3   Functions of CR1 

      Regulation of Complement Cascade 

 CR1 is involved in the regulation of both the classical and the alternate pathways (CP and AP, respec-
tively) and encompasses the functions of both DAF and MCP by acting as a decay-accelerating factor 
for C3 and C5 convertases and a cofactor for factor I-mediated cleavage of C3b and C4b. 

 CR1 binds C3b and C4b and also iC3b and C3dg with a lower af fi nity (Fearon  1980  ) . Ligand binding 
by CR1 leads to complement regulation by accelerating convertase decay. Through binding to C4b, 
CR1 accelerates the decay of the classical C3 convertase (C4b2a) by displacing C2a (Iida and 
Nussenzweig  1981  ) . In a similar manner, through the binding of C3b, CR1 accelerates the decay of 
the alternative pathway C3 convertase (C3bBb) by displacing Bb (Fearon  1980  ) . The binding also 
decays the classical pathway C5 convertase (C4b2a3b) and the alternative C5 convertase (C3bBb3b) 
(Iida and Nussenzweig  1981  ) . CR1 acts mainly on extrinsic convertases on nearby cells and on immune 
complexes (ICs), whereas MCP and DAF act mainly on C3/C5 convertases on the same cell. 

 CR1 also contributes to complement regulation by providing cofactor activity for factor I, a serine 
esterase that cleaves C3b and C4b to hemolytically inactive forms. Speci fi cally, CR1 promotes the 
cleavage of C3b, by factor I, to iC3b and further promotes the cleavage of iC3b to C3dg and C3c 
(Medof et al.  1982 ; Ross et al.  1982  ) . The CR1 cofactor activity for the generation of C3dg is based 
on the ability of CR1 to bind iC3b and represents a function not exhibited by any other cofactor under 
physiological conditions. CR1 also provides cofactor activity for the factor I-mediated cleavage of 
C4b to C4c and C4d (Iida and Nussenzweig  1981  ) .  

      Immune Complex Clearance 

 Erythrocyte CR1 (E-CR1) serves as an immune adherence receptor for C3b/C4b-opsonized immune 
complexes, which, following adherence, are transported to liver and spleen where they are transferred 
to and processed by  fi xed macrophages. CR1 on erythrocytes acts as a vehicle for clearance of ICs. 
The ICs altered this way become less pathogenic (Hebert  1991  ) . The liver is the main site for removal 
of C3b-bearing ICs (Cosio et al.  1990  ) . Kupffer cells trap immune complexes after cleavage of C3b 
into iC3b or C3dg.  

      Phagocytosis 

 CR1 expressed on the surface of phagocytic cells may bind soluble polymeric C3b, which is cova-
lently  fi xed to immune complexes or particles and enhances their phagocytosis (Fearon et al.  1981  ) . 
The CR1 and Fc gamma receptors cooperate for phagocytosis of targets that have been coated with 
suboptimal amounts of IgG. The cross-linking of these receptors elicits a number of secondary 
responses in phagocytic cells. These include neosynthesis and release of arachidonic acid metabolites, 
stimulation of oxidative burst, and release of toxic oxygen derivatives and lysosomal enzymes (Weiss 
et al.  1989  ) .  
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      Role in Mediating Inhibitory Signals to B Cells 

 Fingeroth et al.  (  1989  )  reported that cocross-linking of surface-Ig and CR1 on resting splenic cells 
results in inhibition of the anti-IgM-induced proliferation. Jozsi et al.  (  2002  )  also showed that cluster-
ing of CR1 via its natural ligand on anti- m -activated human B cells results in generation of inhibitory 
signals. The mechanism proposed for this inhibition was that inhibitory molecules (such as Fc g RIIb) 
cocluster with CR1 upon engagement of the latter by its activation threshold of B cells. This mecha-
nism may ensure additional level of regulation, which depending on the composition of ICs and the 
degradation stage of C3 might reduce nonspeci fi c B cell activation.  

      Regulation of the Immune Responses 

 The stimulation of human monocytes with C3b in vitro induces the intracellular production and extra-
cellular release of IL-1 in serum free conditions. It enhances the differentiation of B cells but does not 
have any effect on memory responses.    

    4.1.4   CD59 

 The human CD59-antigen (protectin) is the most important membrane-bound complement regulatory 
protein at the level of MAC assembly. 

    4.1.4.1   History 

 CD59 was isolated independently in a number of laboratories (Sugita et al.  1988 ; Davies et al.  1989 ; 
Holguin et al.  1989 ; Okada et al.  1989  ) . This protein has been termed as the membrane-attack-
complex-inhibitory factor (MACIF) (Sugita et al.  1988  ) , homologous restriction factor 20 (HRF20) 
(Okada et al.  1989  ) , and membrane inhibitor of reactive lysis (MIRL) (Holguin et al.  1989  ) , protectin 
(Meri et al.  1990  ) .  

    4.1.4.2   Distribution 

 CD59 is widely expressed in human cells and tissues. It is present on all circulating cells (Davies et al. 
 1989  ) , endothelial cells (Nose et al.  1990  ) , in most epithelial cells (Meri et al.  1991  ) , and spermatozoa 
(Rooney et al.  1992  ) . The average number of CD59 molecules on human erythrocytes is 25,000–
50,000 per cell (Davies et al.  1989 ; Meri et al.  1990  ) . The protein is expressed also on Schwann cell 
sheath of peripheral nerve  fi bers, neurons, microglia, oligodendrocytes, astrocytes, ependymal cells, 
and certain epithelial cells such as acinar cells of the salivary gland, bronchial epithelium, renal 
tubules, and squamous epithelium (Nose et al.  1990 ; Vedeler et al.  1994 ; Hideshima et al.  1990  ) .  

    4.1.4.3   Structure of CD59 

 CD59 is a membrane-bound small glycoprotein made of 77 amino acids and has a molecular weight 
of 18–25 kDa (McKusick  2001  ) . 
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 Human CD59 is closely related to mouse Ly6 antigen (Petranka et al.  1992  ) . The human gene gives 
rise to more than four different mRNA molecules, which are generated by alternative polyadenylation 
(Tone et al.  1992  ) . 

 CD59 is located on short arm of chromosome 11 in the human genome, 11p13 and 11p14 (McKusick 
 2001  ) . The CD59 gene consists of 4 exons. The  fi rst exon is untranslated, the second encodes the 
hydrophobic leader sequence of the protein, the third exon encodes the N-terminal portion of the mature 
protein, and the fourth exon encodes the remainder of the mature protein including the glycosylphos-
phatidylinositol (GPI) anchor attachment in the plasma membrane. Since CD59 does not belong to 
RCA gene family, its structure is very different from MCP and DAF. The structure of the CD59 protein 
is very similar to the Ly6 family. This structure is characterized as a single cysteine-rich domain, hav-
ing a hydrophobic core with three loops and a small fourth loop, which is helical (Yu et al .   1997  ) . The 
helical loop is made of two antiparallel beta sheets and the other three loops are three antiparallel beta 
sheets, which form the core. Connecting each of these loops are  fi ve disul fi de-bonded cysteine pairs.  

    4.1.4.4   Functions of CD59 

      Complement Regulatory Function of CD59 

 The function of CD59 is to inhibit  fi nal steps of MAC assembly on cell membranes by activated ter-
minal complement proteins C5b to C9 and to protect the cell from complement-mediated cell lysis. 
By binding to the C5b-8 complex, CD59 limits C9 input and prevents formation of the polymeric C9 
complex (Rollins et al. 1990) and unfolding and polymerization of the  fi nal C9 pore (Farkas et al .  
2002; Longhi et al .  2006). The details of this process are not well-understood. The activity of CD59 
has been suggested to be species-restricted because of its apparent ability to inhibit primarily human 
MAC and to a lesser degree MAC from other species (Rollins et al. 1991; Fig.  4.5 ).   

      CD59 in T Cell Immunity 

 A less common function of CD59 can in fl uence the proliferation capacity of T cells and their ability 
to produce cytokines, which can in fl uence how T cells respond to a given antigen entering the blood-
stream. CD59 works in the innate immune system but has also been implicated in the adaptive immune 
system (Longhi et al .  2006). In addition, CD59 in fl uences the outcome of T cell response to a given 
antigen. Longhi et al. reported that direct interaction between CD59 on a T cell and a speci fi c receptor 
on an antigen-presenting cell (APC) results in an inhibitory signal being transmitted to both the T cell 
and the APC. Due to this inhibitory signal, downmodulation of APC activity and consequently T cell 
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  Fig. 4.5    Inhibition of MAC 
assembly by CD59 (Adapted 
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activity results. Longhi et al. also reported that CD59 on T cells may reduce the strength of the  positive 
signal transduction pathway delivered through the T cell receptor (TCR). The CD59 surface protein 
can undergo cross-linking on lymphocytes to stimulate the T cell, cause organization of the cytoskel-
eton, and enhance proliferation. The GPI anchors on the CD59 protein are responsible for this cluster-
ing in a lipid raft type manner (Longhi et al. 2006).    

    4.1.5   Relationship with SLE 

 SLE remains the prototypic example of human autoimmune disease with diverse clinical features 
encompassing every organ system. It attacks the bones, joints, skin, serous membranes (pleura, peri-
cardium, and peritoneum), kidneys, gastrointestinal tract, cardiovascular system, brain, and clotting 
system. The organ systems may be affected alone or in combination exhibiting different symptoms 
and signs, depending on the system affected. In SLE, some organs are affected at greater frequencies 
than others. There is also marked variability in the clinical features depending upon ethnicity. The 
disease, though rare, is potentially fatal and af fl icts women in the reproductive age group severely 
affecting their quality of life. 

 Like any other autoimmune disorder, SLE is an outcome of immune dysregulation. Immune dys-
regulation in SLE is multifaceted – it involves loss of immune tolerance, increased antigenic load, 
excess T cell help, defective B cell suppression, and the shifting of T helper 1 (Th1) to Th2 immune 
responses. All these lead to B cell hyperactivity and the production of pathogenic autoantibodies. The 
production of abnormal antibodies such as the antidouble-stranded DNA antibody (anti-dsDNA Ab) 
by B cells remains the hallmark of lupus erythematosus. Defective immune regulatory mechanisms 
including exaggerated complement activation, impaired clearance of apoptotic cells, and immune 
complex overload are important contributors to the manifestations of SLE. Genetic, environmental, 
and hormonal factors contribute to such immune dysregulation. Pathophysiology of SLE, however, is 
not completely understood (Liu and Ahearn 2009). 

    4.1.5.1   Decay-Accelerating Factor (DAF, CD55) 

 Not much is known about the role of DAF in the disease process of SLE; however, evidence strongly 
indicates its possible role in autoimmune disease modulation. DAF is inducible on human endothelial 
cells during in fl ammation and provides increased protection against complement attack (Miwa et al. 
2002). A study of the autoimmune disease in DAF knockout MRL (DAFKO MRL/lprIgh) mice has 
shown more aggressive disease development in such mice characterized by accelerated and aggra-
vated dermatitis and lymphadenopathy as well as increased antichromatin autoantibody production 
(Takashi et al. 2007). Another study on gene knockout mice showed that injection of a subnephrito-
genic dose of rabbit antimouse glomerular basement membrane (GBM) serum induced glomerular 
disease in DAF knockout mice but not in wild-type controls, with DAF knockout mice displaying an 
increased glomerular volume (Sogabe et al. 2001) and severe dermatitis when crossed with SLE-
prone mice. Enhanced expression of DAF has been documented in glomerular cells in the presence of 
glomerular injury (Cosio et al.  1989  ) , indicating an enhanced protective role of this complement regu-
latory protein to complement attack. On neutralizing DAF with antibody, the glomerular epithelial 
cells have been demonstrated to be more susceptible to complement-mediated cytotoxicity (Quigg 
et al. 1989; Shibata et al. 1991), which elucidates the functional importance of DAF on glomerular 
cells. However, there is a contradictory report stating a slight but statistically signi fi cant decrease of 
DAF level on the erythrocytes of SLE patients with diffuse proliferative glomerulonephritis, which 
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was shown to be dependent upon the stage of the disease activity (Jones et al. 1994). Another study 
reported a de fi ciency of red cell-bound DAF in SLE patients with autoimmune hemolytic anemia 
(Richaud-Patin et al. 2003), indicating the modulatory role played by DAF in the different clinical 
manifestations of SLE. 

 An increase in erythrocyte DAF has been reported in SLE patients. Enhanced expression of DAF 
had been observed in the glomeruli of SLE patients (Arora et al. 2000). DAF may also have a role in 
the induction phase of SLE since cross-linking CD55, as for many GPI-anchored molecules, induces 
signal transduction in T cells. DAF provides a costimulatory signal for the activation of T lympho-
cytes and favors a Th2 lymphokine secretion pattern.  

    4.1.5.2   Membrane Cofactor Protein (MCP, CD46) 

 There are very few studies elucidating the role of MCP in the modulation of SLE. Elevated serum 
levels of soluble MCP (sMCP) in patients with SLE have been reported by Kawano et al. (1999). 
Also, the level was signi fi cantly higher in case of patients with active SLE when compared to those 
with inactive SLE, and the level declined with cortisol treatment. Longitudinal analysis of sMCP 
showed that its levels decreased in parallel with the levels of anti-dsDNA and correlated with reduced 
CH50 levels. However, the function of serum sMCP is not clear, nor is its source. An immunohis-
tochemical study of the expression of MCP in the kidney tissues of patients with renal diseases, 
including lupus nephritis, has shown signi fi cantly increased intensity of MCP in the affected glom-
eruli when compared to normal (Endoh et al. 1993). Since there is a massive deposition of C3 and 
immunoglobulin in the glomeruli of lupus nephritis patients (Kashgarian et al. 2002), the C3 regula-
tory protein MCP might have a protective role in the glomerular tissue injury, and the increased MCP 
could be a result of upregulated synthesis of MCP in the glomerular cells. 

 A possible role of MCP in the etiology of SLE cannot be ruled out especially in the light of the 
 fi nding that MCP plays an important role in inducing the activation of T regulatory cells, which is 
important in the control of autoreactive T cells (Astier  2008 ).  

    4.1.5.3   Complement Receptor Type 1 (CR1, CD35) 

 The observation of low CR1 and deposition of C4 and C3 fragments on erythrocytes in active SLE 
was made by Walport and colleagues (Walport et al. 1987; Davies et al. 1990). In another study, Manzi 
et al. (1996) demonstrated that the combined detection of high levels of erythrocyte-bound C4d and 
low levels of CR1 on erythrocytes had high sensitivity (72%) and speci fi city (79%) for SLE. E-CR1 
has received much attention due to the fact that it plays an important role in the clearance of immune 
complexes, overload of which is a major cause of the pathological manifestations in SLE (Wilson 
et al.  1986 ; Katyal et al. 2003). Later, in addition to erythrocyte CR1, lower than normal levels of CR1 
on leukocytes and glomerular podocytes were also reported in patients with SLE (Ross et al. 1985; 
Wilson et al. 1986a, b; Mitchell et al. 1989; Marquart et al. 1995; Arora et al. 2000; Birmingham et al. 
2006). Studies by Wilson et al. (1986) and Marquart et al. (1995) documented a decline in B cell and 
neutrophil CR1, which correlated positively with the decline in E-CR1 in SLE. Oudin et al. (2000) 
showed that recombinant sCR1 could restore the immune complex binding ability of CR1-de fi cient 
erythrocytes. These  fi ndings strongly suggest a key role of de fi cient CR1 expression in the pathogen-
esis of SLE. Administration of a recombinant soluble CR1 molecule was highly effective in alleviat-
ing the in fl ammatory reactions and disease manifestations (Weisman et al.  1990  ) . 

 Studies from our lab have shown a drastic decline in the levels of u-CR1 in SLE (Sivasankar et al. 
2004) which correlate with the expression of glomerular CR1. Therefore, u-CR1 has been suggested 
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as a potential marker to diagnose glomerular involvement in SLE. Earlier, our studies have suggested 
that E-CR1 can serve as a prognostic marker for glomerulonephritis and rheumatoid arthritis (Arora 
et al. 2000). More recently, we have found a marked decline in the levels of CR1 transcript and protein 
and negative correlations between the levels of leukocyte CR1 transcript and protein with the disease 
activity and severity of SLE. This suggested L-CR1 transcript can potentially serve as a disease activ-
ity marker for SLE. Further studies are needed in this direction to have more conclusive evidence 
about the usefulness of leukocyte CR1 as a biomarker for SLE (Arora et al. 2004).  

    4.1.5.4   CD59 (Protectin) 

 Several studies have demonstrated increased serum levels of MAC C5b-9 in active SLE patients (Falk 
et al. 1985; Garwryl et al. 1988) indicating its potential role in the complement-mediated tissue injury 
in the disease process. Since CD59 is a very important surface molecule protecting the autologous 
cells from MAC-mediated lysis, it is likely that it plays an important role in the modulation of the 
complement-mediated injury in SLE. Tamai et al. (1991)  fi rst reported an upregulation of CD59 in the 
glomerular cells of lupus nephritis patients, which was followed by a few other reports of increased 
CD59 in the glomeruli of SLE patients. Suppression of CD59 by monoclonal antibody has shown a 
dose-dependent increase MAC deposition and exacerbated tubulointerstitial injury in rats (Matsuo 
et al. 1994; Nangaku et al. 1998; Watanabe et al. 2000) further elucidating the role of CD59 in the 
maintenance of normal structural and functional integrity of the kidney. Cultured glomerular epithe-
lial, endothelial, and mesangial cells have been shown to exhibit increased susceptibility to comple-
ment-mediated lysis in the presence of neutralizing antibodies in vitro (Quigg et al. 1995; Rooney 
et al. 1991). In a study on CD59a gene knockout mice, Turnberg et al. (2004) demonstrated that mice 
lacking the mCd59a gene were more susceptible to accelerated nephrotoxic nephritis than matched 
controls. These mice developed greater glomerular cellularity early in the disease process and more 
severe glomerular thrombosis and proteinuria at later time points. The excess C9 deposition re fl ects 
the presence of a greater quantity of MAC and most likely represents the mechanism whereby the 
absence of CD59a caused greater tissue injury. Most of the studies on the role of CD59 in autoim-
munity deal with the expression of CD59 in the kidney of patients with renal diseases .  Expression of 
CD59 is signi fi cantly decreased on the synovial lining, stromal cells, and endothelial cells (Tarkowski 
et al. 1992). Moreover, injection of antirat CD59 mAb into a rat knee joint induces a spontaneous 
complement-dependent arthritis (Mizuno et al. 2001), and CD59-de fi cient mice are prone to enhanced 
antigen-induced arthritis (Williams et al. 2004). 

 Arora et al. (2000) have reported an increased expression of CD59 on the erythrocytes of SLE 
patients with diffuse proliferative glomerulonephritis. There is a contradictory report stating the 
decreased level of CD59 on the red cells of SLE patients with autoimmune hemolytic anemia. Thus, 
the expression of CD59 on erythrocytes may vary with the different manifestations of SLE.  

    4.1.5.5   Scope of DAF, MCP, CR1, and CD59 as Biomarkers for SLE 

 The above account on relationship between these membrane-bound complement regulatory proteins 
and SLE indicates an intimate association of each of these proteins with the pathophysiology of the 
disease and the disease progression. A role of these proteins in the etiology of SLE is also suggested. 
Hence, these proteins hold promise as novel biomarkers for SLE. However, over the years, most stud-
ies have focused mainly on E-CR1 as a disease biomarker of SLE. Interest in other membrane-bound 
CRPs is comparatively recent. Most of the studies have been carried out in animal models. For validat-
ing any of these proteins as biomarkers, extensive studies on human subjects are required.   
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    4.1.6   Therapeutic Implications 

 Several approaches have been adopted to develop complement-based therapeutics, and these have been 
reviewed extensively by Ricklin and Lambris  (  2007  ) . Identi fi cation and structural analyses of comple-
ment inhibitors, targeting of the functional domains, direct blocking of activation pathways and active 
complement peptides by inhibitors or antibodies, and development of chimeric molecules inhibiting 
the cascade at two or more points are some of the approaches to develop therapeutics against 
in fl ammatory diseases. Replenishment of defective or de fi cient complement regulators is another 
approach where soluble forms of membrane-bound complement regulatory proteins hold promise. 
De fi ciency of complement components C1q, C2, and C4 complement activation is associated with the 
etiology and pathogenesis of SLE in some patients. Paradoxically, disease-acquired impairment of 
CR1 expression and exaggerated complement activation also are evident in a large number of patients. 
Therefore, in SLE, the replenishment of defective and de fi cient complement regulators and prevention 
of cell lysis by membrane attack complex may be a more desirable therapeutic approach. Recombinant 
soluble forms of membrane-bound CRPs hold promise. The strategy is to increase the amount of soluble 
protein and also to target it to the cells where their function is important in controlling complement-
mediated autoinjury. Several strategies have been employed including preparation of antibody-
complement inhibitor constructs with antibodies speci fi c to disease-relevant antigens. 

    4.1.6.1   DAF 

 Three forms of recombinant DAF have been puri fi ed from transfected Chinese hamster ovary cells: 
glycophosphatidylinositol (GPI)-linked membrane DAF (mDAF) extracted from cell membranes, 
spontaneously shed soluble DAF (sDAF) derived from mDAF, and a novel-secreted protein (seDAF), 
generated by deletion of the signal for GPI attachment. All three molecules inhibit both the classical 
and the alternative pathways of complement activation. mDAF extracted from Chinese hamster ovary 
cells reincorporates into RBC membranes via its GPI anchor. sDAF and seDAF, which lack a GPI 
anchor, do not associate with cell membranes. mDAF is a more potent inhibitor of complement-
mediated hemolysis than either sDAF or seDAF, suggesting that incorporation into cell membranes 
greatly enhances the ef fi ciency with which DAF inhibits complement activation on the cell surface. In 
contrast, complement activation in the  fl uid phase is inhibited by sDAF and seDAF but not by mDAF, 
possibly due to interference by serum lipoproteins. A reversed passive Arthus reaction in guinea pigs 
was used to evaluate the ability of recombinant seDAF to inhibit C activation in vivo. When adminis-
tered at dermal sites, seDAF reduced the severity of immune complex-mediated in fl ammatory reactions 
induced by a reversed passive Arthus reaction, as judged by both gross and histologic examination. 
These data indicate that seDAF may be useful as an anti-in fl ammatory therapeutic (Moran et al. 1992).
Targeting DAF to a cell surface by means of an antibody combining site is feasible and that targeted 
DAF provides cells with enhanced protection from complement.  

    4.1.6.2   MCP 

 A recombinant sMCP has been shown to inhibit immune complex-mediated in fl ammation in the 
reverse passive Arthus reaction model in rats (Christiansen et al. 1996). As in the case of sDAF, the 
single activity of sMCP limits its potential as an effective therapeutic reagent. However, sMCP may 
prove to be a valuable reagent in combination with other complement inhibitors.  
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    4.1.6.3   Complement Receptor 1 

 A recombinant form of sCR1 has been designed to assess the therapeutic potential of CR1. This 
recombinant CR1, the rCR1, has the C3b and C4b binding sites and the activity as a cofactor for factor 
I. Its therapeutic ef fi cacy has been assessed for various autoimmune and in fl ammatory disorders 
(Weisman et al. 1990a). The animal model experiments have validated the resolution of in fl ammatory 
changes accompanying in fl ammatory lung injury (Rabinovici et al. 1992), myocardial infarction 
(Weisman et al. 1990b), autoimmune thyroiditis (Metcalfe et al. 1996), and glomerulonephritis 
(Couser et al. 1995) with the use of recombinant soluble CR1. Use of sCR1 for managing incompat-
ible blood transfusion by inhibition of complement activation and subsequent immune hemolysis had 
been suggested (Yazdanbakhsh and Scaradavou 2004). Since sCR1 can potentially prevent E-rosetting 
and clear immune complexes in patients, it is envisaged as a therapeutic agent for severe falciparum 
malaria (Cockburn et al.  2004  ) . Soluble CR1 has long been expected to ameliorate the suffering in 
various disease conditions, but most of the studies, which promise such a revolution in health care 
strategies, have been based on animal models of these diseases (Weisman et al. 1990b; Rabinovici 
et al. 1992; Couser et al. 1995), which may have limited application in human subjects. Based on these 
encouraging results, sCR1 was developed as a therapeutic (TP10; Avant Immunotherapeutics, 
Needham, MA, USA) for use after coronary artery bypass graft surgery. TP10 is expressed as a 240-
kDa glycoprotein in Chinese hamster ovary cells, has a plasma half-life of ~55 h, and is safe and 
well-tolerated in both adult and infant patients. However, its use was more fruitful for male patients 
and not the females, and hence, the extrapolation of its therapeutic potential for SLE, a female-biased 
disease, is highly questionable (Li et al. 2006). This formulation has already been withdrawn by the 
manufacturer. However, newer strategies are currently being explored (Ricklin and Lambris  2007  ) . 

 CR1-Fv anti-Rh(D) complex is designed to target and add extra CR1 molecules on CR1 de fi cient 
erythrocytes in various disorders (Oudin et al. 2000) (Fig.  4.6 ) to augment immune complex clearance 
and inhibit complement pathways.  

 As a method to  fi ght growing antibiotic resistance in bacteria, CR1-based immunotherapeutic strate-
gies have been evaluated. For the treatment of resistant  Staphylococcus aureus  infections, a bispeci fi c 
monoclonal antibody complex (heteropolymer, HP) speci fi c to E-CR1 and type 5 capsular polysaccha-
ride of the T5 isolate of  S. aureus  has been designed. This promotes binding of  S. aureus  to erythrocytes 

  Fig. 4.6    CR1-Fv anti-Rh(D) complex-mediated increase in E-CR1 levels in individuals with E-CR1 de fi ciency 
(Adapted from Khera and Das  (  2009  ) )       
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(via E-CR1) with subsequent transfer to monocytes or macrophages for internalization and bacterial 
killing (Gyimesi et al. 2004). CR1 has also been studied as an important molecule to circumvent hyper-
acute tissue rejection, as occurring in allogenic transplants. Cells transfected with recombinant CR1 
(Manzi et al. 2006) or phosphatidylinositol-bound mini CR1 (Mikata et al. 1998) showed enhanced 
survival when subjected to conditions simulating hyperacute rejection, and such results have aroused 
great interest in scientists all over the world.    Another recent molecule, Sialyl Lewis(x) hybridized sol-
uble complement receptor 1,  sCR1-sLe ( x ) (Picard et al. 2000), has been developed. In this, the sCR1 
fragment acts as the complement inhibitor, and the sLe(x) acts to inhibit the selectin-mediated interac-
tion of lymphocytes and neutrophils with endothelium.  sCR1-sLe ( x ) has been proposed to be useful in 
ischemia-reperfusion injury, thermal injury, and immune complex-mediated injury (Asghar and Pasch 
2000). Its ef fi cacy in preventing lung ischemia-reperfusion injury as well as stroke reperfusion injury 
has been studied extensively (Stammberger et al. 2000; Ducruet et al. 2007). Preclinical evaluation for 
 sCR1-sLe ( x ) (TP20 Avant Immune) conducted in nonhuman primate models of reperfused stroke had 
to be terminated prematurely, as not only was it unable to perform the proposed function of reducing 
the infarct volume but also caused a few unfavorable reactions (Ducruet et al. 2007), thus emphasizing 
the need for further research for this molecule. Neither sCR1 with sialyl Lewis X -glycosylation for tar-
geting sites of in fl ammation (Rittershaus et al.  1999  )  nor Mirococept/APT070 (a truncated sCR1 with 
a membrane-tethering motif (Smith  2002  )  In fl azyme Pharmaceuticals, Richmond, BC, Canada) has 
been tested in clinical trials (Ricklin and Lambris  2007  ) . 

 A strategy speci fi cally developed for SLE involves the use of an antigen-based heteropolymer 
(AHP), which is a dsDNA molecule bound to a monoclonal antibody against CR1. This molecule 
would speci fi cally bind to the anti-dsDNA and target it to the E-CR1 through anti-E-CR1 to facilitate 
the removal of anti-ds DNA from circulation at a faster rate (Ferguson et al. 1995). For the purpose of 
speci fi cally inhibiting the autoreactive cells characteristic of autoimmune disorders, a DNA mimo-
tope–CR1complex has been designed which speci fi cally inhibits the autoreactive B cells. The DNA 
mimotope has been included for speci fi c binding ability to the anti-dsDNA antibody secreting B cell, 
while CR1 acts as a B cell inhibitor (Fig.  4.7 ; Voynova et al. 2008).   

Anti - dsDNA
Antibody

DNA specific B-cell
Receptor

Auto-reactive B-cell
CR1

DNA mimotope peptide

DNA mimotope - CR1
Chimeric molecule

Specific Inhibition of
Autoantibody Production
and B-cell Proliferation

  Fig. 4.7    Speci fi c inhibition of autoreactive B cells (here dsDNA) by chimeric CR1-DNA mimotope (Adapted from 
Khera and Das  (  2009  ) )       
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    4.1.6.4   CD59 

 In diseases in which the MAC is involved in pathogenesis, CD59-based inhibitors offer a potential 
advantage over inhibitors of complement activation because CD59 will only block MAC formation 
and not the generation of the earlier complement activation products that are important for host 
defense and immune complex catabolism (Zhang et al. 1999). Although soluble CD59 is not an effec-
tive inhibitor of MAC formation, we have shown previously that the effectiveness of soluble CD59 
can be signi fi cantly enhanced when it is targeted to the site of MAC formation. sCD59 has been 
shown to possess complement inhibitory activity in vitro (Sugita et al. 1994). However, the potential 
usefulness of sCD59 as a therapeutic complement blocker is limited by its lack of certain functional 
properties as discussed previously (Kalli et al. 1994). Although the inhibition of MAC assembly 
would be of bene fi t in in fl ammation, the late stage in the complement cascade at which CD59 leaves 
the generation of anaphylatoxins and their pathological sequelae unaffected   . Therapeutic modulation 
of CD59 is being explored more aggressively to facilitate complement-mediated lysis of cancer cells 
 ( Rossen et al. 2008; Huang et al. 2005). Gene therapy targeting CD59 is under investigation for 
advanced macular degeneration (Cashman et al.  2011  ) .   

    4.1.7   Molecular Fusion of Different Complement Regulatory Proteins 

 The molecular fusion of different complement regulatory proteins has been used to create chimeric 
molecules endowed with novel functions. Fodor and colleagues (1995) constructed two such chimeric 
complement inhibitors for cell surface expression using a GPI anchor: CD (NH2-CD59-DAF-GPI) 
and DC (NH2-DAF-CD59-GPI). The rationale behind this work was to create a single protein that 
blocks C3 and C5 convertase activity as well as the assembly of the MAC. Of the two molecules, CD 
retained DAF function but did not inhibit C5b-9 assembly. The DC chimera, however, exhibited both 
DAF and CD59 activity. The DC chimera may have utility in the production of transgenic organs for 
the inhibition of hyperacute rejection in xenotransplantation (Kennedy et al. 1994; Fodor et al. 1994; 
McCurry et al. 1995a, b; Miyagawa et al. 1995; Heckl-Östreicher et al. 1996; Kroshus et al. 1996; 
Diamond et al. 1996; Byrne et al. 1997). 

 The molecular fusion of membrane cofactor protein (MCP) and decay-accelerating factor (DAF) 
brings together the complementary activities of these two regulatory molecules to create a single pro-
tein that has both factor I cofactor activity and decay-accelerating activity. A membrane-bound chi-
meric MCP-DAF has been expressed in CHO cells, and its activity has been compared with that 
of transfectants expressing MCP or DAF or MCP plus DAF (Iwata et al. 1994). In vitro studies in 
stably transfected swine endothelial cells exposed to human complement (Miyagawa et al. 1994) have 
shown that the surface-expressed MCP-DAF hybrid inhibits cell lysis more effectively than MCP 
alone and apparently as effectively as DAF. A soluble version of chimeric MCP-DAF, referred to as 
complement activation blocker-2 (CAB-2), possesses factor I cofactor activity and decay-accelerating 
activity and has been shown to inactivate both classical and alternative C3 and C5 convertases in vitro 
as measured by assays of inhibition of cytotoxicity and anaphylatoxin generation (Higgins et al. 
1997). This hybrid was shown to inhibit complement activation in vivo, in the reversed passive Arthus 
reaction and in the direct passive Arthus reaction, as well as in the Forssman shock model in guinea 
pigs. The t 

1/2
  b  of CAB-2 in rats was 8 h (Higgins et al. 1997), which is suitable for human therapy. It 

is possible that the half-life of CAB-2 may be longer in humans than in rats, as has been the case for 
sCR1. One potential limitation of CAB-2 as a therapeutic is its potential immunogenicity. The molec-
ular fusion of two otherwise natural proteins is likely to create novel epitopes, which might trigger an 
immune response. In this case, CAB-2 might be useful in acute indications, depending on the severity 
of the anti-CAB-2 response. 
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 We recently conducted a case-control study and a follow-up investigation on leukocyte DAF, MCP, 
CR1, and CD59 transcript and protein levels to evaluate their signi fi cance as biomarkers and, conse-
quently, as therapeutic targets of SLE. Levels of leukocyte MCP, DAF, and CD59 transcripts were 
increased and that of CR1 were decreased signi fi cantly in patients with active disease. The follow-up 
study revealed that the levels of leukocyte MCP, DAF, and CD59 transcripts decreased and that of 
CR1 increased signi fi cantly in patients during remission when compared to active disease. These 
observations suggest an intimate relation between the level of these four CRP transcripts and the dis-
ease activity in SLE. Based on comparative evaluation of our data on these four membrane-bound 
complement regulatory proteins, we envisaged CR1 and MCP transcripts as putative noninvasive 
disease activity markers and the respective proteins as therapeutic targets for SLE (Das, Biswas, 
Kumar et al. – Meeting abstract, Fifth International Complement Therapeutics Conference). However, 
the increases in the levels of DAF, MCP, and CD59 transcripts did not correlate with levels of respec-
tive proteins on the leukocyte cell surface. Relationship of soluble forms and cell surface expression 
of these proteins and those with the levels of respective transcript levels need to be investigated. 
Upregulation of CR1 and MCP together at the protein level may be an effective strategy to control 
complement- and immune complex-mediated self tissue destruction in SLE. Studies pertaining to the 
pleiotropic functions and regulation of the expression of these membrane-bound proteins in human 
subjects are under progress. 

 To conclude, the membrane-bound complement regulatory proteins hold promise as biomarkers of 
SLE. Our case-control and follow-up studies have shown intimate relations of leukocyte or neutro-
phils CR1 and MCP transcripts with disease activity in patients. These  fi ndings however need further 
con fi rmation and validation to recommend the application of CR1 and MCP transcripts as clinically 
applied biomarkers for SLE. Despite decades of extensive work in the understanding of the etiopatho-
genesis of systemic lupus erythematosus, few biomarkers have been validated and widely accepted for 
this disease. The lack of reliable, speci fi c biomarkers not only hampers clinical management of sys-
temic lupus erythematosus but also impedes development of new therapeutic agents. Therefore, an 
extensive search for candidate biomarkers of SLE needs to be continued. 

 Studies need to be extended to evaluate the signi fi cance of soluble forms of these proteins as bio-
markers for SLE. Information on therapeutic implications of DAF, MCP, and CD59 speci fi cally for 
SLE is limited. Further, with growing knowledge of pleiotropic role of complement regulatory pro-
teins and complement-cytokine nexus, insight into the overall implication of blocking or stimulating 
complement proteins needs to be taken into consideration while targeting any of the complement 
regulatory proteins for developing a therapeutic. Moreover, there is a need to identify the endogenous 
and exogenous factors, which in fl uence the normal expression of these proteins and modulate the 
same in SLE. Although mice models are useful, the results may not be same with human subjects. 
It is high time now that more studies be focused to understand the signi fi cance of membrane-bound 
complement proteins in human subjects to identify valid biomarkers and effective therapeutic targets 
of SLE.       
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  Abstract   In this chapter, we present a concise historic prospective and a summary of accumulated 
knowledge on steroid hormones, DAF expression, and therapeutic implication of steroid hormone treat-
ment on multiple pathologies, including infection and the host–pathogen interactions. DAF/CD55 plays 
multiple physiologic functions including tissue protection from the cytotoxic complement injury, an 
anti-in fl ammatory function due to its anti-adherence properties which enhance transmigration of mono-
cytes and macrophages and reduce tissue injury. DAF physiologic functions are essential in many organ 
systems including pregnancy for protection of the semiallogeneic fetus or for preventing uncontrolled 
in fi ltration by white cells in their pro- and/or anti-in fl ammatory functions. DAF expression appears to 
have multiple regulatory tissue-speci fi c and/or menstrual cycle-speci fi c mechanisms, which involve 
complex signaling mechanisms. Regulation of DAF expression may involve a direct or an indirect 
effect of at least the estrogen, progesterone, and corticosteroid regulatory pathways. DAF is exploited 
in multiple pathologic conditions by pathogens and viruses in chronic tissue infection processes. The 
binding of  Escherichia coli  bearing Dr adhesins to the DAF/CD55 receptor is DAF density dependent 
and triggers internalization of  E. coli  via an endocytic pathway involving CD55, lipid rafts, and micro-
tubules. Dr +   E. coli     or Dr antigen may persist in vivo in the interstitium for several months. Further 
understanding of such processes should be instrumental in designing therapeutic strategies for multiple 
conditions involving DAF’s protective or pathologic functions and tailoring host expression of DAF.    

    5.1   Decay Accelerating Factor (DAF): Excess or Inadequate 
Levels and Pathophysiology 

 DAF, originally discovered by Hoffman in 1969, was identi fi ed as an inhibitor molecule that protected 
red blood cells from lysis by the complement cascade (Hoffmann  1969  ) . The clinical signi fi cance of 
DAF’s protective function was originally implicated in the pathogenesis of paroxysmal nocturnal 
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hemoglobinuria (PNH), a disease of chronic anemia. PNH patients are low or de fi cient in the 
glycosyl-phosphoinositol (GPI) anchoring system which is involved in the attachment of DAF to 
the red cell membrane (Nicholson-Weller et al.  1983 ; Pangburn et al.  1983  ) . Thus, the low or absent 
levels of DAF in abnormal PNH III cells have been associated with complement-mediated lysis of red 
blood cells (RBCs), chronic anemia, and multiple health complications in these patients including 
renal dysfunction and death at a young age. On the other hand, DAF overexpression also has been 
implicated in several normal and disease conditions. For example, upregulation of DAF in the feto-
placental trophoblast protects the fetus from maternal complement injury and prevents rejection of the 
fetal graft (Holmes et al.  1992  ) . In contrast, overexpression of DAF in endometrial cancer has been 
implicated in a cancer’s capacity to escape a complement attack (Nowicki et al.  2001  ) . 

 The biology of the reproductive tract, including the endometrium or placenta, is controlled by 
estrogen (E2) and progesterone (P4). Therefore, we previously postulated that DAF, which plays an 
essential function in reproductive tract biology and infection processes, was most likely affected by 
E2 and P4 levels (Holmes et al.  1992 ; Nowicki et al.  1988c  ) . Thus, we and others have explored, to 
some extent, the contribution of steroid hormones to DAF expression. 

 In this chapter, we present a concise historic prospective and a summary of accumulated knowledge 
on steroid hormones, DAF expression, and therapeutic implication of E2 and P4 steroid treatment on 
multiple pathologies, including infection and the host–pathogen interactions.  

    5.2   DAF, Cromer Complex, Inab–Freiberg Blood 
Group Antigen and Blood Serology 

 DAF was rediscovered in the  fi eld of blood group serology but under different names (Cromer com-
plex, Inab–Freiberg, and/or Dr(a-) blood group antigen) due to its various antigenic functions. Blood 
serology focuses on the identi fi cation of major blood group antigens, such as ABO, and is crucial for 
blood typing in patients requiring transfusions. There are more than 260 recognized blood group anti-
gens, of which 60 or more remain to be classi fi ed; 215 of these antigens are classi fi ed in 23 distinct 
systems, and in 12 of these systems, there exists a null cell that is totally devoid of any antigen 
(Moulds et al.  1996  ) . Of these rare, null phenotypic individuals were Inab and Freiberg, two patients 
with severe enteropathy and red cell membranes missing a 75-Kd protein called the Inab–Freiberg or 
the Cromer blood group complex. In the 1980s, the Cromer complex had not been well characterized 
as yet and remained to be classi fi ed as a blood group system. Nowicki and Moulds discovered that red 
cells lacking the Inab–Freiberg blood group antigen (or Cromer complex) and PNH III red cells were 
all missing the same DAF molecule (Nowicki et al.  1988a  ) . Thus, this DAF research contributed to 
progress on the classi fi cation of blood group antigens and facilitated the cross talk between several 
clinical and basic science disciplines.  

    5.3   DAF, Dr(a) Blood Group Antigen, and Dr Receptors in Human Tissues 

 Another name used to describe DAF in human tissues in the  fi eld of bacteriology is the Dr receptor. 
Nowicki and Moulds discovered that  E. coli  bearing 075X adhesin did not hemagglutinate RBCs that 
were missing the Inab–Freiberg/Cromer complex and the Dr(a-) (null phenotype) or that were PNH 
III RBCs. In controls,  E. coli  075X hemagglutinin (an adherence factor) allowed  E. coli  to attach to 
RBCs and hemagglutinate RBC, while puri fi ed DAF blocked  E. coli  075X hemagglutination of RBCs 
that expressed the above antigens. We concluded that  E. coli  075X recognize DAF on all tested cells 
(Nowicki et al.  1988a,   b  ) . The discovery that  E. coli  075X bound to DAF was the  fi rst description of 
a pathogen using DAF, a complement inhibitor, as the tissue receptor for colonization, and as later 
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described, for invasion of human tissues. Due to the receptor speci fi city of Dr(a), the  E. coli  075X 
adhesin was renamed Dr adhesin, and the tissue receptor recognized by the  E. coli  Dr adhesin (origi-
nally detected in the kidney and uterine endometrium) was frequently called a Dr receptor. Later, 
these receptors were referred to as either DAF or more recently, CD55 (Nowicki et al.  1988c ; Kaul 
et al.  1994  ) . Subsequently, researchers accumulated evidence that DAF is recognized by several 
viruses such as echo, coxsackie, and others (Bergelson et al.  1994,   1995  ) . Most recently, we found 
that Helicobacter pylori also recognizes DAF (O’Brien et al.  2006  ) . Although the role of the DAF 
receptors in the pathogenesis of chronic diseases is not altogether clear as yet, the majority of DAF-
speci fi c viruses and pathogens can cause chronic and/or recurrent diseases (Śledzińska et al.  2011  ) . 
The broad distribution of DAF expression in epithelial and endothelial cell types and multiple organs 
including kidney, stomach, placenta, gastrointestinal tract, or blood cells may account for the broad 
tissue tropism of DAF-speci fi c viruses and bacteria.  E. coli  or viral invasion of tissues promoted by 
DAF has been implicated in the intracellular persistence of such pathogens and therefore in chronic 
disease processes (O’Brien et al.  2006 ; Śledzińska et al.  2011 ; Nowicki  2002 ; Nowicki et al.  2011a  ) .  

    5.4   Host–Pathogen Interactions and the Mechanism of Persistent Infection 

 The binding of Dr +   E. coli  to the DAF/CD55 receptor is DAF density dependent and triggers internal-
ization of  E. coli  via an endocytic pathway involving CD55, lipid rafts, and microtubules. Dr +   E. coli  
or Dr antigen may persist in vivo in the interstitium for several months. A simpli fi ed hypothetical 
model of attachment and invasion process of human tissues and possible involvement of hormones is 
presented in Fig.  5.1  (Nowicki  2002 ; Nowicki et al.  2011a ; Goluszko et al.  1997  ) . Unlike  E. coli  bear-
ing mannose-speci fi c type 1 adhesin which multiplies in bladder cells, Dr +  E. coli  can reside pro-
tected within the cell or interstitium without multiplication (Nowicki  2002 ; Anderson et al.  2003  ) . 
Persistent gastritis induced by  H. pylori  is the strongest known risk factor for peptic ulcer disease and 
distal gastric adenocarcinoma, a process in which adherence of  H. pylori  to gastric epithelial cells is 
critical. Our studies showed that  H. pylori  adhered to Chinese hamster ovary cells expressing human 
DAF but not to vector controls. In cultured gastric epithelial cells,  H. pylori -induced transcriptional 
upregulation of DAF and a genetic de fi ciency of DAF attenuated the development of in fl ammation 
among  H. pylori -infected mice. These results indicated that DAF– H. pylori –epithelial cell interac-
tions may contribute to a chronic in fl ammatory process (O’Brien et al.  2006  ) . Although P4 has been 
implicated in upregulation of DAF, the exact impact of P4 on the invasion and the persistence process 
remains to be investigated.   

    5.5   Steroid Hormones Regulate DAF Expression 

 A recognition of the role of steroid hormones in regulation of DAF expression resulted from our stud-
ies on the expression of DAF in human reproductive tissues (Kaul et al.  1994,   1996 ; Young et al. 
 2002  ) . In addition to  fi nding that DAF is expressed in epithelial cells covering the urinary tract and 
therefore supporting the theory of receptor–adhesin-mediated ascending urinary tract infection (UTI), 
DAF was discovered in the lumen of endometrial glands. Intriguingly, immunohistochemical staining 
of uterine cryostat preparations showed that only some of the uterine glands were positively stained 
with Dr adhesin or anti-DAF IH4 monoclonal antibody (Kaul et al.  1994  ) . This observation implied a 
variable expression of Dr receptors/DAF in the endometrium. Because the endometrium undergoes 
cyclic changes controlled by steroid hormones, variable DAF staining in endometrial glands sug-
gested indirectly that DAF expression in these glands might be under steroid control. This concept 
was supported by our results indicating a variable expression level (low, high) of Dr receptors/DAF in 
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endometrial biopsies of several patients (Kaul et al.  1994  ) . The clinical implications of variable 
receptor density were that as a result, these individuals may have either a high or low sensitivity to 
 E. coli  and/or viral colonization and infection.  

    5.6   DAF Expression and Regulation by Progesterone 

 In order to explore the possible steroid hormones’ regulatory roles in DAF expression, Nowicki, 
Nagamani, and colleagues performed a study on endometrial biopsies of healthy control women dur-
ing the menstrual cycle. The menstrual cycle of the female endometrium is divided into two major 
phases: menstrual cycle day 1–14 is the proliferative phase, and days 15–28, the secretory phase. 
Several biopsies that were blindly evaluated by a pathologist for DAF expression using puri fi ed Dr 
adhesin or anti-DAF antibodies showed that the proliferative phase was associated with very low Dr 
receptor/DAF levels; only a minor proportion of the glands were stained. During the secretory phase, 
there is an upregulation of Dr receptors/DAF that reached a maximum between days 20 and 26, a time 
when 100% of glands stained the glandular luminal epithelial compartment (Fig.  5.2 ). Since the secre-
tory phase is under the control of P4, we proposed that Dr receptor/DAF expression is most likely 
regulated by progesterone    (Fig.  5.3 ) (Kaul et al.  1996 ; Young et al.  2002  ) . These  fi ndings had a much 

  Fig. 5.1     Depicts our proposed DAF receptor – Dr ligand-mediated invasion by Dr + E. coli.  The invasion domain of 
Dr adhesin (in  blue ) bound to  E. coli  (in  red ) recognizes cell surface DAF receptors (in  orange ). The attachment, 
in fl ammatory process, and steroid hormones enhance DAF densities and increase invasion rates. The invasion domain 
of Dr adhesin facilitates safe entry into cells, thereby avoiding destruction by phagolysosomal fusion. The  E. coli  Dr 
adhesin collagen IV domain (not shown) allows the bacteria to cross the basement membrane ( BM ) and establish an 
interstitial colonization, followed by invasion of the endothelium, and dissemination into the blood stream. The result-
ing IL8 in fl ammation and transmigration of leukocytes/monocytes is unable to eliminate the Dr +   E. coli  resulting in 
tissue damage. The invasion process is effected by steroid hormones including progesterone, which increase DAF den-
sity and enhance colonization, and corticosteroids, which decrease DAF density and/or intracellular  E. coli  survival       
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broader clinical implication than that for menstrual cycle expression of DAF alone. They showed the 
 fi rst example of a relatively rapid cyclic change of a tissue receptor potentially involved in the patho-
genesis of urogenital infections and suggested that this cyclic change may impact the temporary 
resistance of human tissues to cytotoxic complement injury. Therefore, the same individual may 
change their susceptibility to infection and/or complement injury, secondary to extant steroid 
hormone(s) levels and the resulting DAF receptor expression levels.    

  Fig. 5.2     Immunohis-
tochemical detection of DAF 
in human endometrium 
showing an increase DAF 
density with consecutive days 
of the secretory phase of the 
menstrual cycle.   (a)  Very 
weak endometrial staining for 
DAF in the late proliferative 
epithelium as well as gradual 
increase of DAF staining on 
the indicated days of 
secretory phase dated after 
urinary detection of the LH 
surge ( c – g ). Staining controls 
using no primary antibody 
(a) or an isotype control 
primary antibody ( h ) were 
performed on sections 
semi-adjacent to (b) and (f), 
respectively. Note that 
staining  fi rst appears on the 
luminal epithelium ( d ), and 
then intensity of staining 
gradually increase in 
consecutive days of secretory 
phase identi fi ed as LH + day 
number ( e – g ).  Scale bar , 
100  m m (From Young 
et al.  2002  )        
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    5.7   DAF, Luteal Phase Defect (LPD), and Progesterone-Regulated 
DAF Expression 

 LPD is a clinical syndrome that affects certain infertile patients and involves dysregulation of 
endometrial function. Often low P4 levels accompany the syndrome, resulting in a delay in the endo-
metrial secretory phase. Treatment with P4 frequently improves and/or results in a resolution of LPD 
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  Fig. 5.3     Graphic 
representation of endometrial 
epithelial staining for DAF.  
Note the gradual increase in 
DAF densities with 
progression of the secretory 
phase. (H-score on “y” axis 
represents semiquantitative 
histology score.)The 
secretory phase day is 
expressed by assigning the 
onset of the LH surge to 
day = 0. Box plot 
representations of ( a ) luminal 
staining and ( b ) glandular 
staining are shown. On each 
box, the median ( middle 
line ), 25th and 75th 
percentiles ( box edges ), and 
10th and 90th percentiles 
( whiskers ) are represented. 
( c ) A smoothed curve with 
95th percentile ranges on 
which the comparison of the 
curves is based 0 (From 
Young et al.  2002  )        
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and/or infertility. We interrogated the hypothesis that pregnancy losses in LPD patients may be 
associated with low DAF expression and complement-mediated injury to the endometrial pregnancy 
implant (rejection). In an attempt to better understand the suspected role of DAF in LPD, we investi-
gated several patients with LPD before and after P4 treatment (Kaul et al.  1995  ) . Using computer 
image quantitative analysis of DAF-stained biopsies, we found that before treatment, LPD patients 
had a low DAF staining pattern, while after treatment with P4, DAF expression was restored to the 
high level typical for the secretory phase. Several patients also resolved their medical issues posttreat-
ment. Mean DAF receptor density in LPD patients was 15% compared to 60% in the control group. 
However, the mean DAF receptor density in LPD patients was 88% after treatment with P4. Results 
support an interpretation that P4 upregulates DAF, while a decreased P4 may be associated with a 
reduced expression of the DAF in LPD patients. The conclusion of this study was that DAF expres-
sion in the endometrium is under direct or an indirect control of P4 (Kaul et al.  1995  ) . The clinical 
implication of this study was that in the presence of low DAF, complement mediates injury to the 
implant, resulting in pregnancy loss, and that P4 treatment restores protective DAF levels and contrib-
utes to successful pregnancy outcome.  

    5.8   Paracrine Regulation of DAF Expression with HB-EGF 
(Heparin-Binding EGF-like Growth Factor) 

 The physiology of the menstrual cycle and the P4 responsiveness of the endometrium depend upon 
the presence of progesterone receptors (PRs). Intriguingly, in the secretory phase of the menstrual 
cycle, PRs are not present in the glandular epithelium of endometrial glands. Instead, they are 
expressed in the subepithelial compartment of the endometrium, namely, the stroma. This suggests 
that there may be an indirect regulatory mechanism of P4 on epithelial expression of DAF. We there-
fore interrogated whether or not there was a paracrine mechanism in which P4 would act  fi rst on PRs 
in the endometrial stroma; in turn, the P4-responsive stroma could secrete epidermal growth factor 
(EGF), which would act in a paracrine fashion on the endometrial epithelium and upregulate DAF 
expression. An endometrium-speci fi c subclass of EGF is HB-EGF. Therefore, the expression of DAF 
was tested in the endometrial cell line RL95-2. Results showed a HB-EGF dose-dependent expression 
of DAF (Fig.  5.4 ) (Young et al.  2002  ) . This experimental strategy suggested a P4–EGF interaction 
and, as a result, a paracrine regulation of DAF. This requires further study.   

    5.9   DAF, Endometrial Carcinoma, and Estrogen 

 Although the biology of the reproductive tract is controlled by E2 and P4, the exact mechanisms 
involved in DAF regulation are not well studied (Kaul et al.  1994  ) . Some mechanistic explanations of 
E2-mediated regulation of DAF stream from experimental research using either an in vivo mouse 
cancer model or examining DAF expression in vitro using human-derived cancer cells. Investigators 
found that neonatal mice exposed to E2 leads to an increased occurrence of uterine tumors (Song et al. 
 1996  ) . Experimental studies were performed to screen for estrogen-regulated genes in the uterus of 
the CD-1 neonatal mouse, and the DAF gene in this neonatal mouse model appeared to be estrogen 
inducible. The induction of mouse DAF by E2 was tissue speci fi c and was mimicked by the antiestro-
gen tamoxifen. Furthermore, the regulation of uterine DAF expression by E2 was limited to the GPI-
anchored DAF gene. This suggests that GPI-anchored DAF may play an important role in E2 responses 
and other physiologic or pathophysiologic processes in the female reproductive system. 

 A human example of upregulation of DAF in pathologic conditions is overexpression in endome-
trial adenocarcinoma (Nowicki et al.  2001  ) . DAF expression on epithelial cells varies between 1% and 



90 B. Nowicki and S. Nowicki

30% in normal glandular endometrial epithelium .  In contrast, DAF density in patients with stage I 
cancer was in the range 56–98% (mean 78%), and stage III values varied from 16% to 28% (mean 
21%), P < 0.05. DAF density in the well-differentiated Ishikawa cell line was also twofold higher than 
in metastatic cell line AN3CA. These  fi ndings were consistent with the hypothesis that early stage 
endometrial adenocarcinoma exposed to complement attack may upregulate DAF to protect malig-
nant cells from complement lysis. Again, the endometrial cancer tissue appears to upregulate DAF to 
escape complement destruction, but the mechanisms of DAF regulation and the roles of E2 and/or P4 
in this malignant process are not well understood.  

    5.10   DAF, RBC, and Estrogen 

 In addition to Dr +  E. coli , DAF is also an RBC receptor recognized by multiple viruses, including 
group B coxsackieviruses (CVB). A direct contact of Dr +  E. coli  or a CBV virus results in hemag-
glutination of RBCs. Therefore, studies were performed, using blood samples from young females, to 
investigate the role of hormones in DAF RBC expression and the capacity of CVB to hemagglutinate 
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( C ), 10 ng/ml EGF, 10 ng/ml HB-EGF, 10 nM E2 ( E  ), 100 nM progesterone ( P4  ), or 10 nM E2 and 100 nM P ( E + P ). 
( a ) Representative histograms showing speci fi city of antibody (isotype control  vs.  untreated) and effects of HB-EGF or 
EGF treatment. ( b ) Quantitation of triplicate experiments performed in parallel. The median of each peak was used as 
a measure of DAF expression, and the  error bars  represent ±1 SD. ANOVA with Tukey  post hoc  comparison was used 
(differences from control: * P  < 0.0001; ** P  < 0.005) (From Young et al.  2002  )        
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RBC (Sartini et al.  2004  ) . RBCs were collected on days 11 and 22 of the menstrual cycle. Samples 
were categorized into luteal and follicular phases based on serum P4 (either <2.0 ng/mL for follicular 
or  ³ 2.0 ng/mL for luteal) and analyzed by  fl ow cytometry for DAF expression on RBC and CD21+ B 
lymphocytes. Tested subjects showed signi fi cant variations in CVB-induced hemagglutination and % 
RBC or CD19+ cells that were DAF+. The authors reported a correlation between the levels of E2 and 
the level of DAF expressed on RBCs ( P  < 0.01) in the luteal phase but not in the follicular phase, sug-
gesting that females may show E2-dependent expression of DAF in the circulatory system. These 
 fi ndings may  fi t with an apparent P4-dependent DAF expression in the human endometrium in the 
secretory (luteal) phase. Unfortunately, the role of P4 on DAF expression during the luteal phase was 
not studied by these authors. The interplay of E2-/P4-mediated responses underscores the complexity 
of the hormonal regulation of DAF which appears to be both E2 and/or P4 speci fi c in human RBCs 
versus P4 and/or E2 in the endometrium and menstrual cycle phases.  

    5.11   DAF, Hormone Replacement Therapy, and Risk of Infection 

 Hormone replacement therapy (HRT) is broadly used in postmenopausal patients and is thought to 
reduce the risk for urinary tract infection (UTI) and to improve vaginal atrophy in these subjects. In 
particular, E2 has been implicated in this protective role. On the other hand, some clinical epidemio-
logic studies have suggested, to the contrary, that there is an increased risk for UTI following E2 
replacement (Orlander et al.  1992  ) . Therefore, using ovariectomized mice, we developed an experi-
mental protocol to study the role of E2 replacement in protection from UTI (Curran et al.  2007  ) . To 
our surprise, mice with experimental ascending UTI established by an introduction of a single dose of 
 E. coli  via a bladder catheterization developed more severe levels of infection as de fi ned by higher 
 E. coli  colony-forming unit (CFU) counts if given E2 than without E2. The E2 increased CFU counts of 
virulent Dr +  E. coli  which recognized DAF but not if we used  E. coli  Dr adhesin mutants, suggesting 
an E2 virulence-speci fi c process. Although the status of DAF expression in E2-treated ovariectomized 
animals was not tested, the studies alluded above using the neonatal cancer mouse model suggested 
that E2 supplementation upregulates DAF expression (Song et al.  1996  ) . While the full implications 
of E2 supplementation are not clear as yet, studies to date suggest a need for careful clinical evalua-
tion of patients’ risk versus bene fi t for UTI in the context of E2 replacement.  

    5.12   DAF, P4, Nitric Oxide (NO), and Sensitivity to Experimental 
Infection in Pregnancy 

 P4 and subsequently NO are upregulated in pregnancy, leading to uterine muscle relaxation and fetal 
protection from infection, preterm contractions, and/or preterm labor. Interestingly, the NO system 
may contribute to the maintenance of uterine quiescence during pregnancy, when P4 levels are ele-
vated, but not during delivery (Yallampalli et al.  1994  ) . We discovered in both epithelial cell in vitro 
models and in a pregnant rat model of uterine infection that NO regulates DAF expression (Nowicki 
et al.  1997 ; Fang et al.  2004,   2001  ) . The inhibition of NO in vitro and in vivo resulted in twofold 
increase of DAF expression, a twofold increase of E. coli attachment and invasion of epithelial cells, 
and increased CFU counts in infected pregnant rats, in contrast to providing a source of NO 
( l -arginine)-downregulated DAF expression in both epithelial HeLa cells and the rat endometrium 
and reduced  E. coli  invasion rates.    We observed that  E. coli -infected nonpregnant animals had 
an increase in endometrial NO production and NO-reduced DAF expression, and the infection 
was resolved. In contrast, in pregnant animals  E. coli  infection did not result in upregulation of NO; 
we observed a NO nonresponsiveness and no change in DAF levels which led to an increase in 
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 E. coli -induced mortality (Nowicki et al.  1997 ; Fang et al.  2004,   2001  ) . These results suggest 
that host–pathogen interactions and the outcome of infection involve DAF expression and multiple 
signaling molecules including hormones that play a signi fi cant role, either directly or indirectly, by 
regulation of NO, HB-EGF, or other signaling molecules.  

    5.13   DAF, Progesterone, and Human Sensitivity to Renal Infection 

 Progesterone and DAF expression have been indirectly implicated in human sensitivity to pyelone-
phritis. We performed clinical studies on pregnant patients with pyelonephritis and noted that  E .  coli  
bearing Dr adhesin which recognized DAF caused up to 40% of the pyelonephritis cases diagnosed 
during the third trimester of pregnancy (Fig.  5.5 ) (Hart et al.  2001  ) . In contrast, the  fi rst and the second 
trimester pyelonephritis cases were less likely to be associated with DAF-speci fi c Dr +  E. coli . 

  Fig. 5.5     Pregnant patients 
with pyelonephritis: increase 
rate of infection with Dr + E. 
coli in third trimester 
coincides with an increase in 
P4 levels.  ( a ) The gestational 
distribution of ampicillin-
resistant ( AM   R   ) and 
ampicillin-sensitive ( AM   S   ) 
 E. coli  .  ( b ) Dra + and 
Dra −  Escherichia coli  
isolated from pregnant 
patients with pyelonephritis. 
( c ) The expected increase 
of P4 serum levels during 
pregnancy (From Hart 
et al.  2001  )        
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Interestingly, the level of P4 sharply increased in the third trimester. Because both in vitro and in vivo 
pregnant animal studies showed that the increase in DAF density is associated with an increase of 
Dr +  E. coli  attachment and invasion of uroepithelial cells, we postulated that the increased frequency 
of pyelonephritis late in pregnancy could at least be in part associated with the sharp increase in P4 
levels and DAF densities (Holmes et al.  1992 ; Nowicki et al.  1988c ; Selvarangan et al.  2000  ) . In fact, 
DAF density sharply increases in the placental trophoblast during pregnancy to protect the fetus from 
maternal complement attack, a process that appears to be P4 dependent (Holmes et al.  1992  ) . We have 
experimentally proven that both the in vitro attachment and invasion of epithelial cells are directly 
related to DAF density (Selvarangan et al.  2000  ) . The implications of these  fi ndings are that while the 
maternal hormonal milieu upregulates DAF for fetal protection, pathogens increase DAF-mediated 
colonization and the risk of infection. This paradoxical phenomenon of increased protection paral-
leled by a simultaneous increased risk of infection should heighten the level of clinical attention to 
pregnant patients at risk for UTI and associated gestational complications.   

    5.14   DAF and Preterm Labor (PTL) 

 Intrauterine in fl ammation and subclinical infection is a frequent and signi fi cant factor associated with 
the pathogenesis of preterm labor/preterm birth (PTL/PTB). However, it remains unclear whether the 
intrauterine in fl ammatory responses activate the maternal peripheral circulation. We explored the 
association between PTL/PTB and the “activation” of the peripheral circulatory system by determin-
ing whether DAF/CD55 mRNA expression within peripheral WBCs differed between PTL and con-
trol patients not in labor (Nowicki et al.  2009 ; Pacheco et al.  2011  ) . The mean DAF mRNA level 
within the PTL group (0.77 ± 0.03) was 1.48-fold higher than that observed (0.52 ± 0.02) within the 
control group ( P  < 0.0001); 71% of PTL patients and only 6.7% of control subjects expressed elevated 
DAF mRNA. In the patient population that delivered prematurely (before 37 weeks), 81% expressed 
elevated DAF mRNA levels with a mean of 0.78 ± 0.03 and 95% CI of 0.71–0.84. Therefore, we 
reported for the  fi rst time that DAF mRNA expression was elevated in the peripheral WBCs of sub-
jects with PTL compared with control gestationally matched pregnant women and that elevated leu-
kocyte DAF may be a useful predictor of subsequent PTB (Fig.  5.6 ). The mechanism of DAF 

  Fig. 5.6     DAF/CD55 mRNA 
levels are elevated in 
peripheral white blood cells 
of infection-associated and 
idiopathic preterm labor 
(PTL) subjects compared to 
controls not in labor.  The 
normalized integrated density 
values for CD55 mRNA 
levels are plotted for PTL 
(weeks 24–37 of gestation) 
and gestationally matched 
control subjects as indicated; 
the  horizontal bar  indicates 
the mean value. The  P  value 
was determined using a 
two-tailed  t -test (From 
Nowicki et al.  2009  )        
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upregulation on WBCs in PTL may be multifactorial. Of interest is that patients at risk for PTL treated 
with 17-OH-progesterone showed a reduction of PTL. The reduction of PTL with 17-OH-progesterone, 
in the context of other studies with P4, may suggest a possible link with DAF’s responsiveness to 
steroids and/or protective role in PTL (Pacheco et al.  2011  ) .   

    5.15   Corticosteroids, DAF, and Host–Pathogen Interactions 

 Corticosteroids such as dexamethasone are often used to stimulate fetal lung development in pregnant 
women with PTL. Infection, including urinary tract infections, increases the risk for PTL, but the roles 
of hormones, pregnancy, and the risk for infection remain underinvestigated.  E. coli  bearing Dr 
adhesins (Dr +  E. coli ) often cause pyelonephritis in pregnant women. The strains bearing adhesins of 
the Dr family bind to DAF, thereby invading epithelial cells and causing chronic or recurrent gesta-
tional infections (Hoffmann  1969  ) . Considering that steroid hormones often enhance the infection 
process, we hypothesized that treatment with the anti-in fl ammatory dexamethasone will increase 
DAF, leading to increase in the invasion of host cells by  E. coli . Thus, we treated HeLa cells with 
dexamethasone (1  m M) for 24 h, and DAF levels were checked by real-time PCR, western blotting, 
and immuno fl uorescence. Treated and untreated HeLa cells were then exposed to  E. coli , and results 
of invasion and survival were compared. In contrast to our prediction, our preliminary results suggest 
that DAF mRNA and protein levels signi fi cantly decreased in HeLa cells treated with dexamethasone. 
 E. coli  internalization assays in treated cells also showed a signi fi cant reduction in invasion capacity 
and intracellular survival as compared to control cells. Unexpectedly, these preliminary results indi-
cated that dexamethasone reduced DAF expression and E. coli intracellular persistence and therefore, 
exhibited a promising therapeutic property that potentially could be bene fi cial for management of 
some gestational infections (Nowicki et al.  2011b  ) .  

    5.16   Regulation of DAF 

 Although DAF is ubiquitously expressed on epithelial cells and within the peripheral blood system, a 
mechanistic understanding of E2-/P4-regulated expression in leukocytic cell types remains relatively 
unexplored. Complement activation is associated with the pathogenesis of PTL and in fl ammatory 
cardiovascular and irritable bowel diseases. Studies of DAF/CD55 regulation in vascular endothelial 
and quiescent colonic epithelial cell lines have indicated that DAF/CD55 expression is modulated by 
the activation of PLC g /PKC, p38-MAPK, PKA, and PI3K/Akt cell signaling pathways and by a 
hypoxia-induced stress response (Mason et al.  2004 ; Louis et al.  2005a ; Holla et al.  2005 ; Spiller et al. 
 2000 ; Andoh et al.  1997  ) . A lipopolysaccharide (LPS) signaling cascade in monocytic cell types uti-
lizes the bacterial molecule pattern receptor-associated MyD88/interleukin-1 receptor-associated 
kinases which results in an early phase activation of NF k B    (Akira  2003  ) . LPS-induced expression of 
CD55 has been observed using a heterogeneous population of primary mononuclear cells, and CD55 
has been proposed as an NF k B target gene in monocytic lineages in global LPS-induced NF k B 
genome-binding studies (Schreiber et al.  2006  ) . Our laboratory currently is exploring the role of ste-
roid hormones including E2, P4, and vitamin D3 in transcriptional regulation of DAF expression. 
Thus far, we have observed that P4 plus LPS may potentiate temporary CD55 response, a change that 
occurs within 2 h of treatment but does not reach statistical signi fi cance with the concentrations used. 
Further studies are in progress to characterize DAF/CD55 monocytic responses to steroid hormones 
in pregnant patients with the long-term goal for designing supplemental therapeutic strategies that 
would improve chronic in fl ammatory/infectious processes including PTL.  
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    5.17   Summary: Implications of Hormone Therapy 
for DAF Expression and Infection 

 DAF/CD55 plays multiple physiologic functions including tissue protection from the cytotoxic 
complement injury, an anti-in fl ammatory function due to its anti-adherence properties which enhance 
transmigration of monocytes and macrophages and reduce tissue injury (Louis et al.  2005b  ) . DAF 
physiologic functions are essential in pregnancy for protection of the semiallogeneic fetus or for pre-
vention of uncontrolled in fi ltration by white cells in their pro- and/or anti-in fl ammatory functions. 
DAF expression appears to have multiple regulatory tissue-speci fi c and/or menstrual cycle-speci fi c 
mechanisms, which involve complex signaling mechanisms. Regulation of DAF expression may 
involve a direct or an indirect effect of at least the E2, P4, and corticosteroid regulatory pathways. 
DAF is exploited in multiple pathologic conditions by pathogens and viruses in chronic tissue infec-
tion processes. Further understanding of such processes should be instrumental in designing therapeu-
tic strategies for multiple conditions involving DAF protective or pathologic functions and tailoring 
host expression of DAF.      
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  Abstract   The receptor for the globular heads of C1q, gC1qR/p33, is a widely expressed cellular 
 protein, which binds to diverse ligands including plasma proteins, cellular proteins, and microbial 
ligands. In addition to C1q, gC1qR also binds high molecular weight kininogen (HK), which also has 
two other cell surface sites, namely, cytokeratin 1 and urokinase plasminogen activator receptor 
(uPAR). On endothelial cells (ECs), the three molecules form two closely associated bimolecular com-
plexes of gC1qR/cytokeratin 1 and uPAR/cytokeratin 1. However, by virtue of its high af fi nity for HK, 
gC1qR plays a central role in the assembly of the kallikrein–kinin system, leading to the generation of 
bradykinin (BK). BK in turn is largely responsible for the vascular leakage and associated in fl ammation 
seen in angioedema patients. Therefore, blockade of gC1qR by inhibitory peptides or antibodies may 
not only prevent the generation of BK but also reduce C1q-induced or microbial-ligand-induced 
in fl ammatory responses. Employing synthetic peptides and gC1qR deletion mutants, we con fi rmed 
previously predicted sites for C1q (residues 75–96) and HK (residues 204–218) and identi fi ed addi-
tional sites for both C1q and HK (residues190–202), for C1q (residues 144–162), and for HIV-1 gp41 
(residues 174–180). With the exception of residues 75–96, which is located in the  a A coiled-coil 
N-terminal segment, most of the identi fi ed residues form part of the highly charged loops connecting 
the various  b -strands in the crystal structure. Taken together, the data support the notion that gC1qR 
could serve as a  novel  molecular target for the design of antibody-based and/or peptide-based therapy 
to attenuate acute and/or chronic in fl ammation associated with vascular leakage and infection.  

  Abbreviations  

  gC1qR    Receptor for the globular heads of C1q   
  cC1qR    Receptor for the collagen tail of C1q   
  HK    High molecular weight kininogen   
  KKS    Kallikrein–kinin system   
  BK    Bradykinin   

    Chapter 6   
 Targeting gC1qR Domains for Therapy Against Infection 
and In fl ammation       

      Berhane   Ghebrehiwet    ,    Jolyon   Jesty   ,    Rama   Vinayagasundaram   ,    Uma   Vinayagasundaram   , 
   Yan   Ji   ,    Alisa   Valentino   ,    Nithin   Tumma   ,    Kinga   H.   Hosszu   , and    Ellinor   I.B.   Peerschke      



98 B. Ghebrehiwet et al.

  ATIII    Antithrombin III   
  VN    Vitronectin   
  TAT    Thrombin–antithrombin complex   
  VNTAT    Vitronectin–thrombin–antithrombin complex       

    6.1   Introduction 

 The receptor for the globular heads of C1q, gC1qR, is a ubiquitously distributed, multifunctional 
 cellular protein, which modulates a plethora of immunological processes including in fl ammation, 
autoimmunity, infection, and cancer (Ghebrehiwet    and Peerschke  2004 ; Peerschke and Ghebrehiwet 
 2001  ) . Although  fi rst characterized as a receptor for C1q (Ghebrehiwet et al.  1994  ) , experimental 
evidence accumulated to date convincingly shows that in addition to C1q, gC1qR binds various 
plasma ligands including high molecular weight kininogen (Joseph et al.  1996 ; Herwald et al.  1996  ) , 
factor XII (Joseph et al.  1996  ) , multimeric vitronectin (Lim et al.  1996  ) ,  fi brinogen (Lu et al.  1999  ) , 
and thrombin (Ghebrehiwet and Peerschke  2004 ). More importantly, gC1qR is able to bind diverse 
pathogen-associated molecular ligands and as such is considered to be a signi fi cant pathogen recogni-
tion receptor. Pathogenic microorganisms such as  S. aureus  (Nguyen et al.  2000  ) ,  B. cereus  
(Ghebrehiwet et al.  2007  ) , or  L. monocytogenes  (Braun et al.  2000  )  in turn bind gC1qR either to gain 
access into the cell or to induce cellular responses that enhance their survival. 

 Because gC1qR is involved in either triggering or enhancing in fl ammatory processes that accom-
pany various disease conditions, including infection, cancer, and autoimmune diseases (Fig.  6.1 ), 
identi fi cation of the structural domains that enable it to interact with such a diversity of molecules 
could be useful for the design of therapeutic interventions. First at sites of atherosclerotic and 
in fl ammatory and vascular lesions, where gC1qR is heavily expressed and both C1q and HK are 
present (Peerschke et al.  2004  ) , both ligands participate in the in fl ammatory process: C1q via activa-
tion of complement and inducing the release of proin fl ammatory cytokines from monocytes and 
macrophages and HK by FXII-dependent generation of bradykinin. This is particularly relevant in 
HAE patients, where de fi ciency in C1-INH—a protease inhibitor, which controls the critical enzymes 
of both the classical pathway and the kinin-generating system—can exacerbate the vascular leakage 
and in fl ammation due to uncontrolled activation of both pathways (Agostoni and Cicardi  1992 ; 

  Fig. 6.1    Schematic 
representation of the multiple 
functions of gC1qR. While 
in fl ammation is at the center 
of most pathogenic 
conditions, the crosstalk 
triggered between infection, 
cancer, and autoimmune 
diseases in which gC1qR 
plays a role is underscored in 
this model       
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Kaplan  2004b  ) . In addition, enzymes generated during contact activation, such as FXIIa and FXIIf, 
can directly activate C1 (Gigli et al.  1971 ; Ghebrehiwet et al.  1981  )  and thus enhance the crosstalk 
between both proin fl ammatory pathways. Therefore, inhibition of gC1qR interaction with either of 
its primary ligands can prevent C1q- or HK-induced in fl ammatory processes. Second, blockade of 
the interaction of gC1qR with a wide range of pathogenic microorganisms could prevent bacterial 
entry and dissemination. Therefore, using knowledge derived from analysis of its structure, we gen-
erated several gC1qR deletion mutants in order to con fi rm the previously identi fi ed binding sites and/
or identify new ones. Identi fi cation and re fi nement of the precise interaction sites between gC1qR 
and its various ligands, in turn, will allow us to translate this knowledge into novel small molecule-
based, peptide-based, or antibody-based diagnostic and/or therapeutic strategies to block the genera-
tion of bradykinin and other vasoactive molecules that have been shown to contribute signi fi cantly to 
in fl ammatory diseases, vascular permeability, and edema (Bossi et al.  2009,   2011  ) .   

    6.2   Structure of gC1qR 

 Mature gC1qR (residues 74–282) is extremely acidic with a calculated pI of 4.15 (Ghebrehiwet et al. 
 1994 ; Jiang et al.  1999  ) . It has one Cys at residue 186 and thus does not have any intrachain disul fi de 
bonding. It does not dimerize by interchain disul fi de bonding either: on SDS-PAGE, it migrates as a 
33-kDa band under both reducing and nonreducing conditions. However, it behaves as a trimer on gel 
 fi ltration in non-dissociating conditions, and evidence from our laboratory suggests that multimer 
formation is an essential process that increases the af fi nity of gC1qR for multivalent ligands such as 
C1q and HK (Ghebrehiwet et al.  1994  ) . The noncovalent trimeric structure has since been con fi rmed 
by X-ray crystallography (Jiang et al.  1999  ) , which reveals a doughnut-shaped quaternary structure 
with asymmetric charge distribution—with one side containing a high distribution of negatively 
charged residues and which we refer to as the solution face (S-face) and the other side containing a 
more or less neutral net charge and referred to as the membrane face (M-face). More importantly, the 
3D structure of the molecule reveals the presence of several highly charged domains with potential to 
play a role in ligand binding and cell attachment (Ghebrehiwet et al.  2002  ) . 

 Although gC1qR is synthesized as a pre-protein of 282 residues by virtue that the 73-aa pre-
sequence contains a mitochondrial-targeting sequence, recent evidence suggests that the full-length 
protein (residues 1–282) may actually be expressed on the membrane rafts, together with CD44, 
monosialoganglioside, and actin (Kim et al. 2011). This fact was con fi rmed by experiments in which 
an antibody generated to a peptide in the pre–pro sequence stained unpermeabilized cells as assessed 
by  fl ow cytometry (Hosszu et al.  2010a ). The cleavage at Ser 73 that forms the putative mature protein 
in the sequence CGSLHT is probably processed by the same pathway as the intracellular protein, 
although the enzyme responsible for this cleavage is still unknown (van Leuwen and O’Hare  2001  ) . 
The primary structure of gC1qR also reveals several important details that may give insight into its 
function. It has one Cys at residue 186, and although is deeply embedded in the structure and does not 
make intrachain disul fi de bonding, it can nonetheless engage in the formation of supramolecular com-
plexes between trimers under certain conditions. Evidence from our laboratory suggests that multimer 
formation is an essential process that increases the af fi nity of gC1qR for multivalent ligands such as 
C1q and HK (Ghebrehiwet and Peerschke  1998 ,  2004 ). 

 The gC1qR amino acid sequence contains three consensus N-glycosylation sites at residues 114 
(NGT), 136 (NNS), and 223 (NYT), and we have shown that cell-surface gC1qR contains carbohy-
drate (3). It also contains a PKC phosphorylation site at residue 207, a tyrosine kinase recognition site 
at position 268, and a myristoylation site at position 252. What is more intriguing is the fact that there 
is a homologous consensus for an ITAM and ITIM motif around the tyrosines at positions 224 and 
236, respectively. An important feature of the mature gC1qR molecule is that its translated amino acid 
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sequence does not predict for the presence of either a conventional transmembrane segment or a 
 consensus site for a GPI anchor, and the lack of any phospholipid-binding domains is con fi rmed by 
the crystal structure. Nonetheless, the lack of a direct conduit into the intracellular compartment is 
mitigated by the fact that can associate with transmembrane molecules including CD44,  a  

4
  b  

1
  integrin, 

and DC-SIGN (Feng et al.  2002 ; Agostinis et al.  2010 ; Hosszu et al.  2010a ). Furthermore, there are 
six Cys residues within the 73 residues of the full-length gC1qR, with a “motif-like” sequence—
CACGCGCG—which may be involved in membrane attachment in the lipid raft. 

 Comparison of the cDNA-derived amino acid sequences reveal that rat and mouse gC1qR are 
97.6% identical, whereas both rodent sequences are 89.9% identical to the human. The human and 
mouse gC1qR genes have been characterized (Guo et al.  1997 ; Lim et al.  1998,   2001  )  and are essen-
tially similar in their exon/intron organization comprising six exons and  fi ve introns each within a 
total length of approximately 6 kb, which is spliced into a 1.5 kb mRNA. The  fi rst exon encodes the 
73-aa pre-sequence, including the putative signal peptide, plus four amino acid residues that comprise 
the N-terminus of the mature protein. Crystal structure of gC1qR    (Jiang et al.  1999 ) shows that the 
termini of exons II and VI code for a pair of antiparallel terminal helices that form the majority of the 
circumference of the native trimeric doughnut, while the remainder of exon II plus exons III–V code 
mainly for a highly twisted 7-strand  b  sheet that makes up the core of the trimeric doughnut. The 
molecule features several conspicuous surface loops that join  b  strands, and it is largely these loops 
that are the potential targets for drug design.  

    6.3   Plasma Ligands of gC1qR 

 Although the gC1qR molecule was  fi rst identi fi ed and characterized as a receptor that recognizes the 
globular heads of C1q, data accumulated to date suggest that it can bind to a number of other plasma 
ligands. Because interaction of gC1qR with each of these molecules is of biological signi fi cance, 
some are discussed below in more detail. 

    6.3.1   C1q 

 Binding of C1q to cells is known to induce and modulate a number of C1q-mediated cellular responses 
including inositol trisphosphate (IP3) production in, expression of P-selectin on, and generation of 
procoagulant activity on platelets (Peerschke et al.  1993  ) ; suppression of B and T cell proliferation 
(Ghebrehiwet et al.  1990  ) , trophoblast cell migration (Agostinis et al.  2010  ) , regulation of dendritic 
cells (Castellano et al.  2004a ; Hosszu et al.  2010a ), and angiogenesis (Bossi et al.  2011  ) ; chemotaxis 
of eosinophils, mast cells, neutrophils, and dendritic cells (Ghebrehiwet et al. 1995; Kuna et al.  1996 ; 
Leigh et al.  1998 ; Vegh et al.  2005  ) ; adhesion of  fi broblasts and endothelial cells (Bordin et al.  1990 ; 
Feng et al.  2002  ) ; activation and expression of the adhesion molecules E-selectin, ICAM-1, and 
VCAM-1 (Lozada et al.  1995  ) ; and production of IL-6, IL-8, and monocyte chemoattractant protein-1 
(MCP-1) on endothelial cells (ECs) (van den Berg et al.  1998  ) . While the C1q site on gC1qR has been 
identi fi ed to be at the N-terminus and comprises of residues 76–93, the gC1qR site on C1q has been 
identi fi ed to be in the A-chain comprising of residues 155–164, with the two arginine residues at posi-
tions 162 and 163 playing a critical role (Marques et al.  1993 ; Ghebrehiwet and Peerschke  2004 ). 
Recently, we have also identi fi ed two potential C1q sites on gC1qR: these are residues 190–202 and 
144–162 (Xu et al  2009  ) . Although several cell surface molecules—known to bind C1q including 
cC1qR/CR—could potentially contribute to these biologic functions, the binding of free C1q or C1q 
within macromolecular C1 occurs predominantly via gC1qR, as the majority of the functions described 
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could be substantially inhibited by anti-gC1qR. Because soluble gC1qR can activate the classical 
pathway, gC1qR secreted and/or released from infected cells or cells undergoing active proliferation 
can exacerbate or even trigger the local in fl ammatory process.  

    6.3.2   Factor XII (FXII) and High Molecular Weight Kininogen (HK) 

 The plasma kinin-forming pathway consists of three essential proteins (Fig.  6.2 ) that interact in vivo 
in a complex fashion once bound to a macromolecular complex formed during in fl ammatory response 
or bound to proteins along cell surfaces (Kaplan et al.  2004a ). These are coagulation factor XII [FXII 
(or Hageman Factor, HF)], prekallikrein (PK), and high molecular weight kininogen (HK). Once fac-
tor XII is activated to factor XIIa, it converts prekallikrein, which circulates as complex with HK, to 
kallikrein and the latter in turn digests HK to generate the nonapeptide BK (H-Arg-Pro-Pro-Gly-Phe-
Ser-Pro-Phe-Arg-OH) (Bhoola et al.  1992 ; Kaplan  2004a ). Bradykinin belongs to the kinin family of 
proin fl ammatory peptides and is among the most potent vasodilator agonists known (Stewart  1980 ; 
Regoli and Barabe  1980  ) .  

  Fig. 6.2    Macromolecular assembly of the kinin–kallikrein system (KKS) on the endothelial cell surface. The receptor 
complex comprises of two bimolecular complexes of uPAR-cytokeratin 1 and gC1qR-cytokeratin 1. Because of the 
af fi nity of FXII for the uPAR-cytokeratin 1 complex, binding of FXII to this complex results in FXII autoactivation to 
generate FXIIa. This enzyme then cleaves prekallikrein ( PK  ), which is bound—in complex with and via high molecular 
weight kininogen ( HK  )—to the gC1qR-cytokeratin complex. Kallikrein then cleaves HK to generate bradykinin ( BK  ). 
BK binds to bradykinin receptor 2 ( B2R )—a constitutively expressed receptor—to trigger the initial vascular leakage. 
BK is regulated by carboxypeptidase N ( CP-N  ), which converts it to des-Arg BK. Des-Arg BK then binds to bradykinin 
receptor 1 ( B1R ), an inducible receptor, to enhance and exacerbate the vascular leakage. Des-Arg BK is further degraded 
by kininase II or angiotensin-converting enzyme ( ACE  )       
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 We have shown previously that gC1qR binds to HK and that this binding is strictly zinc dependent 
(Joseph et al.  1996 ; Herwald et al  1996  ) . HK binds to endothelial-cell-surface-expressed gC1qR with 
high af fi nity [K 

d
  of 9 ± 2 nM] (Herwald et al.  1996  )  and to isolated gC1qR (Table  6.1 ) with a K 

d
  of 

0.8 ± 0.7 nM (k 
on

  = 12.3 ± 5.0 × 10 4  M –1  s –1 ; k 
off

  = 0.8 ± 0.5 × 10 –4  M –1  s –1 ) (Pixley et al.  2011 ). The interac-
tion between HK and cell-surface-expressed or isolated gC1qR is inhibited by mAb 74.5.2, which 
recognizes the C terminal half of gC1qR comprising residues 204–218 (Joseph et al.  1996 ; Ghebrehiwet 
et al.  2001  ) . However, in addition to gC1qR, HK has two other cell surface binding sites, namely, 
cytokeratin 1 and urokinase plasminogen activator receptor (uPAR) (Colman et al.  1997 ; Hasan et al. 
 1998 ; Mahdi et al.  2001  ) . Therefore, on endothelial cells, the three surface proteins form two bimo-
lecular receptor complexes—gC1qR-cytokeratin 1 and uPAR-cytokeratin 1— in which gC1qR, by 
virtue of its high af fi nity for HK (gC1qR > cytokeratin1 > uPAR), plays a central role in the assembly 
of the kallikrein–kinin system (Fig.  6.2 ), leading to the generation of the nonapeptide, bradykinin 
(BK). BK generated at the endothelial cell surface in turn is largely responsible for the vascular per-
meability and in fl ammation seen in the majority, not only of angioedema due to C1-INH de fi ciency 
but also angioedema induced as a consequence of treatment with ACE inhibitors (Fig.  6.3 ). Domain 
5 of HK located at the N-terminus of the light chain, which is rich in histidine and arginine residues, 
contains the site for interaction with gC1qR, and a 20-aa peptide within this termed HKH20 has been 
shown to be a site of interaction of HK with ECs (Hasan et al.  1995 ; Herwald et al.  1995  ) . Although 
there is another binding site in the HK heavy chain that involves cytokeratin 1, its af fi nity (8.48 nM) 
is much less. Thus, it is the light chain binding of gC1qR that appears to be important for the assembly 
and/or triggering of the kinin-generating system (Kaplan  2004a ). Furthermore, gC1qR has also been 
shown to bind FXII, and since the binding of HK is inhibited by FXII (Reddigari et al.  1993a,   b  ) , it is 
likely that they bind to the same or overlapping sites made up of residues that form a cluster in space 
(Ghebrehiwet et al.  2011  ) .   

 Employing synthetic peptides and gC1qR deletion mutants, we have identi fi ed and con fi rmed two 
domains of gC1qR that contain HK binding sites: one at position 190–202 and the other at position 
204–218. Whereas HK binding to domain 190–202 was inhibited by mAbs 48 and 83, the binding of 
HK was inhibited by mAb 74.5.2. More importantly, using in vivo and in vitro models of vascular 
permeability, we con fi rmed that blockade of gC1qR with mAb 74.5.2 not only inhibits vascular per-
meability (Bossi et al.  2009  )  but also reduces  S. aureus  colonization of distal target tissues (Peerschke 
et al.  2006 ; Sethi et al.  2011  ) . Therefore, blockade of gC1qR by inhibitory peptides or antibodies may 
prevent the generation of BK and thus attenuate the vascular leakage, which is known to be the trigger 
of edema formation and acute and/or chronic in fl ammation.  

   Table 6.1    Plasmon    resonance BIAcore binding studies       
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    6.3.3   Vitronectin and Thrombin 

 Using recombinant-gC1qR-coated microtiter plates, we also searched for additional plasma ligands 
unrelated to C1q. Surprisingly, vitronectin (VN) or complexes containing vitronectin were identi fi ed 
(Lim et al.  1996  ) . Subsequent analysis revealed the speci fi c binding of the ternary complex of vit-
ronectin–thrombin–antithrombin III (VNTAT) to gC1qR. Interestingly, although gC1qR was shown 
to bind thrombin (factor II), no binding was observed to either antithrombin III (ATIII) alone or a 
preformed complex of thrombin–antithrombin III (TAT) indicating that gC1qR and ATIII may com-
pete for the same or overlapping site on thrombin (Ghebrehiwet et al.  2001  ) . Because gC1qR binds to 
ternary complex of VNTAT but does not interact with the thrombin–antithrombin III complex, direct 
binding of gC1qR to vitronectin was performed. These experiments showed that the heparin-binding 
multimeric VN but not the plasma form of VN was found to bind to either recombinant gC1qR or the 
native form of gC1qR isolated from Raji cell membranes (Lim et al.  1996  )  in a manner that was 
speci fi c and saturable (K 

D
  = 20 nM). Furthermore, the interaction was inhibited by glycosaminogly-

cans such as heparin but not by chondroitin sulfate. The binding sites for VN and C1q are in separate 
location of the gC1qR molecule since VN bound equally well to a gC1qR, a deletion mutant lacking 
the N-terminal 22 residues, which contains the C1q-binding domain. Although the biological 
signi fi cance of this interaction has yet to be elucidated, one could speculate that gC1qR may partici-
pate in the clearance of VN-containing complexes or, in conjunction with VN, participate in the inhi-
bition of complement-mediated cytolysis (Lim et al.  1996  ) .  

  Fig. 6.3    Schematic model of ACE-inhibitor-mediated angioedema. In the angiotensin system, rennin converts 
angiotensinogen to generate angiotensin I, and the latter is converted by angiotensin-converting enzyme or ACE to 
angiotensin II. Angiotensin II is responsible for vasoconstriction and elevated blood pressure within the vessels. While 
treatment with ACE inhibitor ( ACE-INH ) can slow down the effect of angiotensin II-induced high blood pressure, the 
same treatment can have deleterious side effect; sine ACE inhibitor treatment can cause angioedema by negating the 
very enzyme, ACE, which regulates bradykinin (kinin system)       
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    6.3.4   Fibrinogen 

 Another plasma ligand for gC1qR is  fi brinogen. Human  fi brinogen is a 340-kDa soluble plasma 
glycoprotein synthesized in the liver as a product of three genes located on chromosome 4 (Lu et al.  1999  ) . 
It is composed of two A a  and two B b  and two  g  chains arranged in a symmetrical fashion. The mol-
ecule is made up of three domains: two outer D domains containing the carboxy termini of the A a , 
B b , and  g  chains and a central E domain comprising of the amino termini of all six polypeptide chains 
(Hettasch and Greenberg  1998  ) . During blood coagulation,  fi brinogen is converted to  fi brin by throm-
bin, and  fi brin is then cross-linked by factor XII to form a clot. Using microplate-bound  fi brinogen, 
we have shown that gC1qR interacts with  fi brinogen in a manner that was speci fi c and inhibitable by 
excess  fi brinogen. More interestingly, gC1qR was able to inhibit  fi brin polymerization in a dose-
dependent manner. Reptilase-induced  fi brin clot formation was completely inhibited by gC1qR at a 
2:1 (gC1qR:  fi brinogen) molar ratio. Furthermore, at equivalent molar concentrations, gC1qR 
appeared to be a more potent inhibitor of  fi brin polymerization than  fi brinogen, a well-known inhibi-
tor. Using plasmin-derived  fi brinogen degradation fragments, we also showed that gC1qR binds to the 
 fi brinogen fragment D-100 but not to the E domain indicating that gC1qR binds to the D domain of 
 fi brinogen/ fi brin (Lu et al.  1999  ) . Therefore, at local sites of injury or in fl ammation, gC1qR may play 
a role in modulating  fi brin formation.   

    6.4   Pathogen-Associated Ligands 

    6.4.1   Bacterial Ligands 

 Data accumulated over the past 20 years support the concept that gC1qR is an emerging pathogen-
associated pattern-recognition receptor. This conclusion is based on the fact that a wide variety of 
pathogenic microorganisms (Table  6.2 ) are known to use gC1qR either to gain access into cells or to 
suppress immune response so that their survival is guaranteed. For example,  S. aureus —which causes 
a range of illnesses, from minor skin infections, such as pimples and abscesses, to life-threatening 
diseases such as pneumonia, meningitis, sepsis, and endocarditis—interacts with gC1qR through the 
virulence factor, protein A. While protein A expressing  S. aureus  Cowan I strain was able to bind both 
puri fi ed gC1qR and gC1qR on platelets, the protein A-de fi cient Wood 46 strain was not (Nguyen 
et al.  2000  ) . The adhesion of  S. aureus  to platelets in turn is a major determinant of virulence in the 
pathogenesis of endovascular infections. Therefore, the adherence of bacteria to platelets at the sur-
face of abnormal valvular endothelium may contribute to  S. aureus  localization to sites of vascular 
injury and thrombosis. Indeed, this concept was validated by experiments in which blockade of gC1qR 
with mAb 74.5.2, which recognizes and blocks the HK site on gC1qR—and to a lesser extent by mAb 

   Table 6.2    Interaction of gC1qR with bacterial antigens       
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60.11, which recognizes the C1q site on gC1qR—reduced  S. aureus  colonization of target tissues in 
experimental rat animal model of  S. aureus  endocarditis (Peerschke et al.  2006  )  and inhibition of 
adherence of  S. aureus  in a Syrian golden hamster dorsal skin model (Sethi et al.  2011  ) . This in turn 
supports the hypothesis that platelet gC1qR, which serves as a binding site for  S. aureus  protein A, 
may play a role in the pathogenesis of endocarditis by providing a surface for the initial adhesion and 
shuttling of the pathogen to distal targets of infection (Peerschke et al. 2000).  

 Another bacterium that employs gC1qR to enter host cells is  L. monocytogenes  (Braun et al.  2000  ) . 
Entry of  L. monocytogenes  into target host cells is mediated by interaction between the bacterial inter-
nalin A (InlA) and the host cell E-cadherin, which is required for intestinal and placental barriers in a 
species-speci fi c manner. In human cells, however,  L. monocytogenes  uses another bacterial virulence 
factor called InlB and two host cell receptors, Met and gC1qR, which have an additive effect (Khelef 
et al.  2006  ) . 

 The exosporium of  B. cereus  also contains a putative binding site for gC1qR (Ghebrehiwet et al. 
 2007  ) .  B. cereus  is a member of a genus of aerobic, gram-positive, spore-forming rod-like bacilli, 
which includes the deadly  B. anthracis  the causative agent of anthrax. It is involved in several types 
of food poisoning and tissue destruction, including bacterial endophthalmitis. Employing microtiter-
plate- fi xed  B. cereus  spores, we showed that gC1qR could bind to the spores in a speci fi c manner. 
Subsequent experiments designed to examine the adherence of  B. cereus  spores to monolayers of 
human colon carcinoma (Caco-2) cells showed that spore attachment is mediated by gC1qR as 
assessed by electron microscopy using mAb to gC1qR that had been conjugated to carbon nanotubes. 
What is more interesting is that the exosporia of the activated and germinating spores were often deco-
rated with gC1qR, indicating that attachment of the spores via gC1qR induces overexpression of 
gC1qR. The exosporium-expressed molecule, which serves as a ligand for gC1qR, is not known. 
However, a major structural protein called BclA ( B acillus  c ollagen- l ike protein of  a nthracis), which 
shares a remarkable similarity to the C1q/TNF family of proteins, was recently identi fi ed in  B. anthra-
cis  (Rety et al.  2005  ) . Because of the similarity between  B. cereus  and  B. anthracis , it is possible to 
speculate that the latter may also have a BclA-like structure that allows it to interact with gC1qR.  

    6.4.2   Viral Ligands 

 As summarized in Table  6.3 , the gC1qR molecule is targeted by a wide range of viruses. What is 
intriguing however is that, some of the viral envelope proteins such as the outer envelope protein of 
HIV, gp120, share some structural and functional similarities with C1q (Szabo et al.  2001  ) . Therefore, 
proteins that are able to interact with C1q may also interact with isolated gp120 as well as the whole 
HIV-1 virus. Based on this hypothesis, we studied the potential ability of gC1qR, to inhibit the growth 
of different HIV-1 strains in cell cultures. Data obtained from these studies showed gC1qR to effec-
tively and dose-dependently inhibit the production of one T-lymphotropic (X4) and one macrophage-
tropic (R5) strain in human T cell lines (MT-4 and H9) and human monocyte-derived macrophage 
cultures, respectively. At a concentration range of 5–25  m g/mL, gC1qR caused a marked and pro-
longed suppression of virus production. The extent of inhibition was enhanced when gC1qR was  fi rst 
incubated with and then removed from the target cell cultures before virus infection, compared to that 
when the cells were infected with gC1qR-HIV mixtures (Szabo et al.  2001  ) . The extent of inhibition 
was comparable to that of the Leu3a anti-CD4 antibody. In ELISA experiments, gC1qR did not bind 
to a solid-phase recombinant gp120, while strong and dose-dependent binding of gC1qR to solid-
phase CD4 was observed. However, although gp120 does not appear to bind gC1qR directly, there is 
a strong interaction between gp41, another HIV protein, and gC1qR. During the initial weeks post 
HIV-1 infection, the great majority of dying cells are the uninfected CD4 +  T cells. An insight into the 
mechanism of this cell death was recently gained when it was shown that the interaction of gp41 and 
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gC1qR plays a central role. The 3S motif of HIV-1 gp41 binds to gC1qR on uninfected bystander 
CD4 +  T cells and induces surface expression of NKp44L, a cellular ligand for an activating NK recep-
tor, rendering them susceptible to autologous NK killing (Fausther-Bonvendo et al.  2010  ) .  

 The hepatitis C virus (HCV) core protein is another viral ligand with af fi nity for gC1qR. By bind-
ing to gC1qR on T cells, HCV core protein is able to inhibit T cell proliferation (Kittlesen et al.  2000  ) , 
in a manner similar to that of C1q-induced antiproliferative response reported earlier (Chen et al. 
 1994  ) . Suppression of the host immune response in turn contributes to an extremely high rate of viral 
persistence and severe disease progression. Although the binding of HCV core protein has been 
identi fi ed to be within a long stretch of gC1qR comprising of residues 188–259, the precise binding 
site is yet to be identi fi ed.   

    6.5   Role of gC1qR in Cancer 

 There is a single copy of the gC1qR gene in both the human and mouse genomes, and the human gene 
is located on chromosome 17p.13.3 in a region conserved with mouse chromosome 11 (Guo et al. 
 1997  ) . The localization of gC1qR to the short arm of chromosome 17 band 13.3 is intriguing since 
several tumor suppressor genes deleted in ovarian cancer, distinct from Tp53, are located in the same 
region. Although by virtue of its colocalization with the tumor suppressor genes, it was predicted that 
gC1qR may also have tumor suppressor functions and thus would be downregulated in cancer cells, 
the results of immunohistochemical staining of various adenocarcinomas however showed the oppo-
site. First, histochemical staining with anti-gC1qR mAb revealed marked differential expression 
of gC1qR in thyroid, colon, pancreatic, gastric, esophageal, and lung adenocarcinomas compared to 

   Table 6.3    Interaction of gC1qR/p32/p33 with viral antigens       
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the nonmalignant histologic counterparts.    In contrast, differential expression was not observed in 
endometrial, renal, and prostate carcinoma (Rubinstein et al.  2004  )  results, which were corroborated 
more recently (Peerschke et al.  2011  ) . In addition, recent experiments performed by others showed 
that cell-surface-expressed gC1qR is a receptor for the tumor-homing peptide, LyP-1 (Fogal et al. 
 2008  ) . Furthermore, the interaction of LyP-1 and gC1qR is inhibited by mAb 60.11, which recognizes 
the N-terminal gC1qR residues 76–93 encoded by exon 2 (Peerschke and Ghebrehiwet  2001  ) . The 
involvement of gC1qR in carcinogenesis is further substantiated by more recent studies, which used 
human lung carcinoma A549 cells (Kim et al. 2011). These experiments showed that the cell-surface 
gC1qR is a key regulator for lamellipodia formation and cancer metastasis via receptor tyrosine 
kinase activation. The growth factor-induced lamellipodia formation and cell migration were 
signi fi cantly decreased in gC1qR-depleted cells, with a concomitant blunt activation of the focal 
adhesion kinase and the respective receptor tyrosine kinases (Kim et al. 2011). These studies collec-
tively suggest that gC1qR, which is highly upregulated on the surface of tumor cells and in fl ammatory 
cells, can serve not only as a tumor cell marker but also can be a target for therapeutic intervention 
(Peerschke et al.  2011  ) .  

    6.6   Conclusion 

 By interacting with a diverse array of microbial antigens as well as key proteins of both the comple-
ment and kinin-generating systems, gC1qR contributes signi fi cantly to the in fl ammatory processes 
especially those associated with microbial infection, cancer, and autoimmunity. Therefore, 
identi fi cation of the gC1qR domains that enable it to interact with the various ligands is likely to gen-
erate useful information for the design of peptide-based or antibody-based therapy to prevent gC1qR-
induced in fl ammation. Using in vivo models of vascular permeability, we have con fi rmed that 
blockade of gC1qR with mAb 74.5.2 not only inhibits vascular permeability but also reduces 
 S. aureus  colonization of distal target tissues. Together, the data therefore identify gC1qR as a  novel  
molecular target for the design of antibody-based and/or peptide-based therapy in which vascular 
leakage is known to be the trigger of edema formation and acute and/or chronic in fl ammation.      
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  Abstract   When acute in fl ammatory states are induced by treatment with chemical mediators in 
C5-de fi cient mice, neutrophil in fl uxes are commonly decreased. Therefore, the neutrophil C5a receptor 
(C5aR) is believed to be a member of the pro-in fl ammatory receptors. However, C5aR de fi ciency 
endows mouse neutrophils with increased sensitivity to  Pseudomonas aeruginosa . We have demon-
strated that C5aR accepts not only C5a but also ribosomal protein S19 (RP S19) oligomers. RP S19 
oligomers released from apoptotic cells promote apoptosis or induce dual agonistic and antagonistic 
effects on the chemotaxis of macrophages and neutrophils in an autocrine or paracrine manner, respec-
tively. We assumed that the function of C5aR in apoptotic cells is almost the same as that in neutrophils 
in fi ltrating acute in fl ammatory lesions. Therefore, we believe that RP S19 oligomers can explain the 
opposite response of neutrophils in C5aR-de fi cient mice. In the present study, we found that anti-
human RP S19 rabbit IgG cross-reacted with mouse RP S19 monomers and oligomers in plasma and 
serum, respectively, whereas anti-human C5a rabbit IgG only cross-reacted with mouse RP S19 
oligomers in serum. To examine a role of RP S19 oligomers in vivo, we injected carrageenan 
(50  m g/100  m L) into the thoracic cavities of mice in the simultaneous presence of rabbit IgG and anti-
human C5a rabbit IgG (100  m g/100  m L). Before 4 h and after 24 h, we did not observe any in fl ammatory 
cues in pleural exudates and lung substances from control mice. However, in fi ltrating neutrophils were 
detected in pleural exudates and lung tissues at 4 h after the addition of anti-human RP S19 rabbit IgG. 
Moreover, anti-human C5a rabbit IgG retards the initiation phase of carrageenan-induced mouse plu-
rality. Many of the neutrophils in fi ltrating the thoracic cavities of the mice remained annexin V-negative. 
Neutrophil in fi ltration into pneumonic lesions became more severe, as alveolar septal destruction and 
haemorrhage concomitant with increased numbers of neutrophils in the pleural exudates were observed. 
These in vivo data demonstrate that the neutrophil C5aR acts as a dual pro-in fl ammatory and pro-
apoptosis receptor during the initiation and the resolution phases of acute in fl ammation, respectively.    

    7.1   The C5aR-Mediated Classical Function 

 The structure of  the C5a receptor (C5aR) gene  includes two exons, and the translated portion is 
encoded by exon 2 (Gerard et al.  1993  ) . This indicates that C5aR coupled with the G a i protein and/
or G a 16 protein is expressed on leukocytes (Lo et al.  2003 ; Zhang et al.  2007  ) . There is a one ligand/
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one receptor dogma regarding ligand-receptor relationships. Therefore, C5aR-mediated downstream 
signals have been investigated by stimulation with C5a, and the interaction of G a i protein with phos-
phatidylinositol-3 kinase (PI3K) and phospholipase C (PLC) has been detected (Monk et al.  2007  ) . 
Phosphatidylinositol 4,5-bisphosphate (PIP2) is cleaved into diacylglycerol (DAG) and inositol 
1,4,5-trisphosphate (IP3) by PLC. Intracellular Ca 2+  release from the endoplasmic reticulum (ER) 
through IP3R induces extracellular Ca 2+  entry through Ca 2+  release–activated Ca 2+  (CRAC) channels. 
Ras and Raf are sequentially phosphorylated by intracellular Ca 2+ -dependent activation of protein 
kinase C (PKC) and are connected to PI3K and mitogen-activated kinase kinase1/2 (MEK1/2) 
upstream of extracellular signal-regulated kinase1/2 ERK1/2, respectively. Activation of C5aR is lim-
ited by the binding of arrestin to its C-terminal intracellular regions, which are sequentially phospho-
rylated by PKC and G protein-coupled receptor kinase2 (GRK2) downstream of ERK1/2 (Elorza 
et al.  2000  ) . It is generally thought that the C5aR-mediated classical PI3K signal is controlled by the 
ERK1/2 pathway. Moreover, neutrophil in fl ux is decreased following the injection of bacterial endo-
toxin into the peritoneal cavity in C5-de fi cient mice (Mullick et al.  2011 ; Snyderman et al.  1971  ) . It 
is believed that the neutrophil C5aR works as a pro-in fl ammatory receptor during the initiation phase 
of acute in fl ammation. However, neutrophil in fl ux is increased by intrapulmonary infection of 
 Pseudomonas aeruginosa  in C5aR-de fi cient mice (Hopken et al.  1996,   1997  ) , suggesting that the 
neutrophil C5aR alternatively works as an anti-in fl ammatory receptor. This discrepancy represents a 
dif fi culty in the complement  fi eld.  

    7.2   The C5aR-Mediated Alternative Function 

    7.2.1   RP S19 Oligomers in Serum 

 We have demonstrated that the C5aR binds to not only C5a but also ribosomal protein S19 (RP S19) 
oligomers and the  E. coli  chaperone protein Skp (Jia et al.  2010 ; Nishiura et al.  1998  ) . G protein-
coupled receptor (GPCR) ligands are classi fi ed into classical and pure chemoattractants with or with-
out Ca 2+  mobilisation, respectively. We recently found that RP S19 monomers (apparent molecular 
weight of 17 kDa) form a complex with prothrombin (apparent molecular weight of 70 kDa), prevent-
ing them from being subjected to the  fi ltration system of the kidney (Nishiura et al.  2011b  ) . RP S19 
monomer associates with phosphatidylserine on activated platelets during plasma clotting (Fig.  7.1 ) 
(Semba et al.  2010  ) . Platelets are commonly activated by thrombin. RP S19 monomers are subse-
quently cross-linked by activated coagulation factor XIII (FXIIIa), resulting in the formation of oli-
gomers. FXIII is also activated by thrombin. In contrast, C3BbC3b acts as a C5 convertase to hydrolyse 
the  a  chain, liberating C5a and C5b (Woodruff et al.  2011  ) . When clots prepared in vitro are injected 
into the abdominal cavity of guinea pigs, they are cleared by in fi ltrating macrophages. Phagocytic 
clearance of guinea pig clots is blocked when anti-RP S19 rabbit IgG is present (Ota et al.  2010  ) . 
Therefore, we have demonstrated that C5a and RP S19 oligomers exhibit different actions as classical 
chemoattractants associated with neutrophil and monocyte C5aRs during the initiation and the resolu-
tion phases of acute in fl ammation.   

    7.2.2   RP S19 Oligomers in Apoptotic Cells 

 We have also demonstrated that RP S19 monomers in ribosomes associate with phosphatidylserine on 
the plasma membrane during apoptosis, resulting in oligomer formation via tissue transglutaminases 
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(Fig.  7.2 ) (Horino et al.  1998 ; Nishimura et al.  2001  ) . In addition to the generation of RP S19 oligomers, 
apoptotic cells exhibit de novo synthesis of their receptor, C5aR (Nishiura et al.  2005  ) . To examine 
the roles of RP S19 oligomers, we generally prepare recombinant RP S19 monomers and stimulate 
the formation of dimers with FXIIIa (Nishiura et al.  1999  ) . Using RP S19 dimers, we found that RP 
S19 oligomers bind to the monocyte C5aR and function as a classical chemoattractant, as has 
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  Fig. 7.1     Mechanism of the generation of plasma RP S19 oligomers . Plasma RP S19 monomers associate with 
phosphatidylserine on activated platelets during blood clotting. Plasma RP S19 monomers are cross-linked by FXIIIa       
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  Fig. 7.2     Mechanism of the generation of RP S19 oligomers . RP S19 monomers in ribosomes associate with phos-
phatidylserine on the plasma membrane during apoptosis. Ribosome RP S19 monomers are cross-linked by tissue 
transglutaminases       
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commonly been shown for C5a. However, the neutrophil C5aR does not transmit downstream signals. 
Interestingly, the amino acid sequence of human RP S19 100% overlaps with that of guinea pig RP 
S19. Human RP S19 dimers exhibit the same effect as RP S19 oligomers via the guinea pig C5aR. 
Therefore, we sometimes validate the function of RP S19 oligomers in guinea pigs.   

    7.2.3   Interaction of RP S19 Oligomers with the C5aR 

 To study the antagonistic effect of RP S19 dimers on the neutrophil C5aR, we compared the amino 
acid sequences of RP S19 and C5a. For C5a, the  fi rst (Y 

13
 KHSVVKK) and second (L 

72
 GR) binding 

moieties bind to the C5aR. The homology of the amino acid sequences of RP S19 and C5a is less than 
4%. However, we have identi fi ed similar  fi rst (K 

48
 LAKHK) and second (L 

131
 DR) binding moieties in 

RP S19 (Shibuya et al.  2001  ) . Moreover, we developed a simulated tertiary structure model of human 
RP S19 based on the tertiary structure of archaebacterial RP S19 (Nishiura et al.  2010  ) . The compo-
nents of the simulated RP S19 are similar to those of hC5a, indicating that the C5a-like structure likely 
provides one of two receptor-binding moieties via each RP S19 subunit. In addition to anti-human RP 
S19 rabbit IgG, we prepare anti-human C5a rabbit IgG. Anti-human RP S19 rabbit IgG cross-reacts 
with not only monomers but also with oligomers of mouse RP S19 in serum, whereas anti-human C5a 
rabbit IgG cross-reacts only with mouse RP S19 oligomers. The amino acid sequence homologies 
between human and mouse RP S19, C5a and C5aR are 99%, 64% and 68%, respectively ( BLASTP 
program search of protein subjects using a protein query : Table  7.1 ). Mouse macrophages in fi ltrate 
mouse skin when human RP S19 dimers are injected into the skin, but this effect is not observed for 
human C5a. However, mouse C5a shares a conserved Cys residue position and second binding moiety 
(L 

72
 GR) with human C5a. Therefore, we assumed that the A 

63
 NISHKDM 

70
  moiety of human C5a and 

K 
63

 ESPHKPV 
70

  moiety of mouse C5a are crucial for discrimination from other C5aRs.   

    7.2.4   The Pro-apoptosis Potency of RP S19 Oligomers 

 Compared with C5a, RP S19 exhibits an additional C-terminal sequence (I 
134

 AGQVAAANKKH) 
(Shrestha et al.  2003  ) . Interestingly, a truncated form of the C-terminus from human RP S19 dimers 
binds to the neutrophil C5aR and rescues the transmission of downstream signals. Based on these 
data, we prepared a functional analogue for RP S19 oligomers in which the RP S19 C-terminus is 
connected to the C-terminus of the G73D mutant form of recombinant C5a (C5a/RP S19) (Oda et al. 
 2008 ; Revollo et al.  2005  ) . Using C5a/RP S19, we revealed another role of RP S19 oligomers in apop-
tosis. When human promyelocytic HL-60 cells and pancreatic AsPC-1 cells are subjected to hyper-
thermia at 43 °C for 60 min together with treatment with a mitochondrial membrane voltage exchange 
agent (0.5 mM MnCl 

2
 ) and extracellular Ca 2+  chelator (1  m M thapsigargin), the cells undergo apopto-

sis. Under these apoptotic conditions, the process of programmed cell death is sometimes divided into 
initiation, effector and execution phases (Nishiura et al.  2009  ) . The period from the effector phase to 
the execution phase is shortened or lengthened based on the simultaneous presence of C5a/RP S19 or 
anti-human RP S19 rabbit IgG and C5a, respectively. The C5aR selectively activates the ERK1/2 or 
p38 MAPK signalling pathway in response to stimulation with C5a or C5a/RP S19, respectively. 
Therefore, we sometimes refer to the C5aR-mediated ERK1/2 and p38 MAPK signals, anti-apoptotic 
and pro-apoptotic signals, respectively. 
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 Moreover, the interaction of C5a/RP S19 with the neutrophil C5aR induces de novo synthesis of 
regulator of G protein signalling 3 (RGS3) (Nishiura et al.  2009  ) . RGS3 is a member of the R4 family 
(Bansal et al.  2007  ) , which exhibits structural domains that activate the G a  subunit of GTPases. 
Acceleration of the GTPase activity of the G a  subunit promotes GTP hydrolysis, resulting in inactiva-
tion the G protein and rapidly switching off GPCR-mediated downstream signals. We observed that 
the C5aR-mediated ERK1/2 signal in apoptotic HL-60 cells is decreased by overexpression of RGS3 
(Nishiura et al.  2009  ) . Additionally, we have demonstrated that RP S19 oligomers released from 
apoptotic cells promote apoptosis.   

   Table 7.1    Homologies at amino acid sequences between human and mouse RP S19, C5a and C5aR       
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    7.3   Mechanisms for Synchronising the Effects of RP S19 Oligomers 
Between Promoting the Apoptosis of In fi ltrating Neutrophils 
and the Migration of Macrophages During the Resolution 
Phase of Acute In fl ammation 

    7.3.1   Role of RP S19 Oligomers in Acute In fl ammation 

 Based on all of the data presented above, we hypothesise that RP S19 oligomers released from 
in fi ltrating neutrophils into acute in fl ammatory lesions bind to the neutrophil C5aR and promote the 
apoptosis of neutrophils in an autocrine manner. In contrast, RP S19 oligomers bind to the monocyte 
C5aR and attract macrophages to in fi ltrating neutrophils in a paracrine manner. We have proposed a 
method for the synchronisation effects of RP S19 oligomers between promoting the apoptosis of 
in fi ltrating neutrophils and the migration of macrophages during the resolution phase of acute 
in fl ammation.  

    7.3.2   Reprogramming of the Lifespan of In fi ltrating 
Neutrophils in Mouse Pleurisy 

 Monomeric human RP S19 does not bind to the human C5aR. However, RP S19 oligomers bind to 
both the human C5aR and the mouse C5aR. Conversely, human C5a binds to the human C5aR, 
although not to the mouse C5aR. Therefore, anti-human RP S19 rabbit IgG cross-reacts with mouse 
RP S19 monomers and oligomers, but not with the C5a of any other species. In contrast, anti-human 
C5a rabbit IgG speci fi cally cross-reacts with mouse RP S19 oligomers, whereas it does not react with 
the C5a of any other species (Nishiura et al.  2010  ) . 

 To con fi rm the role of RP S19 oligomers in vivo, we used a carrageenan-induced acute pulmonary 
in fl ammation mouse model. Samples of lung, bone marrow, peripheral blood and pleural  fl uid were 
collected 4 and 24 h post-carrageenan injection. The injections were performed concurrently with the 
application of control rabbit IgG, anti-human RP S19 rabbit IgG or anti-human C5a rabbit IgG. 
Following the injections, pathological and FACS analyses were performed. In the left lung, we 
observed weak oedema and neutrophil in fi ltration of the surrounding bronchial tissue and large pul-
monary arteries 4 h post-injection. These observations indicated short-term acute pleurisy and loca-
lised bronchopneumonia, which were resolved after 24 h (Figs.  7.3a  and  7.4a ). The right lung and 
pleural cavity remained intact. Administration of anti-human RP S19 rabbit IgG resulted in functional 
loss of mouse RP S19 monomers and oligomers, whereas anti-human C5a rabbit IgG speci fi cally 
induced functional loss of mouse RP S19 oligomers.   

 At 4 h post-injection, compared with the administration of control IgG, the administration of anti-
human RP S19 rabbit IgG induced leukocyte accumulation and haemorrhaging in the surrounding large 
blood vessels and peripheral airway, without an increase in oedema in the surrounding bronchi. 
Consistent with these pathological  fi ndings, following the administration of anti-human RP S19 rabbit 
IgG, the number of leukocytes that in fi ltrated from the circulation into the thoracic cavity through the 
lung parenchyma was 2.6 times higher than that observed in the control IgG-treated mice (Fig.  7.3b ). 

 In contrast to the control injection of distilled water into the right thoracic cavity, carrageenan injec-
tion into the left thoracic cavity induced weak neutrophil in fi ltration as well as oedema surrounding the 
large blood vessels and bronchi after 24 h (Fig.  7.4a ). No alveolar haemorrhaging was observed. 
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Administration of anti-human C5a rabbit IgG into the left thoracic cavity resulted in excessive leukocyte 
accumulation, severe oedema and considerable haemorrhaging surrounding the large blood vessels, 
bronchi and peripheral airway. In fi ltrating neutrophils were a predominant component of the observed 
leukocyte accumulation, and alveolar septum degradation was observed in areas of excessive haemor-
rhaging. In accordance with this pathological  fi nding, the number of leukocytes in fi ltrating the thoracic 
cavity signi fi cantly increased at 24 h post-injection (Fig.  7.4b ). Speci fi cally, the numbers of granulocytes 
and monocytes increased 31 and 11 times, respectively, based on the forward and side scatter values 
determined by FACS analysis. Compared with the total number of granulocytes present in the thoracic 
cavity, the total number of granulocytes present in the peripheral blood was decreased by 50%. 

 Interestingly, at 24 h post-injection, the in fi ltrating neutrophils in the lung parenchyma still did not 
react with Apo-Taq solution (Fig.  7.4a ). These data indicate that the observed tissue destruction could 
be due to the long lifespan of the neutrophils.  
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  Fig. 7.3     Enhancement of neutrophil in fl ux in carrageenan-induced mouse pleurisy by anti-human RP S19 rabbit IgG . 
Pathogen-free female Crij:CD1(ICR) mice (15–20 g body weight range) were purchased from Charies River (Yokohama, 
Japan). Mice were maintained in the Center for Animal Resources and Development, Kumamoto University. Animal 
experiments were performed two separate times in triplicate, under the control of the Ethical Committee for Animal 
Experiment, Kumamoto University School of Medicine. Mice were killed by euthanasia while under ether anaesthesia. 
( a )  Haematoxylin and eosin staining  A sample consisting of 0.5% carrageenin in 100  m L of distilled water was injected 
with 27-gauge needles into the left side of the mouse thoracic cavity along with control rabbit IgG, anti-human RP S19 
rabbit IgG or anti-human C5a rabbit IgG (100  m g IgG/100  m L PBS). The animals were exsanguinated 4 and 24 h later 
under ether anaesthesia, and then, the lungs were immediately collected and  fi xed in 10% formalin for paraf fi n section-
ing. Paraf fi n sections of 4  m m thickness were stained with haematoxylin and eosin ( H/E ) using typical methods. Lung 
sections are stained with hematoxylin and eosin ( H/E ). Cells were observed using an automatic microscope, Provis AX 
(Olympus, Tokyo, Japan) and a digital camera, Penguin 600CL (Pixera, Los Gatos, CA, USA). ( b )  Leukocyte subset 
analysis  Mouse cells in the bone marrow, peripheral blood and thoracic cavity were harvested at 4 and 24 h after treat-
ment with control rabbit IgG, anti-human RP S19 rabbit IgG or anti-human C5a rabbit IgG. Red cells were depleted in 
a 0.83% NH 

4
 Cl solution, and the cell numbers were counted using trypan blue dye exclusion. Percentages of granulo-

cytes, monocytes and T cells were measured on the basis of the forward scatter (FSC) and side scatter (SSC) values. The 
numbers of leukocytes in fi ltrating pleural effusions in carrageenan-induced mouse pleurisy after 4 h were measured 
using FACS analysis following administration of control rabbit IgG or anti-human RP S19 rabbit IgG. Data are expressed 
as the mean ± SD (n = 4).  Statistical analysis  Statistical signi fi cance was calculated by non-parametric or parametric 
tests offered in a two-way analysis of variance window ( *  p  < 0.05;  **  p  < 0.01)       
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    7.3.3   Dual Functions of the Neutrophil C5aR in Acute In fl ammation 

 Complement activation takes place during the initiation phase of acute in fl ammation. The neutrophil 
C5aR, which is the receptor for C5a, is involved in the chemotactic migration of neutrophils during 
this phase. During the resolution phase, C5aR serves as a receptor for RP S19 oligomers in neutro-
phils undergoing apoptosis (Fig.  7.5 ). Therefore, the neutrophil C5aR plays roles in both the initiation 
and resolution phases of acute in fl ammation. Con fl icting experimental data have been reported in 
acute in fl ammation research using mouse and guinea pig models. Treatment with anti-human C5a 
rabbit IgG and C5a/RP S19 results in increased neutrophil in fl ux in carrageenan-induced mouse pleu-
risy versus decreased in fl ux in an anti-ovalbumin Ab-induced reverse passive Arthus reaction guinea 
pig model (Oda et al.  2008  ) . The latter result has also been previously reported in C5aR-de fi cient mice 
(Hopken et al.  1996,   1997  ) . In light of the data obtained in the present study, both of these results can 
now be understood. RP S19 oligomers are predominantly present during the early resolution phase, 
and thus, the neutrophil C5aR functions as a pro-apoptosis receptor during the early resolution phase. 
However, C5a is predominantly present during the early initiation phase, and the neutrophil C5aR 
therefore acts as a chemotaxis/secretion receptor during the early initiation phase.   
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  Fig. 7.4     Reprogramming mouse neutrophils to increase their lifespan via the neutralisation of mouse RP S19 oligomers 
with anti-human C5a rabbit IgG . ( a )  DNA staining  Fragmentation of the 3 ¢ -termini of double-stranded DNA was visua-
lised by the ApoMark DNA Fragmentation Detection Kit (Funakoshi, Tokyo, Japan). Lung sections are stained with 
H/E and using an Apo-Taq kit. ( b ) In addition to the leukocyte subsets in bone marrow ( BM ) and peripheral blood ( PB ), 
the subsets among the leukocytes in fi ltrating pleural effusions in the mouse thoracic cavity ( TC ) in carrageenan-induced 
mouse pleurisy at 24 h were determined using FACS analysis following the administration of control rabbit IgG or anti-
human C5a rabbit IgG. Data are expressed as the mean ± SD (n = 6)       
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    7.3.4   Other Functions of RP S19 in Acute In fl ammation 

 We detected mouse RP S19 monomers not only in a complexed form in plasma but also in free form 
in serum. In contrast to the concentration of plasma prothrombin (50  m g/mL), the concentration of 
plasma RP S19 in ICR mice is generally on the order of several hundred ng/mL, as determined by a 
sandwich enzyme-linked immunosorbent assay (data not shown). Therefore, the formation of com-
plexes between plasma RP S19 monomers and prothrombin did not affect the rate of the complement 
cascade. In contrast, free serum RP S19 monomers are thought to be immediately  fi ltered by the renal 
glomeruli. Recently, free serum RP S19 monomers complexed with macrophage migration inhibitory 
factor were suggested to function as promoters of macrophage migration during the early resolution 
phase of acute in fl ammation (Filip et al.  2009  ) . Thus, the results of our experiments involving the 
neutralisation of mouse serum RP S19 monomers with anti-human RP S19 rabbit IgG suggest an 
inhibitory effect of RP S19 on monocyte migration.  

    7.3.5   C5aR-Mediated Leukocyte In fi ltration in Acute In fl ammation 

 Carrageenan-induced pleurisy and air-pouch in fl ammation models have been well characterised in 
rats (Garcia-Ramallo et al.  2002 ; Murai et al.  2003  ) . The predominant in fi ltration of monocytes into 
acute and chronic in fl ammatory sites is thought to be initiated by chemokines and/or classical 
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  Fig. 7.5     Mechanisms for synchronising the effects of RP S19 oligomers in an autocrine/paracrine manner . In in fi ltrating 
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chemoattractants that are released from apoptotic in fi ltrating neutrophils. We usually refer to 
chemoattractants as “ fi nd me” signals (Chekeni et al.  2010  ) . Recently, the mechanism underlying the 
predominant attraction of monocytes by chemoattractants was described. It was suggested that lacto-
ferrin released from apoptotic cells inhibits the expression of a special integrin involved in neutrophil 
migration (Bournazou et al.  2009  ) . We suggest that the inhibition of lactoferrin release from in fi ltrating 
neutrophils might result in sustained neutrophil in fi ltration (Fig.  7.4a ). 

 Inhibition of “ fi nd me” signals resulted in a decrease in the in fl ux of monocytes in the mouse tho-
racic cavity after 24 h. We previously examined the in fl uence of RP S19 oligomers on the absorption 
rate of intraperitoneally inserted coagula in a guinea pig model. Treatment with RP S19 oligomer-
neutralising antibodies slowed the absorption of coagula via suppression of monocyte migration 
(Nishiura et al.  2010  ) . However, compared with the administration of control rabbit IgG, the number 
of in fi ltrating mouse monocytes was observed to be increased 11-fold by the administration of anti-
human C5a rabbit IgG in the current study (Fig.  7.4b ). The mouse C5a protein and C5aR remained 
active in our experimental setting. It was recently suggested that the C5a–C5aR interaction results in 
an enhancement of chemokine production and activation of macrophage in fl ammatory protein-2, 
monocyte chemoattractant protein-1 and stromal-derived growth factor-1 (Laudes et al.  2002 ; Lee 
et al.  2009  ) . Thus, such chemokine production-enhancing mechanisms might participate in the initia-
tion of monocyte in fi ltration.       
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  Abstract    Background : The complement pathway and CD14 play essential roles in in fl ammation, but 
little is known about the relative roles of complement    and CD14 in  E. coli -induced tissue factor (TF) 
mRNA upregulation, expression by monocytes, and functional activity in human whole blood. 
 Methods : Whole  E. coli  bacteria were incubated for up to 4 h in human whole blood containing the 
anticoagulant lepirudin, which does not affect complement activation. TF mRNA levels were ana-
lyzed using reverse transcription, quantitative real-time PCR (RT-qPCR), and the expression of TF on 
the cell surface was analyzed using  fl ow cytometry. Complement was selectively inhibited using the 
C3 convertase inhibitor compstatin or a C5a receptor antagonist (C5aRa), while CD14 was blocked 
by an anti-CD14 F(ab ¢ ) 

2
  monoclonal antibody.  Results : The  E. coli -induced TF mRNA upregulation 

was reduced to virtually background levels by compstatin, whereas anti-CD14 had no effect. Monocyte 
TF expression and TF activity in plasma microparticles were signi fi cantly reduced by C5aRa. 
Anti-CD14 alone only slightly reduced  E. coli -induced monocyte TF expression but showed a modest 
additive effect when combined with the complement inhibitors. Inhibiting complement and CD14 
ef fi ciently reduced the expression of the  E. coli -induced cytokines IL-1 b , IL-6, IL-8, and platelet-
derived growth factor bb.  Conclusion : Our results indicate that  E. coli -induced TF mRNA upregula-
tion is mainly dependent on complement activation, while CD14 plays a modest role in monocyte TF 
expression and the plasma TF activity in human whole blood.    

    8.1   Introduction 

 Sepsis almost invariably leads to hemostatic abnormalities ranging from insigni fi cant blood test 
changes to severe disseminated intravascular coagulation (DIC), which may cause bleeding or micro-
vascular dysfunction and contributes to organ failure (Levi et al.  2006  ) . Gram-negative bacteria such 
as  Escherichia coli  are important pathogens that cause urinary tract infections and sepsis in humans. 

 Tissue factor (TF) is the main initiator of blood coagulation in vivo. TF is a 47 kDa, type I trans-
membrane glycoprotein that initiates coagulation by binding to factor VII/VIIa and the active serine 
protease FVIIa (Siegbahn  2000  ) . The TF/factor VIIa complex has both procoagulant capabilities and 
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signaling activities (Mackman  2009  ) . TF is constitutively expressed in the cells surrounding the blood 
vessels and large organs, forming a hemostatic barrier (Mackman  2009  ) . The total lethality of homozy-
gous TF knockout mouse embryos indicates that TF is indispensable for life (Siegbahn et al.  2005  ) . 
During infection, bacteria and lipopolysaccharides (LPS) also induce TF expression in endothelial 
cells and monocytes (Siegbahn  2000  ) . TF activity may also be present in plasma microparticles 
derived from activated platelets or apoptotic monocytes in the blood (Henriksson et al.  2005  ) . These 
intravascular microparticles can fuse with activated platelets (Del Conde et al.  2005  )  and bind to 
endothelial cells, resulting in their concentration at sites of injury (Coughlin  2000  ) . In healthy indi-
viduals, monocytes express traces of TF encrypted in the cell membrane (Osterud et al.  2008  ) . 

 The most studied inducer of TF expression in vivo and in vitro is LPS, the main component of the 
outer membrane of Gram-negative bacteria (Hiller et al.  1977  ) . LPS-induced TF expression by mono-
cytes is dependent on the recognition molecule CD14 (Meszaros et al.  1994  ) . LPS binds to LPS-
binding protein (LBP) in the plasma, and the LBP-LPS complex binds to the cell surface receptor 
CD14 (Schumann et al.  1990  ) . Membrane-bound CD14 then transports LPS to the co-receptor MD-2, 
which induces Toll-like receptor-4 (TLR-4) dimerization and activates a signaling cascade via myel-
oid differentiation protein 88 (MyD88) (Malarstig and Siegbahn  2007  ) . Thereafter, the NF k B subunits 
p50 and p65 translocate into the nucleus for the initiation of transcription, leading to the upregulation 
of TF and many other in fl ammatory mediators, including a number of cytokines (Oeth et al.  1994  ) . 
Other proin fl ammatory mediators, such as immune complexes (Lyberg and Prydz  1982  ) , complement 
(Prydz et al.  1977  ) , oxidized low density lipoprotein (Eligini et al.  2002  ) , tumor necrosis factor- a  
(TNF)- a , IL-1 a  and IL-1 b  (Osnes et al.  1996  ) , monocyte chemoattractant protein-1 (Ernofsson and 
Siegbahn  1996  ) , platelet-derived growth factor bb (Ernofsson and Siegbahn  1996  ) , C-reactive protein 
(Ernofsson et al.  1996  ) , and tethering adhesion molecules (Kappelmayer et al.  1993  ) , also induce TF 
expression in monocytes in vitro. In a whole blood environment, however, only LPS, immune com-
plexes, and adhesion induce TF expression in monocytes (Osterud  1995  ) . 

 The activation of the complement system is a hallmark of severe Gram-negative sepsis and is 
related to disease severity (Brandtzaeg et al.  1989  ) .  E. coli  bacteria mainly activate the alternative 
pathway (Mollnes et al.  2002  ) . Blocking the C5a-receptor during experimental, sepsis greatly improves 
survival in rodents, supporting a key role of complement activation in sepsis (Riedemann et al.  2003  ) . 
LPS-induced septic shock in rats can be mimicked by the injection of C5a, and blocking C5a with an 
antibody attenuates LPS-induced responses (Ward  2004  ) . However, whole  E. coli  bacteria activate the 
complement system more potently than  E. coli -derived LPS (Brekke et al.  2007  ) .  E. coli -induced 
complement activation results in the release of C5a, rapidly upregulates CD11b and enhances the 
oxidative burst in human whole blood granulocytes and monocytes (Mollnes et al.  2002  ) . This  E. coli -
induced CD11b upregulation and oxidative burst were completely blocked by inhibiting C5a and 
CD14 (Brekke et al.  2007  ) . 

 Therefore, the purpose of the present study was to examine the separate and combined effects of 
complement and CD14 inhibition on  E. coli -induced TF mRNA upregulation, monocyte TF expres-
sion, and plasma TF activity in human whole blood. The anticoagulant lepirudin was used because, in 
contrast to heparin and calcium-binding anticoagulants, it does not affect complement activation 
(Mollnes et al.  2002  ) .  

    8.2   Materials and Methods 

    8.2.1   Antibodies and Reagents 

 All equipment, including tubes, tips, and solutions, were endotoxin-free. Polypropylene tubes from 
Nalgene Nunc (Roskilde, DK) were used to obtain low background activation of complement. Sterile 
phosphate-buffered saline (PBS) with or without Ca 2+  and Mg 2+  was from Life Technologies (Paisley, UK). 
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Lepirudin (Re fl udan ® ) was obtained from Hoechst (Frankfurt am Main, Germany). Ultrapure (up) 
 E. coli  LPS (strain O111:B4) was purchased from InvivoGen (San Diego, CA). Recombinant human 
apo-tissue factor was purchased from Calbiochem ®  Merck Biosciences Gmbh (Swalbach, Germany). 
A potent analog (Ac-I[CV(1MeW)QDWGAHRC]T-NH 

2
 ) of the C3 convertase inhibitor compstatin 

(Katragadda et al.  2006  ) , its corresponding control peptide (Ac-IAVVQDWGAHRAT-NH 
2
 ), and the 

speci fi c C5a-receptor-antagonist (AcF[OPdChaWR]) (C5aRa) were synthesized, as previously 
described (Strey et al.  2003  ) . Murine antihuman CD14 F(ab ¢ ) 

2
  (clone 18D11) was obtained from 

Diatec AS (Oslo, Norway). The optimal inhibitor concentration was determined in separate dose-
response experiments (data not shown). All inhibitors were checked for LPS contamination using an 
endotoxin kit from Cape Cod Inc. (East Falmouth, MA) or QCL-1000 from BioWhittaker (Walkersville, 
MD), with the  fi nal LPS contamination measuring in the low pg/mL range.  

    8.2.2   Bacterial Preparation 

 Nonopsonized  E. coli  strain LE392 (ATCC 33572) was obtained from the American Type Culture 
Collection (Manassas, VA). The bacteria were grown, heat-inactivated, and washed nine times in PBS 
without Ca 2+  and Mg 2+  to remove extracellular LPS, as previously described (Mollnes et al.  2002  ) . 
A stock solution of 0.5 × 10 9  bacteria per mL PBS was stored at +4°C. The LPS concentration in the 
bacterial supernatant was 5 ng/mL and was diluted to 580 pg LPS/mL when the  fi nal  E. coli  concen-
tration was 14.2 × 10 6  cells / mL.  

    8.2.3   Whole Blood Model of Sepsis 

 Blood from healthy adult donors was obtained according to guidelines from the Regional Ethics 
Committee after informed consent. Experiments with each blood sample were performed as single 
experiments at different time points. In brief, fresh venous human blood was drawn from an antecu-
bital vein into sterile polypropylene tubes containing lepirudin (50  m g/mL). Aliquots (500  m L) of 
whole blood were then preincubated in PBS with Ca 2+  and Mg 2+  or antibodies or inhibitors in PBS 
(100  m L or 14.3% (v/v)) for 4 min in sterile polypropylene tubes as indicated.  E. coli, E. coli  LPS or 
PBS (100  m L or 14.3% (v/v)), was then added, and the samples were incubated at 37°C for the time 
indicated. After incubation, the samples were immediately processed for  fl ow cytometry. The plasma 
was harvested by centrifugation (3,220 ×  g , 15 min), and samples were stored at −80°C.  

    8.2.4   RT-qPCR of TF mRNA Expression 

 Total RNA was extracted from lepirudin-treated whole blood using the total RNA chemistry protocol 
from Applied Biosystems (ABI, Foster City, CA). Whole blood samples were centrifuged (3,220 ×  g , 
15 min), and two volumes of 1× nucleic acid puri fi cation lysis solution (ABI) were added to the blood 
cells. The lysate was stored at −70°C. Total RNA was extracted using an ABI PRISM™ 6100 Nucleic 
Acid PrepStation in accordance with the manufacturer’s protocol. The RNA was quanti fi ed by UV 
spectroscopy using the Gene Quant II (Pharmacia Biotech, Cambridge, UK). Thereafter, cDNA was 
synthesized from approximately 0.2  m g RNA using the High-Capacity cDNA Archive Kit (ABI) and 
the 2720 Thermal Cycler (ABI). RT-qPCR was performed with TaqMan Universal PCR Master Mix 
(ABI) and predeveloped TaqMan ®  gene expression assays (ABI). The gene expression assays used 
were TF (Hs00175225_m1) and beta-2-microglobulin (assay ID 4333766F). Beta-2-microglobulin 
was used as the endogenous control. The PCR was performed in triplicate in a single-plex reaction 



126 O.-L. Brekke et al.

containing a 25- m L  fi nal volume using the 7500 Real-Time PCR System (ABI) in accordance with the 
manual. The threshold cycles (Ct) were determined by comparing all samples with the zero time cali-
brator (T0). The T0 value was set to one using the delta-Ct method for relative quanti fi cation.  

    8.2.5   Flow Cytometry 

 TF and CD14 were detected simultaneously using a FITC-conjugated murine antihuman TF antibody 
(product no. 4507CJ, clone VD8, American Diagnostica Inc., Stamford, CT) and a PE-conjugated 
anti-CD14 antibody (Becton Dickinson, San Jose, CA). A mouse IgG1-FITC antibody (Becton 
Dickinson) served as an isotype Fc gamma control. The antibodies were added to 25- m L blood and 
incubated for 15 min in the dark. Thereafter, 500- m L EasyLyse (Dako, Glostrup, DK) was added, and 
samples were incubated for another 15 min in the dark. The samples were centrifuged (290 ×  g , 5 min), 
300- m L PBS was added, and samples were analyzed using a FACScalibur cytometer from BD. The 
monocytes were gated using a CD14 PE/SSC dot plot, and the median  fl uorescence intensity (MFI) 
for the gamma control was subtracted from the MFI indicating TF expression.  

    8.2.6   Quanti fi cation of TF Activity in Plasma Microparticles 

 Whole blood samples were centrifuged as described above, and the TF functional activity in plasma 
microparticles from platelet-poor plasma was analyzed as described by Engstad et al.  (  1995  ) . Brie fl y, 
microparticles were isolated from previously isolated platelet-poor plasma by ultracentrifugation at 
40,000 ×  g  for 1 h 30 min at 4°C, followed by resuspension in 200- m L 0.15 M NaCl and freezing at 
−70°C. Samples were then thawed and tested for TF activity. TF was measured in a two-stage amido-
lytic assay based on the ability of TF to accelerate the activation of FX by FVIIa, followed by the FXa 
conversion of prothrombin to thrombin in the presence of activated FV. Thrombin was quanti fi ed 
using the Th-1 substrate, and the amount of color generated was determined spectrophotometrically 
at 405 nm using a microplate reader. Crude rabbit brain extract was used as a standard for TF activity, 
with an undiluted activity assigned at 1,000 mU/mL.  

    8.2.7   ELISA of the Terminal Complement Complex (TCC) 

 The activation of the complement cascade was analyzed by measuring the soluble C5b-9 terminal 
complement complex (TCC) using an ELISA as previously described (Mollnes et al.  1985  ) . The 
monoclonal antibody aE11, which reacts with the C9 neoepitope exposed after incorporation in the 
C5b-9 complex, was used as the capture antibody, and a biotinylated anti-C6 monoclonal antibody 
(Quidel Corporation, San Diego, CA) was used as the detection antibody. The results were expressed 
in arbitrary units/mL (AU/mL), using human serum activated with zymosan as a positive control set 
to 1,000 AU/mL.  

    8.2.8   Cytokine Analysis 

 Lepirudin plasma was prepared by centrifugation, as described above. The cytokine levels in the 
plasma were analyzed using the microsphere-based Bio-Plex Human Cytokine 27-plex (27 different 
cytokines, interleukins, and growth factors) Assay (Bio-Rad, Hercules, CA), as previously described 
(Brekke et al.  2008  ) .  
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    8.2.9   Statistics 

 The data were analyzed using the SigmaStat version 3.5 statistical program (Systat Software Inc., 
Chicago, IL). The data were analyzed by one-way, repeated measures ANOVA using Dunnett’s post 
hoc multiple comparisons. Data were compared to  E. coli  alone after 2 h. The data were transformed 
logarithmically if the normality test failed.  p  < 0.05 was considered statistically signi fi cant.   

    8.3   Results 

    8.3.1   The Effect of Selective Complement and CD14 Inhibition 
on  E. coli -Induced TF mRNA Upregulation in Human 
Whole Blood 

 Incubation with  E. coli  (14.2 × 10 6 /mL) for 2 h in fresh human whole blood increased TF mRNA lev-
els approximately sixfold compared to the spontaneous control (Fig.  8.1 ). The C3 convertase inhibitor 
compstatin abolished  E. coli -induced TF mRNA upregulation ( p  < 0.05). C5aRa also markedly reduced 
 E. coli -induced TF mRNA upregulation, although the reduction did not reach statistical signi fi cance. 
Furthermore, inhibiting both complement and CD14 had no additional effect. In comparison, selective 
CD14 inhibition using anti-CD14 had no effect on  E. coli -induced TF mRNA upregulation. Similar 
results were found using a higher  E. coli  concentration (data not shown). The incubation of whole 
blood with PBS only for 2 h led to the spontaneous upregulation of TF mRNA (Fig.  8.1 ,  fi rst left 
column) as compared to baseline levels at time zero, which were set to RQ = 1 in the assay.   
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  Fig. 8.1     The effect of selective complement and CD14 inhibition on E. coli-induced TF mRNA upregulation in human 
whole blood .  E. coli  (14.2 × 10 6 /mL) was incubated with human whole blood in the presence of compstatin (25  m M), a 
C5a receptor antagonist (C5aRa, 10  m g/mL), anti-CD14 F(ab ¢ ) 

2
  (anti-CD14, 50  m g/mL), or combination thereof. 

A control peptide (10  m g/mL) and a control F(ab ¢ ) 
2
  (50  m g/mL) were added in combination as a control (Control). Total 

RNA was extracted from whole blood and TF expression was analyzed using RT-qPCR. The TF mRNA level in the 
spontaneous control after incubation with PBS only is indicated ( fi rst bar from the  left ). The fold change in TF mRNA 
relative to the baseline sample at time zero is expressed as relative quantitation ( RQ ). Values are means ±SD (n = 4) 
using separate blood donors in each experiment.  *  p  < 0.05 compared to  E. coli  in the absence of inhibitors       
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    8.3.2   Time Course of  E. coli -Induced TF Cell Surface Expression 
on Monocytes and Dose-Response Effect of LPS 

 The incubation of whole blood with  E. coli  (14.2 × 10 6 /mL) was continued for up to 4 h (Fig.  8.2 ). 
A time-dependent increase in the monocyte TF cell surface expression was observed after 1 h 
(Fig.  8.2 ). TF expression by monocytes did not increase in whole blood incubated in the absence of 
bacteria (Fig.  8.2 ). The expression of TF on the surface of whole blood granulocytes was not detected 
using  fl ow cytometry (data not shown); however, cytoplasmic TF staining was not performed in this 
study.  

  E. coli  dose dependently increased monocyte expression of TF (Fig.  8.3a ). Ultra-puri fi ed LPS was 
then added to whole blood at doses ranging from 1 to 10,000 ng/mL, and the incubation continued for 
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  Fig. 8.2     Time course of E. coli-induced TF expression in whole blood monocytes . Human whole blood was incubated 
in the absence ( open square ) or presence ( open triangle ) of  E. coli  (14.2 × 10 6 /mL). The expression of TF on the surface 
of monocytes was analyzed using  fl ow cytometry at the time points indicated and is expressed as MFI. Values are means 
±SD from two to three separate experiments using different blood donors each time       
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  Fig. 8.3     The dose-response effect of E. coli bacteria and ultra-puri fi ed E. coli LPS on monocyte TF expression in 
human whole blood . ( a ) The dose-response effect of  E. coli  bacteria ( open triangles ) and ( b ) ultra-puri fi ed  E. coli  LPS 
( open circles ) on monocyte TF expression. TF surface expression was analyzed using  fl ow cytometry and is expressed 
as MFI. Values are means ±SD from two to three separate experiments using different blood donors each time       
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4 h (Fig.  8.3b ). LPS dose dependently increased TF expression by human whole blood monocytes 
(Fig.  8.3b ). Notably, LPS at a dose below 1,000 ng/mL did not activate complement measured as TCC 
in plasma (data not shown). In comparison,  E. coli  bacteria signi fi cantly increased the TCC levels 
threefold compared to the PBS control after 2 h of incubation (data not shown), which is in accor-
dance with previous  fi ndings (Brekke et al.  2007  ) .  

 To con fi rm the speci fi city of the  fl ow cytometry used to detect the expression of TF in monocytes, 
recombinant human TF (rhTF) was added to human whole blood. The addition of increasing concen-
trations of rhTF dose dependently blocked the  E. coli -induced TF MFI signal detected by  fl ow cytom-
etry (data not shown), con fi rming the speci fi city of this antibody in this particular method.  

    8.3.3   The Effect of Selective Complement and CD14 Inhibition 
on  E. coli -Induced TF Surface Expression in Monocytes 

 Incubating monocytes with  E. coli  for 2 h signi fi cantly ( p  < 0.05) enhanced monocyte TF (MFI) 
expression (Fig.  8.4 ). The selective inhibition of complement using compstatin or CD14 using anti-
CD14 nonsigni fi cantly reduced  E. coli -induced TF expression by 31% and 14%, respectively. In 
comparison, treating monocytes with C5aRa alone signi fi cantly reduced  E. coli -induced TF expres-
sion by 47% ( p  < 0.05). The combination of compstatin and anti-CD14 signi fi cantly reduced the 
 E. coli -induced expression of TF in monocytes by 67% ( p  < 0.05), and the combination of C5aRa and 
anti-CD14 signi fi cantly reduced the  E. coli -induced TF expression by 73% ( p  < 0.05) (Fig.  8.4 ). 
Similar effects were also obtained when TF expression was calculated as the percent of all CD14 posi-
tive cells that were also TF positive (data not shown). Thus, treatment with anti-CD14 and the com-
plement inhibitors exhibited an additive effect when TF expression was calculated either as MFI or 
the percentage of TF + cells. The combined effect of increasing doses of compstatin and anti-CD14 on 
 E. coli -induced TF expression was then examined. Compstatin alone and compstatin plus anti-CD14 
both dose dependently reduced  E. coli -induced TF expression by monocytes in human whole blood 
(data not shown).   
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  Fig. 8.4     The effect of selective complement and CD14 inhibition on E. coli-induced TF expression by human monocytes . 
 E. coli  (14.2 × 10 6 /mL) was added to human whole blood in the presence of compstatin, C5aRa, anti-CD14, or a combi-
nation thereof as indicated. The concentrations and abbreviations of inhibitors and controls are the same as indicated in 
the legend for Fig.  8.1 . The expression of TF on the surface of monocytes after 2 h of incubation was analyzed using 
 fl ow cytometry and is expressed as MFI. The TF expression in the baseline sample after 2 h of incubation with PBS only 
is shown in the  fi rst bar from the left. Values are given as means ±SD (n = 6) using separate blood donors each time. 
 *  p  < 0.05 compared to  E. coli  in the absence of inhibitors       
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    8.3.4   The Effect of Selective Complement and CD14 Inhibition 
on TF Functional Activity in Plasma Microparticles 

 Very low baseline levels of TF activity in plasma microparticles were detected at time zero (data not 
shown). There was no increase in TF activity in samples incubated with PBS between baseline and 
two hours (Fig.  8.5a , b,  fi rst left column). After 2 h of incubation, a low dose of  E. coli  (14.2 × 10 6 /mL) 
enhanced TF activity 13-fold compared to the spontaneous control (Fig.  8.5a ). Selective complement 
inhibition using compstatin or C5aRa reduced  E. coli -induced TF activity in plasma microparticles by 
44% and 34%, respectively. However, compstatin plus anti-CD14 reduced low-dose  E. coli -induced 
TF activity in plasma microparticles by 96%. In comparison, C5aRa and anti-CD14 in combination 
reduced the  E. coli -induced TF activity by 79%. In contrast, anti-CD14 alone had no effect on  E. coli -
induced TF activity in plasma microparticles. A high dose of  E. coli  (71 × 10 6 /mL) enhanced TF 
functional activity approximately 41-fold (Fig.  8.5b ). C5aRa was the most ef fi cient treatment, reducing 
 E. coli -induced TF activity by approximately 86% ( p  < 0.05). Compstatin and anti-CD14 in combina-
tion reduced high-dose  E. coli -induced TF activity by 38%. In comparison, the combination of C5aRa 
and anti-CD14 reduced  E. coli -induced TF activity by 60%. Again, anti-CD14 alone had no effect, 
indicating that CD14 does not play a major role in  E. coli -induced TF activity in plasma.   
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  Fig. 8.5     The effect of 
selective complement and 
CD14 inhibition on E. 
coli-induced TF functional 
activity in plasma 
microparticles . ( a ) A low 
dose (14.2 × 10 6 /mL) or 
( b ) high dose (71 × 10 6 /mL) 
of  E. coli  was added to 
human whole blood in the 
presence of compstatin, 
C5aRa, anti-CD14, or a 
combination thereof. The 
concentrations of inhibitors 
and controls are indicated in 
the legend for Fig. 1. The TF 
activity in plasma 
microparticles from 
platelet-poor plasma was 
analyzed in a two-stage 
amidolytic assay. The TF 
activity after 2 h of 
incubation with PBS only is 
shown in the  fi rst bar from 
the left. TF activity is 
expressed as mUnits/mL 
(mU/mL). Values are means 
±SD (n = 2–4).  *  p  < 0.05 
compared to  E. coli  in the 
absence of inhibitors       
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    8.3.5   The Effect of Selective Complement and CD14 Inhibition 
on  E. coli -Induced Cytokine Synthesis 

 We next examined the effect of complement and CD14 inhibition on  E. coli  (14.2 × 10 6 /mL)-induced 
cytokine levels in the plasma from six healthy blood donors after 2 h of incubation (Fig.  8.6 ). The 
 E.  coli -induced synthesis of IL-1 b  was only reduced by compstatin or C5aRa and anti-CD14 in com-
bination (Fig.  8.6a ). The C3 convertase inhibitor compstatin and C5aRa both signi fi cantly reduced 
 E. coli -induced IL-8 synthesis but had no effect on the other cytokines examined (Fig.  8.6d ). In com-
parison, anti-CD14 signi fi cantly reduced  E. coli -induced IL-1ra, IL-6, IL-8 (Fig.  8.6b–d ), and IP-10 
synthesis (Fig.  8.7c ). The combination of complement and CD14 inhibition almost completely blocked 
 E. coli -induced cytokine synthesis (Figs.  8.6  and  8.7 ).     

    8.4   Discussion 

 This chapter indicates an essential role of complement in  E. coli -induced TF mRNA upregulation, a 
combined role of complement and CD14 in TF surface expression by human whole blood monocytes 
and a major role of complement in TF functional activity in plasma. 

  Fig. 8.6     The effect of selective complement and CD14 inhibition on E. coli-induced IL-1 b , IL-1ra, IL-6, and IL-8 synthesis 
in whole blood . A low dose of  E. coli  (14.2 × 10 6 /mL) was added to human whole blood in the presence of compstatin, C5aRa, 
anti-CD14, or a combination thereof and incubated for 2 h. The concentrations of inhibitors and controls are indicated in the 
legend for Fig.  8.1 . ( a ) IL-1 b , ( b ) IL-1ra, ( c ) IL-6, and ( d ) IL-8 levels in plasma were analyzed using a multiplex ELISA. 
Results are expressed as pg/mL. Values are means ±SD (n = 6).  *  p  < 0.05 compared to  E. coli  in the absence of inhibitors         
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 We analyzed TF mRNA upregulation, TF expression on the surface of monocytes, and TF 
functional activity in plasma microparticles and found a distinct TF signal after 2 h of incubation with 
 E. coli . The time course for  E. coli -induced TF expression suggests that new TF is synthesized by 
increased transcription and potentially the translation of nascent TF molecules as well. This result is 
supported by the  E. coli -induced TF mRNA upregulation we observed in whole blood and is in agree-
ment with previous data generated using LPS (Gregory et al.  1989  ) . The upregulation of TF mRNA 
was analyzed in total mRNA from whole blood in this study, and it is therefore not possible to deter-
mine whether this upregulation occurred in monocytes, granulocytes (Kambas et al.  2008  ) , or other 
cell types. 

 The signi fi cant effect that compstatin had on  E. coli -induced TF mRNA upregulation indicates that 
complement activation plays a major role in TF mRNA upregulation. Furthermore, the effect of C5aRa 
on  E. coli- induced TF mRNA upregulation suggests that the anaphylatoxin C5a may be involved. The 
spontaneous increase in TF mRNA during the incubation of otherwise untreated samples indicates that 
whole blood exposed to polypropylene plastic tubes upregulates TF mRNA in a manner similar to other 
bio-incompatibility reactions of immunocompetent cells (Nilsson et al.  2007  ) . However, this spontane-
ous TF mRNA upregulation was not followed by a spontaneous increase in TF expression by mono-
cytes. We also found that anti-CD14 did not inhibit  E. coli -induced TF mRNA upregulation. Compared 
to the signi fi cant effect compstatin had on this process, our data suggest that the  E. coli -induced TF 

  Fig. 8.7     The effect of selective complement and CD14 inhibition on E. coli-induced PDGFbb, TNF- a , IP-10, and 
GM-CSF . A low dose of  E. coli  (14.2 × 10 6 /mL) was added to human whole blood in the presence of compstatin, C5aRa, 
anti-CD14, or a combination thereof and incubated for 2 h. The concentrations of inhibitors and controls are indicated 
in the legend for Fig.  8.1 . ( a ) PDGFbb, ( b ) TNF- a , ( c ) IP-10, and ( d ) GM-CSF levels in plasma were analyzed using a 
multiplex ELISA. Results expressed as pg/mL. Values are means ±SD (n = 6).  *  p  < 0.05 compared to  E. coli  in the 
absence of inhibitors         
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mRNA upregulation in human whole blood is almost completely dependent on complement and is 
CD14 independent. This conclusion is supported by the  fi nding that compstatin alone inhibited the 
upregulation of TF mRNA better than the combination of compstatin and anti-CD14. Studies using 
LPS as a stimulant make it dif fi cult to identify the important role played by complement in  E. coli -
induced TF upregulation because LPS only activates complement at high concentrations (Brekke et al. 
 2007  ) . Compstatin binds to and neutralizes native C3, thereby inhibiting the C3 convertase-mediated 
cleavage of C3 to C3a and C3b (Sahu et al.  1996  ) . The  fi nding that the combination of compstatin and 
anti-CD14 signi fi cantly reduced TF expression by monocytes indicates that anti-CD14, which did not 
signi fi cantly reduce TF expression on its own, inhibits a different pathway leading to TF expression. 
Recent studies have shown that TF receives several posttranslational modi fi cations, and we speculate 
that these processes may be affected by LPS (Mohan Rao and Mackman  2010  ) . Anti-CD14 probably 
blocks the binding of LPS to membrane-bound CD14 on monocytes, although its effects on soluble 
CD14 in the plasma may also be involved. The  fi nding that we more than doubled the inhibitory effect 
on monocyte TF expression by combining compstatin and anti-CD14 suggests that complement and 
CD14 synergistically affect TF surface expression. The mechanism behind this combined complement 
and CD14 inhibition is not known, although previous data indicates that it blocks both phagocytosis of 
 E. coli  and cytokine synthesis (Brekke et al.  2008  ) . In addition, CD14 is an important recognition mol-
ecule associated with the functions of TLR2 and TLR3. The signi fi cant effect that inhibiting comple-
ment and CD14 has on  E. coli -induced cytokine expression was con fi rmed by this report after we 
switched to using Nunc tubes (Brekke et al.  2008  ) . The  fi nding that the C5aRa ef fi ciently reduced TF 
expression supports the idea that complement plays an important role in mediating TF expression by 
monocytes. However, treating cells with C5aRa and anti-CD14 in combination further reduced the 
 E. coli -induced TF expression by monocytes, suggesting a synergistic cross talk between the C5aR and 
the TLR-4/CD14/MD2 receptor complex. The main mechanism functioning in this process is probably 
the complement-mediated inhibition of TF mRNA upregulation. The complement-dependent expres-
sion of TF in monocytes that we identi fi ed is in accordance with a previous study showing that 
 N. meningitidis -induced TF expression was more than 50% dependent on complement (Lappegard 
et al.  2009  ) . Because the C3 convertase inhibitor compstatin completely blocked  E. coli -induced mRNA 
upregulation but only slightly reduced  E. coli -induced TF expression by monocytes, it is possible that 
presynthesized TF is exposed on the monocyte surface in response to  E. coli  in a process that is partly 
dependent on C3 activation. However, the C5aRa signi fi cantly reduced  E. coli -induced TF expression, 
suggesting that C5a might be involved. Because compstatin inhibits complement and is a small nonim-
munogenic peptide, it is a potential therapeutic agent (Janssen et al.  2007  ) . The role of excessive com-
plement activation in experimental sepsis models is further supported by the pivotal role of the C5a–C5a 
receptor interaction in the development of the systemic in fl ammatory response and multiorgan failure 
(Ward  2004 ; Huber-Lang et al.  2002  ) . In human sepsis, harmful outcomes have been correlated with 
increased plasma levels of the complement activation products C3a, C4a, and C5a (Nakae et al.  1996  ) . 
The potential bene fi cial effects of complement inhibitors in the prevention of tissue factor-induced 
thrombosis in vivo remain to be elucidated. 

 Huber-Lang et al. have described a new pathway of complement activation that is C3-independent 
(Huber-Lang et al.  2006  ) . Their study showed that in the genetic absence of C3, thrombin substitutes 
for the C3-dependent C5 convertase. The potential role of this pathway in our in vitro sepsis model is 
dif fi cult to assess due to the fact that we used lepirudin, a thrombin inhibitor, as the anticoagulant. It 
is possible that lepirudin inhibits this new pathway by using thrombin as an alternative C5 convertase. 
Whether TF or related factors are activated concomitantly with complement to convert prothrombin 
to thrombin remains to be determined. 

 This study indicates that anti-CD14 alone has no effect on  E. coli -induced TF mRNA upregulation, 
TF expression by monocytes, or TF activity in whole blood. This may be due to the low concentration 
of free LPS in our  E. coli  bacteria preparation, which was at the pg/mL level. However, ultra-puri fi ed 
LPS at high concentrations signi fi cantly increased TF expression on monocytes, as expected. A study 
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by Steinemann et al. showed that anti-CD14 inhibited LPS-induced TF expression on monocytes, 
supporting that CD14 is important in LPS-induced TF expression (Steinemann et al.  1994  ) . Although 
crude LPS preparations were used in their study, Osterud et al. previously showed that complement 
may play a role in LPS-induced TF (Osterud et al.  1984  ) . However, the addition of low doses of 
 E. coli  LPS did not stimulate complement activation (Brekke et al.  2007  ) . To the best of our knowl-
edge, there is no previous report on the relative roles of complement and CD14 on  E. coli -induced TF 
expression in human whole blood using lepirudin as an anticoagulant. 

 The combined inhibition of complement and anti-CD14 ef fi ciently reduced  E. coli -induced 
cytokine release. The release of IL-1 b  in the plasma indicates that caspase-1 is activated through the 
in fl ammasome, resulting in the subsequent synthesis of pro-IL-1 b  and the release of IL-1 b  into the 
plasma (Van de Veerdonk et al.  2011  ) . The inhibitory effect that compstatin or C5aRa and anti-CD14 
in combination have on  E. coli -induced IL-1 b  and TF expression indicates that complement activation 
acts upstream of in fl ammasome activation. Interestingly, the C3 convertase inhibitor compstatin and 
C5aRa both increased the synthesis of IL-1ra, which binds to and thereby inhibits the effect of IL-1 b  
(Gabay et al.  2010  ) . We speculate that the C3 convertase inhibitor compstatin partly inhibits 
in fl ammation through increased IL-1ra synthesis in addition to inhibiting complement activation. 
Furthermore, the level of platelet-derived growth factor bb (PDGF bb) was also reduced by the com-
bination of C5aRa and anti-CD14, indicating that adding  E. coli  to whole blood activates platelets and 
that this activation is reduced by blocking C5aR and CD14. However, the reduction of PDGF bb levels 
by compstatin or C5aRa alone was not statistically signi fi cant. In summary, the inhibition of comple-
ment and CD14 signi fi cantly reduced the levels of  E. coli -induced IL-1 b  and other cytokines in addi-
tion to reducing TF expression, suggesting that complement and CD14 block signaling pathways that 
are upstream of in fl ammasome activation. 

 In conclusion, the present data indicate that complement is essential for  E. coli -induced TF mRNA 
upregulation and that complement participates in  E. coli -induced TF expression by monocytes. 
Adding CD14-inhibition to complement inhibition adds moderately to the expression of TF on human 
monocytes and, to some extent, plasma TF functional activity. This process seems to be upstream of 
the actual coagulation cascade itself. The potentially bene fi cial effects that inhibiting complement has 
on TF expression during  E. coli  sepsis requires clari fi cation in future studies.      
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  Abstract   Recent approval of the  fi rst human complement pathway-directed therapeutics, along with 
high-pro fi le genetic association studies, has catalyzed renewed biopharmaceutical interest in develop-
ing drugs that modulate the complement system. Substantial challenges remain, however, that must be 
overcome before widespread application of complement inhibitors in in fl ammatory and autoimmune 
diseases becomes possible. Among these challenges are the following: (1) de fi ning the complement 
pathways and effector mechanisms that cause tissue injury in humans and determining whether the 
relative importance of each varies by disease, (2) blocking or modulating, using traditional small 
molecule or biologic approaches, the function of complement proteins whose circulating levels are 
very high and whose turnover rates are relatively rapid, especially in the setting of acute and chronic 
autoimmune diseases, and (3) avoiding infectious complications or impairment of other important 
physiological functions of complement when using systemically active complement-blocking agents. 
This chapter will review data that address these challenges to therapeutic development, with a focus 
on the development of a novel strategy of blocking speci fi c complement pathways by targeting inhibi-
tors using a recombinant portion of the human complement receptor type 2 (CR2/CD21) which 
speci fi cally targets to sites of local complement C3 activation where C3 fragments are covalently 
 fi xed. Recently, the  fi rst of these CR2-targeted proteins has entered human phase I studies in the 
human disease paroxysmal nocturnal hemoglobinuria. The results of murine translational studies 
using CR2-targeted inhibitors strongly suggest that a guiding principle going forward in complement 
therapeutic development may well be to focus on developing strategies to modulate the pathway as 
precisely as possible by physically localizing therapeutic inhibitory effects.    

    Chapter 9   
 CR2-Mediated Targeting of Complement Inhibitors: 
Bench-to-Bedside Using a Novel Strategy for Site-Speci fi c 
Complement Modulation       

      V.   Michael   Holers    ,    Bärbel   Rohrer   , and    Stephen   Tomlinson      
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    9.1   Overview: Local Complement Activation in Human Disease Pathogenesis 

 The complement system plays a central role in the pathophysiology of many human diseases [reviewed 
in Holers  (  2001 , 21.1–21.8;  2008 , 223:316)]   . This interaction is complex, however, because of the dual 
roles of complement, being both protective in its ability to clear circulating immune complexes and 
apoptotic debris as well as damaging when inappropriately activated locally on self-tissues, especially 
in the disease systemic lupus erythematosus (SLE) but also likely in other conditions (Carroll  1998b , 
16:545–568;  2000 , 74:61–88). Nevertheless, because complement activation fragments, especially 
those derived from C3, are present in essentially all autoimmune, in fl ammatory, and ischemic human 
diseases, implying a potential pathogenic role, therapeutic manipulation of the system in humans has 
remained a major goal in drug development (Ricklin and Lambris  2007 , 25:1265–1275). 

 The complement system consists of soluble activation pathway proteins found in the blood and 
tissues, as well as membrane-bound receptors and both soluble and membrane-bound regulatory pro-
teins (Table  9.1 ). The biologic roles of the complement system depend on the speci fi c context in 
which activation occurs and the number and levels of effector molecules that are generated. The 
bene fi cial effects of complement activation that have been described are many and include recognition 
and clearance of foreign and nonself-antigens and pathogens (Fearon and Locksley  1996 , 272:50–54), 
modulation of both humoral (Carroll 1998, 16:545–568) and cellular (Kaya et al.  2001 , 2:739–745) 
immune responses, enhancement of phagocytosis (Brown  1991 , 3:76–82), nonin fl ammatory clear-
ance of self-antigens derived from apoptotic processes (Botto and Walport  2002 , 205:395–406), trans-
port of immune complexes for disposal (Davies et al.  1992 , 90:2075–2083), tissue regeneration 
following injury (Strey et al.  2003 , 198:913–923), responding to endogenous danger and activation 
signals (Holers and Carroll  2005 , 86:137–157), and shaping of the natural antibody repertoire (Holers 
 2005 , 26:405–423).  

 A key concept for the development of complement therapeutic approaches, however, is that misdi-
rection of the system occurs locally and results in tissue-speci fi c damage and impaired function. Even 
in diseases in which complement is viewed to be “systemically activated,” such as SLE, injury in 

   Table 9.1    Complement regulatory proteins   

 Soluble control proteins 

 Serum 
concentration 
( m g/mL) 

 Molecular 
weight  Activities 

  Positive regulation  
 Properdin  25  220,000  Stabilize AP C3/C5 convertases 
  Negative regulation  
 C1-INH  200  105,000  Inhibits C1r/C1s, MASPs 
 C4-bp  250  550,000  Decay-acceleration classical pathway, 

cofactor activity C4b 
 Factor H  500  150,000  Decay-acceleration alternative pathway, 

cofactor activity C3b 
 Factor I  34  90,000  Cleavage of C3b/C4b 
 Anaphylatoxin inactivator 

(carboxypeptidase H) 
 35  280,000  Generates C3a/C5a desArg 

 S protein (vitronectin)  500  80,000  Blocks MAC formation 
 SP-40,40 (clusterin)  60  80,000  Blocks MAC formation 
  Membrane regulatory proteins  
 Decay-accelerating factor (CD55)  70,000  Decay-acceleration classical and alternative 

pathways 
 Membrane cofactor protein (CD46)  45,000–70,000  Cofactor activity classical and alternative 

pathways 
 CD59  20,000  Blocks C8–C9 and C9 
 CRIT  30,000  Blocks C2 
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individual patients is typically focused on a small set of speci fi c tissues such as the kidney (Tsokos 
 2012 , 365:2110–2121). In each of these pathogenic settings, the powerful effector mechanisms of 
complement that should be focused on foreign pathogens and antigens appear to be instead redirected 
to self and cause local tissue damage. Importantly, in a disease context when one desires to block 
complement activation locally, for example, to protect the kidney, it is also highly desirable to main-
tain positive protective functions at other sites, including the circulation where immune complexes are 
processed and delivered to the reticuloendothelial system, and apoptotic self-tissues are cleared (Botto 
and Walport  2002 , 205:395–406). This is especially true in autoimmune diseases such as SLE (Davies 
et al.  1992 , 90:2075–2083; Davies et al.  1994 , 15:397–416) but is also relevant to hemolytic syn-
dromes such as paroxysmal nocturnal hemoglobinuria (PNH) (Rosse and Nishimura  2003 , 77:113–
120), chronic local in fl ammatory diseases such as macular degeneration (Gehrs et al.  2006 , 
38:450–471), and many other circumstances. 

 Another important consideration in the complement system is that it is activated by three interact-
ing recognition processes, the classical, alternative, and lectin pathways. The classical pathway is 
initiated by IgM- or IgG-containing immune complexes, C-reactive protein (CRP), beta amyloid 
 fi brils, serum amyloid P or tissue damage products such as mitochondrial membrane proteins that 
directly bind C1q (Lachmann and Hughes-Jones  1984 , 7:143–162). The alternative pathway under-
goes a continuous process of “tickover” that results in activation that is initiated in the  fl uid phase but 
is quickly localized onto a surface (Muller-Eberhard  1988 , 57:321–347). In this system, certain sub-
stances such as repeating polysaccharides, endotoxin, IgA-containing immune complexes, C3 
nephritic factor (C3Nef) autoantibody, and some immunoglobulin light chains serve to promote alter-
native pathway activation. In addition, this pathway also serves as an “ampli fi cation loop” when C3b 
that is deposited by any pathway serves to bind factor B and initiates further cleavage events through 
the alternative pathway. The lectin pathway is initiated by mannose-binding lectin (MBL) or by 
 fi colins, carbohydrate-binding proteins that are involved in the clearance of foreign organisms such as 
bacteria and viruses, but it is also activated on local tissues following injury and by agalactosyl (G0) 
carbohydrates on IgG and IgM in patients such as those with rheumatoid arthritis (Gadjeva et al.  2004 , 
41:113–121; Reid and Turner  1994 , 15:307–325; Runza et al.  2008 , 213:297–306), as well as certain 
pathogenic natural antibodies (Jordan et al.  2001 , 1413–1418). 

 Importantly, through each of the three major processes by which the complement system is initiated, 
convergence upon the centrally important C3 protein occurs when multi-component C3 convertases 
(activating enzymes) are formed and C3 is cleaved. The presence of a thioester bond in C3 allows the 
covalent attachment of this protein in the C3b form through ester or amide linkages to other molecules 
during the process of activation (Lambris and Sahu  2001 , 180:35–48). This irreversibly “marks” the 
attached targets as immunologically different and allows the subsequent cleavage of C3b to the iC3b/
C3dg/C3d forms and binding of the complex to speci fi c C3 fragment receptors (Carroll  1998a , 16:545–
568). The activation of C3 is followed by the formation of a C5 convertase, resulting in C5 cleavage 
and activation, coincident release of soluble anaphylatoxins C3a and C5a, and formation of the pore-
like membrane attack complex (MAC) (Wetsel  1995 , 7:48–53). It is the deposition of tissue-localized 
C3 fragments and their subsequent processing to fragments with altered receptor-binding characteris-
tics that underlies the tissue-speci fi c targeting of therapeutics described in this chapter.  

    9.2   Rationale and Strategies for Development 
of Targeted Complement Inhibitors 

 While a great number of different approaches to inhibit complement have been successfully applied 
in experimental models of disease, few have shown any clinical bene fi t. Indeed, after more than 40 
years of research and development efforts, only two types of complement inhibitors (anti-C5 mono-
clonal antibody (Rother et al.  2007 , 25:1256–1264) and C1-esterase inhibitors (Cicardi and Zanichelli 
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 2012 , 46:867–874)) have received FDA approval and only then for very limited applications. There 
are various reasons why the translation of complement inhibitory strategies to the clinic has failed, but 
signi fi cant contributing factors are the poor bioavailability, the apparent redundant functions of effec-
tor pathways (C5aR, C3aR, CR1, CR3/CR4, and MAC) in many disease settings, the large levels of 
target proteins (e.g., circulating C3 levels are >1.0 mg/mL) with half-lives of a few days, and the need 
to maintain the protective roles of complement to avoid adverse events. With regard to the latter, it has 
long been known that complement is an important immune effector mechanism for host defense, but 
complement can also shape an adaptive immune response, whether directed against a pathogen, an 
allograft, cancer, or self. As noted above, complement also plays important roles in immune homeo-
stasis mechanisms such as the clearance of immune complexes and apoptotic cells, the effective clear-
ance of which is important for the resolution of in fl ammation. 

 Complement also plays important roles in tissue repair and regeneration, not only in terms of 
removing dead and injured cells, but also through direct signaling mechanisms mediated by comple-
ment activation products. There is also cross-talk between the complement, contact, and coagulation 
systems, and it is important to consider how complement inhibition negatively affects these other 
systems. Finally, in addition to the above considerations, in many cases, there is an incomplete under-
standing of the role of complement in the pathogenic and protective mechanisms that are speci fi c for 
a particular disease; it is clear that the different complement pathways and different complement acti-
vation products can contribute differently to a given disease in terms of both pathological injury and 
protective mechanisms important for a given disease. 

 Early investigations into complement inhibition focused mainly on systemically blocking the acti-
vation of C3, the central step in the complement cascade. However, from the foregoing, it follows that 
systemic and nonspeci fi c inhibition of complement will not be an optimal therapeutic approach under 
many circumstances. More recently, two approaches for more speci fi c complement inhibition have 
been investigated, each with the goal of minimizing the generation of disease-speci fi c pathogenic 
complement mediators, while minimizing disruption of complement-dependent protective processes. 
These approaches involve either the targeted inhibition of a particular complement pathway or activa-
tion product or the site-speci fi c targeting of a complement inhibitor. With regard to the former 
approach, the list of molecules that have been investigated is extensive, but examples include mono-
clonal antibodies to factor D or factor B that block the alternative pathway, anti-C5 monoclonal anti-
bodies and other soluble molecules that block the terminal pathway, and antibodies and antagonists to 
speci fi c complement receptors [reviewed in Ricklin and Lambris  (  2007 , 25:1265–1275)]. 

 Herein, however, the focus is on site-speci fi c physical targeting of complement inhibition. The 
basic rationale behind the development of site-targeted complement inhibitors is the concept that 
localized delivery will not only increase inhibitor bioavailability at sites of disease but also will mini-
mize systemic complement inhibition that may otherwise disrupt the normal physiological and pro-
tective mechanisms of complement. In addition, although the bene fi ts of targeted inhibition may be 
particularly relevant for the treatment of chronic conditions, short-term disruption of homeostatic and 
host defense mechanisms may not be desirable even during treatment of acute conditions, especially 
when risk of infection is high, such as in patients that are immunocompromised and in patients under-
going a surgical procedure or suffering from a traumatic injury.  

    9.3   Complement Receptors and Regulatory Proteins 
Used to Construct Targeted Inhibitors 

 One important feature of the use of complement therapeutics targeting to date is the incorporation of 
fragments of naturally occurring complement inhibitors into the chimera. This section reviews these 
proteins and the rationale for their use. The core tissue-targeting element for the primary focus of this 
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review is provided by a fragment of CR2, which in its normal role is a multifunctional receptor 
expressed on B cells, follicular dendritic cells, and a subset of peripheral and thymic T cells [reviewed 
in Carroll ( 1998a , 16:545–568); Holers and Boackle  (  2004 , 7:33–48)]. CR2 has several ligands includ-
ing complement C3 fragments iC3b/C3dg and C3d (Iida et al.  1983 , 158:1021–1033; Kalli et al.  1991 , 
147:590–594), which are covalently attached to target antigens, as well as the gp350/220 viral coat 
protein of the Epstein-Barr virus (Weis et al.  1988 , 167:1047–1066), the immunoregulatory protein 
CD23 (Aubry et al.  1992 , 358:505–507), and interferon-alpha (Asokan et al.  2006 , 177:383–394). 
Notably, the only “tissue- fi xed” ligands of CR2 are the C3 fragments iC3b/C3dg/C3d. 

 CR2 is an ~145-Kd type I transmembrane protein comprised of 15 SCRs followed by a 28-amino 
acid transmembrane domain and a relatively short 34-amino acid intracytoplasmic tail (Carel et al. 
 1989 , 143:923–930; Weis et al.  1988 , 167:1047–1066) (Fig.  9.1 ). SCRs are 60–70-amino acid long 
protein modules that comprise the majority of the structures of CR2 and other members of its extended 
gene family called the regulators of complement activation (RCA) (Hourcade et al.  1989 , 45:381–
416). CR2 acts as a B cell co-receptor for antigen receptor-mediated signal transduction. On B cell 
lines or primary B lymphocytes, co-ligation of CR2 with surface IgM, using either mAbs, covalently 
linked complexes of antigen with C3d ligand, or biotin-conjugated C3dg complexed with biotinylated 
anti-IgM, results in enhanced intracellular calcium release, proliferation, and/or activation of MAP 
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kinases [reviewed in Carroll ( 1998a , 10:279–286); Carter et al.  (  1998 , 141:457–463)]. This activity is 
primarily due to the association of CR2 with CD19 and CD81 in a B cell-speci fi c signal transduction 
complex.   

 Structure-function relationships that govern ligand binding to CR2 have been studied by several 
groups, and what has emerged is a consistent  fi nding that the high-af fi nity interaction with C3dg and 
C3d occurs in the SCR 1–2 domain (Lowell et al.  1989 , 170:1931–1946; Molina et al.  1995 , 154:5426–
5435). In contrast to C3dg and C3d, it is not clear whether iC3b binds just to SCR 1–2, as supported 
by some studies (Kalli et al.  1991 , 147:590–594), or to other sites outside of C3dg as supported by 
others (Esparza et al.  1991 , 21:2829–2838; Sarrias et al.  2001 , 167:1490–1499). Nevertheless, it is 
clear that the SCR 1–4 domain alone does interact with iC3b, and recently published studies such as 
the x-ray crystallography of CR2 with C3d (van den Elsen and Isenman  2011 , 332:608–611) support 
the presence of a high-af fi nity binding site for all three C3 fragment forms (iC3b, C3dg, C3d) within 
SCR 1–2. Prior data suggested that SCR 3–4 could help to promote the interaction of CR2 with its 
ligands in a manner that is not yet understood (Carel et al.  1990 , 265:12293–12299). 

 Another important component of the complement-targeted therapeutic proteins are the comple-
ment inhibitory portions, which to date have been derived as recombinant fragments of naturally 
occurring inhibitors. The inhibitors that have been utilized include the human proteins factor H, 
decay-accelerating factor (DAF/CD55), and CD59, as well as the murine proteins Crry (complement 
receptor-related gene/protein y), CD59, and factor H (Table  9.1 , Fig.  9.1 ). With regard to the normal 
biological roles of these proteins, because of the potent activities manifest by complement, it is a 
tightly regulated system with inhibitors that act at many steps of the pathway (Liszewski et al.  1996 , 
61:201–283). These proteins utilize differing mechanisms to block complement activation, but the 
major activities manifest at the points of C3 and C5 activation acting as a competitive inhibitor, 
de fi ned as decay-accelerating activity, of multi-component enzymes and/or a cofactor for proteolytic 
cleavage of C3b and/or C4b. Because of the presence of these many inhibitors at sites in which activa-
tors can be found or deposited, the state of the complement pathway at any one point can be consid-
ered to re fl ect the relative balance of these two opposing forces. 
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  Fig. 9.2    Schematic view of the process of CR2-mediated targeting. The C3 fragments iC3b/C3dg/C3d are covalently 
attached to sites of complement activation such as the retinal pigment epithelium as indicated. By linking the capability of 
the CR2 ligand-binding domain that recognizes these fragments, fusion proteins that contain CR2 and the regulatory 
domain of proteins shown in Fig.  9.1  can be built. When administered systemically, data described herein show that the 
targeted inhibitor is physically retained at the site of activation and demonstrates enhanced therapeutic characteristics       

 



1439 CR2-Mediated Targeting of Complement Inhibitors…

 In the  fl uid phase, one major protein that serves to block complement activity at the C3/C5 activation 
steps is factor H, which serves to accelerate the normally slow spontaneous decay of Bb from C3b in 
the alternative pathway, thus disabling both the C3 and C5 convertases, and which also exhibits cofac-
tor activity for factor I-mediated cleavage of C3b into the hemolytically inactive form iC3b [reviewed 
in Zipfel et al.  (  2002 , 30:971–978)]. Factor H is a 150-kDa serum protein with a structure consisting 
of 20 SCRs. Factor H appears to bind to target cells and tissues primarily through initial contact by 
SCRs 19–20 with tissue that expresses polyanions and  fi xed C3b/C3d, followed by the elaboration of 
protective complement alternative pathway C3 convertase inhibitory function on the tissue itself. 

 On the cell membrane, other proteins serve similar functions to block complement activation. 
These proteins include DAF (decay-accelerating factor, CD55), MCP (membrane cofactor protein, 
CD46), and CD59. DAF is an approximately 70-kDa glycoprotein that, similarly to factor H, acts by 
binding C3b or C4b on the cell membrane and markedly increasing the spontaneous decay of both the 
classical pathway C4b2a and alternative pathway C3bBb complexes (Liszewski et al.  1996 , 61:201–
283). Crry is a rodent-speci fi c complement regulator protein which manifests the activities of DAF 
and MCP within one widely distributed membrane protein [reviewed in Molina et al.  (  1992 , 175:121–
129); Molina  (  2002 , 59:220–229)]. 

 CD59 is a widely distributed, highly disul fi de-linked protein with a GPI anchor (Morgan et al. 
 2005 , 12:258–265). CD59 is found on erythrocytes, monocytes, granulocytes, platelets, endothelial 
cells, and many cells of the nervous and reproductive tissues. With regard to complement regulation, 
CD59 is able to bind C8 in the C5b-8 complex and to block the effective incorporation of C9. In addi-
tion, CD59 is capable of binding C9 already in the MAC and of blocking the subsequent polymeriza-
tion of C9 and full formation of the transmembrane pore.  

    9.4   General Principles of Targeted Complement Therapeutics 

 The  fi rst reports on site-speci fi c targeted complement inhibition appeared in 1999 and described two 
basic approaches. In one approach, cell-speci fi c targeting of CD59 was achieved by linking the inhibi-
tor to an antibody or antibody fragment. The fusion proteins speci fi cally targeted cells expressing 
cognate antigen and provided targeted, but not untargeted cells, with effective protection from com-
plement-mediated lysis and injury (Zhang et al.  1999 , 103:55–61). A similar targeting approach was 
shown to also signi fi cantly enhance the complement inhibitory activity of DAF at a targeted cell sur-
face (Zhang et al.  2001 , 276:27270–27275). In the other approach, it was shown that the decoration 
of soluble CR1 (sCR1) with sialyl Lewis x  (sLE x ) moieties signi fi cantly enhanced the protective effect 
of the inhibitor in a rat model of selectin-dependent lung injury (Mulligan et al.  1999 , 162:4952–4959) 
and in a mouse model of ischemic stroke (Huang et al.  1999 , 285:595–599). The sLE x  carbohydrate 
moiety binds to both P and E selectins, adhesion molecules that are upregulated on activated endothe-
lium. In the lung injury model, the enhanced protective effect of sCR1sLE x  correlated with increased 
binding of sCR1sLe x  to the lung vasculature when compared to binding of sCR1. sCR1sLEx also 
localized to the cerebral vasculature in the stroke model, and in vitro experiments demonstrated that 
sCR1sLEx binds to E-selectin and blocks P-selectin-mediated cellular adhesion. Thus, decoration 
with the sLE x  moiety represents a strategy to increase the ef fi cacy of complement inhibitors by target-
ing them to selectin-expressing activated endothelial surfaces. Importantly, however, the ef fi cacy of 
sCR1sLEx was still dependent on systemic complement inhibition. 

 A derivative of sCR1 has also been targeted to cell membranes, albeit nonspeci fi cally, by incorpo-
ration of a membrane-targeting myristoylated peptide. A membrane-targeted derivative of sCR1 
(APT070), consisting of the 3 N-terminal SCRs of CR1, was shown to be 100-fold more active than 
its parent protein in in vitro complement inhibition assays (Smith  2002 , 30:1037–1041); however, the 
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untargeted CR1(SCR 1–3) was itself much less active than sCR1. APT070 was initially characterized 
in vivo in a rat model of antigen-induced arthritis, where following intra-articular injection, APT070 
was retained on cell membranes within the joint and was signi fi cantly more protective than its untar-
geted counterpart (Linton et al.  2012 , 43:2590–2597). APT070 has also demonstrated bene fi t in other 
models such as intestinal ischemia-reperfusion injury (Souza et al.  2005 , 145:1027–1034) and a model 
of Miller Fisher syndrome (Halstead et al.  2005 , 58:203–210). Another application that seems par-
ticularly well suited to this strategy of membrane localization is graft protection after cold storage, as 
perfusion of donor rat kidneys with APT070 reduced tubular injury and increased graft survival after 
cold ischemia and transplantation (Patel et al.  2006 , 17:1102–1111). A similar targeting strategy has 
also been applied to CD59, and membrane-targeted CD59 has been shown to bind to erythrocytes and 
provide them with protection from complement-mediated lysis in vitro and in vivo (Fraser et al.  2003 , 
278:48921–48927). 

 Another approach to the targeting of complement inhibitors has been developed using single-chain 
antibody (scFv) fragments as delivery vehicles. Human DAF and mouse Crry were shown to target 
mouse RBCs when linked to an scFv speci fi c for mouse glycophorin A (Spitzer et al.  2005 , 175:7763–
7770). Both scFv-DAF and scFv-Crry fusion proteins effectively protected mouse RBCs from com-
plement lysis in vitro, and the scFv-Crry construct restricted complement activation in vivo and 
reversed a complement sensitive Crry-de fi cient RBC phenotype. Rat Crry and CD59 have also been 
linked to an scFv speci fi c for an antigen expressed on rat tubular epithelium (He et al.  2005 , 174:5750–
5757). The two kidney-targeted inhibitors were equally effective at preventing injury in experimental 
nephrotic syndrome and were markedly more effective than their untargeted counterparts. In addition, 
the scFv-inhibitor constructs had very short circulatory half-lives (around 30 min) and provided effec-
tive protection against renal injury without systemically inhibiting complement, an important concept 
in the development of site-speci fi c targeted complement inhibitors. 

 A somewhat different strategy that has been applied to target complement inhibition involves the 
use of a prodrug. In this approach, DAF and CD59 were attached to an antibody Fc region by means 
of a linker incorporating a cleavage site for matrix metalloproteases and/or aggrecanases (Harris et al. 
 2002 , 30:1019–1026). The fusion proteins had limited functional activity (thus limiting their ability 
to systemically inhibit complement), but an active form of the inhibitor was released upon exposure 
to certain enzymes that are present in high concentrations at sites of in fl ammation. Enzymes present 
in supernatants of cytokine-stimulated chondrocytes, or synovial  fl uid itself, were both shown to 
effectively release active DAF from Fc fusion proteins. Finally, complement inhibitors have been 
targeted to sites of complement activation by means of a CR2-derived delivery vehicle, and that 
approach is the focus of the remainder of this review.  

    9.5   In Vitro and In Vivo Studies Validating 
CR2-Mediated Targeting Concept 

 CR2-complement inhibitor fusion proteins, speci fi cally CR2-DAF and CR2-CD59, were initially 
validated using human component proteins in vitro (Song et al.  2003 , 111:1875–1885). It was shown 
that both CR2-DAF and CR2-CD59 bound to C3-opsonized CHO cells and erythrocytes and that they 
were markedly more effective than the corresponding untargeted inhibitor at providing target cells 
with protection from complement. The leukocyte receptor CR3 shares the same iC3b ligand with 
CR2, and it was also shown that the CR2-fusion proteins inhibited CR3-dependent adhesion of U937 
cells to C3-opsonized erythrocytes, suggesting an additional potential anti-in fl ammatory mechanism 
of these proteins. Fusion proteins with CR2 linked to the C-terminus of each inhibitor were also char-
acterized (i.e., DAF-CR2 and CD59-CR2), but both of the C-terminal fusion proteins were less potent 
inhibitors than their N-terminal counterparts. Kinetic analysis by surface plasmon resonance revealed 
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that the N-terminal fusion proteins bound C3d with only slightly higher af fi nity than the C-terminal 
fusion proteins but that they exhibited much faster association and dissociation rates. This raised the 
possibility that this fast on-off rate may contribute to ef fi cacy by providing cell surface mobility and 
that the frequent release of the inhibitor from a  fi xed orientation may allow for frequent opportunities 
for a more favorable positioning of the inhibitor relative to its ligand. It is also noteworthy that soluble 
untargeted CD59 has very poor activity in vitro, even at high concentration, and that for therapeutic 
application of a CD59 inhibitory strategy, targeting will likely be a requirement. 

 The in vivo validation of the use of CR2-targeted complement inhibitors in a rodent model required 
the generation and characterization of a rodent fusion protein. This is because of differences in the rela-
tive species-selective activity of complement inhibitors, as well as immunogenicity of foreign proteins. 
Therefore, a mouse CR2-Crry construct was prepared for characterization of the targeting approach in 
experimental murine models of disease. CR2-Crry was initially characterized in a mouse model of 
intestinal ischemia-reperfusion injury, and its ef fi cacy and characteristics were compared with a sys-
temically inhibitory counterpart, Crry-Ig (Atkinson et al.  2005 , 115:2444–2453). CR2-Crry was shown 
to speci fi cally localize to sites of complement activation following intestinal reperfusion and to provide 
protection from both local (intestine) and remote (lung) complement deposition and injury. Notably, 
CR2-Crry was 20-fold more effective than non-targeted Crry-Ig on a molar basis in this acute model. 

 Furthermore, the minimum effective dose of Crry-Ig that provided protection from ischemia-rep-
erfusion injury also markedly increased susceptibility to infection in a model of polymicrobial sepsis, 
whereas even multiple injections of CR2-Crry had no effect on host defense (Atkinson et al.  2005 , 
115:2444–2453). In this context, it was also shown that the circulatory half-life of CR2-Crry was only 
8.7 h (compared to 40 h for Crry-Ig) and that a therapeutic dose of CR2-Crry had minimal effect on 
serum complement activity. Because targeted inhibitors are retained and should persist in local tar-
geted tissue, a short circulatory half-life can be considered a positive attribute, since it will minimize 
systemic complement inhibition. The question of tissue retention at a targeted site was addressed in 
MRL/lpr mice, a spontaneous model for lupus in which mice develop renal disease with IgG and 
complement deposition in the kidneys at around 14 weeks of age. Following a single 0.25-mg intra-
venous injection of CR2-Crry, biodistribution studies demonstrated that the inhibitor localized to the 
kidneys with a tissue half-life of about 24 h, and CR2-Crry was still detectable in kidneys, co-local-
ized with C3d, at 7 days after injection (Atkinson et al.  2008 , 180:1231–1238). 

 Long-term treatment with CR2-Crry was also investigated in the MRL/lpr model (Atkinson et al. 
 2008 , 180:1231–1238), and the study was instructive in demonstrating other postulated bene fi ts of 
targeted complement inhibition, in particular with regard to minimizing the effect of complement 
inhibition on the protective role of complement in disease. Complement plays a dual role in the pro-
gression of lupus, having a pathogenic role in driving in fl ammation, and a protective role in the clear-
ance of immune complexes and apoptotic cells. Treatment of MRL/lpr mice with CR2-Crry after the 
development of proteinuria provided signi fi cant bene fi ts in terms of survival and renal disease (clini-
cal and pathological). CR2-Crry also reduced autoantibody production and did not impact the level of 
circulating immune complexes as the mice aged. In contrast, the treatment of MRL/lpr mice with 
Crry-Ig (untargeted counterpart) reduced proteinuria and maintained renal function but did not 
improve survival or glomerular pathological disease (Bao et al.  2003 , 14:670–679). Unlike CR2-Crry, 
Crry-Ig treatment also signi fi cantly increased circulating immune complex levels, and perturbing this 
protective function of complement likely explains the different ef fi cacies of the two inhibitors. Finally, 
it is noteworthy that the MRL/lpr mice were treated with a 0.25-mg dose of CR2-Crry once a week, 
whereas 3 mg of Crry-Ig was administered every other day to maintain systemic complement inhibi-
tion and therapeutic effect in this model (Bao et al.  2003 , 14:670–679). 

 CR2-Crry has also shown signi fi cant bene fi t in many other experimental murine models, including 
models of warm cerebral (Atkinson et al.  2006 , 177:7266–7274) and hepatic (Sekine  2009b , 119:2304–
2316; Sekine  2009a , 183:4764–4772) ischemia-reperfusion injury, post-transplant cardiac ischemia-
reperfusion injury (Atkinson et al.  2010 , 185:7007–7013), spinal cord injury (Qiao et al.  2006 , 
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169:1039–1047), rheumatoid arthritis (Song et al.  2007 , 179:7860–7869), preeclampsia (Qing et al. 
 2011 , 79:331–339), microvascular injury during acute tracheal rejection (Khan et al.  2011 , 109:
1290–1301), paraquat-induced lung injury (Sun et al.  2011b    , 45:834–842), and age-related macular 
degeneration (AMD) (see below) (Schepp-Berglind et al.  2012 , 188:6309–6318). 

 The foregoing highlights the fact that there can be signi fi cant bene fi ts to site-speci fi c targeting of a 
complement inhibitor, even when all complement pathways are centrally blocked at the C3 activation 
step. However, depending on the role of each complement pathway in pathogenic and protective func-
tions for a given disease, site-speci fi c targeting of a particular pathway has the potential to offer addi-
tional therapeutic bene fi t. In this regard, the alternative pathway is known to play a key role in driving 
in fl ammation and propagating injury in many pathological conditions    [reviewed in Holers  (  2008 , 
223:316); Thurman and Holers  (  2006 , 176:1305–1310)], whereas the classical and lectin pathways 
are known to play important roles in host defense against some pathogens, as well as provide some 
important regulatory and homeostatic functions. With this in mind, a CR2-targeted inhibitor speci fi c 
for the alternative pathway, CR2-fH, was developed. In vitro characterization of mouse CR2-fH 
(Fig.  9.1 ) demonstrated speci fi city for the alternative pathway, as well as a higher speci fi c activity at 
inhibiting the alternative pathway than CR2-Crry (Huang et al.  2008 , 181:8068–8076). In vitro analy-
sis also demonstrated that CR2-fH binding and activity was dependent on CR2- and C3-mediated 
interactions, and the signi fi cance of the CR2-targeting approach was highlighted by the fact that 
puri fi ed endogenous fH failed to provide any signi fi cant level of protection against C3 deposition. 

 CR2-fH was  fi rst characterized in vivo in a model of intestinal ischemia-reperfusion injury and its 
therapeutic effect compared to CR2-Crry (Huang et al.  2008 , 181:8068–8076). Although requiring a 
slightly higher dose than CR2-Crry, CR2-fH was completely protective against both local (intestine) 
and remote (lung) injury. Earlier studies using complement-de fi cient mice have demonstrated impor-
tant roles for both the lectin (Hart et al.  2005 , 174:6373–6380) and the alternative (Stahl et al.  2003 , 
162:449–455) pathways in intestinal ischemia-reperfusion injury, and the ef fi cacy of CR2-fH in this 
model indicates the presence of alternative pathway dependence in a clinically relevant paradigm. 
CR2-fH had a circulatory half-life similar to CR2-Crry and was shown to target to the site of local 
injury. It is interesting that serum factor H fails to provide protection against intestine IRI, even 
though it can bind to cell surfaces and is present at high concentration; the CR2-targeting mechanism 
thus signi fi cantly enhances the complement inhibitory activity of the N-terminal domain of factor H, 
the molecular basis for which is not yet understood. Of note, a dimeric factor H construct, CR2-fHfH, 
displayed higher speci fi c activity than CR2-fH in vitro, but there was no difference between the 
ef fi cacy of the two inhibitors in the model of intestinal ischemia-reperfusion injury (Huang et al. 
 2008 , 181:8068–8076). 

 Since its initial characterization in intestinal ischemia-reperfusion injury, CR2-fH has been shown 
to effectively ameliorate in fl ammation and injury in many other models of disease, including allergen-
induced airway hyperresponsiveness (Takeda et al.  2012 , 188:661–667), renal ischemia-reperfusion 
injury (Renner et al.  2011 , 80:165–173), LPS/D-GalN-induced fulminant hepatic failure (Sun et al. 
 2011a , 6:e26838), paraquat-induced lung injury (Sun et al.  2011b , 45:834–842), spinal cord injury 
(Qiao et al.  2010 , 177:3061–3070), post-transplant cardiac ischemia-reperfusion injury (Atkinson 
et al.  2010 , 185:7007–7013), hepatic ischemia-reperfusion injury (He et al.  2009b , 119:2304–2316), 
hemorrhage-induced intestinal injury (Hylton et al.  2011 , 35:134–140), collagen antibody-induced 
arthritis (Banda et al.  2009 , 183:5928–5937), dextran sodium sulfate-induced colitis (Schepp-Berglind 
et al.  2012 , 188:6309–6318), and osteoarthritis (Wang et al.  2011 , 17:1674–1679) age-related macular 
degeneration (AMD) (see below). Where comparative data exists, CR2-fH and CR2-Crry were simi-
larly effective in treating different acute in fl ammatory conditions. These data highlight the importance 
of the alternative pathway in the pathology of in fl ammation, and since CR2-fH will not directly block 
any physiologically important functions of the classical or lectin pathway, it follows that CR2-fH 
could possess superior therapeutic qualities compared to CR2-Crry or its human equivalent. 

 The arguments above notwithstanding, it has also been shown that for certain disease conditions, 
speci fi c inhibition of the alternative pathway with CR2-fH can provide signi fi cantly better protection 
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than inhibition of all pathways with CR2-Crry. In a side-by-side comparison, CR2-fH provided 
signi fi cantly better protection from glomerulonephritis and renal deposition of IgG than CR2-Crry, in 
both MRL/lpr (Sekine et al.  2011a    , 63:1076–1085) and (NZB/W)F 

1
  (Sekine et al.  2011b , 49:317–323) 

models of lupus. Interestingly, the sCR2-targeting vehicle alone signi fi cantly reduced autoantibody 
levels, as well as reduced renal deposition of IgG and complement, indicating that the targeting vehicle 
is contributing to therapeutic activity by modulating autoimmunity through interruption of endogenous 
CR2 function on B cells and/or follicular dendritic cells. These results are likely a re fl ection of the 
known role of the classical pathway in the catabolism of immune complexes and possibly also the role 
of the classical and lectin pathways in resolving in fl ammation via the clearance of apoptotic cells. 

 Finally, it should be noted that CR2 has also been utilized to target a complement activation signal 
to a cell surface. CR2 linked to complement-activating Fc domains (CR2-Fc) has been shown to target 
and amplify complement deposition on tumor cells following treatment with a mAb. By targeting C3d 
initially deposited by an antitumor mAb, CR2-Fc signi fi cantly enhanced monoclonal antibody-depen-
dent ADCC and tumor cell lysis in vitro and signi fi cantly enhanced the outcome of mAb therapy in a 
mouse model of metastatic lymphoma (Imai et al.  2007 , 67:9535–9541; Elvington et al.  2012 ).  

    9.6   Complement- and CR2-Mediated Targeting 
in Age-Related Macular Degeneration 

 AMD is characterized by the progressive loss of central vision due to damage to the photoreceptor 
cells in this region. Since the loss of photoreceptors appears to occur via two different mechanisms, 
the terms atrophic (dry) AMD and neovascular or exudative (wet) AMD were coined. Dry AMD, 
which progresses slowly, is the more prevalent form, affecting up to 90 % of all patients; however, the 
mechanisms by which photoreceptors degenerate is poorly understood. Wet AMD, which typically 
progresses very rapidly, causes the more severe vision loss due to its association with choroidal neo-
vascularization (CNV) (Gehrs et al.  2006 , 38:450–471). CNV is characterized by newly formed ves-
sels which invade the subretinal space, are inherently leaky, and cause  fl uid accumulation and retinal 
detachment that is followed by the loss of the underlying photoreceptors. Because of its importance 
and the dif fi cult nature of treating vision loss, AMD, especially the dry form, represents one of the 
most important potential clinical indications for complement inhibitors, is a good example of complex 
interactions between complement and other pro-in fl ammatory pathways, and thus is used herein as an 
example of the preclinical work performed using CR2-targeted complement inhibitors. 

 Notably, despite the two very different clinical pictures of AMD, there are a number of common 
features. Structurally, in both forms of AMD, the retinal pigmented epithelium (RPE)-choroid inter-
face is altered. Pathological changes include the deposition of extracellular material between the RPE 
and Bruch’s membrane and the loss of integrity of Bruch’s membrane, the basement membrane for the 
RPE. Etiologically, it is proposed that oxidative stress (Khandhadia and Lotery  2010 , 12:e34), com-
plement activation (Gehrs et al.  2006 , 38:450–471; Jha et al.  2007 , 44:3901–3908), and in fl ammation 
(Donoso et al.  2006 , 51:137–152) each contribute as mediators in both forms of AMD [reviewed in 
Gehrs et al.  (  2006 , 38:450–471)]. In addition, with regard to genetic linkage, among the main risk 
factors are single-nucleotide polymorphisms (SNPs) occurring in complement genes, including genes 
encoding the alternative pathway inhibitor factor H and the alternative pathway activation proteins 
factor B and C3, as well as C2 [reviewed in Gorin  (  2005 , 13:793–794)]. It is likely that retinal damage 
in AMD is at least in part caused by chronic local complement activation, since in addition to SNPs 
in complement genes, complement components have been found to be associated with the pathologi-
cal features of AMD such as drusen, Bruch’s membrane, and RPE (Gehrs et al.  2006 , 38:450–471). 

 The most studied animal model for wet AMD is the CNV model in rodents. In this model, laser 
spots are generated by argon laser photocoagulation, rupturing Bruch’s membrane, an injury that 
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 triggers CNV and complement activation (Nozaki et al.  2006 , 103:2328–2333). The involvement of 
the complement system in mouse CNV is well established. Combined results from several laborato-
ries have shown that complement activation in mouse CNV involves the alternative pathway (Bora 
et al.  2006 , 177:1878; Rohrer et al.  2011 , 48:e1–8) that the elimination of the classical or the lectin 
pathway alone has no protective or deleterious effect. In addition, the alternative pathway alone can-
not drive pathology, but it is required in its capacity as the ampli fi cation loop (Rohrer et al.  2011 , 
48:e1–8). In addition to the anaphylatoxins C3a and C5a (Nozaki et al.  2006 , 103:2328–2333), the 
MAC appears to contribute substantially to disease severity, since  CD59   −/−   mice develop CNV 
signi fi cantly faster than wild-type mice (Bora et al.  2007 , 178:1783–1790); systemic or intravitreal 
injections of recombinant soluble CD59a-IgG2a fusion-protein (Bora et al.  2010 , 285:33826–33833) 
or gene therapy based on a non-membrane-targeted human soluble CD59 (Cashman et al.  2011 , 
6:e19078) all reduce CNV. Notably, all CNV experiments have con fi rmed that an essential down-
stream molecule required for CNV is VEGF. 

 In order to assess the role of CR2-targeted inhibitors, we utilized C57BL/6 mice and introduced 
CNV lesions as described. Following this, murine CR2-factor H (muCR2-fH) (Huang et al.  2008 , 
181:8068–8076) was administered by tail-vein injections, and the subsequent development of CNV 
was evaluated (Rohrer et al.  2009 , 50:3056–3064). Relative CNV size was determined in  fl at-mount 
preparations of RPE-choroid stained with isolectin B examined by confocal microscopy. Retinal func-
tion was assessed by electroretinography, taking measurements prior to and after the CNV lesion 
period.    Gene expression in RPE-choroid fractions was performed by quantitative RT-PCR, VEGF 
measurement by ELISA, and bioavailability of muCR2-fH was determined by immunohistochemistry 
using a speci fi c mAb against the CR2 portion of the fusion protein. The main results of this study can 
be summarized as follows: (1) muCR2-fH signi fi cantly reduces pathology and improves function in a 
mouse model of wet AMD, (2) molecular changes known to be causally involved in CNV are normal-
ized by this treatment, and (3) muCR2-fH can be administered systemically rather than requiring local 
intraocular applications and in this setting is able to localize to the injured tissues.  

    9.7   Translation of CR2-Mediated Targeting 
to the Treatment of Human Disease 

 As noted above, dysregulated and excessive local complement activation, especially of the alternative 
pathway, is causally associated with numerous human diseases. To further explore the pathogenesis 
of human alternative pathway-dependent diseases by selectively modulating both C3 and C5 con-
vertase activity at local tissue sites using the CR2-targeting mechanism, TT30, a novel therapeutic 
fusion protein, was created (Fridkis-Hareli et al.  2011 , 118:4705–4713). TT30 was built using the 
same strategy as muCR2-fH described above, linking the C3frag-binding domain of human CR2 
within SCR 1-4 with the alternative pathway inhibitory domain within SCR 1-5 of human factor H. 

 The activity and mechanism of TT30 prevention of hemolysis was studied using several approaches 
(Fridkis-Hareli et al.  2011 , 118:4705–4713): (1) a model of alternative pathway-mediated hemolysis in 
which rabbit RBCs are exposed to human serum, (2)  fl ow cytometric phenotyping, using mAbs speci fi c 
for human iC3b or C3d, of C3frag accumulation on rabbit RBCs exposed to human serum in the pres-
ence or absence of TT30, (3)  fl ow cytometric analysis of TT30 binding to rabbit RBCs bearing C3 
fragments that interact with CR2, and (4) an ELISA-based alternative pathway-dependent MAC depo-
sition assay. The results demonstrated that TT30 ef fi ciently inhibits alternative pathway-mediated, but 
not classical pathway-mediated, MAC formation using the ELISA technique, with an IC50 of 3.2  m g/
mL. TT30 also inhibited rabbit RBC hemolysis with an IC50 of 50.1  m g/mL. As expected, by using an 
inhibitory mAb to human CR2 that interrupts its binding to iC3b/C3dg/C3d, both the inhibition and 
binding activities were found to be dependent upon targeting of TT30 to C3 fragment-bearing surfaces 
by CR2. Importantly, TT30 was also able to be detected on C3 fragment-bound RBCs during the 
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prevention of rabbit RBC hemolysis and remained on the RBCs for at least 24 h. Thus, these results 
demonstrate that TT30 displays target cell surface control of alternative pathway-mediated activation 
and has potential utility for the treatment of complement-mediated diseases in which modulation of 
alternative pathway activity at both the C3 and C5 convertase points is predicted to be bene fi cial. Finally, 
TT30 was found to be bioavailable following subcutaneous injection in cynomolgus monkeys. 

 Paroxysmal nocturnal hemoglobinuria (PNH) is a human alternative pathway-mediated disease 
caused by the absence of CD55 on RBCs, which allows alternative pathway-initiated complement 
activation by C3 and C5 convertases, and the absence of CD59 which allows activated C5 to proceed 
to formation of the MAC, resulting in intravascular hemolysis (IVH) (Rother et al.  2007 , 25:1256–
1264). Treatment of patients with the anti-C5 monoclonal antibody eculizumab markedly abrogates 
IVH and its associated clinical sequelae; however, because of continued apparent C3 convertase 
activity, covalently bound C3 fragments accumulate on PNH RBCs (Risitano et al.  2009 , 113:4094–
4100) and likely promote extravascular hemolysis. Notably, TT30 was found to be effective in block-
ing hemolysis of PNH RBCs as well as in preventing the accumulation of C3 fragments on their 
surfaces (Pascariello et al.  2012  ) .    Finally, TT30, in a manner indistinguishable from muCR2-fH and 
demonstrating the same phenotypic improvements, has been shown to decrease the development of 
CNV in the same laser-induced model discussed above (Rohrer et al.  2012 ).  

    9.8   Additional Approaches to the Targeting of Complement Inhibitors 

 There are three major areas of development that can be envisioned with regard to improving the strat-
egy of targeting complement inhibitors to sites of activation. The  fi rst is to better understand the bio-
physical characteristics of the targeted molecules that are important in maximizing the relative 
localization of inhibitors to sites of complement activation and their durable retention in a functionally 
active form. There is very little understanding of this issue, highlighted by the  fi nding that adding an 
additional factor H SCR 1–4 module to muCR2-fH resulted in a molecule that was functionally more 
active in vitro but did not demonstrate an improved dose-dependent ef fi cacy when tested against 
muCR2-fH in the murine intestinal ischemia-reperfusion model (Huang et al.  2008 , 181:8068–8076). 

 The second area is to determine whether other types of complement inhibitors with varying func-
tional characteristics could also be effectively targeted. These molecules could include both inhibitors 
(C4bp, MCP, CR1, etc.) and activators/stabilizers (properdin) of complement activation. One such 
candidate is CR1, a widely distributed receptor that binds both C4b and C3b, the initial degradation 
products of C4 and C3, and that also exhibits potent complement regulator functions by acting as a 
decay-accelerator and cofactor of both the classical and alternative pathway C3 and C5 convertases. 

 The third area of development involves the method by which the targeting occurs. Several are dis-
cussed above, including sCR1sLE x ,    APT070, and the use of speci fi c ScFv to target inhibitors to cell 
surface molecules. In addition, though, Lambris and colleagues have recently developed a novel 
method to bind factor H from the circulation to a cell surface by initially painting the surface with a 
peptide that has a high af fi nity for mid-region SCRs of factor H (Wu et al.  2011 , 186:4269–4277).  

    9.9   Summary 

 Based on a wide variety of approaches, it appears that substantial therapeutic advantage can be gained 
by the targeting of complement inhibitors to speci fi c sites. Targeting has been accomplished using 
sLE x -binding to selectins, physical membrane insertion, linkage to ScFv that directs inhibitors to 
speci fi c proteins, and CR2-mediated approach. CR2-mediated targeting, the primary topic of this 
review, has been shown to demonstrate substantial bene fi ts in preclinical models with regard to the 
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following key determinants: (1) in vitro and in vivo potency as directly compared to non-targeted 
inhibitors, (2) durability of protective effect in vivo when using intermittent dosing schedules, (3) 
short circulating half-life in association with a prolonged binding to sites of injury (i.e., dissociating 
the need for systemic inhibition to generate local protective effects), and (4) decreased risk of infec-
tion as manifested in a model of complement-dependent sepsis. Future approaches will likely build 
upon these initial molecules with a goal of maximizing the ef fi cacy of therapeutics and minimizing 
safety concerns.  
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  Abstract   Paroxysmal nocturnal hemoglobinuria (PNH) is a hematological disorder characterized by 
complement-mediated hemolytic anemia, thrombophilia, and bone marrow failure. PNH is due to a 
somatic, acquired mutation in the X-linked  phosphatidylinositol glycan class A (PIG-A)  gene, which 
impairs the membrane expression on affected blood cells of a number of proteins, including the 
complement regulators CD55 and CD59. The most evident clinical manifestations of PNH arise from 
dysregulated complement activation on blood cells; in fact, the hallmark of PNH is chronic, complement-
mediated, intravascular hemolysis, which results in anemia, hemoglobinuria, fatigue, and other hemo-
lysis-related disabling symptoms. In addition, the peculiar thromboembolic risk typical of PNH 
patients is thought as secondary to the complement-mediated hemolysis itself and/or to a comple-
ment-mediated activation of platelets. Thus, as a complement-mediated disease, PNH was an appro-
priate medical condition to develop and to investigate therapeutical complement inhibitors. Indeed, 
the  fi rst complement inhibitor eculizumab, a humanized anti-C5 monoclonal antibody, has been 
proven safe and effective for the treatment of PNH patients. Chronic treatment with eculizumab results 
in sustained control of intravascular hemolysis, leading to hemoglobin stabilization and transfusion 
independence in more than half of the patients. However, recent observations have demonstrated that 
residual anemia may persist in some patients regardless of sustained  fl uid-phase terminal complement 
inhibition. Indeed, persistent dysregulated activation of the early phases of the complement cascade 
on PNH erythrocytes may lead to progressive C3 deposition on affected cells, which become suscep-
tible to subsequent extravascular hemolysis through the reticuloendothelial system. These  fi ndings 
have renewed the interest for the development of novel complement inhibitors which aim to modulate 
early phases of complement activation, more speci fi cally at the level of C3 activation. As proof of 
principle of this concept, an anti-C3 monoclonal antibody has been proven effective in vitro to prevent 
hemolysis of PNH erythrocytes. More intriguingly, a human fusion protein consisting of the iC3b/
C3d-binding region of complement receptor 2 and of the inhibitory domain of the CAP regulator fac-
tor H has been recently shown effective in inhibiting, in vitro, both intravascular hemolysis of and 
surface C3-deposition on PNH erythrocytes, and is now under investigation in phase 1 clinical trials.    

    Chapter 10   
 Paroxysmal Nocturnal Hemoglobinuria 
and the Complement System: Recent Insights 
and Novel Anticomplement Strategies       

      Antonio   M.   Risitano       
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    10.1   Introduction 

 Paroxysmal nocturnal hemoglobinuria (PNH) is a complex hematological disorder clinically 
characterized by hemolytic anemia, bone marrow failure, and thrombophilia (Dunn et al.  2000 ; Parker 
and Ware  2003 ; Luzzatto and Notaro  2003 ). PNH is a rare disease (its estimated prevalence is 1–5 
cases per million; Orphanet  2004  ) , but because of its puzzling nature and picturesque presentation, 
PNH has intrigued generations of investigators since its  fi rst extensive description by Dr. Strubing in 
1882 (Crosby  1951  )  and subsequent recognition as a distinct medical entity by Dr. Marchiafava and 
Dr. Micheli in 1911. Indeed, PNH remained a medical mystery until the 1980s, when most of its 
pathophysiology was progressively elucidated,  fi rst with the description of the molecular defect of 
PNH cells and then with the identi fi cation of the underlying genetic defect. By that time, it was already 
known that PNH erythrocytes are exquisitely sensitive to lysis upon complement activation, both 
in vivo and in vitro. Thus, the observation that PNH cells lack from their surface some complement 
regulators, all included in a speci fi c class of membrane-bound proteins (the so-called glycosyl phos-
phatidylinositol (GPI)-anchored proteins [GPI-APs]), clearly explained the reason for such sensitivity. 
Thereafter, the biochemical pathway accounting for GPI-AP surface expression was described, as well 
as its impairment in PNH cells. Finally, the genetic lesion leading to the aberrant phenotype was 
identi fi ed in distinct mutations in the  phosphatidylinositol glycan class A (PIG-A)  gene. This formally 
demonstrated that PNH is a clonal hematological disorder characterized by the expansion of abnormal 
(GPI-AP-de fi cient,  PIG-A- mutated) hematopoietic stem cells (HSCs) carrying an intrinsic defect, 
which accounts for the clinical phenotype of the disease. Nowadays, most pathophysiological events 
occurring in PNH patients have been extensively described, even if de fi nitive explanations for some 
disease manifestations (i.e., thromboembolic events) are still elusive. In the last few years, insights into 
the  fi eld pertain to the new treatment strategies that have drastically changed the management and the 
clinical outcome of PNH patients. In fact, the availability of an inhibitor of the complement cascade 
– the actual effector mechanism of hemolysis in PNH – has led to the  fi rst etiological treatment for 
PNH, which seems to have a superb impact on the natural history of the disease. Furthermore, this 
treatment has also allowed a more detailed understanding of biological mechanisms playing a role in 
disease pathophysiology, making clear that distinct steps of the complement cascade are uncontrolled 
on PNH cells. As it often occurs in medicine, the observation of achievements and limitations of the 
current anticomplement treatment in PNH has paved the way for the development of alternative strate-
gies of complement inhibition. Here, we brie fl y review the pathophysiology of PNH, pointing out the 
most recent  fi ndings which have led to novel candidate agents potentially effective for the treatment of 
PNH.  

    10.2   Pathophysiology of PNH 

    10.2.1   The Genetic Basis of PNH 

 The peculiar defect of PNH consists in the bizarre lack of several proteins from the blood cell surface 
(Kunstling and Rosse  1969 ; Nicholson-Weller et al.  1983 ; Selvaraj et al.  1988  ) . Notably, in PNH, the 
abnormal phenotype pertains to erythrocytes, granulocytes, and platelets, but not all blood cells are 
affected; indeed, PNH patients present a mosaicism of normal and abnormal blood cells. The clonal 
origin of PNH hematopoiesis was  fi rst demonstrated in 1970 by Dr. Luzzatto’s group by studying 
patients heterozygous for the glucose-6-phosphate-dehydrogenase; (Oni et al.  1970  )  on the other hand, 
the involvement of all blood lineages suggested that aberrant phenotypes derive from multipotent 
hematopoietic progenitors or even hematopoietic stem cells (Kinoshita et al.  1985  ) . All the proteins 
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missing from the PNH cell surface shared a common mechanism responsible for their attachment to 
the cell membrane (Medof et al.  1987  ) , which is a speci fi c glycolipid structure named glycosyl phos-
phatidylinositol (GPI) anchor (Mahoney et al.  1992  ) . In 1993, Kinoshita and colleagues demonstrated 
that PNH is associated with mutations in the  PIG-A  gene (Takeda et al.  1993 ; Miyata et al.  1993  ) , an 
X-linked gene which encodes an enzyme essential to transfer N-acetyl glucosamine to phosphati-
dylinositol. This is the very  fi rst step of the GPI-anchor biosynthesis (Armstrong    et al.  1992 ; Hirose 
et al.  1992 ; Takahashi et al.  1993  ) , and the impairment of this biochemical pathway precludes the 
expression of all GPI-linked proteins on the surface of affected cells (Takayashi et al.  1993  ) . PNH 
develops through an acquired somatic mutation in the  PIG-A  gene occurring in one or a few hematopoi-
etic stem cells, which originate progeny of mature blood cells – erythrocytes, granulocytes, platelets, 
and possibly lymphocytes – uniquely lacking in all GPI-APs from their surface (Fig.  10.1 ). PNH is 
therefore an acquired genetic blood disorder, which cannot be transmitted to the progeny.   

    10.2.2   The Dual Pathophysiology Theory 

 A number of observations support the idea that the  PIG-A  mutation itself is necessary but not suf fi cient 
to cause PNH. In fact, the expansion of PNH cells over normal hematopoiesis remains a key step to 
develop the disease phenotype. Several investigators have tried to generate murine models of PNH, with 
limited success. Indeed, a complete knockout animal could not be produced due to fetal loss (Kawagoe 
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et al.  1996  ) , and even the use of chimeras obtained by inserting  pig-a  knocked-out embryonic stem cells 
in early embryonic development gave disappointing results (Tremml et al.  1999  ) . Mice having a 
 substantial proportion of PNH cells were subsequently generated by using a conditional inactivation of 
the murine  pig-a  gene implemented using Cre recombinase speci fi cally targeted to the hematopoietic 
stem cells. (Keller et al.  2001 ; Jasinski et al.  2001  )  However, even these mice do not really mimic the 
disease phenotype seen in humans, because PNH hematopoiesis tends to decrease over time (Jasinski 
et al.  2001  ) , leading to the conclusion that the  pig-a  mutation is not suf fi cient itself to sustain the expan-
sion of PNH-like hematopoiesis over time. On the other hand, even if a  PIG-A  mutation may be identi fi ed 
in all PNH patients, it has been demonstrated that a few PNH-like cells carrying inactivating  PIG-A  
mutations may be detected even in normal individuals (without any sign or symptom of PNH), at a 
frequency of 10–50 cells per million (Araten et al.  1999  ) . This clearly demonstrated that, in vivo, a  PIG-
A  mutation was not suf fi cient to cause the disease; this view is also supported by the observation that, 
at least in some patients, PNH hematopoiesis may include more than one abnormal clone (Endo et al. 
 1996 ; Nishimura et al.  1997  ) , consistent with an expansion based on non-stochastic processes, such as 
selection, rather than a random process. This background raised the hypothesis of a dual pathophysiol-
ogy for PNH: the  PIG-A  mutation is not suf fi cient to cause the disease and requires a second, indepen-
dent event (Rotoli and Luzzatto  1989  ) . This theory is also known as the “relative advantage” (Luzzatto 
et al.  1997  )  or “escape” theory (Young and Maciejewski  2000  ) . According to this view, a mutation in 
the  PIG-A  gene might be a fairly common phenomenon, with no major biological consequences, 
because in physiological conditions the mutated cell has no reason for expanding in the presence of a 
vast majority of normal cells. In fact, no intrinsic proliferative advantage has been demonstrated in 
PNH hematopoietic progenitors in comparison to normal ones (Araten et al.  2002  ) . However, additional 
factors may alter this equilibrium, creating the conditions for the expansion of PNH clone(s) (Fig.  10.2 ) 

Expansion of PNH 
henatopoiesis

Platelets

Erythrocytes

Granulocytes

Monocytes

Lympohocytes

Proportion
of PNH

cells
PNH (PIG-A mutated) 
hematopoietic stem cell

Hematopoietic
Stem Cell pool 

(Immune) attack on 
normal hematopoiesis

  Fig. 10.2     Mosaicism of hematopoiesis in PNH patients . Due to the PIG-A mutation of a few hematopoietic stem cells, 
hematopoiesis in PNH patients is a mixture of normal (PIG-A wild-type) and abnormal ( PIG-A-mutated ) hematopoietic 
stem cells. Affected ( PIG-A-mutated ) hematopoietic stem cells are able to originate all blood progeny cells, including 
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hematopoiesis (according to the dual pathophysiology theory, see text for details), PNH patients harbor proportion of 
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and possibly leading to the occurrence of a single  PIG-A -mutated stem cell sustaining hematopoiesis 
even for the rest of the patient’s life (Nishimura et al.  2002,   2004  ) . The nature of such second event(s) 
is thought to be an (auto)immune attack against hematopoiesis, as supported by the well-known clinical 
overlap between PNH and aplastic anemia (AA, which is in most cases immune-mediated) (Lewis and 
Dacie  1967  ) , as well as by direct demonstration of immune abnormalities in PNH patients. Indeed, 
normal and PNH cells are not different in terms of growth or survival, but PNH cells could be spared by 
immune-mediated damage,  fi nally resulting in a progressive consumption of normal hematopoiesis, 
with relative expansion of PNH hematopoiesis (Rotoli and Luzzatto  1989 ; Luzzatto et al.  1997 ; Young 
and Maciejewski  2000  ) . This was con fi rmed by gene expression pro fi ling performed in normal and 
PNH hematopoietic stem cells obtained from PNH patients: in fact, phenotypically normal (GPI-AP-
positive) CD34+ cells harbored diffuse abnormalities of their transcriptome, with overexpression of 
genes involved in apoptosis and immune activity, paralleling the  fi ndings seen in CD34+ cells of AA 
patients, while phenotypically abnormal PNH CD34+ (GPI-AP negative) showed a gene expression 
pro fi ling closer to normal (Chen et al.  2005  ) . Notably, normal and PNH CD34+ cells did not show any 
difference in the genes involved in growth or proliferation, rather suggesting the presence of sublethal 
extrinsic damage in phenotypically normal HSCs but not in their  PIG-A  mutated counterpart.    

    10.3   Disease Manifestations and Pathogenic Mechanisms in PNH 

 According to the dual step theory, the expansion of PNH hematopoiesis may represent a natural escape 
to prevent a more severe marrow failure; however, on the other hand, the production of substantial 
proportion of progeny blood cells harboring the PNH phenotype leads to the clinical phenotype of 
PNH, which is characterized by the typical triad of intravascular hemolysis, thrombophilia, and bone 
marrow failure (Fig.  10.3 ; Dunn et al.  2000 ; Parker and Ware  2003 ; Luzzatto and Notaro  2003 ; Parker 
et al.  2005  ) . The natural history of PNH is quite unpredictable, given the very heterogeneous disease 
presentation and evolution; indeed, some patients may live with the disease for decades, without 
major complications, whereas some others present with early life-threatening medical complications. 
Median survival was estimated above 10 years in the past decade in two independent series (Hillmen 
et al.  1995 ; Sociè et al.  1996  )  and about 22 years in a recent update of the French large database 
(de Latour et al.  2008  ) , which anyway refers to time period before the introduction of the anticomple-
ment therapy. The leading causes of death are thrombosis, followed by complications of bone marrow 
failure (infections and hemorrhages).  

    10.3.1   Intravascular Hemolysis 

 Intravascular hemolysis is the most typical manifestation of PNH and accounts for the most evident 
signs and symptoms of PNH (Fig.  10.3 ). Hemolysis is found in all PNH patients, even if the degree 
may be variable due to the size of the PNH clone(s), as well as to the type of PIG-A mutation (mis-
sense mutations may lead to a partial de fi ciency of GPI-linked protein, the so-called type II PNH 
erythrocytes, which have a lower susceptibility to complement-mediated lysis in comparison to the 
type III PNH erythrocytes; Rosse and Dacie  1966 ). Typically, the hemolysis is chronic, with possible 
exacerbations (the paroxysms) which occur due to massive complement activation, often in associa-
tion with infections or other triggering events. Hemolysis leads to hemoglobinuria, urinary iron loss 
(seen as hemosiderinuria), and eventually anemia. The extent of anemia is very heterogeneous among 
patients, being also dependent on other factors such as compensatory erythropoiesis (which may be 
impaired in patients with more severe marrow failure) or even iron/vitamin de fi ciency. As a result, 
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anemia may be severe, requiring frequent transfusions, in some patients, or well compensated in 
other cases. Besides anemia, it is now accepted that lysis may induce by itself speci fi c disabling 
 symptoms; they include malaise and fatigue (which may exceed than expected based on the low 
hemoglobin level), painful abdominal crises, dysphagia, and erectile dysfunction (Rother et al.  2005  ) . 
All these latter symptoms, which usually occur in association with paroxysms of hemolysis, are 
thought to be due to smooth muscle dystonia secondary to NO consumption (Rother et al.  2005  ) . 
Hemolysis in PNH mechanistically derives from the aberrant phenotype of affected erythrocytes. In 
fact, as discussed more in detail later on, the GPI-linked proteins missing on PNH erythrocytes include 
the two complement regulators CD55 (also known as decay-accelerating factor, DAF; Nicholson-
Weller et al.  1982,   1983  )  and CD59 (or membrane inhibitor of reactive lysis, MIRL; Holguin et al. 
 1989a,   b  ) . As a result, PNH erythrocytes are exquisitely vulnerable to complement activation, result-
ing in uncontrolled complement activation and subsequent membrane attack complex (MAC) assem-
bly, which leads to chronic intravascular hemolysis. The hierarchical contribution of CD55 and CD59 
to hemolysis suggests that CD59 is the key molecule which, if absent, leads to lysis (Wilcox et al. 
 1991  ) ; in contrast, redundant mechanisms (including CD59 itself) usually overcome the isolated 
de fi ciency of CD55 (as demonstrated in patients carrying the so-called Inab phenotype, who do not 
suffer from hemolysis; Holguin et al.  1992  ) . However, it should be reiterated that both complement 
activation and effector mechanisms are uncontrolled on PNH erythrocytes. Speci fi cally, the lack of 
CD55 impairs regulation of the C3 convertases (regardless of the triggering pathway – classical or 
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  Fig. 10.3     Pathogenic mechanisms of clinical manifestations in PNH.  Because of the lack of CD55 and CD59 ( green 
 fl ags ), PNH erythrocytes are particularly susceptible to complement attack and suffer from complement-mediated lysis. 
Intravascular hemolysis accounts for anemia and other hemolysis-related manifestation; hemolysis (and possibly 
 complement activation itself) may also be involved in the propensity to thrombosis typical of PNH patients. In contrast, 
bone marrow failure is not related to complement activation or hemolysis and harbors distinct pathogenic mechanisms 
(see text)       
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alternative; Mold et al.  1990  ) , leading to increased C3 activation and further progression along the 
subsequent steps of the cascade. It is also understood that low-grade spontaneous C3 tickover leads to 
chronic CAP activation on the PNH erythrocyte surface (Pangburn et al.  1981 , Pangburn et al.  1983c    ). 
Due to the lack of CD55, once activated by the CAP, the complement cascade continues through to 
MAC assembly,  fi nally coming to lysis due to the lack of CD59 inhibition of C8 and C9 incorporation 
into the MAC. Thus, given such mechanistic relationship between hemolysis and the complement 
cascade, the availability of complement inhibitors is a  critically important breakthrough for the treat-
ment of PNH patients.  

    10.3.2   Thrombophilia 

 Thrombophilia is the second typical manifestation of PNH, with thrombosis developing in about 40% 
of all patients; accordingly, PNH is the medical condition with the higher risk of thrombosis. 
Unfortunately, as the underlying pathogenic mechanisms are not fully understood, thromboses are 
largely unpredictable in PNH patients, even if according to most series they generally develop in 
patients with large clones and massive hemolysis (Hall et al.  2003 ; Moyo et al.  2004  ) . The thrombotic 
risk is peculiar to each patient, possibly as a result of additional independent (environmental or 
genetic) risk factors that may shape the individual predisposition to thrombosis. Thrombosis of PNH 
is quite unique because it mostly occurs at venous sites which are unusual for other non-PNH-related 
thrombosis. Intra-abdominal veins are the most frequent sites, followed by cerebral and limb veins; 
other possible sites include dermal veins, the lungs – with pulmonary embolus – and the arteries – 
leading to arterial thrombosis. Thrombotic disease may be life threatening and is the main cause of 
death for PNH patients (Hillmen et al.  1995 ; Socie et al.  1996 ; de Latour et al.  2008  ) . Typical severe 
presentations of thrombotic PNH include hepatic venous (Budd-Chiari syndrome) (Hoekstra et al. 
 2009  ) , portal, mesenteric, renal, and cerebral vein thrombosis (Audebert et al.  2005  ) . A number of 
possible mechanisms accounting for thrombophilia in PNH have been hypothesized. The clinical 
observation that thrombotic complications are more common in patients with larger PNH clones (Hall 
et al.  2003 ; Grünewald et al.  2003 ; Moyo et al.  2004  )  and greater hemolysis suggests that the patho-
genic mechanism is related to complement activation (Markiewski et al.  2007  )  and/or hemolysis itself 
(Fig.  10.3 ); this is someway con fi rmed by the reduced thromboembolic risk observed in patients 
receiving anticomplement therapy (Hillmen et al.  2007  ) . At least four distinct (but not mutually exclu-
sive) mechanisms can be hypothesized. First, uncontrolled complement regulation on platelet surface 
might lead to platelet activation and aggregation, enhancing clot formation (Gralnick et al.  1995 ; 
Louwes et al.  2001  ) . Second, thrombophilia may directly result from hemolysis, due to the buildup of 
cell-free plasma hemoglobin released by the erythrocytes and subsequent scavenger effect on plas-
matic nitric oxide, which might impair its inhibitory action on platelet aggregation and adhesion to 
endothelium, as well as its regulatory effect on vessel wall tone (Schafer et al.  2004 ; Rother et al. 
 2005  ) . A third mechanism could be the generation of procoagulant particles; indeed, microvesicles 
are known to be released in PNH patients upon hemolysis and complement activation from RBCs 
(Hugel et al.  1999  ) , WBCs (monocytes) and platelets (Wiedmer et al.  1993 ; Simak et al.  2004  )  and 
even from the endothelium. However, even if their procoagulant action is commonly accepted in other 
conditions (van Beers et al.  2009  ) , their speci fi c role in the pathophysiology of thromboembolisms in 
PNH is not yet proven. The fourth possible mechanism of thrombophilia in PNH might be an impair-
ment of the  fi brinolytic system, due to the lack of membrane-bound urokinase-type plasminogen 
activator receptor (uPAR) – which is GPI-linked – and to the excess of its soluble form (Ninomiya 
et al.  1997 ; Sloand et al.  2008 ).  
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    10.3.3   Bone Marrow Failure 

 The third key clinical feature of PNH is bone marrow failure, which usually becomes evident as 
neutropenia and thrombocytopenia; however, it may also contribute to anemia in PNH patients, as 
evident in PNH patients with reticulocyte counts inadequate to the hemoglobin level. The marrow 
impairment in PNH may range from mild to severe cytopenia, eventually seen as aplastic anemia 
(AA) (Lewis and Dacie  1967  ) , and with possible modi fi cations during the course of the disease. A 
substantial proportion of PNH patients (between 30% and 70%) sooner or later develop frank AA 
(Hillmen et al.  1995 ; Socie et al.  1996 ; De Latour et al.  2008  ) ; on the other hand, AA patients may 
also develop PNH. Indeed, up to 40% of AA patients may have detectable PNH clone (Sugimori et al. 
 2006 ; Scheinberg et al.  2010  ) , which may increase over time eventually causing hemolysis and clini-
cal PNH. Thus, PNH and AA are closely embedded (Dameshek  1967  )  and should be considered as 
different presentations of the same disorder rather than independent conditions; furthermore, accord-
ing to the dual pathophysiology theory, an underlying bone marrow failure accounts for the expansion 
of the PNH clone and is not surprising in PNH patients. (Rotoli and Luzzatto  1989  ) . Indeed, regard-
less of its clinical presentation, PNH is a bone marrow disorder because of both a quantitative (clinical 
or subclinical) and a qualitative (the aberrant phenotype stems from the  PIG-A -mutated HSC) impair-
ment of hematopoiesis. Bone marrow impairment in PNH patients has been demonstrated by culture 
assays, showing a signi fi cant reduction in all lineage-committed progenitors (CFU-E, BFU-E, 
CFU-GM, CFU-GEMM) (Rotoli et al.  1982 ; Maciejewski et al.  1997  ) , as well as in stem cells/multi-
potent progenitors (LTC-IC) (Maciejewski et al.  1997  ) . The pathogenic mechanisms accounting for 
marrow failure in PNH are common to those described in AA and include an immune-mediated dam-
age of the hematopoiesis, with quantitative and functional impairment of the hematopoietic stem cell 
pool and subsequent pancytopenia (Young and Maciejewski  2000 ; Young et al.  2006  ) . Several evidences 
of immune derangement in PNH patients have been produced, including the presence of an oligoclo-
nal T cell repertoire (Karadimitris et al.  2000 ; Risitano et al.  2004  )  and of clonal effector T cells 
(Poggi et al.  2005 ; Gargiulo et al.  2007  ) , pointing out the pivotal role of cell-mediated immunity.   

    10.4   Complement Dysregulation in PNH 

 The complement system is a key component of innate immunity, which has evolved to recognize both 
exogenous pathogenic microorganisms as well as injured self tissues and to amplify adaptive immu-
nity (Müller-Eberhard  1988 ; Holers  2008  ) . The complement system encompasses distinct functional 
pathways with unique mechanisms of activation: the classical, the alternative, and the lectin pathways. 
These pathways are initiated by speci fi c and distinct triggers, usually infectious agents or injured cells, 
but  fi nally merge into a common  fi nal effector mechanism, namely, the cytolytic MAC. As an excep-
tion, the complement alternative pathway (CAP) also exhibits a low-grade continuous activation due 
to spontaneous hydrolysis of the C3 (the so-called tickover phenomenon) (Pangburn et al.  1981 ; 
Pangburn and Müller-Eberhard  1983  ) . The CAP plays a pivotal role in complement functioning also 
because of its capability of amplifying any initial complement activation, regardless of the speci fi c 
triggering pathway that initially generates C3b. Fine mechanisms have evolved to prevent possible 
damage from the complement system; they include membrane-bound proteins (complement receptor 
1 [CR1], membrane cofactor protein [MCP], and the membrane proteins CD55 and CD59) as well as 
 fl uid-phase components, including complement factor I (FI) and factor H (FH). Among these, CD55 
and CD59 are of pivotal importance in PNH, given that they are absent on  PIG-A  mutated cells due to 
the impaired GPI-anchor biosynthesis. CD55, also known as decay accelerating factor (DAF) is a 
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70-kd protein which inhibits the formation and the stability of C3 convertase (both C3bBb and C4b2a) 
(Nicholson-Weller  1992  ) . Historically, CD55 was the  fi rst complement regulator reported to be absent 
on PNH erythrocytes (Pangburn et al.  1983a,   b ; Nicholson-Weller et al.  1983  )  possibly accounting for 
the increased susceptibility of PNH erythrocytes to complement-mediated lysis. However, further 
studies suggested that factors other than CD55 should also be involved, possibly acting downstream 
on the complement cascade (Medof et al.  1987 ; Shin et al.  1986  ) . Subsequently, CD59 (also known as 
membrane inhibitor of reactive lysis, MIRL) was identi fi ed as an additional complement inhibitor 
which was found de fi cient on PNH cells (Holguin et al.  1989a  ) . CD59 interferes with the terminal 
effector complement, blocking the incorporation of C9 onto the C5b-C8 complex, thus preventing 
MAC formation (Meri et al.  1990  ) . The hierarchical contribution of CD55 and CD59 to hemolysis 
suggests that CD59 is the key molecule which, if absent, leads to lysis (Wilcox et al.  1991  ) . In con-
trast, redundant mechanisms (including CD59 itself) usually overcome an isolated de fi ciency of CD55 
(Holguin et al.  1992  ) , as demonstrated in patients carrying the so-called Inab, who do not show any 
sign of hemolysis (Merry et al.  1989  ) . In contrast, anecdotic cases of inherited CD59 de fi ciency harbor 
a clinical phenotype undistinguishable from PNH (Yamashina et al.  1990 ; Motoyama et al.  1992  ) . It is 
intelligible that the de fi ciency of the complement regulatory proteins CD55 and CD59 makes PNH 
erythrocytes prone to lyse once the complement cascade activates. The in vitro susceptibility of PNH 
erythrocytes has been demonstrated since the initial descriptions by Dr. Ham, who clearly documented 
(before being aware of any biochemical and genetic feature of PNH) that erythrocytes from PNH 
patients lyse in autologous serum upon complement activation by acidi fi cation (the so-called acidi fi ed 
serum assay, also known as the Ham test; Ham and Dingle  1939  ) . Several decades later, Rosse and 
Dacie clearly elucidated that erythrocytes obtained from PNH patients are a mosaicism of two or three 
different phenotypes, which differ in their sensitivity to complement-mediated lysis in vitro (Rosse 
and Dacie  1966 ; Rosse  1971  ) . The  fi rst phenotype has a normal (equal to that of erythrocytes from 
healthy individuals) sensitivity to complement, while abnormal cells may have a dramatic hypersen-
sitivity to complement-mediated lysis (15–25 times the normal one) or just a moderate hypersensitiv-
ity (3–5 times the normal). These phenotypes are referred as PNH type I, type III, and type II, 
respectively (Rosse and Dacie  1966 ; Rosse  1971  ) ; now, we know that they correspond to a normal 
expression of GPI-APs (type I) or to a complete (type III) or partial (type II) de fi ciency of GPI-APs, 
as documented by  fl ow cytometry (van der Schoot et al.  1990  ) . The susceptibility of PNH erythrocytes 
to complement-mediated lysis has a direct and mechanistic consequence in vivo because the lifespan 
of PNH erythrocytes is about tenfold reduced in comparison to that of normal red cells. This chronic 
hemolysis likely results from a steady-state complement activation, due to the low-grade spontaneous 
C3 tickover leading to continuous CAP activation on PNH erythrocyte surface (Pangburn et al.  1981 ; 
Pangburn and Müller-Eberhard  1983  ) . This steady-state chronic hemolysis may undergo tremendous 
rises in case of speci fi c conditions, such as infections or in fl ammatory status, which may further acti-
vate the complement cascade. It should be reiterated that both the initial complement activation and 
the downstream effector mechanisms are uncontrolled on PNH erythrocytes; indeed, the lack of CD55 
impairs the regulation of C3 convertases (regardless of the triggering pathway – classical or alterna-
tive) (Mold et al.  1990  ) , leading to increased C3 activation and further progression along the subse-
quent steps toward the MAC assembly – which is not prevented due to the lack of CD59 (Fig.  10.4 ). 
In this view, PNH can be considered mostly a CAP-mediated disease (Holers  2008  ) , where a low-level 
chronic CAP-mediated hemolysis is greatly ampli fi ed during in fl ammatory or infectious diseases. 
Overt hemolysis and paroxysms of PNH patients result from a speci fi c triggering action on the com-
plement system, which may occur along each of the three distinct complement pathways. There are no 
data demonstrating which complement pathway is activated in speci fi c conditions in vivo (i.e., infec-
tions); however, one may speculate that all the three pathways may cooperate, with a possible hierar-
chical dominance of the CAP, given its capability to amplify any complement activation regardless of 
the initial triggering pathway (and its uncontrolled activation due to the lack of CD55).   
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    10.5   Anticomplement Treatment in PNH: The Lesson of Eculizumab 

    10.5.1   Ef fi cacy and Safety of the Complement Inhibitor Eculizumab 

 The treatment of PNH has been dramatically changed since the availability of the  fi rst complement 
inhibitor eculizumab. Eculizumab (h5G1.1-mAb, Soliris ® , Alexion Pharmaceuticals) is a humanized 
monoclonal antibody (mAb) (Rother et al.  2007  )  derived from the murine anti-human C5 mAb; it 
speci fi cally binds the terminal complement component 5, thereby inhibiting its cleavage to C5a and 
C5b (Matis and Rollins  1995  ) . Thus, eculizumab blocks the formation of MAC, the terminal effector 
mechanism accounting for intravascular hemolysis of PNH erythrocytes. Eculizumab was initially 
investigated in patients suffering from other complement-mediated disorders; however, PNH appeared 
to be the best candidate disease to bene fi t from eculizumab treatment. In fact, eculizumab may com-
pensate for the absence of CD59 on PNH erythrocytes, preventing their lysis upon complement acti-
vation. The blockade of the complement cascade at the level of C5 does not affect early complement 
components, preserving pivotal functions such as clearance of immune complexes and microorgan-
isms (Matis and Rollins  1995  ) . In the last few years, eculizumab has been extensively investigated for 
the treatment of hemolysis in patients with transfusion-dependent PNH. Safety and ef fi cacy of eculi-
zumab were initially established in one phase II pilot study (Hillmen et al.  2004  )  as well as in two 
multinational phase III clinical studies [TRIUMPH (Hillmen et al.  2006  )  and SHEPHERD (Brodsky 
et al.  2008  ) ] and subsequently were con fi rmed in a common open-label extension study (Hillmen 
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  Fig. 10.4     Complement regulation and intravascular hemolysis of PNH erythrocytes: steady state . Given their de fi ciency 
in surface CD55, PNH erythrocytes are susceptible to complement activation through C3 tickover and the alternative 
pathway, as well as through any other complement pathway. After initial C3 activation and subsequent C3b binding to 
erythrocyte surface, the complement cascade may proceed toward the MAV formation, which is not inhibited due to the 
lack of CD59. As a result, PNH erythrocytes succumb because of MAC-mediated intravascular hemolysis       
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et al.  2007  ) . Eculizumab was given intravenously dosed at 600 mg weekly for 4 weeks (loading 
phase),  followed 1 week later by 900 mg fortnightly (maintenance phase); all patients were vacci-
nated against  Neisseria meningitidis  at least 2 weeks before starting the treatment. After the initial 
pilot study, which provided proof of principle of effective blockade of intravascular hemolysis in 11 
heavily transfused PNH patients (Hillmen et al.  2004  ) , eculizumab was tested in a double-blind, 
placebo-controlled, multinational randomized trial which enrolled 86 transfusion-dependent PNH 
patients (Hillmen et al.  2006  ) . Treatment with eculizumab resulted in a dramatic reduction of intra-
vascular hemolysis, as measured by LDH, leading to hemoglobin stabilization and transfusion inde-
pendence in about half of the patients. Control of intravascular hemolysis was found in all patients, 
and even cases not achieving transfusion independence showed a reduction of their transfusional 
needs. The effects of eculizumab on hemolysis were evident after the  fi rst administration and lasted 
for the whole study period. In comparison to placebo, eculizumab also resulted in a signi fi cant 
improvement in fatigue and quality of life, as measured by validated questionnaires. The safety pro fi le 
of eculizumab was excellent, with negligible side effects and incidence of adverse events comparable 
to that of the placebo. These data were con fi rmed in the open-label phase III study SHEPHERD, 
which included a broader PNH population (Brodsky et al.  2008  ) . In the 96 patients enrolled in the 
study, treatment with eculizumab resulted in an almost complete control of intravascular hemolysis, 
regardless of the pretreatment transfusion requirement, with transfusion independence achieved in 
half of the patients, and signi fi cant improvement in fatigue and quality of life (Brodsky et al.  2008  ) . 
The subsequent open-label extension study enrolled a total of 187 patients who have previously com-
pleted one of the parent clinical trials (Hillmen et al.  2007  ) . The extension study con fi rmed the 
ef fi cacy and the safety of eculizumab with a longer follow-up, con fi rming that the effects of eculi-
zumab treatment on intravascular hemolysis were retained over time. In addition, by comparing the 
rate of thrombosis between the pretreatment and treatment periods in the same patients, the extension 
study allowed an evaluation of the incidence of thromboembolic events in PNH patients on eculi-
zumab, showing an 85% relative reduction of the thromboembolic risk (Hillmen et al.  2007  ) . Whether 
eculizumab exerts its effect on thrombophilia of PNH directly, or through the blockade of intravascu-
lar hemolysis (e.g., by reduction of NO consumption or reduced release of procoagulant microvesi-
cles), is still unknown. However, the effects of eculizumab on thrombophilia of PNH seem quite 
speci fi c, given that distinct biomarkers of coagulation pathway activation, reactive  fi brinolysis, and 
endothelial cell activation decrease during eculizumab treatment (Helley et al.  2010  ) . All these 
bene fi cial effects of eculizumab may potentially result in an improvement of survival of PNH patients, 
as recently shown in a limited cohort (Kelly et al.  2011  ) .  

    10.5.2   Biological Insights from Treatment with Eculizumab 

 The use of eculizumab represented a unique opportunity to improve our understanding of PNH 
pathophysiology in vivo and in particular to dissect the potential role of early and terminal phases of 
the complement cascade. Recent observation from our group has led to the identi fi cation of a novel 
mechanism of disease speci fi cally emerging in PNH patients on eculizumab, which could somehow 
limit the bene fi t of eculizumab treatment. Indeed, we have demonstrated that PNH erythrocytes of 
PNH patients on eculizumab escape MAC formation and lysis, thanks to eculizumab, but progres-
sively bind C3 fragments on their surface. In our initial series of 56 PNH patients, we have demon-
strated by  fl ow cytometry that all the 41 PNH patients on eculizumab harbored C3 fragments bound 
to a substantial portion of their PNH erythrocytes (while none of the untreated patients did) (Risitano    
et al.  2009a  ) . Our data were con fi rmed in an independent series by another group that exploited a 
direct antiglobulin test using C3d-speci fi c antisera (Hill et al.  2010  ) . Notably, these biological  fi ndings 
parallel the observation that most PNH patients on eculizumab remain anemic, regardless of an 
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adequate control of intravascular hemolysis (as shown by normal or almost normal LDH levels), and 
all of them continue to have substantial reticulocytosis (Risitano et al.  2009a  ) . We hypothesized that 
membrane-bound C3 fragments work as opsonins on PNH erythrocytes, resulting in their entrapment 
by reticuloendothelial cells through speci fi c C3 receptors and subsequent extravascular hemolysis 
(Risitano et al.  2009a   ; Luzzatto et al.  2010  ) . This mechanism is supported by persistent reticulocyto-
sis, hyperbilirubinemia, and anemia in patients on eculizumab and was also con fi rmed by an in vivo 
erythrocyte survival study by  51 Cr labeling (which showed reduced survival and hepatosplenic  51 Cr 
uptake) (Risitano et al.  2009a  ) . Thus, we have suggested that C3-mediated extravascular hemolysis 
is a common phenomenon of PNH patients on eculizumab, which may become clinically signi fi cant 
in some patients and largely accounts for residual anemia and heterogeneous hematological bene fi t 
of eculizumab treatment (Fig.  10.5 ; Risitano et al.  2009a  ) . Pathophysiologically, it is clear that such 
a mechanism becomes evident only when eculizumab prevents MAC-mediated hemolysis, allowing 
longer survival of PNH erythrocytes, which continue to suffer from uncontrolled C3 convertase 
activation and C3 fragment deposition due to CD55 de fi ciency (Luzzatto et al.  2010 ; Risitano et al. 
 2010  ) . Indeed, CAP is physiologically in a state of continuous activation because low-grade sponta-
neous hydrolysis of the internal thioester bond of C3 generates a C3b-like molecule, C3(H 

2
 O); 

nascent C3(H 
2
 O) is able to recruit factor B in forming (in the  fl uid phase) an unstable pro-C3 

convertase. Once cleaved by factor D (generating C3(H 
2
 O)Bb), this complex will in turn cleave addi-

tional C3 molecules to generate C3b, which binds predominantly to glycophorin A and activates 
(now in a membrane-bound phase) the CAP ampli fi cation loop (Parker et al.  1982 ; Pangburn et al. 
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  Fig. 10.5     Complement regulation and intravascular hemolysis of PNH erythrocytes: effects of eculizumab . Eculizumab 
binds to C5 in the  fl uid phase and prevents its cleavage to C5a and C5b. As a result, the progression of the complement 
cascade toward the MAC assembly is completely inhibited, and PNH erythrocytes result protected from MAC-mediated 
intravascular hemolysis. However, given the lack of CD55, initial CAP activation through the C3 tickover and the CAP-
mediated ampli fi cation loop remain uncontrolled; thus, early C3 activation continues, and because of their increased 
survival, PNH erythrocytes progressively bind substantial amount of C3 fragments on their surface. Subsequently, 
C3-opsonized PNH erythrocytes become susceptible to C3-receptor-mediated clearance by the hepatosplenic reticu-
loendothelial system, eventually resulting in C3-mediated extravascular hemolysis       
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 1983c ; Müller-Eberhard  1988  ) . On PNH erythrocytes, the lack of CD55 will allow this process 
(which is self-limiting on normal cells) to continue, leading to progressive CAP-mediated 
ampli fi cation, even in the presence of eculizumab (which acts downstream of C3). The reasons why 
only a fraction of PNH erythrocytes have membrane-bound C3, and why the proportion varies among 
patients, are not fully understood. Nevertheless, in vitro data support the concept that PNH erythro-
cytes are all susceptible to C3 deposition once exposed to conditions causing complement activation 
(Sica et al.  2010  ) . The reasons why a speci fi c erythrocyte may reach the threshold needed to start 
CAP activation could be simply stochastic or possibly linked to speci fi c microenvironmental condi-
tions generating in particular districts of the circulatory tree. We have also hypothesized that interin-
dividual differences in other physiological inhibitors (such as CR1, complement FH, and complement 
FI) may modulate the complement activation in a patient-speci fi c fashion, leading to distinct patterns 
of C3 deposition. In addition, even more complex factors may drive downstream the subsequent fate 
of C3-bound PNH erythrocytes; in fact, some patients may harbor large proportion of C3-bound PNH 
erythrocytes, without showing a clinically relevant extravascular hemolysis (Risitano et al.  2010  ) . At 
the moment, there is yet no ability to predict before starting eculizumab which patients will develop 
clinically meaningful C3-mediated extravascular hemolysis.    

    10.6   Novel Strategies of Complement Modulation in PNH 

 C3 opsonization of PNH erythrocytes is a common phenomenon for PNH patients treated with eculi-
zumab, even if the subsequent extravascular hemolysis may remain limited or well compensated in 
many cases (Luzzatto et al.  2010  ) . Thus, additional therapeutical strategies to manage clinically 
meaningful C3-mediated extravascular hemolysis are needed. We reported a patient managed by sple-
nectomy (Risitano et al.  2008  ) , who achieved a substantial improvement of hemoglobin level without 
any medical complication; however, many physicians raise the concern that this approach may carry 
an increased lifelong risk of infections, in addition to the risk of intra- or perioperatory complications 
(especially thrombosis or hemorrhage in thrombocytopenic patients) (Brodsky  2009  ) . Steroids seem 
to be a poor option because of the well-known side effects of long-term treatment and lack of evidence 
supporting a clear bene fi t (Risitano et al.  2010  ) . In some patients, the use of recombinant erythropoi-
etin has proven bene fi cial by increasing compensatory erythropoiesis (Hill et al.  2007  ) , without any 
speci fi c effect on residual extravascular hemolysis. Thus, at the moment, there is no established treat-
ment to prevent or to control C3-mediated extravascular hemolysis in PNH. 

    10.6.1   Targeted Anticomplement Therapies 

 The emergence of experimental and clinical evidences for CAP-initiated and C3 fragment-mediated 
extravascular hemolysis suggests that new treatment strategies appropriately targeting the early phases 
of the complement cascade should be assessed. The ideal agent should prevent the early phase of 
complement activation on PNH cells and defuse the ampli fi cation mechanisms (e.g., the CAP 
ampli fi cation loop). A systemic blockade of C3 activation through all pathways by monoclonal anti-
bodies (similar to the anti-C5 eculizumab) could be considered (e.g., by anti-C3 monoclonal antibod-
ies); however, this approach may carry the risk of infectious and autoimmune complications secondary 
to a complete switching off of the complement system at this point. Recently, a different type of anti-
C3 monoclonal antibody (the murine 3E7 and its chimeric-deimmunized derivative H17) has been 
developed, which recognizes activated C3 (C3b/iC3b) but not naïve, circulating C3; this antibody 
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seems to affect the activity of the C3/C5 convertases of the CAP only, preserving the classical pathway 
(Lindorfer et al.  2010  ) . These antibodies have been shown to be effective in inhibiting hemolysis of 
PNH erythrocytes in vitro; however, it has to be remarked that if C3/C5 convertases are localized on 
red cell surface, such an antibody may also work as an additional opsonin, possibly further amplifying 
the clearance of PNH erythrocytes through macrophage Fc receptors. A novel candidate agent has 
been designed by creating a recombinant fusion protein between two endogenous complement-related 
proteins, complement FH and complement receptor 2 (CR2). FH is a physiological complement inhib-
itor that modulates the initial CAP activation in the  fl uid phase by preventing C3 convertase activity 
and by promoting C3b inactivation into iC3b (Whaley and Ruddy  1976  ) . Indeed, FH defuses the CAP 
ampli fi cation loop, and it has been demonstrated protective from lysis for PNH erythrocytes in vitro 
(Ferreira and Pangburn  2007  ) . In the aim to deliver FH activity locally at the site of complement acti-
vation, FH was fused with the iC3b/C3d-binding domain of CR2. We have recently investigated the 
effects of this CR2-FH fusion protein (named TT30) in an in vitro model based on exposure of PNH 
erythrocytes to CAP-activated serum. In our assay TT30 resulted in a complete inhibition of comple-
ment-mediated hemolysis, as well as in a complete prevention of C3 deposition on PNH erythrocytes 
(Risitano et al.  2009b   ; Risitano et al.  2012  ) . These in vitro data support the concept that TT30 in vivo 
could be useful to prevent both intravascular and extravascular hemolysis of PNH erythrocytes. Based 
on this robust background, a phase I clinical trial has just started to enroll PNH patients in a   fi rst-in-
human  study (Alexion Pharmaceuticals, personal communication). A number of additional comple-
ment inhibitors or modulators are currently under preclinical development; many of them could be 
potentially intriguing for the treatment of PNH, especially those targeting the C3 convertase (such as 
anti-FB antibodies or properdin inhibitors) or C3 itself (such as the small molecule compstatin and its 
derivatives; Ricklin and Lambris  2008  )  seem the most appropriate for possible preclinical investiga-
tions in PNH. Once these or other next-generation complement inhibitors proceed to clinical develop-
ment, then we can determine whether such targeted inhibition should be additional or alternative to 
eculizumab. Indeed, the adequate control of C3 or both C3 and C5 activation on PNH red cells might 
make the downstream blockade by eculizumab redundant. Of course, any clinical translation should 
carefully take into account possible detrimental effects of such upstream and broad impairment of the 
complement cascade, which could expose to potentially dramatic infectious and autoimmune compli-
cations, much more than those seen with eculizumab.   

    10.7   Conclusions 

 Since its initial description, PNH has been a unique opportunity for physicians and scientist to improve 
their knowledge in basic science and medicine. Indeed, with its history, PNH paralleled the terri fi c 
scienti fi c progress of medical science in the last century; in fact, biochemistry, molecular biology, and 
genetics all contributed to unravel the mystery of PNH. In some way, together with other hematologi-
cal disorders, PNH represented one of the best examples of how basic science has changed how we 
view medicine, with a deep impact on our medical practice.    Even in the last decade, PNH continued 
to be a unique scienti fi c gym: in fact, it represented the opportunity to develop the  fi rst complement 
inhibitor approved for clinical use. In this endless process, PNH has driven a further improvement in 
our understanding of complement biology, especially in the context of its complex pathophysiology. 
The observation that novel mechanisms of disease may appear in PNH patients on eculizumab treat-
ment led to a deeper understanding of PNH pathophysiology and, more important, to a growing inter-
est in the development of novel anticomplement strategies. The future years promise to be extremely 
productive in terms of therapeutical strategies targeting speci fi c pathways and/or steps of the comple-
ment cascade; the hope is that they will represent a substantial improvement for the treatment of PNH 
and other complement-mediated diseases.      
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  Abstract   The complement system is a central homeostatic system of the vertebrate organism and part 
of innate immunity. When activated, complement has multiple functions and drives homeostasis and 
the elimination of infectious microbes (Walport MJ (2001) N Engl J Med 344:1140–1144; Zipfel PF, 
Skerka C (2009) Nat Rev Immunol 9:729–740). Several in fl ammatory disorders are caused by defec-
tive complement action, and the growing, detailed understanding of the underlying pathophysiological 
principles translate into therapy with complement inhibitors. As complement inhibitors have been 
approved for treatment of the complement-mediated disorders hemolytic uremic syndrome (HUS) and 
paroxysmal nocturnal hemoglobinuria (PNH), there is a growing interest to extended and improve the 
options for other complement-mediated diseases. Here, we summarize the current understanding and 
concepts how defective complement action at biological surfaces lead to pathology and disease, and 
how this understanding can be used for the development of surface targeting complement inhibitors.  

  Abbreviations  

  aHUS    Atypical hemolytic uremic syndrome   
  AMD    Age-related macular degeneration   
  AP    The alternative pathway   
  CFHR    Complement Factor H-related protein   
  CP    The classical pathway   
  CRP    C-reactive protein   
  DAMPs    Damage-associated molecular patterns   
  DEAP-HUS    De fi cient for CFHR proteins and Factor H autoantibody positive HUS   
  FHL1    Factor H-like protein   
  LP    The lectin pathway   
  mCRP    Monomeric CRP   
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  MDA    Malondialdehyde   
  MPGN II    Membranoproliferative glomerulonephritis type II   
  PNH    Paroxysmal nocturnal hemoglobinuria   
  pCRP    Pentameric CRP   
  RPE    Retinal pigment epithelial cells   
  SCR    Short consensus repeat   
  TCC    Terminal complement complex       

    11.1   The Human Complement System 

 The complement system is a central homeostatic system of the vertebrate organism and part of innate 
immunity. When activated, complement has multiple functions and drives homeostasis by eliminating 
invading microbes, allowing safe and nonin fl ammatory clearance of damaged or modi fi ed self-cells, 
inducing in fl ammation, and also by directing and modulating the adaptive immune response (Carroll 
 2000 ; Ogden and Elkon  2006 ; Walport  2001 ; Zipfel and Skerka  2009  ) . The complement system is 
activated by three major pathways: the alternative (AP), the classical (CP), and the lectin pathway 
(LP). Each pathway is initiated by unique activators and all three pathways generate a C3-convertase 
that cleaves the central complement component C3 into C3a and C3b. In its default setting, C3b is 
spontaneously and continuously generated via the alternative pathway by the “tick over activation” of 
native C3 (Pangburn and Muller-Eberhard  1983  ) . In the absence of inhibitors, activated C3b is depos-
ited onto any surface. The newly formed C3b molecule forms the central focus, and activators in 
combination with regulators determine the fate of the process. If activation proceeds, the reaction is 
powerful ampli fi ed, and many additional C3-convertases are formed (Zipfel et al.  2007  ) . The 
in fl ammatory mediator C3a is released, and in addition, more C3b is generated and deposited onto the 
surface. Such C3b-decorated particles are ef fi ciently phagocytosed and are removed in a silent, 
nonin fl ammatory manner. In addition, surface-deposited C3b is properly processed, and the major 
intermediates include iC3b, an important in fl ammatory surface molecule, as well as C3dg and C3d. 
Each intermediate of C3 directs to distinct receptors and has unique distinct effector functions (Sahu 
and Lambris  2001  ) . Further activation then leads to formation of a C5-convertase that by cleaving the 
plasma protein C5 generates the potent anaphylatoxin C5a, as well as C5b. C5b when stabilized initi-
ates assembly of the terminal complement complex (TCC) that inserts into membranes and causes 
lysis of a target cell.  

    11.2   Complement Activation Can be Both, Bene fi cial and Harmful 

 From side of the host, this activation, in particular the action of newly generated effector compounds, 
must be targeted onto the surface of damaged self-cells or infectious microbes. At the same time, 
activation needs to be restricted on the surface of intact host cells (Zipfel and Skerka  2009  ) . To this 
end, the vertebrate organism uses a battery of highly speci fi c regulators that discriminate between 
activator and nonactivator surfaces (also termed self and nonself/modi fi ed self) and that – in practice 
– control, modulate, and also inhibit activation and progression of the cascade. Thus, the complement 
system, with its diverse effector functions and activation levels, is regulated at each single step to 
adjust the intensity of the response and also the amount of newly generated effector compounds. The 
various regulators determine the degree of ampli fi cation as well as the intensity of the response, and 
they thereby block progression of the complement cascade or freeze activation. Multiple redundantly 
acting regulators with overlapping activities are distributed as soluble proteins in plasma and body 
 fl uids or are expressed as integral membrane proteins on nonactivator surfaces.  
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    11.3   From the AP Complement Regulator Factor H and FHL1 
to Complement-Related Diseases 

 The abundant plasma proteins Factor H    and the Factor H-like 1 protein (FHL1) represent two major 
regulators of the complement system (   Jozsi and Zipfel  2008 ). Factor H, as well as FHL1, protect self-
surfaces and biomembranes from complement-mediated damage, have anti-in fl ammatory activities, 
and display important housekeeping functions. Factor H, a 150-kDa serum protein, is composed of 20 
consecutive domains, termed short consensus repeats (SCR). This plasma protein has two central 
functions: regulation of the AP C3-convertase in  fl uid phase as well as on self-surfaces via attachment 
to the surface of host cells. The central complement regulatory region of Factor H is located within the 
N terminus and is represented by domains SCR1–4. These four SCRs are responsible for controlling 
the activity and fate of the AP C3-convertase C3bBb. In addition, Factor H uses two surface attach-
ment and recognition regions, which are located in SCR7 and in the C-terminal domains SCR18–20. 
FHL1 is a second protein encoded by the human  factor H gene . The FHL1 encoding mRNA is derived 
by alternative splicing, and this mRNA utilizes exons I–IX of the  factor H gene , which are shared by 
FHL1 and Factor H and exon X. Exon X is unique for FHL1 and encodes the four FHL1-speci fi c 
C-terminal amino acids (SFTL), a speci fi c 3 ¢ UTR and polyadenylation signals (Hellwage et al.  1997 ; 
Misasi et al.  1989  ) . The mature FHL1 protein is composed of 431 amino acids that form seven SCRs, 
which correspond to the seven N-terminal SCRs of Factor H. Both FHL1 and Factor H share the 
N-terminal complement regulatory region in SCR1–4 (Kuhn and Zipfel  1996  ) . However, the two 
molecules have different surface attachment regions (Fig.  11.1 ). FHL1 uses SCR7 as the C-terminal 
surface attachment region which guides this regulator to the surface of damaged self cells, including 
endothelial and epithelial cells. Factor H however has two surface attachment regions, located in 
SCR7 and in the C-terminal region SCR18–20 (Blackmore et al.  1996 ; Hellwage et al.  2002 ; Rodriguez 
de Cordoba  2004  ) . Although an important role for SCR7, as a unique and separate surface recognition 
region is emerging for FHL1, the interplay between the two surface attachment regions within the 
intact Factor H protein is still unclear. In native Factor H, the C-terminal region represents the  fi rst and 
major surface binding region, which provides the  fi rst contact to cells (Oppermann et al.  2006 ; Kajander 
et al.  2011  ) . Both attachment regions contact glycosaminoglycans and heparin, which are exposed on 
the surface of human cells or biomembranes (Meri and Pangburn  1990  ) . This Factor H speci fi c attach-
ment to self-surfaces via SCR7 and via the C terminus directs the regulator to endothelial and epithelial 
cells, to the surface of modi fi ed self-cells, such as apoptotic and necrotic cells as well as to biomem-
branes, like the glomerular basement membrane of the kidney, or to the Bruch’s membrane of the retina 
(Fritsche et al.  2010 ; Jokiranta et al.  2005 ; Lauer et al.  2011 ; Pangburn  2002  ) .   

    11.4   Discrimination of Complement Action at Self- and Nonself Surfaces 

 Proper discrimination between activator and nonactivator surfaces by the plasma proteins FHL1 and 
Factor H is important for recognition of modi fi ed cells, including necrotic, as well as apoptotic cells 
and also for biomembranes, in particular membranes under complement challenge. The surface of 
modi fi ed self-cells, such as apoptotic and necrotic cells, lack membrane-bound complement regulators 
such as CR1, CD46, CD55, and CD59. Consequently, complement is activated on these surfaces, and 
when not properly controlled, in fl ammation and complement effector functions are induced and initi-
ated (Lauer et al.  2011  ) . However, in this situation, the modi fi ed surfaces attach and recruit  fl uid phase 
regulators such as FHL1, Factor H, and also C4BP (Mihlan et al.  2011,   2009  ) . A precisely controlled 
processing of the complement cascade is bene fi cial and essential on the surface of such modi fi ed cells. 
Controlled activation of complement up to the level of the C3-convertase, and moderate controlled 
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C3-convertase activity leads to C3b opsonization of the surface. This allows phagocytosis as well as and 
ef fi cient, silent, and nonin fl ammatory removal (Mihlan et al.  2009 ; Trouw et al.  2008  ) . However, further 
progression of the cascade beyond the C3-convertase, to the next level, i.e., the C5-convertase, is blocked, 
and consequently neither the potent in fl ammatory marker C5a nor TCC are formed. This scenario de fi nes 
an important protective and anti-in fl ammatory role of acquired regulators such as FHL1, Factor H, as 
well as C4BP on the surface of intact, but in particular on the surface of modi fi ed self-surfaces.  

    11.5   Defective Discrimination Leads to Disease 

 The relevance of FHL1 and of Factor H bound to the surface of modi fi ed self-cells, as well as to biomem-
branes, is highlighted by disease-associated gene variations in the two surface attachment regions SCR7 
and SCR18–20 (Zipfel et al.  2006  ) . The common sequence variation in SCR7, i.e., a Tyrosine (Y) to 
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  Fig. 11.1     Structure of Factor H and FHL1 . The mRNAs encoding Factor H and FHL1 are derived from the same gene 
by means of alternative splicing, and the secreted proteins are composed of short consensus repeats (SCRs). Factor H 
is composed of 20 SCRs, FHL1 is identical in sequence with the seven N-terminal SCRs of Factor H, but this protein 
has a C-terminal extension of four unique amino acid residues. The complement regulatory domains are located in the 
N-terminal part within the  fi rst four SCRs ( yellow ), and the surface attachment regions ( blue ) are located in SCR7 (of 
 FHL1 ) and in SCR7 as well as SCR18–20 of Factor H. ( b / c ) AMD and aHUS-associated amino acid substitutions are 
often close to patches of positively charged residues that are responsible for surface binding and consequently can 
reduced FHL1 or Factor H binding to self- or modi fi ed self-surfaces. Amino acids responsible for surface binding are 
labeled in blue. Disease-associated amino acids, either linked to AMD ( SCR7 ,  b ) or aHUS ( SCR20 ,  c ) are shown in  red  
or  purple  respectively, if they match with amino acids responsible for surface binding. The molecular graphic was cre-
ated using the UCSF Chimera software (  http://www.cgl.ucsf.edu/chimera    ) and the public crystal structures of SCR7 
(2jgx) and SCR20 (2xqw) publish on the protein databank (PDB) (  www.rcsb.org    )       
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Histidine (H) exchange at position 402, increases the risk for the retinal disease  age-related macular 
degeneration (AMD) (Edwards et al.  2005 ; Haines et al.  2005 ; Klein et al.  2005  ) . Sequence variants and 
mutations in the C-terminal surface recognition region are associated with the renal disease atypical 
hemolytic uremic syndrome (aHUS). The AMD relevant amino acid at position 402 in SCR7 is either 
protective (Y402) or a risk (H402). The H402 risk variants of both FHL1 and also Factor H bind with 
reduced intensity to retinal pigment epithelial cells (RPE) and also to glycosaminoglycans of the Bruch’s 
membrane (Clark et al.  2010 ; Lauer et al.  2011 ; Skerka et al.  2007  ) . The majorities of aHUS-associated, 
mostly heterozygous, gene mutations cluster in the C-terminal surface attachment region and reduce 
surface binding of Factor H due to a reduced binding to glycosaminoglycans and to heparin (Caprioli 
et al.  2001 ; Herbert et al.  2006 ; Manuelian et al.  2003  ) . Furthermore, in the autoimmune form DEAP-
HUS disease relevant autoantibodies are present in patient plasma, which speci fi cally bind to the 
C-terminal region of Factor H and inhibit surface attachment (Zipfel et al.  2010b  ) . In the renal disease 
membranoproliferative glomerulonephritis type II (MPGN II; also termed dense deposits disease), the 
known Factor H gene mutations are mostly homozygous and frequently affect disul fi de forming cysteine 
residues, which are essential for the architecture of an individually folded SCR domain (Appel et al. 
 2005  ) . These mutations in the  factor H gene  affect secretion, while other MPGN II-associated mutations 
in the N-terminal regulatory domain block the complement regulatory functions. Absence of Factor H in 
the circulation, as well as inactivation or defective regulatory functions, leads to systemic complement 
activation, C3 consumption, and to local, uncontrolled complement activation especially at the glomeru-
lar basement membrane (Chen et al.  2011 ; Licht et al.  2006  ) . 

 Proper complement regulation in  fl uid phase and ef fi cient attachment of the soluble complement 
regulators FHL1 and Factor H to biological surfaces is therefore central for the integrity of host tis-
sues. Inappropriate targeting of the regulators causes enhanced local complement activation at cellular 
or biological surfaces and results in complement progression, in fl ammation, TCC assembly, and fur-
ther complement-mediated damage. The relevance of the sequence variation in SCR7 for surface 
attachment of FHL1 and of Factor H in AMD pathology con fi rms the important role of the two regula-
tors in the retina. Similarly, the association of  factor H gene  mutations that cluster in the C-terminal 
recognition region and that are associated with the renal disease aHUS allows to de fi ne principles and 
also the physiological role of FHL1 and of Factor H at cellular surfaces. The growing, detailed insights 
of these FHL1- and Factor H-associated diseases, which have been obtained over the last decade, 
allowed to understand the pathophysiological principle for these distinct disorders which manifests in 
different organs and highlighted the importance of complement and complement regulation for 
homeostasis and health.  

    11.6   Age-Related Macular Degeneration: A Complement-Associated Diseases 

 Age-related macular degeneration (AMD) is the leading cause of blindness in elderly people of 
Western societies (Jager et al.  2008  ) . This multifactorial disease develops over many years before a 
de fi nitive diagnosis can be set. Approximately 20 Mio individuals in the United States and Europe 
suffer from the disease, which is characterized by a gradual degeneration of photoreceptors within the 
macula and ultimately results in central vision loss (Pascolini et al.  2004  ) . Late disease stages present 
as two severe forms: geographic atrophy, that is caused by atrophy of photoreceptors and choroidal 
neovascularization which develop due to the growth of new blood vessels into the retinal layer. 
Photoreceptors are critically dependent upon functionally intact RPE cells that form a single layer of 
pigmented cells on the Bruch’s membrane and that transfer nutrients to the photoreceptors and remove 
outer photoreceptor segments via phagocytosis (Strauss  2005  ) . RPE cell damage, cell death, as well 
as age-related degeneration, are relevant for AMD pathology and can lead to either apoptosis or 
necrosis. Oxidative stress, for example, induces apoptosis of RPE cells due to lipofuscin formation 
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and accumulation in the mitochondria that consequently affect mitochondrial function, cause leaki-
ness of the inner membrane which in turn releases pro-apoptotic stimuli such as cytochrome C (Cai 
et al.  1999 ; Zhou et al.  2006  ) . However, a subpopulation of RPE cells exists that appear rounded and 
swollen without signs of cell shrinkage or nuclear condensation. These cells are degenerated, most 
likely due to necrosis (Anderson et al.  2002 ; Thurman et al.  2009  ) . A hallmark of AMD and usually 
one of the  fi rst clinical symptoms are ocular drusen – which represent extracellular deposits that form 
between the RPE layer and the Bruch’s membrane. Ultrastructural analyses suggest that RPE cells, 
which overlie such drusen, are degenerated due to necrosis (Hageman et al.  2001  ) . Proteome analyses, 
as well as histological studies, identi fi ed in these deposits a    series of in fl ammatory molecules and 
complement components and also complement activation fragments, TCC components as well as 
complement regulators (Crabb et al.  2002 ; Johnson et al.  2001  ) . Most or all of these proteins are 
expressed locally, for example, by RPE cells, and are present in the choroid and the Bruch’s mem-
brane, thus con fi rming a local role of complement and in fl ammation in the pathogenesis of AMD 
(Table  11.1 ).    This concept is con fi rmed by genetic studies that revealed a signi fi cant associations 
between AMD and the genes for complement Factor H, complement Factor B, complement compo-
nent 3 (C3), and complement Factor H-related proteins 1 and 3 (CFHR1/CFHR3) (Fritsche et al. 
 2010 ; Gold et al.  2006 ; Hughes et al.  2006 ; Yates et al.  2007  ) .   

    11.7   Role of FHL1 and Factor H in Age-Related Macular Degeneration 

 Importantly in up to 50% of AMD patients, the genetically de fi ned gene variants are linked to sequence 
variations in the  factor H  gene. The most relevant AMD-associated single nucleotide variation within 
the  factor H  gene translates on the protein level into a tyrosine (Y) to histidine (H) exchange at amino 
acid position 402. Both FHL1 and Factor H with Y402 represent the protective, and the proteins with 
H402 represent the risk variants. Residue 402 is located within the surface attachment region of SCR7 
that is shared by FHL1 and by Factor H. The presence of the H402 risk variant increases the risk for 
AMD about twofold to fourfold for heterozygote and about threefold to sevenfold for homozygote 
individuals (Klein et al.  2005  ) . Subsequent studies con fi rmed the strong genetic association in differ-
ent ethnic groups (Okamoto et al.  2006 ; Simonelli et al.  2006 ; Souied et al.  2005  ) . Functional studies 
show that the Y402 to H402 exchange affects binding of both FHL1 and Factor H to heparin, 

   Table 11.1    Complement components in AMD – components identi fi ed by different assays   

 Histological analysis of drusen   C3  (fragments C3a, iC3b, C3d, C3dg), Factor B 
  Factor H/FHL1 , CFHR1 
 C5, TCC 
 CD46, Clusterin 
 CRP (mCRP, pCRP) 

 Expression RPE/choroid   C3 , Factor D,  Factor I  
  Factor H/FHL1  
 C5, C7 
 CD46, CD55, CD59 

 Genetic   C3, Factor I , Factor B, C2 
  Factor H/FHL1,  CFHR1, CFHR3,  CFHR5  
  C7  

   bold  association con fi rmed by genetic and expression studies, in    italic , not con fi rmed yet  
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glycosaminoglycans, cellular surfaces, and in particular to the surface of apoptotic and necrotic cells 
of the Bruch’s membrane (Clark et al.  2010 ; Prosser et al.  2007 ; Skerka et al.  2007   ; Lauer et al.  2011 ) 
Reduced binding of either the FHL1 or the Factor H risk variants results consequently in a lower num-
ber of surface-bound regulators. This translates into reduced complement inhibition and to subsequent 
cascade progression on the surface of modi fi ed RPE cells and also the exposed Bruch’s membrane and 
provokes local cell damage and in fl ammation.  

    11.8   Cell Damage and Lipid Peroxidation in AMD 

 The eye and also retinal cells have a high level of O 
2
  consumption which makes this tissue and cell 

compartment susceptible to oxidative damage (Cai et al.  2000  ) . Local oxidative stress in the retina is 
caused by different scenarios, including the permanent exposure to light, accumulation of light-
sensitive components such as lipofuscin in RPE cells, damage of RPE cells which is followed by the 
enhanced release of reactive O 

2
  species from lysosomes, complement activation, as well as physical/

chemical agents like cigarette smoking (Fujihara et al.  2008 ; Thurman et al.  2009 ; Zhou et al.  2006  ) . 
Oxidative reactions – in particular – photo oxidative processes are critical for tissue destruction and 
progression of AMD pathology (Holly fi eld et al.  2008  ) . As a consequence endogenous molecules 
such as lipids, proteins, and DNA are modi fi ed which in turn undergo structural changes. This may 
trigger apoptosis or, after more intensive stress, even necrotic cell death. The oxidative degradation 
of lipids and proteins create numerous new moieties on the surface of affected cells and generates 
further reactive decomposition products with oxidative speci fi c immunodominant epitopes (Chou 
et al.  2008  ) . Such epitopes are termed damage-associated molecular patterns (DAMPs) and are rec-
ognized by complement and other components of the innate immune system (Miller et al.  2011  ) . The 
complement system, as a central element of innate immunity, has a pivotal role in recognizing and 
responding to DAMPs and when activated complement generates a variety of proin fl ammatory 
immune responses. In addition, oxidative stress leads to the activation and deposition of complement 
components on the surface of damaged cells. Lipid peroxidation is a frequent process and an inducer 
of in fl ammation. Malondialdehyde (MDA), a common lipid peroxidation product, is generated on the 
surface of apoptotic and necrotic cells and is also formed in many other pathophysiological processes 
(Esterbauer et al.  1991  ) . MDA, as well as other oxidation-speci fi c epitopes, form central ligands for 
innate immune molecules including the regulator Factor H, TLR4, natural antibodies, and C-reactive 
protein (Chang et al.  2002  ) . MDA is generated in pathophysiological process of AMD, and both 
FHL1 and Factor H are two major MDA-binding proteins (Suzuki et al.  2007 ; Weismann et al.  2011  ) . 
In addition, the surface of damaged self-cells exposes a variety of Factor H ligands, including mono-
meric CRP (mCRP), DNA, Annexin-II, phosphatidylserine, and histones (Lauer et al.  2011 ; Lef fl er 
et al.  2010  ) . 

 FHL1 and Factor H bind to MDA and also to mCRP on the surface-damaged cells, and this interac-
tion is relevant in AMD pathology (Lauer et al.  2011 ; Weismann et al.  2011  ) . CRP circulates as a 
125-kDa pentameric protein (pCRP), binds to the surface of damaged cells, is then destabilized and 
undergoes conformational changes. Modi fi cation of the structure results in the generation of mono-
meric CRP (mCRP) which has new binding characteristics (Ji et al.  2007  ) . mCRP is exclusively 
formed on the surface of modi fi ed cells, such as apoptotic and necrotic cells (Eisenhardt et al.  2009 ; 
Mihlan et al.  2011  ) . Both FHL1 and Factor H bind to MDA and to surface attached mCRP, but not to 
pCRP. FHL1 uses the recognition region in SCR7 for MDA/mCRP binding and Factor H – the two 
recognition regions in SCR7 in SCR18–20.  
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    11.9   MDA Targeting of FHL1 and Factor H Is Affected 
by the Sequence Variation in SCR7 

 Interestingly, the AMD-associated sequence variation in SCR7 at position 402 affects FHL1 and also 
Factor H binding to both MDA and to mCRP. The protective Y402 variants of FHL1 and Factor H 
bind with higher intensity to MDA and also to mCRP as compared to the H402 risk variants. The 
interaction of the protective variants with both modi fi cation products was increased by 40–50%. This 
enhanced MDA- and mCRP-mediated surface recruitment of regulators to modi fi ed cells, for exam-
ple, necrotic RPE cells, ultimately affects local complement regulation and release of the 
proin fl ammatory cytokines (Lauer et al.  2011 ; Weismann et al.  2011  ) . Furthermore, Factor H bound 
to MDA blocks the uptake of MDA-modi fi ed proteins by macrophages and further inhibits MDA-
induced proin fl ammatory effects in vivo .  

 FHL1 and Factor H colocalize with MDA and also with mCRP at the surface of modi fi ed cells and 
both modi fi cation products – MDA and mCRP – mediate surface attachment of these two innate 
immune regulators. FHL1 and Factor H complexed to either MDA or mCRP maintain complement 
regulatory activity and control cofactor activity of Factor I-mediated C3b degradation into iC3b. 
Surface-deposited C3b/iC3b allows subsequent anti-in fl ammatory clearance of such marked particles 
by macrophages and other immune effector cells (Poon et al.  2010 ; Sjoberg et al.  2009 ; Trouw et al. 
 2008  ) . In consequence, the newly formed ligands on the surface of self-cells select for proper effector 
functions and allow silent nonin fl ammatory removal by immune effector cells. In this scenario, both 
FHL1 and Factor H equipped with the protective Y402 variant bind to MDA or mCRP with almost 
50% higher ef fi ciency, and subsequently, the complement regulatory cofactor activity on the MDA- or 
mCRP-coated surfaces is enhanced. This resulted in an increased C3b deposition on the surface of 
about 30%. In presence of the protective FHL/Factor H variants, local generation of these surface 
bound in fl ammatory iC3b fragments in the retina is therefore enhanced. Furthermore, surface bound 
Factor H has an anti-in fl ammatory activity and reduces release of the in fl ammatory cytokines TNF- a  
and IL8 (Mihlan et al.  2009  )  (Fig.  11.2 ).   

    11.10   Surface Targeting of Complement Inhibitors in In fl ammation 

 MDA as well as mCRP are exposed on the surface of modi fi ed cells. Cells damaged by oxidative 
events are continuously generated in the retina and need to be ef fi ciently removed (Cai et al.  2000  ) . 
One possible scenario    for RPE damage and induction of necrosis is that RPE cells are damaged by 
oxidative stress; the cells undergo necrosis and activate complement, ideally to a moderate degree, to 
allow opsonization with C3b/iC3b and proper nonin fl ammatory removal. As the risk variants of FHL1 
and Factor H bind with reduced intensity to these modi fi ed surfaces, complement action is inappro-
priately and insuf fi ciently controlled, the cascade progresses, particles are less ef fi ciently opsonized, 
and in fl ammation is induced. If such a response persits for a long time and becomes chronic, deposits 
are formed which develop into drusen. Recruitment of the  fl uid phase regulators FHL1 and Factor H 
to the surface of modi fi ed RPE cells is therefore essential to block complement cascade progression, 
ampli fi cation, and in fl ammation. This pathological principle is relevant for AMD and also for other 
chronic in fl ammatory diseases. Interfering and controlling these processes by complement-based 
therapeutic will ultimately provide a promising approach for AMD therapy.  
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  Fig. 11.2     The Y402  H402 amino acid exchange in SCR7 of FHL1 or Factor H reduces cell recruitment  via  the 
modi fi cation products mCRP and MDA and consequently alters the local complement regulation at the damaged cell 
surface.  Upon progression of AMD, RPE cells become damaged and degenerate ( dashed orange lines ). Cellular damage 
in the eye is often caused by local oxidative stress. As consequence endogenous, the membrane components are modi fi ed 
and undergo structural changes that can trigger, for example, necrotic cell death. Alteration of the plasma membrane 
leads to exposure of altered self-epitopes, such as MDA a ubiquitous lipid peroxidation product. Such damaged RPE 
cells lack complement regulators on their surface and activate complement and induced in fl ammation. Consequently, 
regulation is required to allow silent, nonin fl ammatory removal of these modi fi ed particles or debris. Locally expressed 
Factor H binds to the damaged cellular surfaces, for example, via modi fi ed lipids modi fi cation products, like MDA. 
During in fl ammation and severe tissue damage, pCRP plasma levels increase substantially either locally as well as 
systemically. The in fl ammatory mediator pCRP binds to the surface of damaged RPE is modi fi ed and dissociated to the 
monomeric form mCRP. Newly generated mCRP as well as MDA recruit Factor H from the  fl uid phase to the surface, 
to the site of severe cell damage, and enhance complement regulation. This step is mandatory because damaged, for 
example, necrotic, cells lack the membrane bound regulators like CR1, CD46, CD55, and CD59. The protective Factor 
H Y402 variant (symbolized by  green bars ) binds with higher intensity to surface attached mCRP and MDA, and the 
surface recruited regulator inactivates complement at the level of C3-convertase. This results in deposition of iC3b on 
the cellular surface and blocks further progression of the cascade. Consequently, macrophages are attracted that remove 
the opsonized necrotic debris in a silent, nonin fl ammatory manner. In contrast, the risk Factor H H402 variant (symbol-
ized by  red bars ) binds with lower intensity to mCRP- and MDA-decorated surfaces. Consequently, complement is not 
as ef fi ciently controlled, and the cascade progresses mare easily to the C5-convertase and to the TCC level       
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    11.11   Exploiting the Factor H Surface Recognition Region
to Target Inhibitors to Modi fi ed Surfaces 

 Most complement-associated diseases develop and manifest in single organs and at speci fi c sites. 
Examples are the severe kidney diseases aHUS, DEAP-HUS, and MPGN where damage occurs pri-
marily in the kidney or AMD, which develops in the retina (Pickering et al.  2007 ; Zipfel et al.  2006  ) . 
Thus, defective complement regulation or activation occurs locally, and the systemic action of the 
complement cascade seems not or less affected. However, most complement therapeutics act systemi-
cally and control complement in the whole organism. Therefore, these inhibitors may also block the 
bene fi cial effects of complement and thereby have the risk of side effects such as infections. The 
C5-targeting antibody Eculizumab is currently approved to treat the human diseases PNH (paroxys-
mal nocturnal hemoglobinuria) and aHUS (Lapeyraque et al.  2011 ; Rother et al.  2007  ) . In addition, 
the C3-binding peptide compstatin is an effective  fl uid phase complement inhibitor that is used in 
clinical trials for AMD (Ricklin and Lambris  2008  ) . Compstatin is a cyclic 13-residue peptide, ini-
tially identi fi ed by screening a phage-display library for peptides that bind to native C3. Compstatin 
inhibits complement at the level of the C3-convertase and thereby blocks activation, as well as the 
ampli fi cation of all three pathways (Sahu et al.  1996  ) . Compstatin binds speci fi cally to human and 
primate C3, has low toxicity, and shows no adverse effects in humans as demonstrated by in vitro and 
in vivo studies (Sahu et al.  2003,   2000  ) . The inhibitory activity of the original peptide compstatin was 
improved more than 260-fold in optimization steps by chemical, biophysical, as well as computa-
tional approaches (Qu et al.  2011  ) . In 2009, Potentia Pharmaceuticals successfully completed a phase 
I clinical trial for the use of compstatin for treatment of AMD (Potentia  2009  ) . 

 In addition, inappropriate processing of immune complexes and development of an inappropriate 
humoral immune response may occur during long-term therapy in immunocompromised patients. 
Therefore, there is a growing interest to target therapeutic complement inhibitors directly to the site 
of damage and at the same time maintain the systemic action and activity of the homeostatic comple-
ment system (Mulligan et al.  1999 ; Smith and Smith  2001  ) . A rational concept is to direct therapeutic 
complement inhibitors to local sites where complement is activated in order to allow exact control of 
the cascade at the side of activation. A bene fi t of targeted inhibitors that are active at the site of dam-
age is their local action with ideally no or little effects on systemic complement actions. At the same 
time, systemic action of the complement cascade and activation in other organs remains intact and is 
not or only mildly affected. The concept of targeted inhibitors was  fi rst used for soluble sCR1 which 
was equipped with a membrane targeting myristoylated peptide (Mulligan et al.  1999  ) . A second suc-
cessful example is TT30, a chimeric protein, that has the iC3b- and C3d-targeting region of CR2, 
linked to the complement regulatory region of Factor H, i.e., SCR1–4 in combination with SCR5 
(Fridkis-Hareli et al.  2011  ) . This inhibitor TT30 binds to in fl amed tissue and when tested in animal 
models is about 20–30 fold more effective as the nontargeted CR2 homologue. The CR2 region tar-
gets the inhibitor to the site of complement activation where iC3b is formed and the N terminus pro-
vided by Factor H controls local complement activation (Atkinson et al.  2005 ; Huang et al.  2008 ; 
Rohrer et al.  2009  ) . However, there is continuous interest to develop complement inhibitors with 
improved local action. 

 Modi fi ed cellular surfaces activate complement and induce in fl ammation. Under normal conditions, 
soluble regulators like Factor H attach to these sites and dampen the activation to allow opsonisation 
with C3b/iC3b and block further downstream C5-convertase-induced in fl ammation. Inappropriate 
binding of FHL1 or Factor H to the surface of modi fi ed cells or biomembranes triggers the complement 
cascade and results in in fl ammation and enhances the damaging effects of activated complement. Such 
enhanced local complement activation at modi fi ed biological surfaces results in immune stress, local 
in fl ammation, and cause cell or tissue damage, which is relevant for the retinal disorder AMD and also 
for other chronic in fl ammatory diseases (Zipfel et al.  2010a  ) . Several of the rare renal disorders are 
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associated with reduced Factor H surface attachment leading to reduced local complement control. 
These related disease scenarios demonstrate the relevance of surface attached regulators for homeosta-
sis and de fi ne a therapeutic principle for speci fi c targeted complement control at sides that are damaged 
by complement. These include RPE cells modi fi ed by oxidative stress as well as the exposed Bruch’s 
membrane or exposed endothelial kidney cells as well as unprotected glomerular basement mem-
branes. Local control of the overacting complement cascade at such damaged surfaces is an attractive 
option to treat complement-mediated diseases (Ricklin and Lambris  2007  ) .  

    11.12   The C terminus of Factor H Recruits Complement 
Inhibitors to Modi fi ed Self-Surfaces 

 Given the central role of the C-terminal surface attachment region of Factor H for protection of self-
surfaces, we aimed to utilize this central sensor as a vehicle to direct synthetic complement inhibitors 
to modi fi ed host surfaces, i.e., cells that are damaged by immune stress    (Pangburn  2002 ; Schmidt et al. 
 2008  ) . The C-terminal region, SCR18–20 of Factor H, provides the  fi rst contact to human surfaces and 
seems therefore most suitable for proper cellular attachment (Kajander et al.  2011 ; Lef fl er et al.  2010  ;  
Oppermann et al.  2006 ). This region binds to the surface of human cells and biomembranes, in particu-
lar to necrotic and apoptotic cells via surface ligands such as heparin, glycosaminoglycans, DNA, 
Annexin, MDA, and mCRP. Consequently, this recognition region of Factor H was used as a tag, to 
guide the synthetic inhibitor compstatin to sides of immune stress (Lauer et al.  2011 ). The proposed 
bene fi t of such a targeted inhibitor is complement control at local sites, for example, surfaces where 
complement is activated and where C3 is deposited. The C-terminal Factor H surface attachment region 
then delivers and targets the attached inhibitor to sites of damage, which under normal conditions bind 
the endogenous Factor H. Such a targeting chimeric inhibitor should speci fi cally direct the complement 
inhibitor to local sites that are challenged by immune stress. Consequently we designed and generated 
a novel chimeric inhibitor which combines the complement inhibitor compstatin with the C-terminal 
attachment region of Factor H (SCR15–20) (Fig.  11.3 ). The novel compstatin Factor H SCR15–20 
chimera uses the Factor H recognition tag, i.e., SCR15–20 to direct the inhibitor – here compstatin – to 
self-surfaces, in particular to surfaces damaged or modi fi ed by complement activation. Once bound to 
modi fi ed surfaces, the attached compstatin blocks complement at the level of C3-convertase and inhib-
its C3 activation as well as further downstream effects. The tagged compstatin has two binding sites for 
C3 and a tenfold higher af fi nity for C3b as compared to the compstatin peptide alone. Compstatin 
equipped with the Factor H tag maintains complement regulatory activity in  fl uid phase binds 
speci fi cally to the surface of modi fi ed cells and regulates complement at such surfaces rather ef fi ciently. 
When compared at molar levels for their regulatory activity at the surface of modi fi ed, nucleated CHO 
cells-tagged compstatin was almost 100-fold more effective as untagged compstatin.  

18 19 20

C3/C3b C3/C3b

surfaces

COMP_CFH15-20

  Fig. 11.3     Structure of the targeted complement inhibitor compstatin – Factor H SCR15–20 . The novel chimeric surface 
targeting complement inhibitor  COMP_CFH15–20  has potent complement inhibitor compstatin linked the C-terminal 
surface attachment region of Factor H (domains SCR15–20). The COMP_CFH15–20 chimera has two binding sites for 
C3b one provided by compstatin itself and the second by the Factor H tag SCR15–20. The Factor H tag includes hepa-
rin- and glycosaminoglycan-binding sites       
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 Consequently, the tagged compstatin controls complement locally, at sites of immune stress and 
such targeted inhibitors can reduce or may even abolish the adverse side effects associated with sys-
temic complement inhibition. Further evaluation of this novel targeted inhibitor in both in vitro as 
well as in vivo models will de fi ne the therapeutic potential for complement-mediated diseases, such 
as AMD, aHUS, or MPGN-II.      
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  Abstract   Microscopic haematuria is the presenting symptom of several conditions, either heritable or 
acquired. A well-recognized familial condition is Alport syndrome, either of X-linked or autosomal 
recessive inheritance, as well as thin basement membrane nephropathy (TBMN) because of heterozy-
gous collagen IV mutations. Even though microscopic haematuria of TBMN was long considered as a 
benign disease with excellent prognosis, more recent data suggest that development of chronic kidney 
disease (CKD) and even end-stage kidney disease (ESKD) is not a rare  fi nding, perhaps owing to the 
cofounding role of modi fi er genes and other factors. Recent investigations in London and Cyprus cul-
minated in the identi fi cation of another autosomal dominant condition that presents with microscopic 
haematuria because of heterozygous mutations in the  CFHR5  gene, which apparently plays a pivotal 
role in the regulation of the alterative pathway of complement system, which constitutes a signi fi cant 
part of innate immunity in humans. Histologically, the hallmark observation is the isolated glomerular 
deposition of C3 complement in the absence of immune complexes. It is considered one of the C3 
glomerulopathies, and it may or may not be accompanied by mild membranoproliferative glomerulo-
nephritis. Interestingly, a single mutation has been identi fi ed so far, a duplication of exons 2–3 of the 
 CFHR5  gene, and it has been described in patients of Greek-Cypriot descend only, perhaps originating 
on the Troodos mountains of Cyprus. Thus far, no patient with a mutation in this gene has been diag-
nosed in any other population. In Cyprus, it has been found in clusters of families in neighbouring 
villages in a total of 136 patients, and it constitutes a strong founder phenomenon. About 50% of 
patients over 50 years have progressed to CKD, and 14% of all patients progressed to ESKD. It is not 
quite well understood why males run a much higher risk to progress to CKD, compared to women.    

    Chapter 12   
 C3 Glomerulonephritis/CFHR5 Nephropathy 
Is an Endemic Disease in Cyprus: Clinical 
and Molecular Findings in 21 Families       

      Constantinos   Deltas    ,    Daniel   Gale   ,    Terence   Cook   ,    Konstantinos   Voskarides   , 
   Yiannis   Athanasiou   , and    Alkis   Pierides      
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 Microscopic haematuria is presently recognized as the initial presenting symptom in patients with one 
of several familial diseases. These diseases are linked to mutations in genes which encode either 
chains of type IV collagen (a major structural component of the glomerular basement membrane) or 
the complement regulator complement factor H-related protein 5 (CFHR5) or in other yet unknown 
genes (Kashtan  2005 ; Deltas et al.  2012  ) . 

  COL4A3 ,  COL4A4  and  COL4A5  are three collagen IV genes that encode for proteins participating 
in the formation of trimers making up a meshwork of matrix within the lamina densa of the glomerular 
basement membrane. Mutations in these genes can present in a number of clinical contexts: (a) young 
males with X-linked Alport syndrome and mutations in the  COL4A5  gene, (b) female heterozygous 
carriers of the X-linked Alport syndrome, (c) male and female patients with the autosomal recessive 
form of Alport syndrome and homozygous mutations in the  COL4A3/COL4A4  genes or (d) autosomal 
dominant thin basement membrane nephropathy (TBMN), with or without progressive focal segmen-
tal glomerular sclerosis and renal impairment in adulthood, associated with heterozygous mutations 
in one of the  COL4A3/COL4A4  genes (Kashtan  2005 ; Deltas et al.  2012  ) . 

  CFHR5  is a relatively newly described gene encoding for a regulator of the alternative complement 
pathway. The protein was co-localized in the glomerulus with complement under pathological condi-
tions of the kidney (Murphy et al.  2002  ) . A mutation in this gene leads to C3 glomerulonephritis (C3GN, 
glomerular in fl ammation with complement C3 but not immunoglobulin or C1q deposited in the kidney) 
following an autosomal dominant mode of inheritance and presenting with isolated microscopic haema-
turia with or without intermittent macroscopic haematuria and progressive renal impairment, especially 
in males. Here, we will concentrate on this disease, which is referred to as CFHR5 nephropathy. 

 As a  fi rst line of defence against pathogens, the complement system constitutes a signi fi cant part 
of innate immunity in humans. While the classical complement system requires immune complexes 
which act as the triggers for its activation, the alternative complement pathway requires no immune 
complexes, is independent of the presence of antibodies and may be active on a permanent basis. 
Recognition that, in CFHR5 nephropathy, a mutation in the  CFHR5  gene is responsible for familial 
C3 glomerulonephritis has suggested that this gene plays an important role in regulation of the alter-
native complement pathway in the kidney. This story was based on two parallel events. The  fi rst was 
that one of us, DG, embarked on the study of a few patients of Cypriot origin living in London whom 
he encountered in clinical practice and who were observed by the histopathologist (TC) to manifest a 
highly unusual form of familial glomerulonephritis. The second event has been the ongoing collection 
of samples and preparation of a DNA biobank from Cypriot families with inherited kidney disorders, 
at the laboratory of Molecular and Medical Genetics at the University of Cyprus, by CD, AP and col-
leagues (Gale et al.  2010 ; Athanasiou et al.  2011  ) . 

 The index patient and affected relatives with the disease presented with microscopic haematuria as 
well as episodes of macroscopic haematuria following upper respiratory tract infections (a pattern 
termed ‘synpharyngitic macroscopic haematuria’). Based on this presentation, it was reasonable to 
suspect IgA nephropathy which however was rejected based on renal biopsy results which did not 
show glomerular deposition of IgA. Additionally, IgA nephropathy is sporadic in the overwhelming 
majority of cases. Some familial cases have been reported recently, and a locus has been mapped, 
although no gene has been cloned as yet. 

 The histopathologist (TC) noted that the biopsies were highly unusual: there was a mild membra-
noproliferative glomerulonephritis (MPGN), also referred to as mesangiocapillary glomerulonephri-
tis, with slight increase in mesangial cells and matrix. Some cells had slight capillary wall thickening. 
The EM showed subendothelial glomerular basement membrane electron dense C3 deposition. 
Importantly, there was no deposition of immune complexes. It is worth mentioning that not all the 
biopsies in CFHR5 nephropathy actually show MPGN. 

 These appearances, which are now termed C3 glomerulonephritis, implicated dysregulation of the 
complement alternative pathway (Gale et al.  2010  ) . Molecular investigation of this potentially mono-
genic disorder was commenced in the initial two families in whom there was apparently autosomal 
dominant inheritance of the disease (Fig.  12.1 ).  
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    12.1   Molecular Studies and More Families 

 DNA linkage analysis in the initial two families using 6,000 SNPs across the genome established link-
age to locus 1q31, where the family of complement factor H-related genes map. This locus includes the 
original complement factor H ( CFH ) gene, which encodes the major alternative complement pathway 
regulator, along with  fi ve CFH related genes,  CFHR1–5 . Initial DNA resequencing of candidate genes, 
including  CFH  and  CFHR5 , revealed no likely causative sequence variants. A multiplex ligation-
dependent probe ampli fi cation technique (Schouten et al.  2002  )  revealed evidence of a duplication of 
exons 2–3 in the  CFHR5  gene which was con fi rmed by Southern blotting, which also revealed the 
genomic location and size of the duplication. This duplication results in the synthesis of a larger protein 
which is immunologically detectable in the serum of patients, in addition to the normal protein. 
A polymerase chain reaction ampli fi cation test was developed to allow rapid detection of the mutant 
allele, and all affected individuals in the two initial families were found to harbour this mutation; sur-
prisingly, almost all the patients with severe disease, including end-stage kidney disease (ESKD), were 
males (Gale et al.  2010 ; Athanasiou et al.  2011  ) . Both families were of Cypriot origin and speci fi cally 
from two villages in the Troodos mountains of Cyprus, namely, Kalopanayiotis and Gerakies. In addi-
tion to sharing the same mutation, all patients also shared an extended common haplotype of 8.74 cM, 
thereby indicating a founder mutation. Molecular dating showed that the most recent common affected 
ancestor of both families probably lived 11–16 generations ago and we have several examples of 
spreading of the mutation elsewhere on the island, in addition to London. So far, no patients of another 
ethnic background have been identi fi ed with this exon 2–3 duplication in the  CFHR5  gene. It is reason-
able, however, to propose that similar forms of glomerular disease might be caused by other mutations 
of  CHFR5  in unrelated individuals since patients with similar clinicopathological presentations have 
been reported in the past in several populations including Japanese and Caucasians (Grekas et al.  1984 ;    
Servais et al.  2007  ) , although these earlier studies have not highlighted a familial pattern of inheritance. 

  Fig. 12.1    Pedigrees of the two original Greek-Cypriot families that were described in London       
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CFHR5 nephropathy appears to be remarkably common in Cyprus, as there are 136 affected individu-
als identi fi ed so far, within a total Greek-Cypriot population of 659,350, according to the 2011 census. 
This results in a prevalence of 1/4,848 in the Greek-Cypriot population, rendering it one of the more 
common rare diseases. 

 This  CFHR5  gene mutation represents one more founder phenomenon, among many in Cyprus. 
While this high frequency could result from the effects of genetic drift (where the frequency of rare 
alleles becomes ampli fi ed within an isolated population), the possibility remains that the  CFHR5  
mutation associated with CFHR5 nephropathy also provides some selective advantage—perhaps by 
enhancing innate immune responses to an infectious disease which was endemic in Cyprus. 

 While DG and his colleagues were evaluating their  fi nding on C3GN in Cypriot families living in 
the West London, they contacted A. Pierides and C. Deltas in Cyprus, asking for our contribution in 
expanding the work in the Cypriot population. Immediately after they communicated to us the nature 
of the mutation found in the  CFHR5  gene, we went into our freezers and dug out a number of samples 
from our renal DNA biobank that had been diagnosed with sporadic or familial glomerulopathy of 
unknown aetiology. During the past 20 years, we have been engaged in investigating inherited renal 
disorders among the Cypriot population, and we had indeed archived high numbers of samples that 
had escaped a clear diagnosis until then. To our surprise, a number of those samples scored positive 
for the  CFHR5  gene exon 2–3 duplication. The  fi nding of the mutation in some sporadic samples 
enabled us to enter the families and offer a molecular diagnosis to additional at-risk members. In the 
meanwhile, all nephrologists in Cyprus started searching more carefully and wittingly for new sus-
pects with this condition. Soon, we were all surprised by the number of families and patients that 
proved positive and segregated this one common mutation. Of great interest was also the fact that 
many families, although reportedly unrelated, have their origin in Troodos mountains and same or 
neighbouring villages as the original two families that were diagnosed in London. It seemed likely 
that the other families actually represented descendants of migrants from Kalopanayiotis or Gerakies 
to other cities around the island (Fig.  12.2 ).  
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  Fig. 12.2    Genetic map of Cyprus showing the CFHR5 clusters identi fi ed thus far       
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 In the following months after the initial identi fi cation in 2009, we engaged in to more scrupulously 
investigating for and including families with patients who presented with microscopic or macroscopic 
episodes of haematuria and/or chronic kidney disease (CKD) with or without a clear cut histological 
diagnosis. In fact, we introduced a policy according to which every patient that is under investigation 
for a familial form of microscopic haematuria is also screened for the exon 2–3 duplication in  CFHR5 . 
So far, we have identi fi ed 136 patients who carry the mutation, belonging to 21 separate families, the 
largest family being CY5308 with 37 mutation carriers (Fig.  12.3 ). There is clear evidence for reduced 
penetrance, 90%, as 14 of 136 patients tested are negative on urine  fi ndings. 59% of the patients have 
haematuria only, 4% haematuria and proteinuria but no CKD and 50% (30/61, 24 M) of patients over 
50 years have progressed to CKD. In total, 19 patients reached ESKD (14%), 13 of them, all males, 
after the age of 50 years. It is of great interest that of all 19 patients who progressed to ESKD, only 3 
(16%) are females. In 11 of the patients who reached ESKD, there have been 13 renal transplants that 

I

II

III

IV

V

VI

1

1

1

2

2
2

3
3

4
4

5
5

6
6

7

7

8

9

9

10

11

11

12

12

14

15

16

17

18

19

20

21

22

23

17

18
9

8

20

1924

25

26

27

28

29

30

31

32
22

13

12
23

24

25 26 27

14 15 16 17

3130

29

33

34 35 36

37
32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52
53

54

55

56

57

58

59

60
61

63

64

65

66

44
43

42

41

40

17

7
6

5

4

3

1
2

38

39

40

41

42

43

44
45

46

47

21

16

15

14

4

4
11

10

7

6

5

3

3

13

13

10

8

1

2

1 2

5

18

19

20

21

22

23

24

7

8

9

10

11

12

13

14

15

16

25

26

27

28

29

30

31

32

33

34

35

36

37

38
39

6

  Fig. 12.3    Pedigree CY5308, of the largest family studied in Cyprus, extending in six generations       
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have a superb survival ranging from 1 to 23 years. It is also interesting that all males who progressed 
to ESKD had demonstrated episodes of macroscopic haematuria during childhood and adolescence 
after upper respiratory tract infections. This was indeed a  fi nding that complicated the clinical diag-
nosis as it was occasionally confused with IgA nephropathy that also presents with episodes of syn-
pharyngitic macroscopic haematuria, associated with infection and pyrexia.  

 As is the case with thin basement membrane nephropathy and similarly to a Cypriot cohort that we 
presented previously, patients who carry this mutation in  CFHR5  are nearly asymptomatic until the age 
of about 30 years, with only isolated microscopic haematuria or negative urine  fi ndings. After the age 
of 30, proteinuria develops in most patients, and once this occurs, patients may progress to chronic 
renal failure (Voskarides et al.  2007 ; Pierides et al.  2009  ) . It is presently unknown what protects women 
from reaching a more severe phenotype. This great phenotypic heterogeneity among patients of even 
same families is hypothesized to be attributed to unknown modi fi ed genes and perhaps environmental 
factors. A couple of candidate modi fi er genes are under investigation in our laboratory in Cyprus at the 
Molecular Medicine Research Centre. We recently reported our evidence that the glutamine variant of 
the R229Q podocin ( NPHS2 ) mutation may act as a high-risk genetic factor predisposing patients with 
familial haematuria (TBMN or CFHR5 nephropathy) to a more severe disease (Voskarides et al.  2012  ) . 
We had similar  fi ndings for another genetic modi fi er, this time a polymorphism in the target of miRNA 
gene hsa-miR-1207-5p, in the 3 ¢ UTR of  HBEGF  (C1936T, rs13385) (Papagregoriou et al.  2012  ) .  

    12.2   Founder Mutations and Geographic Clustering 

 Over the past 20 years, we have identi fi ed and characterized a number of founder mutations in kidney-
related genes that are responsible for monogenic disorders (see Fig. 3 of Voskarides et al.  2008  and 
Deltas  2004  ) . The mutation in the  CFHR5  gene, exon 2–3 duplication, thus far has only been identi fi ed 
in patients with Cypriot origin. We have not been able to identify another mutation. It is presently 
unknown what the prevalence of this disease is in other populations. However, it is more than certain 
that other mutations are to be found soon by other investigators. 

 Detailed haplotype analysis has shown, in addition to a common 1 cM haplotype  fl anking the muta-
tion in all affected families studied, that several seemingly unrelated families from the region around 
Nicosia, the capital, also share a larger (~20–30 cM) haplotype  fl anking in this region which is not pres-
ent in the Troodos pedigrees. This large common haplotype may indicate a rather recent event which did 
not have adequate time to recombine. It is also probable that the affected populations expanded from a 
common origin in two separate areas. Whether the mutation originally arose in the Troodos mountains 
and subsequently spread to and became established in Nicosia, or vice versa, is not known, although the 
spreading from Troodos seems more likely. As regards the prevalence of the disease in London, it is 
worth mentioning that London is said to include the largest number of Greek-Cypriots of any city, where 
thousands of people migrated for economic reasons mostly during the decades of 1940s–1960s and then 
immediately after the military intervention by Turkey in July 1974.  

    12.3   Algorithm for Molecular Testing 

 As the differential diagnosis for familial microscopic haematuria is expanding fast, it is becoming 
equally important to introduce molecular genetics as a frontline tool for the diagnosis of suspect muta-
tions. Perhaps it is worth performing at least one renal biopsy to the index patient if there is clear 
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evidence for a familial segregation of isolated microscopic haematuria. Skin biopsy, although not 
always diagnostic, may also be useful. If the pedigree structure clearly excludes X-linked inheritance, 
autosomal collagen IV genes and the  CHFR5  gene are the immediate candidates. If analysis of these 
candidate loci is negative and the pedigree is large enough, then a genome-wide DNA linkage analysis 
is advised (Deltas et al.  2012  ) . An algorithm for studying families segregating microscopic haematu-
ria of glomerular origin is suggested in Fig.  12.4 . One expects that more genes will be found to be 
responsible for familial forms of microscopic haematuria, as in our biobank in Cyprus, we have fami-
lies that do not map to the above loci.   
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  Fig. 12.4    Algorithm for studying families segregating glomerular microscopic haematuria. For patients with familial 
microscopic haematuria, a kidney or a skin biopsy may be performed before or after the molecular analysis depending 
on the clinical status or disease progression, for histological evaluation. The results of the biopsy may direct molecular 
testing and save time. In most, but certainly not all, families where a diagnosis has been established by molecular means, 
a simple molecular testing of the subject under study, for detecting the responsible affected haplotype or germinal muta-
tion, might be adequate. A molecular diagnosis will acquire a superb position in CFHR5 and collagen IV nephropathies 
diagnosis and treatment, if early intervention proves decisive for disease prevention (From Deltas et al. (2011))       
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  Abstract   Periodontitis is a prevalent oral chronic in fl ammatory disease which, in severe forms, may 
exert a major impact on systemic health. Clinical and histological observations, as well as experimen-
tal animal studies, suggest involvement of the complement system in periodontitis. However, the 
precise roles of the various complement components and pathways in periodontitis have only recently 
started to be elucidated. In this chapter, we review recent progress in the  fi eld and discuss the potential 
of complement-targeted therapeutics in the treatment of periodontitis.    

    13.1   Introduction 

 Periodontal disease is a prevalent chronic condition that causes in fl ammatory destruction of the tooth-
supporting tissues (Pihlstrom et al.  2005  ) . Severe periodontitis exerts a systemic impact on health, and 
the patients run increased risk for systemic diseases, such as atherosclerosis, diabetes, aspiration 
pneumonia, averse pregnancy outcomes, and perhaps rheumatoid arthritis (Tonetti et al.  2007 ; de 
Pablo et al.  2009 ; Kebschull et al.  2010 ; Pihlstrom et al.  2005 ; Scannapieco et al.  2010 ; Genco and 
Van Dyke  2010  ) . Treated periodontal patients often develop recurrent disease for reasons that are not 
clear, thus necessitating better understanding of the underlying immunopathology (Armitage  2002 ; 
Hajishengallis  2009b  ) . The annual cost of periodontal therapy in the USA exceeds $14 billion (Brown 
et al.  2002     ) , and the suspected association of periodontitis with systemic conditions underscores the 
importance of implementing new and effective treatment options. 

 Although a group of tooth-associated subgingival anaerobic bacteria is strongly associated with 
periodontitis (Socransky et al.  1998  ) , it is the host in fl ammatory response to uncontrolled bacterial 
challenge, rather than direct bacterial toxic effects, that primarily mediates periodontal tissue destruc-
tion (Gaffen and Hajishengallis  2008 ; Graves  2008  ) . In this context, periodontal health represents a 
dynamic state where proin fl ammatory and antimicrobial activities are optimally regulated to prevent 
unwarranted host reactions (Gaffen and Hajishengallis  2008  ) . This homeostatic balance may be dis-
rupted, however, either by genetic immunoregulatory defects or by pathogens that subvert the host 
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response, thereby leading to nonprotective and nonresolving chronic in fl ammation (Gaffen and 
Hajishengallis  2008 ; Kinane et al.  2006 ; Kumpf and Schumann  2008  ) . Available evidence implicates 
the periodontal pathogen  Porphyromonas gingivalis  as a master of immune subversion (Hajishengallis 
 2009a  )  (Fig.  13.1 ). Indeed,  P. gingivalis  inhibits critical antimicrobial responses that could eliminate 
it, while on the other hand, stimulates local in fl ammation, which may facilitate nutrient acquisition 
(e.g., gingival crevicular  fl uid-derived hemin) and additionally cause collateral tissue damage 
(Hajishengallis et al.  2008 ; Coats et al.  2009 ; Wang et al.  2007 ; Burns et al.  2006 ; Hajishengallis et al. 
 2007 ; Slaney and Curtis  2008 ; Potempa and Pike  2009 ; Krauss et al.  2010  ) . Recently,  P. gingivalis  
was shown to act as a keystone pathogen which promotes the survival and virulence of the entire 
microbial community (Hajishengallis et al.  2011  ) .  

 At least in principle, periodontitis could be inhibited by interventions aiming to control in fl ammation 
and counteract microbial subversion of the host response. This concept is discussed here in the con-
text of the complement system, which is now recognized as a central network that orchestrates the 

  Fig. 13.1     Exploitation of C5aR and other innate immune receptors by P. gingivalis to undermine host immunity .  P. gingivalis  
has surface structures that interact with Toll-like receptor (TLR)-2 (speci fi cally with the CD14–TLR2–TLR1 signaling 
complex) and with TLR4. The activation of TLR4, however, is blocked by the bacterium’s atypical lipopolysaccharide 
which acts as an antagonist; therefore, TLR4 is unlikely to induce protective responses. The TLR2 response is proac-
tively modi fi ed through crosstalk with other receptors that are under  P. gingivalis  control.  P. gingivalis  regulates C5a 
receptor (C5aR) by virtue of Arg-speci fi c cysteine proteinases, which attack C5 and release biologically active C5a. C5a 
stimulates intracellular Ca 2+  signaling which synergistically enhances the otherwise weak cAMP responses induced by 
TLR2 activation alone. Maximal cAMP induction requires the participation of CXC-chemokine receptor 4 (CXCR4), 
which is activated directly by the bacterium’s  fi mbriae. The resulting activation of the cAMP-dependent protein kinase 
A (PKA) inactivates glycogen synthase kinase-3 b  (GSK3 b ) and inhibits the inducible nitric oxide synthase (iNOS)-
dependent killing of the pathogen in macrophages. An additional pathway-induced downstream of TLR2 is an inside-out 
signaling pathway, mediated by RAC1, phosphatidylinositol-3 kinase (PI3K), and cytohesin 1 (CYT1), which transac-
tivates complement receptor-3 (CR3). Activated CR3 binds  P. gingivalis  and induces extracellular signal-regulated 
kinase-1/ERK2 signaling, which in turn selectively downregulates IL-12 p35 and p40 mRNA expression through sup-
pression of interferon regulatory factor 1 (IRF1). Inhibition of bioactive IL-12, and secondarily IFN g , leads to impaired 
immune clearance of  P. gingivalis  [From Hajishengallis and Lambris ( 2011 ) Nat Rev Immunol 11:187–200 (used by 
permission)]       
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host response (Ricklin et al.  2010  ) . Speci fi cally, besides its classic antimicrobial functions ( see below ), 
complement crosstalks with and regulates other signaling systems, including Toll-like receptor (TLR) 
pathways (Hajishengallis and Lambris  2010  ) . Despite its potentially host-protective role, however, 
complement forms a major link between infection and in fl ammatory pathology if overactivated or 
deregulated (Ricklin and Lambris  2007 ; Wagner and Frank  2010 ; Holers  2008 ; Ricklin et al.  2010  ) .  

    13.2   Complement and Periodontal Disease 

 Besides the characteristic group of serum proteins (C1–9), the integrated complement system includes 
pattern-recognition molecules, convertases and other proteases, regulators, and receptors for interac-
tions with immune mediators (Ricklin et al.  2010  ) . The complement cascade can be triggered via 
distinct pathways (classical, lectin, or alternative) which converge at the third complement component 
(C3). The activation of the classical pathway is initiated by antigen-antibody complexes recognized 
by the C1q subunit of C1. The lectin pathway is triggered through interaction of the mannose-binding 
lectin, a secreted pattern-recognition molecule, with speci fi c carbohydrate groups on microbial sur-
faces. Both the classical and lectin pathways proceed through C4 and C2 cleavage for the generation 
of the classical/lectin C3 convertase. The alternative pathway is initiated by low-level, spontaneous 
hydrolysis of C3 to C3[H 

2
 O], which forms the initial alternative pathway C3 convertase in the pres-

ence of factors B (fB) and D (fD). As long as there is no suf fi cient negative regulation (as in the case 
of bacteria or other nonself surfaces), this initiation is followed by rapid propagation of the alternative 
pathway involving an ampli fi cation loop (Dunkelberger and Song  2010 ; Ricklin et al.  2010  ) . The 
alternative pathway can also be triggered by lipopolysaccharide and lipooligosaccharide in a way 
dependent upon the plasma protein properdin attached to bacterial surfaces (Spitzer et al.  2007 ; 
Kimura et al.  2008  )  and may potentially contribute to  ³ 80% of total complement activation (Harboe 
and Mollnes  2008  ) . C3 activation by pathway-speci fi c C3 convertases leads to the generation of effec-
tor molecules involved in (a) the recruitment and activation of in fl ammatory cells (e.g., the C3a and 
C5a anaphylatoxins that activate speci fi c G-protein–coupled receptors, C3aR and C5aR [CD88], 
respectively), (b) microbial opsonization and phagocytosis (e.g., through the C3b opsonin), and (c) 
direct lysis of targeted pathogens (by means of the C5b-9 membrane attack complex [MAC]) (Ricklin 
et al.  2010  ) . An alternative receptor for C5a is the C5a-like receptor 2 (C5L2; GPR77), which has 
been assigned both regulatory and proin fl ammatory roles (Ward  2009 ; Hajishengallis and Lambris 
 2010 ; Zhang et al.  2010 ; Bamberg et al.  2010  ) . 

 At least in principle, local complement activation could promote periodontal in fl ammation through 
multiple pathways, including C5a-induced vasodilation, increased vascular permeability, and chemot-
actic recruitment of in fl ammatory cells, including neutrophils. In addition to their role in acute 
in fl ammation, neutrophils have been implicated in chronic in fl ammatory diseases (e.g., rheumatoid 
arthritis, in fl ammatory bowel disease, and chronic obstructive pulmonary disease) (Kasama et al. 
 2005 ; Kanazawa and Furukawa  2007 ; Simpson et al.  2009 ; Kitsis and Weissmann  1991  ) . Neutrophils 
are also key effectors of in fl ammatory tissue injury in periodontitis (Serhan et al.  2008 ; Nussbaum and 
Shapira  2011  )  and can be found in great numbers in the gingival crevice ( ³ 95% of total leukocytes) 
(Delima and Van Dyke  2003  ) . Although gingival crevicular neutrophils form what looks like a 
“defense wall” against the periodontal bacteria, they largely fail to control the bacteria despite main-
taining viability and capacity to elicit in fl ammatory responses (Delima and Van Dyke  2003 ; Lange 
and Schroeder  1971 ; Newman  1980 ; Schroeder and Listgarten  1997 , Vitkov et al.  2010     ) . The underly-
ing reasons are largely unexplored. 

 Clinical and histological observations suggest that complement is indeed involved in periodontitis 
(Hajishengallis  2010  ) . Chronically in fl amed gingiva or gingival crevicular  fl uid from periodontitis 
patients displays increased levels of activated complement fragments relative to control samples from 
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healthy individuals (Patters et al.  1989 ; Nikolopoulou-Papaconstantinou et al.  1987 ; Rautemaa and 
Meri  1996 ; Beikler et al.  2008 ; Courts et al.  1977 ; Schenkein and Genco  1977 ; Niekrash and Patters 
 1986  ) . Importantly, induction of experimental gingival in fl ammation in human volunteers causes pro-
gressive elevation of complement cleavage products correlating with increased clinical indices of 
in fl ammation (Patters et al.  1989  ) . 

 Interestingly, a single nucleotide polymorphism of C5 (rs17611), which is associated with increased 
serum C5 levels and susceptibility to liver  fi brosis and rheumatoid arthritis (Hillebrandt et al.  2005 ; 
Chang et al.  2008  ) , was shown to be more prevalent in periodontitis patients than in healthy controls 
(Chai et al.  2010  ) . Moreover, an immunohistochemical study showed weaker expression of CD59 in 
the gingiva of periodontitis patients compared to healthy controls, suggesting reduced protection of 
diseased tissues against autologous MAC-mediated tissue damage (Rautemaa and Meri  1996  ) . A case 
of aggressive periodontitis accompanied by severe gingival angioedema was linked to dysregulated 
complement function, speci fi cally C1INH de fi ciency (Roberts et al.  2003  ) . 

 These studies suggest complement involvement in periodontal in fl ammation and pathogenesis. 
However, their correlative nature does not allow reliable conclusions as to the precise role(s) of the 
various complement pathways, nor do these observations necessarily imply that all complement path-
ways mediate destructive in fl ammation. In this regard, partial  C4  gene de fi ciencies are signi fi cantly 
more frequent in periodontal patients relative to healthy controls (Seppanen et al.  2007  ) , therefore 
suggesting involvement of the classical and/or lectin pathway in a protective function. For instance, 
C3b generation via the C4-dependent classical and/or lectin pathways could promote opsonophago-
cytosis of periodontal bacteria, secondarily contributing to control of infection-induced in fl ammation. 
In conclusion, it has been uncertain which speci fi c complement pathways need to be blocked to 
attenuate in fl ammatory pathology or kept intact to promote host defense. However, considerable 
insights have been gained by studies in preclinical models. At this point, there is suf fi cient evidence 
to implicate the C5a–C5aR axis in the pathogenesis of periodontitis (below).  

    13.3   Involvement of the C5a–C5aR Pathway in Periodontitis 

 The C5a anaphylatoxin is perhaps the most powerful effector molecule of the complement cascade, 
as it mediates chemotactic recruitment and activation of neutrophils and other in fl ammatory cells and 
is involved in synergistic complement interactions with Toll-like receptors (Guo and Ward  2005 ; 
Zhang et al.  2007  ) . These immunostimulatory effects of C5a can potentially protect the host against 
microbial pathogens. In this regard, a major medical pathogen,  Staphylococcus aureus , has evolved a 
strategy that allows it to block C5a binding and C5aR activation, via a secreted chemotaxis inhibitory 
protein (de Haas et al.  2004  ) . Nevertheless, C5aR signaling can contribute to the pathogenesis of a 
number of acute or chronic in fl ammatory diseases, such as sepsis, acute lung injury, ischemia-reper-
fusion injury, and rheumatoid arthritis (Guo and Ward  2005 ; Okroj et al.  2007  ) . 

 Intriguingly, in contrast to the  S. aureus  strategy,  P. gingivalis  is proactively involved in C5aR 
activation. Speci fi cally,  P. gingivalis  employs its Arg-speci fi c gingpains to generate biologically active 
C5a through limited degradation of C5, whereas the C5b remnant is proteolytically destroyed, osten-
sibly to prevent activation of the terminal complement pathway (Wingrove et al.  1992 ; Popadiak et al. 
 2007 ; Liang et al.  2011 ; Wang et al.  2010  ) .  P. gingivalis  in fact can generate high levels of C5a 
(>30 nM) after a 30-min incubation in heat-inactivated human serum (Wang et al.  2010  ) . This activity 
may appear to be counterproductive for the pathogen, given the important role of C5a in host defense. 
Strikingly, however,  P. gingivalis  was shown to exploit C5a to impair the killing function of mac-
rophages via manipulation of speci fi c signaling events in the absence of generalized immune suppres-
sion (Wang et al.  2010  ) . 



20113 Complement-Targeted Therapeutics in Periodontitis

 The mechanism involves synergistic production of high and sustained cAMP levels, which inhibit 
nitric oxide-dependent killing of  P. gingivalis  (Wang et al.  2010  ) . This synergism requires a crosstalk 
between C5a-activated C5aR and  P. gingivalis -activated TLR2, whereas downstream players include 
cAMP-dependent protein kinase A and glycogen synthase kinase-3 b , the interplay of which inhibits 
the inducible nitric oxide synthase (Wang et al.  2010  )  (Fig.  13.1 ). 

 Moreover, the  P. gingivalis -induced C5aR-TLR2 crosstalk regulates cytokine production that favors 
the pathogen (Liang et al.  2011  ) . In this regard, the C5aR-TLR2 crosstalk inhibits TLR2-induced inter-
leukin (IL)-12p70 which promotes immune clearance of  P. gingivalis  (Liang et al.  2011  ) . In contrast, 
the same C5aR-TLR2 crosstalk upregulates in fl ammatory and bone-resorptive cytokines (IL-1 b , IL-6, 
and TNF- a ) which do not seem to harm  P. gingivalis . These effects collectively lead to enhanced per-
sistence of  P. gingivalis  in the host and set the stage for in fl ammatory tissue damage. This notion is 
supported by experimental periodontitis studies in the mouse model: Mice de fi cient in either C5aR or 
TLR2 were protected against  P. gingivalis -induced in fl ammatory periodontal bone loss, whereas wild-
type controls developed in fl ammation and suffer serious bone loss (Liang et al.  2011  ) . In this 
in fl ammatory context, the proactive release of C5a by  P. gingivalis  could contribute to stimulation of 
in fl ammatory exudate for acquisition of nutrients like hemin and tissue breakdown products (peptides) 
which are essential for  P. gingivalis  and other asaccharolytic periodontal bacteria (Krauss et al.  2010  ) . 
On the other hand, an isogenic mutant of  P. gingivalis , which is de fi cient in all gingipain genes 
(KDP128), failed to persist in vivo and could not cause periodontitis (Liang et al.  2011 ; Hajishengallis 
et al.  2011  ) . This difference in survival capacity may be related, at least in part, to the inability of 
KDP128 to generate C5a (Liang et al.  2011  ) . These studies collectively indicate that the C5a–C5aR 
axis exerts a destructive role in periodontitis through a dual mechanism: (a) It is exploited by  P. gingi-
valis  to escape host defense, and (b) it mediates in fl ammatory periodontal bone loss.  

    13.4   C5aR-Targeted Intervention in Periodontitis 

 The above discussed  fi ndings provided a solid basis for rational C5aR-targeted intervention against 
 P. gingivalis  and periodontitis. This notion is supported by experimental evidence. Indeed, blockade 
of C5aR with a speci fi c antagonist (Ac-F[OP(D)Cha-WR]; also known as PMX-53) abrogated the 
C5a-dependent subversive strategy of  P. gingivalis  and facilitated its immune clearance in vitro and 
in vivo (Wang et al.  2010 ; Liang et al.  2011  ) . This effect may not necessarily imply protection against 
periodontal infection and in fl ammation in general, given the polymicrobial nature of periodontitis. 
However, it was recently shown that complement subversion by  P. gingivalis  can additionally bene fi t 
bystander periodontal bacteria in the same bio fi lm, which thereby displays quantitative and qualitative 
changes that lead to complement-dependent periodontitis at least in a mouse model (Hajishengallis 
et al.  2011  )  (Fig.  13.2 ).  

 Speci fi cally, oral inoculation of mice with  P. gingivalis  exerts growth-enhancing effects and com-
positional changes in the oral microbiota, despite the very low colonization levels of  P. gingivalis  
(<0.01% of the total bacterial counts) (Hajishengallis et al.  2011  ) . Collectively, these actions lead to 
destructive in fl ammatory disease that requires the presence of the commensal microbiota and intact 
complement pathways since  P. gingivalis  fails to cause periodontitis in germ-free mice or convention-
ally raised mice de fi cient in C3aR or C5aR (Hajishengallis et al.  2011  )  (Fig.  13.3 ). Moreover,  P. gin-
givalis  fails to cause changes to the oral commensal microbiota of  C3aR  −/−  or  C5aR  −/−  mice, in contrast 
to normal speci fi c pathogen-free (SPF) mice (Fig.  13.3 ).  

 The inability of  P. gingivalis  to alter the oral microbiota in  C5aR  −/−  mice can be explained by the 
lack of C5aR, which is required by  P. gingivalis  to inhibit the killing capacity of leukocytes (Wang 
et al.  2010 ; Liang et al.  2011  ) .  P. gingivalis -affected leukocytes with impaired killing capacity would 
likely allow uncontrolled growth of other bacterial species in the same bio fi lm, accounting for the 
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elevation of the total bacterial numbers. Consistent with the importance of gingipains in C5aR-
dependent subversion of leukocytes (Liang et al.  2011  ) , a gingipain-de fi cient isogenic mutant 
(KDP128) of  P. gingivalis  failed to elevate the oral bacterial load even in normal SPF mice. The C3aR 
requirement for the  P. gingivalis  effect on the oral microbiota and bone loss may be related to its syn-
ergistic interactions with C5aR that include reciprocal augmentation of receptor expression (Ricklin 
et al.  2010  ) . In this regard,  P. gingivalis -inoculated  C3aR  −/−  mice displayed signi fi cantly reduced 
expression of C5aR (Hajishengallis et al.  2011  ) . 

  Fig. 13.2     P. gingivalis  subverts complement leading to alterations in the oral microbiota and development of periodontitis. 
 P. gingivalis  impairs innate immunity through complement subversion leading to quantitative and qualitative changes 
to the oral commensal microbiota. Through complement, the altered microbiota causes in fl ammatory bone loss, whereas 
tissue breakdown products may further stimulate oral bacterial growth [From Hajishengallis et al.  (  2011  )  Cell Host 
Microbe 10:497–506 (used by permission)]       
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  Fig. 13.3     Complement-dependent elevation of the oral bacterial load and induction of bone loss.  BALB/c mice, either 
wild type (WT) or de fi cient in C3aR ( C3aR  −/− ) or C5aR ( C5aR  −/− ), were orally inoculated with  P. gingivalis  (Pg) or 
vehicle only (Sham) and assessed for bone loss ( a ) and levels of oral anaerobic bacteria ( b ).  Negative values  indicate 
bone loss relative to bone levels of the indicated controls (zero baseline), whereas  positive values  indicate increased 
bone levels. CFU counts are shown for each individual mouse with horizontal lines denoting mean values. ** p  < 0.01 
versus corresponding control [From Hajishengallis et al.  (  2011  )  Cell Host Microbe 10:497–506 (used by permission)]       
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 Since C5aR is required for the in vivo survival of  P. gingivalis  (Wang et al.  2010 ; Liang et al. 
 2011  ) , local administration of a C5aR antagonist (PMX-53) could block the persistence of  P. gingiva-
lis , leading to its removal from the periodontal tissue and perhaps adversely affecting the total micro-
biota. Indeed, local administration of PMX-53 resulted in almost complete elimination of  P. gingivalis , 
accompanied by a >10-fold reduction in the total numbers of oral anaerobic bacteria, which returned 
to their original lower levels (Hajishengallis et al.  2011  )  (Fig.  13.4 ). This reduction in the total micro-
biota was not a direct effect on the commensal bacteria by C5aRA since the antagonist failed to reduce 
the total oral bacterial numbers in mice not colonized with  P. gingivalis  (Fig.  13.4 ). These data clearly 
indicated that the experimental removal of  P. gingivalis  from the periodontal tissue, similar to its 
introduction, exerts a major in fl uence on the oral microbiota. By analogy to the “keystone species” 
concept in macroecology, i.e., low-abundance species with a major supporting role for an entire eco-
logical community (Power et al.  1996 ; Brown et al.  2001 ; Ebenman and Jonsson  2005  ) ,  P. gingivalis  
may be regarded as such a species by ful fi lling the criteria of low abundance and major in fl uence on 
the microbial community. In fact,  P. gingivalis  could be characterized as a keystone pathogen, de fi ned 
as “a keystone species which supports and shapes a microbial community in ways that also promote 
disease pathogenesis” (Hajishengallis et al.  2011  ) .   

    13.5   Conclusions and Future Directions 

 Despite being a very minor constituent of the total oral microbiota,  P. gingivalis  can alter the numbers 
and community organization of the commensal bacteria, the presence of which is essential for 
in fl ammatory periodontal bone loss. Although PMX-53 has not been shown yet to inhibit periodontal 
bone loss after local administration, its capacity to block  P. gingivalis  persistence in the periodontal 
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  Fig. 13.4    Effects of C5aR antagonist (C5aRA), or inactive analog control (iC5aRA ctrl), on the numbers of  P. gingivalis  
or total bacteria in the periodontal tissue of mice with or without previous inoculation with  P. gingivalis  Groups of mice 
were orally inoculated or not with  P. gingivalis  (as described above) and 7 days later, were injected with C5aRA or 
iC5aRA control, into the palatal gingiva, on the mesial of the  fi rst molar and in the papillae between  fi rst and second and 
third molars on both sides of the maxilla (1  m L of 1  m g per site; total of six sites). Two days later (day 9), the mice were 
sacri fi ced, and maxillary periodontal tissue was harvested to determine the levels of  P. gingivalis  colonization and the 
number of total oral bacteria, using quantitative real-time PCR of the  ISPg1  gene ( P. gingivalis ) or the 16 S rRNA gene 
(total oral bacteria). Two groups of mice, one of which was inoculated with  P. gingivalis , were not treated with C5aRA 
or iC5aRA at day 7 and were sacri fi ced the same day for determining the levels of  P. gingivalis  and of total oral bacteria 
prior to the C5aRA or iC5aRA interventions. ND, Pg not detected. ** p  < 0.01 between indicated groups [From 
Hajishengallis et al.  (  2011  )  Cell Host Microbe 10:497–506 (used by permission)]       
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tissue and to inhibit the overgrowth of the oral microbiota strongly suggests that it is a promising 
therapeutic against periodontitis. Moreover, C5aR inhibitors may have important therapeutic implica-
tions also in other infections or in fl ammatory diseases where  P. gingivalis  is thought to be implicated, 
such as oral aspiration pneumonia and atherosclerosis (Gibson et al.  2006 ; Okuda et al.  2005  ) . 

 Despite this progress, additional systematic approaches are required to comprehensively identify 
the precise roles of the various complement pathways in the context of periodontal pathogenesis. Such 
information could reveal which speci fi c pathways need to be blocked to reverse in fl ammatory pathol-
ogy or, conversely, be enhanced (or left intact) to promote host defense. This would greatly facilitate 
complement-targeted therapeutic intervention against periodontitis. 

 Importantly, a number of complement-speci fi c drugs are already in clinical trials for other 
in fl ammatory diseases (Ricklin and Lambris  2007 ; Wagner and Frank  2010  ) . Among them, PMX-53, 
which blocks both mouse and human C5aR, has a good safety record when given orally to humans 
(Ricklin and Lambris  2007 ; Wagner and Frank  2010  ) . This, and potentially other complement-tar-
geted drugs, may prove effective as adjunctive treatments for periodontitis in the near future.  
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  Abstract   A major goal in current cardiology practice is to determine optimal strategies for minimizing 
myocardial necrosis and optimizing cardiac repair following an acute myocardial infarction. 
Temporally regulated activation and suppression of innate immunity may be critical for achieving this 
goal. Extensive experimental data in various animal models have indicated that inhibiting comple-
ment activation offers protection to cardiac tissue after ischemia/reperfusion. However, the results of 
clinical studies using complement inhibitors (mainly at the C5 level) in patients with acute myocardial 
infarction have largely been disappointing. 

 In cases in which complement activation participates in the initial events of muscle cell destruc-
tion, as in autoimmune myocarditis or autoimmune muscle disorders, inhibition of complement acti-
vation is expected to prove a successful treatment. In other pathologic conditions in which complement 
is recruited by degenerating or dying muscle cells, as in ischemia, the ideal approach is probably to 
modulate rather than abruptly blunt complement activation. Bene fi cial effects of complement action 
with regard to waste disposal, recruitment of stem cells, regeneration, angiogenesis, and better utiliza-
tion of energy sources under hypoxic conditions may also prove important for successful disease 
treatment. Patient outcome after myocardial infarction almost certainly depend upon the combined 
activation of several distinct but potentially interrelated signaling pathways, suggesting that a combi-
nation of treatments targeted to different pathways should be the therapy of choice, and modulation of 
complement could be one of them.   

     14.1   Complement Activation in Cardiac Muscle 

    14.1.1   Myocardial Infarction and Innate Immunity 

 Myocardial infarction is the most frequent cardiovascular event in the western world and is respon-
sible for a large fraction of all cardiovascular deaths. Improved clinical management of acute myocar-
dial infarction has signi fi cantly lowered immediate mortality over the past two decades (Lloyd-Jones 
et al.  2009  ) , but surviving patients still face another major complication: the development of heart 
failure resulting in part from inadequate healing of their original infarct. Heart failure is a major health 
problem that has reached almost epidemic proportions in the U.S., in that it affects 2% of the American 
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population. It is also an economic problem: The cost of hospitalizations related to heart failure is 
currently twice that for all forms of cancer and myocardial infarctions combined. Therefore, a major 
goal in current cardiology practice is to determine optimal strategies for minimizing myocardial 
necrosis and optimizing cardiac repair following acute myocardial infarctions. 

 Myocardial infarction results in decreased oxygen tension within cardiomyocytes and a subse-
quent loss of oxidative phosphorylation and decreased generation of high-energy phosphates. The 
mammalian heart cannot produce enough energy under anaerobic conditions to sustain cardiac func-
tion and viability, and therefore, irreversible cardiomyocyte injury develops after 40–60 min of sus-
tained severe ischemia (Jennings et al.  1990  ) . The predominant mechanism of cardiomyocyte death in 
the infarcted heart is coagulation necrosis, although apoptosis is also likely to contribute to cardio-
myocyte loss. Dying cells activate innate immune mechanisms, initiating an in fl ammatory reaction 
that has a dual effect, primarily repairing the trauma but also producing adverse ventricular remodel-
ing, with detrimental consequences if activation is enhanced or uncontrolled. Innate immunity is a 
primordial system that was evolved in the lower phyla as a host reaction system primarily for repair-
ing cutaneous trauma. The critical goals of this reaction system were to prevent an infection; dispose 
of apoptotic, necrotic cells and damaged tissue; and, in these and other ways, facilitate wound repair. 
The size of the eventual scar was not the key issue. On the other hand, scar tissue is largely acellular 
and lacks the normal biochemical properties of the host cells, and in cardiac tissue, this situation leads 
to electrical uncoupling, mechanical dysfunction, and loss of structural integrity. A compensatory 
hypertrophy of the noninfarcted area, accompanied by chamber dilation and upregulation of fetal gene 
expression, also develops at a later point, and ultimately, these changes lead to the development of 
heart failure (Jennings et al.  1995  ) . We have put forward the hypothesis that temporally regulated 
activation and suppression of innate immunity may be critical for minimizing cardiac tissue injury and 
achieving effective cardiac repair and regeneration (Jiang and Liao  2010  ) .  

    14.1.2   Complement System Activation in Cardiac Ischemia/Reperfusion 

 The complement system is an important arm of innate immunity whose essential role in ischemia/
reperfusion damage was  fi rst described by Hill and Ward in the early 1970s (Hill and Ward  1971  ) . 
After ischemia and reperfusion, myocardial levels of C3 and C9 have been shown to exceed the levels 
of production of these complement components in the liver in a rabbit model (Yasojima et al.  1998  ) . 
Extensive experimental data from a variety of animal models have indicated that inhibiting comple-
ment activation offers protection to cardiac tissue after ischemia/reperfusion [for a review, see 
Diepenhorst et al.  (  2009  ) ]. In patients with acute MI, however, the results of clinical studies using 
complement inhibitors (four studies of more than 10,500 patients using pexelizumab, an anti-C5 anti-
body, and studies using C1 esterase inhibitor or soluble complement receptor 1) have largely been 
disappointing [for a review, see Oksjoki et al.  (  2007  )  and Diepenhorst et al.  (  2009  ) ]. Over the past 30 
years, the use of speci fi c strategies that modulate the in fl ammatory response have led to dramatic 
reductions in infarct size and attenuation of adverse remodeling in numerous experimental animal 
models [reviewed in Frangogiannis  (  2008  ) ]. Nevertheless, attempts to mitigate the in fl ammatory reac-
tion in human patients after MI have yielded disappointing results. At present, no speci fi c immuno-
modulatory approach is used in patients after MI. Established therapeutic strategies such as  b -adrenergic 
blockade, ACE inhibition, and anticoagulation treatment may exert their bene fi cial effects in part by 
interfering with the in fl ammatory cascade (Kilgore et al.  1994 ; Chen et al.  1998  ) . 

 Why have anti-in fl ammatory strategies that yield very promising results in animal models of car-
diac tissue injury been unsuccessful in human patients? Although fundamental differences between 
animal models and their respective human diseases may provide an explanation in some cases, what 
is becoming evident from the studies conducted thus far is that a deeper understanding of the biology 
of this complex network of molecular and cellular interactions is necessary before any speci fi c inter-
ventions can be pursued in therapeutic trials. In addition, in the clinical reality, variables such as age; 
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the presence of comorbid conditions such as diabetes, obesity, and hyperlipidemia; the timing of 
reperfusion; and genetic variations between individuals greatly complicate the prediction of the 
potential effects of a therapeutic intervention. Finally, in the various animal models of MI, the out-
come of the cardiac injury may also differ according to various conditions, such as whether the MI is 
small or large, whether a small or large amount of myocardial regeneration occurs, and whether the 
ischemia is permanent or transient. If the duration of the ischemia is limited (e.g., 30 min, as in many 
of the MI/reperfusion animal models used to assess the effects of complement system inhibition), the 
main determinants in the outcome of the cardiac injury are the extent of the initial injury of the vessel 
endothelium after the reperfusion and the degree of activation of the complement system. Complement 
activation stimulates neutrophils by inducing chemotactic migration, aggregation (Crawford et al. 
 1988  ) , and the release of cytotoxic products such as proteases, elastases, and reactive oxygen species 
that can compromise tissue integrity (Engler  1987 ; Hori and Nishida  2009  ) . Neutrophils activated by 
C5a or by iC3b deposited within vessel walls (Hirahashi et al.  2006  )  can also contribute to microvas-
cular obstruction by promoting  fi brin deposition and thrombosis; thus, the complement system can 
contribute to a vicious cycle of vasoconstriction, microvascular hypoperfusion, and cell death (Saraste 
et al.  1997 ; Rezkalla and Kloner  2002  )  that further compromises cardiac tissue integrity. Thus, in the 
case of ischemia of limited duration with subsequent reperfusion, there is wide evidence that oxygen-
derived free radicals, neutrophils, and activated complement components are crucial players in the 
destruction of cardiac tissue (Kilgore et al.  1994 ; Diepenhorst et al.  2009  ) . If it were possible to 
restore the oxygen supply to cardiomyocytes without inciting the harmful acute in fl ammatory reac-
tion, then the restoration of cardiac function could be maximized. 

 In longer-lasting ischemia, when irreversible cardiomyocyte injury develops as a direct result of 
oxygen deprivation, the extent of cardiomyocyte death determines the outcome of the cardiac dys-
function. Damaged and destroyed cardiomyocytes in the ischemic area can be roughly divided into 
two categories: (a) cardiomyocytes under severe and extended stress whose death is inevitable and 
(b) those that, while under stress, will eventually manage to survive through the upregulation of cyto-
protective mechanisms. The intrinsic cytoprotective mechanisms of cardiomyocytes can involve the 
upregulation of small heat shock proteins, antioxidant enzymes, antiapoptotic molecules, and/or a 
fetal gene expression program. As previously mentioned, dying cardiomyocytes can trigger an 
in fl ammatory reaction, activating reparative pathways that ultimately result in the formation of a scar 
(Frangogiannis  2008  ) . Enhanced or uncontrolled activation can lead to adverse ventricular remodel-
ing, with detrimental consequences. Timely resolution of the in fl ammatory in fi ltrate and spatial con-
tainment of the in fl ammatory and reparative response to the infarcted area are essential for optimal 
infarct healing. 

 What is the role of complement activation in this milieu of interactions among secreted factors, 
resident cells, and cells that have in fi ltrated into the site of injury? Although the complement system 
often contributes to the tissue damage described in the previous paragraph, it is not easy to separate 
this process from the bene fi cial effects of complement with regard to waste disposal, recruitment of 
stem cells (Ratajczak et al.  2006  ) , regeneration (Markiewski et al.  2009  ) , and angiogenesis (Nozaki 
et al.  2006  ) , as has been recognized in other tissue injury models. The ideal approach is likely to be 
modulating rather than abruptly blunting complement activation.  

    14.1.3   Complement Activation as a “Friend” in Cardiac Tissue Injury 

 Complement activation leads to the deposition of iC3b at the site of necrotic cardiomyocytes; the iC3b 
then binds to complement receptors CR3 and CR4 and mediates phagocytosis, thereby participating 
in the removal of cell debris and containment of the in fl ammatory reaction. CR3/4-mediated phago-
cytosis, per se, does not elicit proin fl ammatory signals in phagocytes nor does it provoke a respiratory 
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burst. Considering that CR3 has primarily evolved to support the physiologic functions necessary to 
balance tissue homeostasis, i.e., through clearance of apoptotic cells, the lack of in fl ammation is not 
surprising. In order to promote leukocyte adhesion and transmigration through the endothelium as 
well as in fl ammatory responses, C3 needs to be preactivated to a high-af fi nity state in order for liga-
tion to result in an in fl ammatory response. Signaling pathways that induce this high-af fi nity status 
include those downstream of activating immunoglobulin G receptors (Fc g Rs) and the chemoattractant 
G-protein-coupled receptors (GPCR). 

 Secreted in fl ammatory mediators play an important role in mobilizing progenitor cells and may 
regulate their homing to the infarcted myocardium (Vandervelde et al.  2005  ) . Most of the positive 
effects reported thus far for cell-based therapy have been attributed to paracrine effects rather than to 
the direct differentiation of engrafted cells to cardiomyocytes (Choi et al.  2011  ) . Thus, although it has 
not yet been clearly established for cardiac tissue injury, C3 cleavage fragments may exert a bene fi cial 
effect by participating in the chemoattraction and tethering of circulating CXCR4+ stem cells to 
injured cardiac tissue, as has been reported in other tissue injury models (Ratajczak et al.  2006  ) . All 
of the players (activated complement components, CRXR4-positive cells, SDF1) in this interaction 
are present in the injured myocardium ((Askari et al.  2003 ; Abbott et al.  2004  ) ; see also Fig.  14.1 ).  

 The prorepair role of complement is apparent in liver regeneration, in which anaphylatoxin-induced 
IL-6 and TNF prosurvival signaling promote hepatocyte growth and proliferation, which are dramati-
cally impaired in C3–/–, C3ar–/–, and C5ar–/– mice (Markiewski et al.  2009  ) . The role of TNF- a  in 
myocardial ischemia/reperfusion injury is ambivalent. Excessive TNF- a  expression and subsequent 
stimulation of cardiomyocyte TNF receptor type 1 induce contractile dysfunction, hypertrophy,  fi brosis, 
and cell death, whereas lower TNF- a  concentrations and subsequent stimulation of cardiomyocyte 
TNF receptor type 2 are protective (Schulz and Heusch  2009  ) . TNF- a  can increase protective signals 
such as the wingless-type integration site family member 1 (WNT1) in cardiomyocytes and cardiac 

  Fig. 14.1    Activated complement components and CRXR4-positive cells are present in the myocardium of the desmin-null 
cardiac tissue injury/heart failure model. ( a ) CRXR4-positive cells are present in areas of cardiac tissue injury and 
neovascularization in the desmin-null myocardium. ( b ) Extended iC3b deposition ( red ) is observed in the desmin null 
cardiac tissue, in areas of cardiomyocyte degeneration. Actinin ( green ) is a cardiomyocyte marker (bar = 25  m m). 
Extended cardiomyocyte injury and acute in fl ammatory reaction are observed in the desmin-null mice (Mavroidis and 
Capetanaki  2002  ) , together with a 7.5-fold upregulation of CR3 RNA levels (Psarras et al.  2011  )        
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 fi broblasts (Venkatachalam et al.  2009  ) . It has been shown in in vitro experiments that complement 
activation can induce TNF- a  synthesis in cardiac myocytes (Zwaka et al.  2002  ) , so a reasonable 
hypothesis could be advanced that, depending on the timing, the concentration, and the cardiac injury 
model chosen, induction of TNF- a  by C3 activation could be protective. In liver injury, it has been 
shown that there is a threshold of complement activation for optimal liver regeneration (He et al.  2009  ) , 
and this threshold is associated with increased early hepatic production of IL-6 and TNF- a  and dimin-
ished systemic levels of the in fl ammatory cytokines by 48 hours after partial hepatectomy. 

 On the other hand, in TNF- a -overexpressing mice, analysis of gene expression pro fi ling during the 
transition to heart failure (Tang et al.  2004  )  has demonstrated the development of autoimmune myo-
carditis, with C3 and MHC class II antigen expression being strongly upregulated (see Fig.  14.2 ). 
Given that complement activation is critical for the induction of experimental autoimmune myocardi-
tis (Kaya et al.  2001 ; Eriksson et al.  2003  ) , depletion of C3 may be essential to preventing TNF- a -
induced heart failure.   

    14.1.4   A Potential Role for the Connection of Complement to Fatty Acid 
and Glucose Metabolism in the Adaptation of the Heart to Stress 

 A common feature of a variety of cardiac pathophysiological conditions, including hypoxia, ischemia, 
and hypertrophy, is a return to a pattern of fetal metabolism. This adaptation is associated with a 
whole program of cell survival under stress, and there is evidence that, at the same level of stress, 
survival is greater in the fetal-adapted heart than in the adult heart (Rajabi et al.  2007  ) . A hallmark of 
fetal metabolism is the predominance of carbohydrates as substrates for energy provision. Under nor-
mal conditions, the preferred substrate for the heart is fatty acids (80–100%). During ischemia/
reperfusion, the diminished O 

2
  supply for respiration and oxidative phosphorylation leads to a rapid 

decline in ATP levels and stimulates anaerobic ATP generation, with an increase in glycolysis and 

  Fig. 14.2    ( a ) Activated C3 ( red  ) is seen in aggregated form and perinuclearly in the cardiomyocytes of cardiac-speci fi c 
tumor necrosis factor (TNF- a )-overexpressing transgenic mice. In TNF- a -overexpressing mice there is a mislocaliza-
tion of the intercalated disc components to the lateral sarcolemma of the cardiomyocytes, as shown by  b -catenin ( green ) 
staining. ( b ) A cardiac tissue section of wild-type mice is negative for activated C3 staining, and  b -catenin is mainly 
localized to the bipolar ends of the rod-shaped cardiomyocytes. Frozen cardiac tissue sections;  blue  denotes nuclear 
staining with DAPI, and the bar = 25  m m. TNF- a -overexpressing mice are from Li et al.  (  2000  )        
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lactate production (Oram et al.  1973 ; Neely and Morgan  1974  ) . Although the fetal-adapted heart can 
survive better than the adult under hypoxic stress, this adaptation cannot meet the high cardiac pump-
ing workload (and, consequently, high energy demand) of an adult organism. At a certain point, the 
fetal gene program is no longer suf fi cient to support cardiac structure and function, and the heart suc-
cumbs to maladaptation, cell death, and ultimately organ failure (Rajabi et al.  2007  ) . 

 An emerging role of complement system in the regulation of lipid metabolism has become appar-
ent in the last decade.    Acylation-stimulating protein (ASP), which has been identi fi ed as C3adesArg 
(produced after cleavage of the COOH-terminal arginine of C3a by carboxypeptidase B), has lipo-
genic activity. In adipocytes, ASP interacts with its cell-surface receptor C5L2, resulting in increased 
nonesteri fi ed fatty acid (NEFA) uptake and triglyceride synthesis (MacLaren et al.  2008  ) . Conversely, 
in muscle, ASP has the opposite effect and increases lipolysis, indicating a reduction in NEFA trap-
ping within muscle (Faraj and Cian fl one  2004  ) . ASP also increases glucose uptake in a number of cell 
models, including human adipocytes and L6 myotubes, via the translocation to the cell surface of the 
glucose transporters GLUT4 and GLUT3 (in myotubes), independently of, but additively with, insu-
lin. Thus, the generation of C3adesArg at the site of cardiac tissue injury through complement activa-
tion could offer a potential means of improving the energy utilization of glucose and lipids when 
under hypoxic stress.   

    14.2   The Role of Complement in Skeletal Muscle 

    14.2.1   Skeletal Muscle Regeneration 

 Skeletal muscle is the most abundant tissue in the human body, contributing to motion, protein and 
carbohydrate storage, and heat production. Given its super fi cial body distribution, it is constantly 
exposed to mechanical insults caused by muscle contraction and to external physical trauma. As a 
consequence of the signi fi cance of its role and its continuous exposure to mechanical stress, skeletal 
muscle has developed the ability to regenerate and restore its original tissue architecture and func-
tional integrity after damage. Acute muscle injury and genetic de fi ciencies both lead to compromised 
muscle function, along with rupture, myo fi brillar necrosis, and in fl ammation. The degenerative phase 
is followed by tissue recovery and repair, which are characterized by the removal of necrotized tissue 
and regeneration of the damaged myo fi bers (Tidball and Villalta  2010  ) . This phase depends on a 
population of progenitor myogenic cells, the satellite cells, which are located in the basal lamina of 
the muscle  fi bers. A complex repertoire of cytokines, growth factors, and extracellular molecules 
(ECM) triggers the activation, proliferation, and differentiation of satellite cells that result in the sub-
sequent fusion and formation of new, intact myo fi bers (Corti et al.  2001  ) . A key role in this process is 
performed by the tightly regulated interplay between the injured skeletal muscle and the immune 
system (Tidball  2005  ) . 

 Immediately after damage, neutrophils invade the muscle and promote the progress of the inflam-
matory reaction in the damaged area. The subsequent accumulation of macrophages continues the 
proin fl ammatory phase of muscle injury (Nguyen and Tidball  2003  ) . The M1 phenotype dominates the 
initial macrophage population, with the release of proin fl ammatory cytokines such as TNF- a  and IL-6 
(Collins and Grounds  2001  ) . TNF- a  and the rest of the Th1 cytokines produced in this phase contribute 
to muscle damage, but at the same time they also promote regeneration and repair by triggering the 
activation, proliferation, and early differentiation stages of satellite muscle cells (Collins and Grounds 
 2001 ; Villalta et al.  2009  ) . The M1 phenotype is replaced by in fi ltrating M2 macrophages, which attenu-
ate the previous proin fl ammatory reaction and release anti-in fl ammatory cytokines such as IL-10, IL-4, 
and IL-13, thus promoting tissue growth and regeneration (Tidball and Wehling-Henricks  2007  ) .  
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    14.2.2   Complement Activation in Skeletal Muscle 

 Initial studies have revealed the biosynthesis of complement by skeletal muscle cells in vitro. The 
alternative pathway proteins C3, factor B, and factor H as well as the classical pathway components 
C1, C2, and C4 have been shown to be produced by human myoblast cell lines (Legoedec et al.  1995, 
  1997  ) . Despite the activation of autologous complement, muscle  fi bers are protected from destruction 
and cell lysis by their abundant expression of the regulatory molecules MCP, CD59, and C4BP 
(Gasque et al.  1996  ) . Complement synthesis by muscle cells is upregulated by in fl ammatory cytok-
ines, including INF- g  and IL-1 (Legoedec et al.  1995  ) , suggesting a potent role for the local produc-
tion and activation of complement under in fl ammatory pathophysiological conditions in skeletal 
muscle. A series of studies have pinpointed the involvement of the complement cascade in the com-
plete reconstruction and regeneration of body parts such as limbs and eye tissue in several species of 
urodele amphibians (Kimura et al.  2003  ) . The central proteins C3 and C5 of the complement cascade 
are speci fi cally expressed at both the transcriptional and translational (protein) levels in the areas 
responsible for the repopulation and reformation of the old, amputated (or injured) structures (i.e., the 
urodele blastema) into the appropriate differentiated, newly reconstructed body parts. 

 An important question is how complement proteins are related to the molecules responsible for the 
establishment of cellular adhesion and communication. C3 interacts with molecules of the extracel-
lular matrix, such as laminin and  fi bronectin (Leivo and Engvall  1986  ) , and with receptors of the 
integrin family (Law et al.  1987  ) ; factor B and C2 share homologous domains with cartilage matrix 
protein, von Willebrand factor, and the collagen-binding domain of alkaline phosphatase. Given the 
upregulation of these molecules during the synthesis of new cell membranes in the regeneration phase 
(Tsonis et al.  1996  ) , these interactions strongly suggest that complement participates in the progress 
of remodeling and the differentiation of the regenerating parts. Recent reports have highlighted the 
important role of complement in removing cellular debris during successful skeletal muscle remodel-
ing after chemical or ischemic injury in stem cell antigen 1 (Sca1)-de fi cient mice (Long et al.  2011  ) . 
Recruitment of IgM and complement C3 has been shown to be essential for tissue regeneration since 
the inability of damaged cells to be cleared from C3-de fi cient mice leads to a profound  fi brotic condi-
tion (Mevorach et al.  1998 ; Markiewski et al.  2004  ) .  

    14.2.3   Complement-Mediated In fl ammatory Muscle Diseases 

 In fl ammatory myopathies are a heterogeneous class of autoimmune muscle disorders that are charac-
terized by the production of speci fi c autoantibodies and immune attack against muscle antigens, with 
subsequent tissue malfunction. As an important link between innate and adaptive immunity, comple-
ment plays a key role in the pathogenesis of serious autoimmune diseases such as myasthenia gravis 
(Vincent and Drachman  2002  )  and the in fl ammatory myopathies dermatomyositis and juvenile der-
matomyositis (Dalakas  2010b  ) . In addition, complement contributes to the pathogenesis of a class of 
in fl ammation-associated muscle disorders, the dysferlinopathies (Liu et al.  1998  ) , in which a defec-
tive repair of the plasma membrane produces constant leakage of cytoplasmic contents to the extracel-
lular environment. 

 The immune system recruits complement in the course of many other pathologic muscle condi-
tions, thus preserving the in fl ammatory “waves” in the local area of the affected skeletal muscle and 
leading to either progressive or acute tissue destruction, as in the case of muscle ischemia/reperfusion 
injury. 
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    14.2.3.1   Complement in Myasthenia Gravis 

 Myasthenia gravis (from Greek and Latin, literally meaning “grave muscle weakness”) is a chronic 
autoimmune disease that is characterized by the production of autoantibodies that target the acetyl-
choline receptor (AchR) at the neuromuscular junction (NMJ) (Vincent and Drachman  2002  ) . Studies 
conducted over the past few decades have shown that complement is a signi fi cant participant in the 
destructive pathway that leads to neuromuscular disruption (Lennon et al.  1978 ; Tuzun et al.  2003  ) . 
Initial evidence has revealed a reduction in circulating serum levels of several complement proteins in 
myasthenia gravis patients, in parallel with the deposition and colocalization of IgG, C3, and C9 on 
the NMJ membrane (Sahashi et al.  1980  ) . In agreement with the clinical evidence, in mice with exper-
imental autoimmune myasthenia gravis (EAMG), IgG and complement proteins are detected at the 
degenerating NMJs (Tuzun et al.  2004  ) . Studies including the manipulation of complement activation 
in EAMG animals, either through a genetic de fi ciency or pharmacologic blockade, have con fi rmed a 
role for complement in the disease mechanism. C3 and C4 knockout mice immunized with the AchR 
show an improved phenotype when compared to wild-type controls (Tuzun et al.  2007 ; Zhou et al. 
 2007 ; Soltys et al.  2009  ) . However, examination of the disease progress in C5aR knockout mice has 
revealed that the incidence in EAMG mice is similar to that of wild-type mice, suggesting that the 
anaphylatoxin C5a is not involved in the pathogenesis of myasthenia gravis; instead, C5 plays a role 
in pathogenesis in the form of C5b, which contributes to the subsequent formation of the membrane 
attack complex (MAC) (Chamberlain-Banoub et al.  2006 ; Qi et al.  2008  ) . Novel therapeutic reagents 
speci fi cally targeting the activation of the classical pathway and preventing MAC formation at the 
NMJs, such as monoclonal antibodies or even complement inhibitors conjugated to anti-AchR anti-
body fragments (Spitzer et al.  2004  ) , could potentially eliminate myasthenia gravis symptoms by 
preventing complement activation speci fi cally at the site of pathology rather than systemically.  

    14.2.3.2   Complement in Dermatomyositis (DM) 

 In fl ammatory myopathies comprise a heterogeneous group of degenerative muscle diseases with the 
common characteristics of mild to severe muscle weakness and the presence of in fl ammatory in fi ltrates 
in muscle biopsies. This group consists of four clinically distinct conditions: dermatomyositis, poly-
myositis, necrotizing autoimmune myositis, and sporadic inclusion body myositis (Dalakas  2010b  ) . 
Although their general phenotypic characteristics are similar, the pathophysiological mechanisms of 
these diseases differ and involve the recruitment of different branches of the immune system. Complement 
plays a signi fi cant role in the pathogenesis of dermatomyositis, and therefore complement activity is 
considered a useful diagnostic measure and a strong candidate as a future therapeutic target. 

 Dermatomyositis occurs in both adults and children (juvenile dermatomyositis) and predominantly 
affects the skin and muscles. It is characterized by a humorally mediated autoimmune attack against 
the vascular endothelium of the capillaries. Deposited autoantibodies activate the complement cas-
cade, with the subsequent formation of the MAC complex (Kissel et al.  1986 ; Emslie-Smith and 
Engel  1990  ) . Immune attack and complement activation lead to extended capillary damage and necro-
sis, resulting in an insuf fi cient blood supply to the muscle. The detection of MAC offers high sensitiv-
ity and speci fi city for discriminating dermatomyositis from other in fl ammatory myopathies at both 
the early and advanced stages (Jain et al.  2011  ) . The future unraveling of complement-mediated 
destruction and the related cytokine milieu can potentially give us the ability to design targeted thera-
peutic strategies. Monoclonal antibodies against immune components, including complement (Basta 
and Dalakas  1994  ) , cytokines, T- and B-cell activating factors, and adhesion molecules, are promising 
candidates and have proven effective in some cases of dermatomyositis (Dalakas  2010a  ) .  
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    14.2.3.3   Complement in Dysferlin Myopathy 

 Dysferlinopathies comprise a large group of autosomal recessive myopathies caused by the complete 
or partial absence of dysferlin. Dysferlin is a 230-kDa protein that acts as a key player in the mem-
brane repair system (Cenacchi et al.  2005  ) . Membrane tears cause an increase in Ca 2+  in fl ux, which 
triggers the accumulation of dysferlin-containing vesicles and fusion to the plasma membrane at the 
site of the membrane disruption (Lennon et al.  2003  ) . Dysferlin mutations give rise to three types of 
autosomal recessive muscle wasting diseases: limb-girdle muscular dystrophy type 2B, Miyoshi myo-
pathy, and a distal anterior compartment myopathy (Liu et al.  1998  ) . 

 The immune system plays a complex role in the pathogenesis of dysferlinopathy. Muscle biopsies 
of dysferlin-de fi cient patients exhibit a prominent in fl ammatory in fi ltration (Gallardo et al.  2001  ) , 
while the lack of dysferlin in the SJL/J mouse strain results in an altered behavior of immune cells, 
with an increase in phagocytic activity and upregulation of the in fl ammasome molecular pathway 
(Rawat et al.  2010  ) . Complement activation with subsequent MAC deposition on the surface of non-
necrotic muscle  fi bers has been detected on both human and murine dysferlin-de fi cient skeletal mus-
cles, suggesting a potential role in the pathology (Spuler and Engel  1998  ) . Microarray data have 
indicated the upregulation of complement proteins and downregulation of complement regulators 
(Suzuki et al.  2005  ) . In accordance with these microarray results, decay-accelerating factor (DAF) has 
been found to be eliminated at both the RNA and protein levels in skeletal muscle from dysferlin-
de fi cient mice and patients diagnosed with dysferlinopathy (Wenzel et al.  2005  ) , and this loss of DAF 
has been shown to result in an increased susceptibility to complement attack. Further investigation has 
revealed that disruption of the C3 gene in dysferlin-de fi cient skeletal muscle attenuates muscle pathol-
ogy by reducing in fl ammatory in fi ltration, central nucleation,  fi brosis, and fat replacement (Han et al. 
 2010  ) . Interestingly, ablation of the terminal complement component C5 has only a minimal effect on 
muscle pathology in this mouse model, suggesting that it is not the terminal activation of the comple-
ment system but the activation of C3 that accelerates muscle injury. 

 In summary, dysferlinopathy causes a strong activation of the complement cascade with a simulta-
neous attenuation of regulatory control, making the muscle  fi bers more susceptible to complement 
attack. The additional involvement of dysferlin in cytokine release is another aspect of the compro-
mised muscle remodeling and healing. Based on these  fi ndings, an inhibition of the complement 
cascade at the C3 level could offer potential therapeutic options for this currently untreatable muscle 
wasting disorder.    
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  Abstract   The  fi rst step that precedes hematopoietic transplantation is elimination of pathological 
hematopoiesis by administration of myeloablative doses of radiochemotherapy. This eliminates hema-
tolymphopoietic cells and at the same time damages hematopoietic microenvironment in bone mar-
row (BM). The damage of BM tissue leads to activation of complement cascade (CC), and bioactive 
CC cleavage fragments modulate several steps of BM recovery after transplantation of hematopoietic 
stem progenitor cells (HSPCs). Accordingly, C3 cleavage fragments (soluble C3a/ 

desArg
 C3a and solid 

phase iC3b) and generation of soluble form of C5b-C9 also known as membrane attack complex 
(MAC) as well as release of antimicrobial cationic peptides from stromal cells (cathelicidin or LL-37 
and  b -2 defensin) promote homing of HSPCs. To support this, C3 cleavage fragments and antimicro-
bial cationic peptides increase homing responsiveness of transplanted HSPCs to stroma-derived 
factor-1 (SDF-1) gradient. Furthermore, damaged BM cells release several other chemoattractants for 
HSPCs such as bioactive lipids sphingosine-1-phosphate (S1P) and ceramide-1-phosphate (C1P) and 
chemotactic purines (ATP and UTP). In this chapter, we will discuss the current view on homing of 
transplanted HSPCs into BM that in addition to SDF-1 is orchestrated by CC, antimicrobial cationic 
peptides, and several other prohoming factors. We also propose modulation of CC as a novel strategy 
to optimize/accelerate homing of HSPCs.    

    15.1   Introduction 

 Transplantations of hematopoietic stem progenitor cells (HSPCs) harvested from bone marrow (BM), 
mobilized peripheral blood (mPB), or umbilical cord blood (UCB) are well-established therapeutic 
strategy to treat patients with leukemias, lymphomas, inborn defects of hematopoiesis, and some 
immunological disorders. Hematopoietic transplantation is based on intravenous infusion of histo-
compatible HSPCs. These cells could be derived from the BM, mPB, or UCB of histocompatible 
donor (allotransplant) or could be isolated before high-dose chemotherapy from the patient and then 
infused after treatment to facilitate recovery (autotransplant). 
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 An important preceding step that facilitates homing and engraftment of HSPCs is myeloablative 
conditioning of the recipient by radiochemotherapy. Myeloablative conditioning for transplantation is 
required to destroy old pathological hematopoiesis and to empty stem cell niches to accommodate 
newly transplanted HSPCs. The myeloablative procedure leads to extensive damage of cells in BM 
microenvironment, and thus, it is a strong activator of complement cascade (CC). The importance of 
activation of the CC in hematopoietic transplants of HSPCs has been demonstrated in CC component-
de fi cient mice. As reported, while mice de fi cient in C3 and C5 components of CC engraft less suc-
cessfully with HSPCs from wild-type (WT) animals (Ratajczak et al.  2004a,   b,   2010a ; Pitchford et al. 
 2009 ; Kim et al.  2011a  ) , HSPCs obtained from C3a receptor (C3aR)-de fi cient mice show defective 
engraftment in WT littermates (Ratajczak et al.  2004b  ) . 

 The hematopoietic transplantation after administration of HSPCs consists of several steps. In the 
 fi rst step, HSPCs infused into patient’s peripheral blood (PB) have to home to the BM stem cell 
niches. The homing according to the de fi nition is the process in which HSPCs infused into PB lodge 
into their niches in BM microenvironment. This process is directed by chemoattractants secreted 
from BM microenvironment and depends on adhesive interactions of HSPCs with endothelium in 
BM sinusoids. For many years, an  a -chemokine stromal-derived factor-1 (SDF-1), a ligand for 
seven-transmembrane-span G a  

 i  -protein-coupled receptor CXCR4, was considered as the only 
chemoattractant for HSPCs. Recent evidence, however, reveals that in addition to SDF-1 also other 
factors such as bioactive lipids sphingosine-1-phosphate (S1P) and ceramide-1-phosphate (C1P) 
(Ratajczak et al.  2010a ; Kim et al.  2011a ,  b ) as well as some purines (ATP and UTP) (Rossi et al. 
 2007  )  play a pivotal role in this process. In the next step, HSPCs, being chemoattracted to BM 
endothelium in order to home/lodge into BM, must attach to endothelial cells in BM sinusoids and 
subsequently cross the BM-PB barrier (Lee et al.  2009 ; Jalili et al.  2010a  ) . This process involves 
metalloproteinases (MMPs) that are secreted by HSPCs. As reported, several MMPs are involved 
in this process including MT1-MMP and MMP-9 (Pelus et al.  2004 ; Jalili et al.  2009 ; Vagima et al. 
 2009 ; Shirvaikar et al.  2011  ) . The  fi nal destination for transplanted HSPCs ate hematopoietic niches 
inside BM microenvironment (Taichman  2005 ; Levesque et al.  2010 ; Doan and Chute  2011  ) . There 
are two important anatomical sites identi fi ed where HSPCs reside in BM – osteoblastic niches lin-
ing trabecular bones and endothelial niches around BM sinusoids (Levesque et al.  2010  ) . Recent 
stereomorphological evidence suggests that very often both niches in fact overlap (Bengtsson et al. 
 2011  ) . The homing of HSPCs after transplantation and their lodging in osteoblastic and endothelial 
stem cells niches lead to engraftment of HSPCs, a process that reestablishes new graft-derived 
hematopoiesis. 

 The HSPCs are subsequently retained in BM osteoblastic and endothelial niches by SDF-1 – 
CXCR4 receptor and in very late antigen-4 (VLA-4, also known as  a  

4
  b  

1
  integrin) and its ligand vas-

cular adhesion molecule-1 (VCAM-1, also known as CD106) axes. While HSPCs express CXCR4 
and VLA-4, their corresponding ligands, SDF-1 and VCAM-1, are expressed by cells in the BM 
microenvironment (e.g., osteoblasts, stroma  fi broblasts, and endothelial cells). SDF-1 is also an 
important chemoattractant for HSPCs in contrast to VCMA-1 that does not have any chemotactic 
activity (Peled et al.  1999 ; Levesque et al.  2001 ; Rettig et al.  2011  ) . 

 In this chapter, we will focus on accumulating evidence that several elements of innate immunity 
including CC cleavage fragments and secreted by damaged BM stroma antimicrobial cationic pep-
tides (cathelicidin [LL-37] and  b -2 defensin) play an important role in BM homing of HSPCs after 
transplantation (Lee et al.  2009 ; Wu et al.  2011  ) . Elements of innate immunity facilitate homing 
responsiveness of HSPCs to SDF-1 gradient and in addition evidence accumulate that may play a role 
in increasing the level of HSPCs homing factors (SDF-1, S1P, C1P, ATP, and UTP) within BM 
microenvironment.  
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    15.2   Conditioning for Hematopoietic Transplantation Activates 
Complement Cascade 

 Innate immunity plays an important role as a senior mechanism that guards tissue/organ integrity. 
This explains why BM damage by radiochemotherapy activates CC after conditioning for transplanta-
tion (Ratajczak et al.  2004a ; Kim et al.  2011a ,  b ). Accordingly, CC may become activated in BM 
microenvironment by several mechanisms that are initiated by both classical (immunoglobulin-
dependent) and alternative (immunoglobulin-independent) pathway of CC activation (Ratajczak et al. 
 2010b  ) . In classical immunoglobulin (Ig)-dependent pathway of activation, BM tissue damaged by 
radiochemotherapy exposes so-called neoepitope, an antigen that is recognized by circulating in PB 
naturally occurring antibodies (Ratajczak et al.  2006  ) . Binding of naturally occurring IgM antibodies 
to neoepitope triggers activation of the C1 complex (composed of one molecule of C1q, two mole-
cules of C1r, and two molecules of C1s, thus forming C1qr 2 s 2 ) that leads to activation of classical CC 
pathway (Danet et al.  2002 ; Lee and Ratajczak  2009 ; Jalili et al.  2010b  ) . In addition to neoepitope that 
marks damaged tissues, also microvesicles, apoptotic bodies, DNA fragments, and proteolytic 
enzymes released from damaged cells in BM microenvironment all together may activate directly or 
indirectly both pathways of CC. To support this, activation of CC during conditioning for transplanta-
tion in mice after lethal irradiation or administration of cyclophosphamide was con fi rmed by ELISA 
to detect C3a and C5a cleavage fragments in both PB plasma and in BM extracts and in addition by 
histochemical detection of membrane attack complex (MAC) deposits directly in BM sections (Lee 
et al.  2010 ; Kim et al.  2011a  ) . 

 Thus, the myeloablative conditioning for hematopoietic transplantation induces prohoming 
microenvironment for HSPCs circulating in PB, and SDF-1 was envisioned for many years as a factor 
responsible for chemoattraction and homing of transplanted HSPCs (Lapidot et al.  2005 ; Dar et al. 
 2006  ) . However, the role of SDF-1-CXCR4 axis in homing of HSPCs has been challenged by several 
observations supporting existence of SDF-1–CXCR4-independent homing mechanisms. In particular, 
(1) CXCR4 −/−  fetal liver HSPCs may home to BM in an SDF-1-independent manner (Ma et al.  1999 ; 
Levesque et al.  2003  ) ; (2) homing of murine HSPCs made refractory to SDF-1 by incubation, and 
coinjection with a CXCR4 receptor antagonist (AMD3100) is normal or only mildly reduced 
(Christopherson et al.  2004  ) ; and (3) HSPCs in which CXCR4 has been knocked down by means of 
an SDF-1 intrakine strategy are able to engraft, even in lethally irradiated recipients (Onai et al.  2000  ) . 
The most recent cumulative evidence shows that besides SDF-1, the chemotactic gradients of S1P and 
C1P which are products of membrane lipid metabolism and ATP and UTP nucleotides released from 
the damaged cells are all together involved in homing of HSPCs (Rossi et al.  2007 ; Granado et al. 
 2009 ; Kronlage et al.  2010 ; Ratajczak et al.  2010a ; Kim et al.  2011a  ) . Thus, it is obvious that all these 
factors may ef fi ciently replace SDF-1 chemotactic gradient when HSPCs lack functional CXCR4 and 
are rendered insensitive to this chemokine. 

 Another important problem with SDF-1 chemotactic gradient is a fact that, as it has been recently 
documented, myeloablative conditioning for transplantation induces a highly proteolytic microenvi-
ronment in BM that leads to proteolytic degradation of SDF-1 (Kim et al.  2011a     ) . This potentially 
impairs chemotactic SDF-1 gradient in BM at time when this gradient is needed to facilitate homing 
and engraftment of HSPCs. However, as recently reported in order to retain chemotactic power of 
SDF-1 in damaged BM microenvironment, some of the CC cleavage fragments (e.g., C3a and  

desArg
 C3a) 

as well as stroma-derived antimicrobial cationic peptides (e.g., cathelicidin or LL-37 and  b 2-defensin) 
become upregulated and increase responsiveness of HSPCs to SDF-1 gradient (Lee et al.  2009 ; Wu 
et al.  2011  ) . This phenomenon called “priming effect” (Fig.  15.1 ) facilitates homing of HSPCs to 
decreasing SDF-1 gradient in proteolytic microenvironment of BM conditioned by myeloablative 
therapy for transplantation ( Ratajczak et al.  2004a ; Reca et al.  2007 ; Lee et al.  2009  ) .  
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 The protein components of CC are activated through proteolysis in a cascade-like fashion leading 
to the generation of activated/cleaved protein fragments that bind to the CC-activating surface and 
small liquid phase activation peptides termed anaphylatoxins such as C3 (C3a,  

desArg
 C3a) and C5 (C5a 

and  
desArg

 C5a) cleavage fragments. Overall data from our laboratories indicate that activation of CC 
has important impact on homing of HSPCs, and we will discuss separately consequences of activation 
of proximal (C3) and distal part (C5) of CC and their involvement in this process (Lee et al.  2009 ; 
Reca et al.  2007 ; Kim et al.  2011a  ) .  

    15.3   Prohoming Mechanisms Related to Activation of Proximal Part of CC 

 Pathways that lead to cleavage of C3 that is an abundant protein in PB plasma (1 mg/mL) are consid-
ered as activation of proximal part of CC. An activation of both classical and alternative pathway of 
CC during conditioning for transplants leads in a  fi rst step to cleavage of C3, and two groups of C3 
cleavage fragments are distinguished –  fl uid phase anaphylatoxins (C3a,  

des-Arg
 C3a) and cell- or extra-

cellular matrix-bound (C3b, iC3b, C3dg, C3d) fragments. Liquid phase anaphylatoxin C3a and solid 
phase C3b are the  fi rst cleavage products of C3, and each has a short half-life in plasma. In the next 
step, C3a is processed by serum carboxypeptidase N to C3a 

des-Arg
  (long half-life cleavage product), and 

C3b is cleaved into iC3b (long half-life cleavage product) by factor I (Reca et al.  2003,   2007 ; Ratajczak 
et al.  2004a,   2010b  ) . 

 To address the role of activation of proximal CC in homing of HSPCs, we focused on mice de fi cient 
in complement C3 (C3 −/− ). These mice are hematologically normal under steady state conditions but 
displayed a signi fi cant delay in hematopoietic recovery from either irradiation or transplantation of 
wild-type (WT) HSPC (Ratajczak et al.  2004a,   b  ) . Transplantation of histocompatible WT Sca-1 +  

  Fig. 15.1     A priming effect increases the responsiveness of HSPCs to low SDF-1 gradients . The overall scheme of 
chemotactic assays performed in the Transwell system to evaluate the HSPC priming phenomenon. In the presence of 
a priming agent (e.g., antimicrobial cationic peptides such as C3a or cathelicidin [LL-37] or  b 2-defensin), HSPCs 
respond more robustly to low doses of SDF-1. This phenomenon is currently being tested in the clinic, where UCB is 
exposed  ex vivo  to a priming agent (C3a antimicrobial cationic peptide) before transplantation       
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cells into C3 −/−  mice resulted in delayed hematopoietic recovery after transplantation. Accordingly, 
we observed a (1) decrease in day-12 colony-forming units in spleen (CFU-S) of transplanted C3 −/−  
mice, (2) 5–7-day delay in platelet and leukocyte recovery, and (3) reduced number of BM hematopoi-
etic clonogenic progenitors at day 16 after transplantation. The fact that HSPC from C3 −/−  mice 
engrafted normally into irradiated WT mice suggests that there was a defect in the hematopoietic 
environment of C3 −/−  mice and no intrinsic defect of C3 −/−  mice-derived HSPCs. 

 Since C3 −/−  mice cannot activate/cleave C3, the C3 fragments C3a, C3a 
des-Arg

 , and iC3b were 
examined for a role in HSPC engraftment (Ratajczak et al.  2006 ; Wysoczynski et al.  2009  ) . We found 
that liquid phase C3a and C3a 

des-Arg
  increased CXCR4 incorporation into membrane lipid rafts (thus 

potentiating HSPCs responses to SDF-1 gradients), whereas iC3b was deposited onto irradiated BM 
endothelial and stromal cells and via its receptor CR3 (CD11b/CD18) expressed on HSPCs func-
tioned as ligand to tether HSPCs. To support further the involvement of CR3-iC3b interaction in hom-
ing of HSPCs, we demonstrated that HSPCs from CR3 −/−  mice have defective adhesion to iC3b 
deposited after activation of CC on BM stromal cells. 

 To explain further why C3 −/−  mice poorly engraft with WT HSPCs, we also demonstrated that 
soluble CC cleavage fragments C3a and  

desArg
 C3a increase/prime responsiveness of HSPCs to the low 

SDF-1 gradients (Reca et al.  2003 ; Ratajczak et al.  2004a,   b,   2006 ; Wysoczynski et al.  2005,   2009  ) . 
It is very important because as stated above SDF-1 level decreases in BM proteolytic microenviron-
ment after lethal irradiation. We recently provided a molecular explanation for this intriguing phe-
nomenon called “priming effect” based on the observation that actively signaling SDF-1 binding 
CXCR4 receptor is associated with lipid rafts (Wysoczynski et al.  2005 ; Lee et al.  2009 ; Wu et al. 
 2011  ) . Lipid rafts are membrane domains rich in sphingolipids and cholesterol, which form a lateral 
assembly in a saturated glycerophospholipid environment. The raft domains are known to serve as 
moving platforms on the cell surface and are more ordered and resistant to nonionic detergents than 
other areas of the membrane. These domains are also good sites for cross talk between various cellular 
signaling proteins. For example, it has been recently reported that small guanine nucleotide triphos-
phatases (GTPases) such as Rac-1 and Rac-2, which are crucial for engraftment of hematopoietic cells 
after transplantation, are associated with lipid rafts on migrating HSPCs (Gu et al.  2003 ; Filippi et al. 
 2004 ; Cancelas et al.  2005  ) . Therefore, since the CXCR4 receptor is a lipid raft-associated protein, its 
signaling ability is enhanced if CXCR4 is incorporated into membrane lipid rafts and where it may 
better interact with several signaling molecules, including the small GTPase Rac-1 (Yang et al.  2001 ; 
Nguyen and Taub  2002 ; Gu et al.  2003 ; Gómez-Moutón et al.  2004 ; Guan  2004  ) . This colocalization 
of CXCR4 and Rac-1 in lipid rafts facilitates GTP binding and activation of Rac-1. Thus, generation 
of C3 cleavage fragments in the BM microenvironment may somehow act as a mechanism aimed at 
increasing responsiveness of HSPCs to the degraded proteolytic microenvironment SDF-1 gradient. 
In C3-de fi cient mice, this phenomenon is attenuated, explaining why these animals are showing 
delayed engraftment. In this context, increase in C3a and C3a 

desArg
  level in BM after myeloablative 

conditioning could be envisioned as one of the mechanisms that promote homing of HSPCs (Ratajczak 
et al.  2004a  ) . 

 Furthermore, as demonstrated the priming effect of C3 cleavage fragments to enhance responsive-
ness of HSPCs to SDF-1 gradient does not depend as reported on potential interaction of C3a and 
 
desArg

 C3a with their speci fi c receptors, C3aR and C5L2, respectively. However, we noticed that HSPCs 
from C3aR −/−  mice have a defective homing/engraftment in WT normal littermates (Wysoczynski 
et al.  2009  ) . Accordingly, transplantation of HSPCs from C3aR −/−  mice into lethally irradiated WT 
recipients resulted in (1) 5–7-day delay in recovery of platelets and leukocytes counts, (2) decrease in 
formation of day-12 CFU-S, and (3) decrease in the number of donor-derived clonogenic progenitors 
detectable in the BM cavities at day 16 after transplantation. In agreement with the murine data, 
blockage of C3aR on human umbilical cord blood CD34 +  cells by C3aR antagonist SB290157 also 
impaired their engraftment in nonobese diabetic/severe combined immunode fi cient (NOD/SCID) 
mice (Wysoczynski et al.  2009  ) . Since as mentioned above priming effect of C3a does not depend on 
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interaction of C3a with C3aR, the defective engraftment of C3aR −/−  HSPCs in WT animals was unclear 
and suggested involvement of some other “nonpriming effects” in homing of these cells in WT 
animals. This has been recently resolved by demonstrating that C3a-C3aR interaction is playing an 
important role in induction of secretion of matrix metalloprotease-9 (MMP-9) and increasing adhe-
sion of HSPCs to stromal cells (Wysoczynski et al.  2009  ) . Thus, we conclude that C3a, in addition to 
enhancing responsiveness of HSPCs to SDF-1 gradient in a C3aR-independent manner (priming 
effect), may also directly modulate HSPC homing by augmenting C3aR-mediated secretion of MMP-9 
and cell adhesion. 

 Based on this, activation of the proximal part of CC and release of C3 cleavage fragments play an 
important role in homing and engraftment of HSPCs after transplantation by membrane lipid raft-
dependent and C3aR-mediated mechanisms.  

    15.4   Prohoming Mechanism Triggered by Activation of Distal Part of CC 

 Activation of distal part of CC leads to C5 cleavage and release of C5a anaphylatoxin and C5b frag-
ment (Ratajczak et al.  2010b ; Tegla et al.  2011  ) . Liquid phase anaphylatoxin C5a that has a short 
half-life in plasma is processed by serum carboxypeptidase N to C5a 

des-Arg
  (long half-life cleavage 

product). The another cleavage fragment C5b then recruits and assembles C6, C7, C7, C8, and C9 
molecules to assemble the C5b-C9 membrane attack complex (MAC) (Tegla et al.  2011  ) . MAC is 
present in biological  fl uids in two forms – lytic and sublytic. The lytic MAC forms transmembrane 
channels. These channels disrupt the phospholipid bilayer of target cells, leading to cell lysis and 
death. The sublytic (soluble) MAC in contrast may bind to cell membranes, independent of any recep-
tor, does not lyse cells, activates multiple signaling pathways, and has wide-range effects on many cell 
types leading to cellular responses, such as secretion, adherence, aggregation, chemotaxis, and even 
cell division (Rus et al.  1996 ; Niculescu et al.  1999a,   b ; Dashiell et al.  2000 ; Badea et al.  2002 ; Tegla 
et al.  2011  ) . We envision that this soluble form of MAC is also involved in homing of HSPCs (Kim 
et al.  2011a  ) . 

 To support this, our recent transplant experiments in C5-de fi cient (C5 −/− ) mice revealed an important 
and unrecognized before role of activation of distal part of CC in homing of HSPCs. We noticed that 
C5 −/−  animals similarly as C3 −/−  engraft poorly with WT HSPCs (Lee et al.  2009  ) . At the same time, 
HSPCs from C5 −/−  mice engrafted properly in WT recipients. This observation indicated that C5 cleavage 
fragments (C5a and  

desArg
 C5a) as well as C5b-C9 (MAC) could be also involved in homing of HSPCs. 

 To explain involvement of C5a and  
desArg

 C5a in HSPCs homing, both these soluble C5 cleavage 
fragments activate bone marrow stroma  fi broblasts and enhance secretion of cathelicidin [LL-37] and 
 b 2-defensin, two important antimicrobial cationic peptides that are potent priming factors increasing 
similarly as C3a and  

desArg
 C3a homing responsiveness of HSPCs to an SDF-1 gradient (Wu et al. 

 2011  ) . This has again an important implication because of the mentioned-above fact that SDF-1 level 
paradoxically decreases in proteolytic microenvironment of BM after conditioning for transplantation 
by radiochemotherapy. C5a as reported also enhances the expression of MMPs (MT-MMP1 and 
MMP-9) important in BM-PB transendothelial barrier migration and homing of HSPCs (DiScipio 
et al.  2006 ; Jalili et al.  2010a ; Speidl et al.  2011  ) . 

 In support of the role for soluble C5b-C9 (MAC) in homing and engraftment, we found that soluble 
MAC (sMAC) enhances in a CR3 (CD11b/CD18)-dependent manner adhesion of HSPCs to iC3b 
deposits on BM endothelial and stromal cells and increases the secretion of SDF-1 by BM stromal 
cells (Kim et al.  2011a  ) . In addition, soluble MAC also enhances in BM similarly as C5a secretion of 
important priming factors that are cathelicidin (LL-37) and  b 2-defensin. 

 Thus, activation of distal part of CC similarly as activation of proximal part plays an important role 
in modulating homing of HSPCs into BM.  
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    15.5   Cationic Antimicrobial Peptides Cathelicidin (LL-37) 
and  b 2-Defensin Important Modulators of Responsiveness 
of HSPCs to SDF-1 Gradient 

 Cathelicidin (LL-37) and  b 2-defensin similarly as C3a belong to the family of antimicrobial cationic 
peptides that as mentioned above increase (positively prime) responsiveness of HSPCs to SDF-1 
homing gradient (Lee et al.  2009  ) . Antimicrobial peptides are cationic proteins and host defense pep-
tides, an evolutionarily conserved component of the innate immune response (Ganz  2003 ; Ciornei 
et al.  2005 ; Bucki et al.  2010 ; Zughaier et al.  2010  ) . They have been demonstrated to kill bacteria, 
enveloped viruses, fungi, and even transformed or cancerous cells but do not affect viability of eukary-
otic cells. Selective effects of these peptides on prokaryotic cells killing are known to be dependent on 
the characteristics of prokaryote cell membranes that are susceptible to strong electrostatic and hydro-
phobic interactions with these “natural antibiotics.” In contrast, cell membranes of eukaryotic cells, 
because of high cholesterol content and weak hydrophobic interaction with cationic peptides, are 
more resistant to potential toxic effects of these peptides. 

 As mentioned above, the responsiveness of HSPCs to SDF-1 could be enhanced by antimicrobial 
cationic peptides (C3a and  

desArg
 C3a, cathelicidin or LL-37, and  b 2-defensin) that are released by acti-

vated BM stromal cells and granulocytes in C5a- and C5b–C9 (MAC)-dependent manner (Kim et al. 
 2011a ,  b ; Shirvaikar et al.  2011  ) . This priming phenomenon as mentioned depends on promoting the 
incorporation of CXCR4 into membrane lipid rafts. Since membrane lipid rafts are enriched for sev-
eral signaling molecules, incorporation of CXCR4 into lipid raft facilitates signaling, and thus, CXCR4 
is activated more ef fi ciently in the presence of low doses of SDF-1 (Lee et al.  2009 ; Wu et al.  2011  ) . 

 Priming effect could be easily evaluated in vitro in the Transwell migration assay where two cham-
bers (an upper chamber containing tested cells and a lower chamber containing chemoattractant) are 
separated by a porous membrane that allows transmigration of cells in response to the chemotactic 
gradient (Fig.  15.1 ). Cells that respond to this gradient migrate and accumulate in the lower chamber. 
Figure  15.2  shows that the chemotaxis of HSCPs to low SDF-1 gradient may be signi fi cantly enhanced 
in the presence of antimicrobial cationic peptides.  

 As discussed above, biological activity of SDF-1 decreases in BM due to the induction of prote-
olytic microenvironment after conditioning for transplantation by lethal irradiation (Kim et al.  2011a  ) . 
Accordingly, a few amino acids located at the N-terminus of SDF-1 are crucial for the biological 
activity of this peptide. We observed that removal of this peptide fragment, for example, by metallo-
proteinase-2 (MMP-2) or MMP-9 inhibits completely SDF-1 chemotactic activity. However, at the 
same time exposure of SDF-1 to MMPs does not affect detection of the SDF-1 protein in tissues by 
employing antibodies (e.g., in an ELISA assay or histochemistry) targeted to other fragments of the 
SDF-1 peptide (Kim et al.  2011a  ) . This indicates that antibody-based SDF-1 detection does not cor-
relate with the chemotactic activity of SDF-1, unless antibodies are speci fi cally directed to its 
N-terminus and do not interact with inactive forms of SDF-1. 

 Further studies are needed to see whether, in addition to CXCR4, receptors for other chemoattrac-
tants of HSPCs such as S1P, C1P, ATP, and UTP are also lipid raft regulated and antimicrobial peptides 
enhance their incorporation into membrane lipid rafts. Of note, it has been reported that stimulation of 
the S1P receptor type 1 (S1PR1) by its agonist, FY720, may increase the responsiveness of HSPCs to 
an SDF-1 gradient (Sugita et al.  2010  ) . However, this probably occurs due to intercellular cross talk 
between CXCR4 and S1PR1. Since a receptor for another bioactive lipid, C1P, has not yet been 
identi fi ed, it is not clear whether C1P signaling is also lipid raft regulated. However, our data indicate 
that this receptor is expressed on HSPCs and is sensitive to pertussis toxin, which suggests that, like 
S1P, it is a G 

 a I
 -protein-coupled receptor (Kim et al.  2011a  ) . Also G 

 a I
 -protein-coupled receptors are 

purinergic receptors for ATP and UTP (Junger  2008 ; Kronlage et al.  2010  ) . The possibility of modula-
tion of activity of these receptors by C3a, LL-37, and  b 2-defesin requires further studies. 
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 In addition to cationic peptides, some other small molecules (e.g., prostaglandin E2 [PGE2] or 
hyaluronic acid) have also been purported to increase responsiveness of HSPCs to an SDF-1 gradient 
(Hoggatt et al.  2009 ; Hoggatt and Pelus  2010 ; Shirvaikar et al.  2011  ) . Of note, PGE2 is also a bioac-
tive lipid derivative and, as previously reported, plays an important role in homing of HSPCs by 
upregulating expression of CXCR4 on HSPCs (Hoggatt et al.  2009  ) , and this mechanism seems to be 
responsible for increasing chemotaxis in response to an SDF-1 gradient after pretreatment of HSPCs 
by PGE2. Interestingly, it has been reported that C5a modulates the activity of coxygenase-2 (COX2) 
and thus affects synthesis of PGE2 in BM, which explains why C5a increases PGE2 activity in BM 
stromal cells and why an elevated PGE2 level is detectable in conditioned media harvested from irra-
diated BM cells (Ohinata et al.  2009  ) . Thus, some of the effects of PGE2 in homing may be also 
related to activation of CC. This, however, requires further studies.  

    15.6   Bioactive Lipids in Homing of Transplanted HSPCs 

 As mentioned above, activation of the CC in BM induces a highly proteolytic microenvironment that 
degrades SDF-1, which has been accepted for many years as the only major homing factor for HSPCs 
(Lapidot et al.  2005 ; Kim et al.  2011a  ) . However, as discussed earlier in this chapter, several doubts 
have accumulated about whether SDF-1 is the only homing factor responsible for HSPC lodgment/
homing into BM. 

 In further support of these doubts, we found that media conditioned by cells recovered from murine 
long bones 24 h after lethal irradiation strongly chemoattract HSPCs in an SDF-1-independent man-
ner (Ratajczak et al.  2010a ; Kim et al.  2011a  ) . In particular, we observed that (1) chemotaxis occurred 

  Fig. 15.2     Antimicrobial cationic peptides C3a and LL-37 enhance responsiveness of murine BM- and human UCB-
derived HSPCs to an SDF-1 gradient . Chemotaxis of murine BM CFU-GM in response to different concentrations of 
SDF-1, with and without C3a or LL-37. Values are the fold increase of the number of migrated cells compared to the 
number of migrated cells in medium alone.  Gray bars  indicate the presence of LL-37 (2.5  m g/mL) and C3a (1  m g/mL) 
in the lower Transwell chambers, and  black bars  indicate its absence. The data represent the combined results from 
three independent experiments performed in duplicate per group (n = 6)       
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in the presence of the CXCR4 antagonist AMD3100 and (2) it was resistant to heat inactivation. 
Based on these  fi ndings and data from the literature, we became interested in potential involvement of 
bioactive lipids and found that S1P and C1P are upregulated in BM conditioned for transplantation 
and are present at biologically relevant concentrations in conditioned media harvested from irradiated 
BM that chemoattracts HSPCs. 

 Based on these  fi ndings, we proposed that S1P and C1P are able to support the SDF-1 homing 
gradient, which decreases after induction of a proteolytic microenvironment by conditioning for 
transplantation (Kim et al.  2011a  ) . Thus, involvement of S1P and C1P explains occurrence of SDF-1-
independent homing of transplanted HSPCs (Fig.  15.3 ).  

 On open question that requires further studies is a potential relationship between CC activation and 
S1P and C1P level in BM conditioned for transplantation. It is important to study if increase of S1P 

  Fig. 15.3     The involvement of elements of innate immunity in homing and engraftment of HSPCs . Conditioning for 
transplantation by radiochemotherapy induces a proteolytic microenvironment in BM and SDF-1 level due to the induc-
tion of proteolytic microenvironment decreases. However, at the same time, BM cells damaged by conditioning for 
transplantation by lethal irradiation release bioactive lipids (S1P and C1P) that are potent chemoattractants for HSPCs. 
In addition to S1P and C1P, there are also purines released from damaged cells (ATP, UTP) that are endowed with 
chemotactic activity against HSPCs. Induced by myeloablative treatment, BM damage activation of CC leads to release 
of C3 and C5 cleavage fragments, C3a ( 1, 5 ) and C5a, respectively, and generation of soluble C5ab-C9 (MAC) ( 3, 6 ). 
While C3a enhances responsiveness of HSPCs to SDF-1 gradient ( 1, 5 ), iC3b deposits on BM endothelium ( 2 ), stromal 
cells, and osteoblasts ( 4 ) tether HSPCs in CR3-dependent manner. C5a and soluble MAC (C5b-C9) enhance secretion 
of SDF-1 by stromal cells and secretion of two important antimicrobial cationic peptides by BM stromal cells (catheli-
cidin [LL-37] and  b 2-defensin) ( 7 ) that similarly as C3a ( 1, 5 ) enhance responsiveness of HSPCs to SDF-1 gradient ( 8 ). 
This increase in SDF-1 secretion and increase in responsiveness of HSPCs to SDF-1 gradient ameliorate the drop in 
SDF-1 level that occurs in highly proteolytic microenvironment of BM conditioned by radiochemotherapy. Soluble 
MAC (C5b-C9), in addition to antimicrobial cationic peptides (C3a, LL-37, and  b 2-defensin), may also enhance respon-
siveness of HSPCs to SDF-1 gradient ( 3, 6 ). In addition to SDF-1, homing of HSPCs is mediated by bioactive lipids 
(S1P and C1P) and some nucleotides (ATP and UTP) that are released from damaged cells. The potential involvement 
of CC cleavage fragments in modulating BM level of S1P, C1P, ATP, and UTP requires further studies       
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and C1P in irradiated BM is the result of release of these bioactive lipids by leaky damaged cells or 
perhaps could be enhanced by production de novo from BM stromal cells and osteoblasts in response 
to CC cleavage fragments. 

 To address this question, several enzymes are identi fi ed which are involved in biosynthesis and 
degradation of bioactive sphingolipids. S1P and C1P which are important components of cell mem-
branes are derived from the aliphatic amino alcohol sphingosine (Mitsutake et al.  2004 ; Lamour et al. 
 2007 ; Ohkawa et al.  2008 ; Fyrst and Saba  2010 ; Ratajczak et al.  2011  ) . S1P is a product of two sphin-
gosine phosphatases (SK1 and SK2) and degraded by S1P lyase (SPL), lipid phosphate phosphatases 
(LPP1–3), and S1P-speci fi c phosphatases (SPP1 and SPP2). The structurally related lipid C1P is a 
product of ceramide (N-acyl sphingosine) phosphorylation by ceramide kinase (CERK) and is 
degraded by LPP1–3. Unlike ceramide (which is often proapoptotic), C1P has been reported to pro-
mote cell growth, survival, and migration through an unknown receptor-initiated signaling pathway 
that is pertussis toxin sensitive and therefore likely to involve G 

 a  I  -protein-coupled seven-transmem-
brane-spanning receptors (Arana et al.  2010  ) . 

 Based on fact that C5a, for example, modulates synthesis of some other bioactive lipids (e.g., 
PGE2), further studies are required if these two very evolutionary conserved biological systems CC 
and bioactive lipids signaling molecules (S1P and C1P) are closely related and if CC cleavage frag-
ments may be involved in the metabolism (synthesis/degradation) of these important chemoattractants 
for HSPCs.  

    15.7   Conclusions 

 Augmenting evidence demonstrates that innate immunity is playing an important role in homing/
engraftment into BM of transplanted HSPCs. In this chapter, we have discussed the involvement of 
C3 and C5 cleavage fragments as well as a novel role of soluble MAC in this process. Recent evidence 
also indicates that in addition to C3 and C5 cleavage fragments, also other components of CC may 
play an important role in homing (Kim et al.  2011a  ) . For example, our recent work shows that C1q 
which is involved in initial steps of activation of CC by classical Ig-dependent manner may also 
prime/enhance the chemotactic response of HSPCs to a low SDF-1 gradient and increase secretion of 
MMP-9 by these cells (Jalili et al.  2010b ; Marquez-Curtis et al.  2011  ) . This effect however is medi-
ated directly by C1q receptor (C1qRp) expressed on surface of HSPCs. This suggests that many other 
components of CC may directly or indirectly affect homing of HSPCs to BM microenvironment. The 
potential protein that requires further studies on its role in stem cell traf fi cking is, for example, C4a 
anaphylatoxin. 

 We also postulate that these innate immunity-based mechanisms play a more universal role and are 
involved in regulating migration of other types of stem cells, such as circulating mesenchymal stem 
cells (MSCs), endothelial progenitor cells (EPCs), and very small embryonic-like (VSEL) stem cells 
(Ratajczak  2010 ; Ratajczak et al.  2012 ; Kim et al.  2011b  ) . Similar mechanisms of homing probably 
play a role in recruitment of stem cells in other types of organ injury, for example, heart infarct, stroke, 
and damaged liver or kidney (Wojakowski et al.  2011 ; Borlongan  2011  ) . This may support involve-
ment of innate immunity in regeneration of damaged tissues. 

 These observations also open a new area for optimizing traf fi cking of stem cells by modulating 
their responsiveness to homing signals by elements of innate immunity (e.g., CC cleavage fragments 
or antimicrobial cationic peptides). As example based on the observation that the priming strategy of 
short  ex vivo  exposure of HSPCs to C3a or cathelicidin (LL-37) before transplantation may accelerate 
homing and engraftment of HSPCs, this strategy is currently under clinical translational evaluation by 
hematopoietic transplantation centers in Charlottesville, Virginia, USA, and Minneapolis, Minnesota, 
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USA. In this trial, umbilical cord blood (UCB)-derived HSPCs are ex vivo primed for 30 min before 
infusion to the patients with recombinant C3a. We envision that this will improve homing of trans-
planted HSPCs.      
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  Abstract   Microvascular loss may be an unappreciated root cause of chronic rejection for all solid 
organ transplants. As the only solid organ transplant that does not undergo primary systemic arterial 
revascularization at the time of surgery, lung transplants rely on the establishment of a microcircula-
tion and are especially vulnerable to the effects of microvascular loss. Microangiopathy, with its 
attendant ischemia, can lead to tissue infarction and airway  fi brosis. Maintaining healthy vasculature 
in lung allografts may be critical for preventing terminal airway  fi brosis, also known as the bronchi-
olitis obliterans syndrome (BOS). BOS is the major obstacle to lung transplant success and affects up 
to 60% of patients surviving 5 years. The role of complement in causing acute microvascular loss and 
ischemia during rejection has recently been examined using the mouse orthotopic tracheal transplan-
tation; this is an ideal model for parsing the role of airway vasculature in rejection. Prior to the devel-
opment of airway  fi brosis in rejecting tracheal allografts, C3 deposits on the vascular endothelium just 
as tissue hypoxia is  fi rst detected. With the eventual destruction of vessels, microvascular blood  fl ow 
to the graft stops altogether for several days. Complement de fi ciency and complement inhibition lead 
to markedly improved tissue oxygenation in transplants, diminished airway remodeling, and acceler-
ated vascular repair. CD4 +  T cells and antibody-dependent complement activity independently medi-
ate vascular destruction and sustained tissue ischemia during acute rejection. Consequently, interceding 
against complement-mediated microvascular injury with adjunctive therapy during acute rejection 
episodes, in addition to standard immunosuppression which targets CD4 +  T cells, may help prevent 
the subsequent development of chronic rejection.    

    16.1   Introduction 

 Chronic rejection after transplantation is the primary cause of long-term morbidity and mortality in 
solid organ transplant recipients (Libby and Pober  2001  ) . Although not widely studied at this time, 
emerging clues from preclinical models and clinical studies suggest that the maintenance of a func-
tional microvasculature is required for immunosuppression to be effective (Ozdemir et al.  2004 ; Babu 
et al.  2007  ) . Chronic rejection of solid organ transplants develops in close association with microvascu-
lar attrition (Luckraz et al.  2004,   2006 ; Bishop et al.  1989 ; Matsumoto et al.  1993  ) . In lung transplantation, 
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chronic rejection is manifested by BOS (Trulock et al.  2006 ; Yousem et al.  1985  ) . Microvascular loss 
results in local tissue ischemia and may be an important cause of  fi brotic wound healing (Babu et al. 
 2007 ; Luckraz et al.  2004,   2006 ; Minami et al.  2006 ; Platt et al.  1991  ) . While ischemia-reperfusion 
injury due to the sudden recirculation of devitalized tissue following transplantation surgery is well 
recognized, microvascular-injury-associated ischemia, which occurs because of acute rejection, was 
only recently described by our group (Babu et al.  2007 ; Jiang et al.  2011  ) . Therapeutics targeting criti-
cal pathways involved in microvascular injury are expected to improve clinical outcomes in transplan-
tation (Contreras and Briscoe  2007  ) , but information is lacking about what immune factors are directly 
responsible for tissue ischemia during acute rejection. This chapter mainly focuses on the role of 
complement in vascular destruction in transplanted lungs, a phenomenon that is presumably at play in 
other solid organ transplants. 

 To study this issue in a model relevant to lung transplantation, our group has utilized mouse ortho-
topic tracheal transplants (OTTs) (Babu et al.  2007 ; Jiang et al.  2011 ; Khan et al.  2011  ) . Grafted tra-
chea is functional transplants through which mice breathe and, in rejection, the airways pathologically 
replicate lymphocytic bronchiolitis (a large airway precursor of BOS) (Sato and Keshavjee  2008  ) . 
Findings about  fi brosis development in large airways from OTT research can, with appropriate cave-
ats, be extrapolated to  fi brogenesis in terminal bronchioles (Babu et al.  2007 ; Jiang et al.  2011 ; 
Murakawa et al.  2005 ; Kuo et al.  2006  ) . The OTT model is useful because the well-organized planar 
anatomy of airway microvasculature supports the study of relatively long segments of microvessels 
(Babu et al.  2007  ) . Recently, the Papworth autopsy study demonstrated a marked loss of microvessels 
in preobliterative bronchiolitis (OB) foci of human lung transplants which suggested that a loss of 
microcirculation and airway ischemia precede the onset of OB (Luckraz et al.  2004,   2006  )  (Fig.  16.1 ). 

  Fig. 16.1     Microvascular dropout prior to BOS development . An autopsy study (Luckraz et al.  2004,   2006  )  has shown 
that lung transplant patients who die without BOS (A) have normal numbers of blood vessels around airways. In those 
patients dying with BOS, otherwise normal airways adjacent to BOS airways (i.e., pre-BOS) exhibit diminished micro-
vasculature (B), whereas in adjacent lung with BOS, there are increased numbers of small-caliber blood vessels (C)       
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These preclinical and clinical studies cumulatively suggest that preserving normal airway circulation 
is of likely bene fi t to the overall health (and patency) of the respiratory tree.  

 During acute rejection, profound physiologic events are occurring in the transplanted tissue beyond 
in fl ammation: most notably signi fi cant tissue hypoxia due to microvascular injury (Babu et al.  2007 ; 
Jiang et al.  2011  ) . Typical histological techniques do not capture this information, and subsequently, 
the dynamic changes of microvascular blood  fl ow and tissue oxygenation remain unknown for solid 
organ transplants undergoing acute rejection. Endothelial cells are a well-established target for both 
adaptive and innate immune responses in allograft rejection (Al-Lamki et al.  2008  ) . Prior studies have 
determined that effector CD4 +  T cells and complement appear to be directly injurious to allogeneic 
endothelial cells (Minami et al.  2006 ; Platt et al.  1991 ; Shiao et al.  2007 ; Baldwin et al.  2000 ; Choi 
et al.  2007  ) . As described below, we recently determined that antibody-dependent complement activ-
ity, working independently of CD4 +  cells, is suf fi cient to induce microvascular injury and tissue isch-
emia observed during acute rejection. This chapter will review the special role that complement-mediated 
vascular injury plays in airway transplant damage and chronic rejection.  

    16.2   Lung Transplantation and the Vasculature 

 BOS is characterized by a decline in ventilatory function and  fi bro-obliteration of small airways and 
is the major obstacle to survival following lung transplantation (Trulock et al.  2006  ) . Despite 
identi fi cation of risk factors for the development of BOS, such as acute rejection and cytomegalovirus 
infection, the etiology of the  fi broproliferative changes associated with BOS remains unknown. 
Recent autopsy studies from Luckraz and colleagues at Papworth Hospital, Cambridge, demonstrated 
a signi fi cant loss of microvasculature in nonobliterated small airways from BOS lungs, suggesting 
that airway ischemia is a preceding condition to airway  fi brosis (Luckraz et al.  2004,   2006  ) . In this 
study, it was shown that lung transplant patients who die without BOS have normal numbers of blood 
vessels around their airways. In those patients dying with BOS, otherwise normal airways adjacent to 
BOS airways (i.e., pre-BOS airways) exhibit signi fi cantly diminished microvasculature, whereas in 
adjacent lung with BOS, there are increased numbers of small-caliber blood vessels (Fig.  16.1 ). 

 Lung transplants are the only solid organ allografts that do not routinely undergo direct systemic 
arterial reconnection at the time of surgery. Airways are normally supplied by a dual circulation 
derived from the bronchial arteries and the pulmonary artery, and the source of microvessels around 
airways following transplantation is not fully known. Only the pulmonary artery circulation is restored 
at the time of transplantation rejection. Because the bronchial anastomosis heals well with the current 
surgical procedure, reconnecting the bronchial arteries has been deemed unnecessary (Patterson 
 1993  ) . Therefore, following lung transplantation, the low-O 

2
  pulmonary artery circulation is the major 

source of blood and microvasculature for transplanted lungs. It is important to note that, prior to trans-
plantation, about 50% of blood  fl ow to airways normally comes from the bronchial arteries and 50% 
from the poorly oxygenated pulmonary artery circulation (Barman et al.  1988  ) . 

 Bronchial artery revascularization at the time of lung transplantation is feasible and was originally 
performed in several hundred patients (mainly in Copenhagen) in the early 1990s. However, this pro-
cedure was no longer utilized when it was noted that tracheal anastomoses healed well without bron-
chial artery reconnection. For this reason, the highly oxygenated bronchial artery circulation is now 
sacri fi ced in all lung transplant recipients. Omitting this rearterialization step may have more distant 
effects not evident in the early postoperative clinical course. Preclinical and preliminary clinical stud-
ies demonstrate that bronchial artery revascularization is durable (Norgaard et al.  1997  ) , improves 
tissue perfusion with more highly oxygenated blood (Sundset et al.  1997 ; Kamler et al.  2004  ) , is asso-
ciated with less epithelial metaplasia (Norgaard et al.  1999  ) , is protective of pulmonary endothelium 
and type II pneumocytes (Nowak et al.  2002  ) , and may delay the development of BOS while improv-
ing patient survival (Norgaard et al.  1998  ) . Without this native circulation, lung transplants rely on the 



236 M.A. Khan and M.R. Nicolls

establishment of a microcirculation to provide perfusion to the airways. However, even if bronchial 
artery revascularization were routinely performed, donor vasculature expressing foreign MHC anti-
gens will always remain a target for alloimmune rejection responses.  

    16.3   Hypoxia, Ischemia, and Fibrosis 

 In airway transplantation, there is evidence that the constellation of hypoxia, alloimmune in fl ammation, 
and ultimately ischemia culminates in irreversible  fi brosis (Babu et al.  2007  ) . The mechanisms by 
which hypoxia and ischemia contribute to postin fl ammatory  fi brosis are not established but are 
observed in several clinical scenarios such as normal skin wound healing (Gurtner et al.  2008  )  and 
chronic kidney diseases (Fine and Norman  2008  ) . In pulmonary  fi brosis studies in humans and 
rodents, microarray data sets demonstrate that hypoxia signaling is a prominently dysregulated path-
way (Cosgrove et al.  2004 ; Kaminski and Rosas  2006 ; Zuo et al.  2002  ) . In vitro studies have shown 
pro fi brotic phenotypic change of  fi broblasts in response to hypoxia (Cool et al.  2006 ; Karakiulakis 
et al.  2007  ) . Epithelial and endothelial cells can undergo mesenchymal transition (EMT) under isch-
emia to become another source of activated  fi broblasts (Manotham et al.  2004  ) . Hypoxia likely directly 
contributes to the progression of  fi brosis by increasing the release of major extracellular matrix pro-
teins (Distler et al.  2007  ) . Transforming growth factor- b 2-induced  fi brosis is associated with remark-
able vasoconstriction and tissue hypoxia (Ledbetter et al.  2000  ) . Which of the above phenomena (i.e., 
activated  fi broblasts, EMT, release of matrix proteins) contributes the most to airway  fi brosis is not 
established, but it is clear that in fl amed tissue subject to low pO 

2
  and ischemia is at considerable risk 

for  fi brotic remodeling.  

    16.4   Experimental Models of Lung Transplantation 

 There are currently no completely satisfactory models of experimental lung transplantation which 
replicate the  fi brotic BOS lesion in terminal bronchioles. While orthotopic lung transplantation in 
mice is a recently developed technique (Okazaki et al.  2007  ) , the procedure itself is technically chal-
lenging with three surgical anastomoses and has neither the throughput nor the planar anatomy to be 
conducive to large-scale studies of the microvasculature. Additionally, this model does not develop 
airway  fi brosis. Heterotopic tracheal transplantation has been employed in mice and does develop an 
occlusive airways disease akin to BOS (Hertz et al.  1993  ) . While this has been used to dissect out 
certain mechanisms of  fi brotic airway occlusion, its nonnative and nonaerated position also makes it 
somewhat removed from clinical BOS. The use of OTT as a model for alloimmune airway rejection 
is now well established (Murakawa et al.  2005 ; Genden et al.  2002 ; Minamoto and Pinsky  2002  ) . 
Airway remodeling as a result of chronic injury is manifested by subepithelial  fi brosis, akin to the 
large airways in human lung transplantation (Paradis et al.  1993  ) . The OTT model is not an obstruc-
tive airways disease model, like heterotopic transplants, but rather reproduces the  fi brosis that follows 
lymphocytic bronchitis (i.e., large airway in fl ammation that can precede BOS) (Ross et al.  1997 ; 
Glanville et al.  2008  ) . In clinical BOS, which is characterized by terminal bronchiole luminal  fi brosis, 
large airways correspondingly show subepithelial collagen deposition (Zheng et al.  1997  )  similar to 
chronically rejecting OTTs. Therefore, the OTT model is useful for studying airway  fi brosis but only 
allows inferences about the  fi brotic process that takes place in terminal bronchioles. The bene fi t over 
heterotopic transplants is that the OTT model is functional and has, as its microenvironment, normal 
superior mediastinal structures. Therefore, dendritic cell clearance of shed antigens to draining lymph 
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nodes for antigen presentation to T cells is reproduced in its native position. Transplanting airways 
into their normal anatomic sites may preserve the regular dendritic cell and lymphocyte traf fi cking 
pathways critical for the study of normal airway immunity. OTTs are exposed to ambient air, and so 
the unique respiratory interface between host and environment is maintained. Further, the inferior 
pole of the trachea is normally supplied by the bronchial artery circulation and is interrupted at the 
time of surgery. A signi fi cant advantage of the OTT model is that the microvasculature is densely 
arrayed in a single tissue plane allowing relatively easy quantitation and description. This is much less 
readily studied in lung parenchyma or terminal bronchioles where the anatomy is not so concentrated 
in a de fi ned area. These favorable features have led our group to favor the OTT model for airway 
vascular research.  

    16.5   Complement, Antibodies, and Vascular Endothelium 

 As an important component of the innate immune system, the complement system represents a bio-
chemical cascade consisting of a number of small proteins that circulate as inactive zymogens. When 
stimulated by one of several triggers such as antibody deposition on vascular endothelium, proteases 
in the system cleave speci fi c proteins to release cytokines and initiate an amplifying cascade of further 
cleavages. The complement system is subdivided into three cascades: the classical, alternate, and 
lectin pathways. All three pathways converge on the C3 protein. This process culminates in the activa-
tion of the cell-killing membrane attack complex (MAC). Since the 1990s, the major laboratories 
examining complement and the microvasculature in transplantation and ischemia-reperfusion injury 
have been under the direction of Jeffrey Platt, George Tsokos, Stephen Tomlinson, Michael Carroll, 
Greg Stahl, and Michael Holers. Platt’s group has long focused on the deleterious role that complement 
plays and the protective role of complement regulatory proteins (CRPs) on the vascular endothelium 
of rejecting xenografts (Dalmasso et al.  1992 ; Byrne et al.  1995 ; Bustos et al.  1997 ; Daggett et al. 
 1997 ; Gaca et al.  2006  ) . Endothelial injury in Platt’s lung xenotransplantation studies leads to vascu-
lar leakiness, macrovascular congestion and thrombus formation, pulmonary edema, and neutrophilic 
invasion of the microvasculature (Gaca et al.  2006 ; Yeatman et al.  1999  ) . Like all lung transplantation 
studies to date, this pioneering work did not assess tissue perfusion or oxygenation but rather globally 
assesses lung tissue for injury. George Tsokos, Michael Carroll, Mike Holers, and Stephen Tomlinson’s 
groups have primarily focused on ischemia-reperfusion injury. These elegant studies have variously 
demonstrated the ameliorating impact of targeted complement inhibition and the role of natural anti-
body in complement-mediated injury. A critical distinction in these ischemia-reperfusion studies is 
that ischemia happens   fi rst  by manual manipulation and that complement-mediated injury ensues. The 
OTT model suggests that the converse process occurs in vivo; complement activity  leads  to microvas-
cular destruction and ischemia, and tissue injury follows. 

 Figure  16.2  illustrates the fate of microvessels following rejection in OTT (Babu et al.  2007 ; Jiang 
et al.  2011 ; Khan et al.  2011  ) . Following transplantation, donor and recipient microvessels reconnect 
through angiogenesis and fusion at the surgical anastomosis site (Babu et al.  2007  ) . Alloimmune 
injury from antibody-dependent complement activity and CD4 +  T cells leads to a loss of connection 
between the vascular systems of the recipient and the donor; the graft becomes ischemic and not res-
cuable with immunosuppression (Babu et al.  2007 ; Khan et al.  2011  ) . Thus, the health of the trans-
plant is closely tied to a functional microvasculature in the transplant. Figures  16.3  and  16.4  illustrate 
what happens to airway perfusion and oxygenation with rejection and a loss of the functional micro-
vasculature. Figure  16.4  is the whole-mount appearance of animals treated with  fl uorescein isothio-
cyanate conjugated to lectin (FITC-lectin) i.v. just prior to sacri fi ce. All vessels that are connected to 
the systemic circulation will  fl uoresce, and when the connection is lost, FITC-lectin staining is absent. 
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Following the loss of microvessels, there is a late return of perfusion as recipient-derived vasculature 
pierces the ischemic transplant. We have shown that this return of microvessels (vascular repair) 
occurs through a hypoxia-inducible factor-1 a  (HIF-1 a )-mediated process (Jiang et al.  2011  ) ; aug-
menting the HIF-1 a  response decreases the hypoxic burden of rejection by promoting microvessel 
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  Fig. 16.2     Model of microvasculature destruction in airway allografts . ( 1 ) Within days of transplantation, recipient 
vessels ( blue ) fuse with donor blood vessels ( red ) at the anastomosis site, and blood  fl ow to the graft is transiently 
restored (Luckraz et al.  2006  ) . ( 2 ) With uncontrolled rejection, the tissue then becomes progressively hypoxic, and 
microvasculature is increasingly injured by alloimmune attack; notably T cells, Ig, and complement. ( 3 ) Hypoxia 
induces signals that promote microvascular integrity and growth. HIF-1 a  is a “master regulator” of this hypoxic 
response. However, despite multiple proangiogenic signals, the microvascular connection is eventually destroyed result-
ing in ischemia, decreased tissue pO2, and a loss of paracrine signaling between the vessels and neighboring tissues. 
(In diagram, this is indicated by alloimmune injury represented by a  larger arrow  than the microvascular promoting 
signals). ( 4 ) At this point, immunotherapy will not rescue the graft tissue from chronic rejection (Luckraz et al.  2006  ) . 
( 5 ) Endogenous anti-in fl ammatory molecules subsequently promote the clearance of invading leukocytes and early 
 fi brosis occurs. ( 6  ) With  fi broproliferation, the vascular connection is reestablished, but the  fi brotic graft can no longer 
be restored to normal cellular architecture with immunotherapy. Therefore, the key to understanding and treating 
chronic rejection may require increased understanding of factors causing microvascular injury and, conversely, the 
pathways promoting microvascular stabilization       
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integrity through the recruitment of recipient-derived endothelial cells. Thus, a major idea evolving 
from these animal studies is that rejection is associated with signi fi cant tissue hypoxia and limiting the 
hypoxic burden reduces the extent of  fi brotic wound healing and chronic rejection.     

    16.6   Complement and Rejection in Lung Transplantation 

 While established in heart and kidney transplantation, complement-mediated injury is less well under-
stood in lung transplantation. In the last several years, there have been diverging reports about the 
extent and implication of complement deposition in lung transplant recipients ( Magro et al.  2003a,   b, 
  2006 ; Wallace et al.  2005 ; Ionescu et al.  2005  ) . Baldwin and colleagues demonstrated that rat ortho-
topic lung transplants performed at different academic centers indeed demonstrated complement 
deposition on vascular endothelium similar to rejecting heart and kidney transplants (Murata et al. 
 2008  ) . In heterotopic tracheal transplantation, blockade of complement with soluble complement 
receptor 1 (sCR1) inhibits airway occlusive disease (Kallio et al.  2000  ) . While Baldwin’s group has 
shown that complement de fi ciency results in less vascular injury to lung allografts (Nakashima et al. 
 2002  ) , no study prior to our recent OTT study (Khan et al.  2011  )  had previously explored how com-
plement-mediated injury to the vascular endothelium affected the functionality of the vessels and 
whether complement-mediated injury to the vasculature could lead to progressive tissue hypoxia and 
frank ischemia. A randomized, placebo-controlled clinical study demonstrated that complement inhi-
bition led to improved early outcomes following lung transplantation (as re fl ected in earlier extuba-
tions) (Keshavjee et al.  2005  ) . This therapy was targeting the ischemia-reperfusion injury which 
occurs at the time of lung transplantation and may have protected the airway microvasculature. In 
summary, the study of complement in lung transplant rejection is relatively new and, although conten-
tious, shows signi fi cant promise for providing insights into disease pathobiology and therapeutic 
approaches. While generalized complement activation as a result of ischemia perfusion injury at the 
time of lung transplantation has been investigated, no study in lung transplantation (or any other form 
of transplantation) has systematically investigated the impact that complement activation has on 
 vascular  fl ow during rejection.  
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Microvascular flow
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  Fig. 16.4    FITC-lectin perfusion shows microvascular  fl ow detected in rejecting allograft at different time period during 
rejection in mouse orthotopic tracheal transplantation model       
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    16.7   Complement and Lymphocytes Synergize to Destroy 
Microvessels in Rejecting Airways 

 As noted, microvascular loss has been strongly associated with chronic rejection (Ozdemir et al. 
 2004 ; Babu et al.  2007 ; Luckraz et al.  2004,   2006 ; Jiang et al.  2011 ; Ishii et al.  2005 ; Labarrere et al. 
 2001  ) . An important task was to try to attribute physiologic derangements to individual immune com-
ponents. By focusing on the functionality of graft microvasculature, we were recently able to demon-
strate that CD4 +  T cells and antibody-dependent complement activity independently mediated graft 
ischemia during acute rejection (Khan et al.  2011  ) . C3 deposition is  fi rst noted in microvessels approx-
imately after 1 week of rejection, several days prior to the loss of microvessels (Fig.  16.5 ). C3-mediated 
vascular injury appears to be mediated by the formation of MAC in airway microvessels (unpublished 
observations, Fig.  16.6 ). CD8 +  T cells, in isolation, do not induce microvascular-injury-associated 
ischemia. Airway ischemia during acute rejection was closely associated with the presence of subepi-
thelial  fi brosis. The duration of airway ischemia closely correlated with the appearance of the overly-
ing epithelium with a brief cessation of airway perfusion during rejection still allowing the preservation 
of an intact overlying columnar lining but prolonged ischemia being tightly associated with a  fl attened 
dysplastic-appearing overlying epithelium. Thus, as our other studies have recently demonstrated 
(Babu et al.  2007 ; Jiang et al.  2011  ) , microvascular-injury-associated ischemia in airways, during 
acute rejection episodes, appears to be causally linked to the airway remodeling observed in chronic 
rejection.   
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Vascular flow
established at d4
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  Fig. 16.5    Schematic representation of complement-mediated microvascular loss and a novel approach to optimize 
microvascular  fl ow by speci fi c complement inhibitors in lung transplantation       
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 In our recent study (Khan et al.  2011  ) , the following sequence of key results (gleaned from multiple 
experimental groups) subsequently led to the discovery of two independent effector pathways for 
microvascular-injury-associated ischemia: (1) Allografts in unreconstituted complement-replete 
RAG1 −/−  mice (which lack B and T cells) do not become ischemic. (2) CD4-reconstitution of RAG1 −/−  
recipients results in transplant ischemia. (3) CD4-replete/C3-inhibited recipients demonstrate graft 
ischemia. (4) Adoptive transfer of donor-speci fi c MHC class II antibodies restores graft ischemia in 
B and T cell-de fi cient/complement-replete RAG1 −/−  recipients. (5) C3-de fi cient/antibody-replete/
CD4-depleted WT recipients do not develop ischemia. The latter two results indicated that in the 
absence of CD4 cells, C3 and antibody are both required for graft ischemia to occur. The cumulative 
results indicate that CD4 +  T cells and antibody-dependent complement activation independently 
mediate microvascular-injury-associated ischemia. These results are summarized in Table  16.1 . 
Because C3-de fi cient/CD4-depleted WT recipients did not become ischemic in this OTT study, addi-
tional effector pathways were not required to explain the loss of perfusion in airway transplants. Thus, 
the possibility was raised that increased complement activity during acute rejection episodes could 
cause allograft damage that is not addressed with the standard approach of escalating steroids. 
An unexpected  fi nding in this study, pointing to how adjunctive complement inhibitors may be help-
ful, was that an administered complement blocker (CR2-Crry) limited graft ischemia by promoting 
enhanced recipient-derived angiogenesis (i.e., treatment with a complement inhibitor leads to a rapid 
restoration of graft vascularity by promoting recipient vessels to invade the transplant).   

  Fig. 16.6    Activated complement (C3) and membrane attack complex (MAC) deposition during acute rejection.  Arrows  
indicate colocalization of C3 and MAC on CD31 +  vascular endothelial cells       
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    16.8   Complement Activation and Dysregulated Angiogenesis 

 Complement activation causes a dysregulation of normal angiogenesis required for healthy fetal 
development, and C3 inhibition with Crry-Ig blocks the pathological increase in soluble VEGFR-1, a 
potent inhibitor of VEGF activity, and rescues pregnancies in mice (Girardi et al.  2006  ) . As just noted, 
in our recent study, CR2-Crry treatment promoted enhanced neovascularization of rejecting trans-
plants in associated with upregulated proangiogenic factors within the transplant; these factors may 
have caused the rapid reinvestment of recipient-derived microvessels into these rejected airways 
(Khan et al.  2011  ) . C3 −/−  recipients had a similar pro fi le of upregulated proangiogenic factors associ-
ated with a faster revascularization period. The loss of donor-derived microvasculature is evident in 
C3 −/−  recipients; their rapid replacement with nontransgenic vessels is consistent with recipient ves-
sels growing into the transplant as an accelerated response to increased graft-derived proangiogenic 
factors. So, while antibody-dependent complement activity was implicated in the destruction of 
microvessels during rejection, antagonism of C3 activity (when unopposed CD4 +  cells are still present 
and capable of independently destroying the vessels) promoted rapid vascular repair and limited graft 
ischemia. Thus, there appears to be a dual rationale for complement inhibitor treatment during rejec-
tion episodes: (1) preventing vascular destruction and (2) promoting vascular repair.  

    16.9   Complement-Mediated Microvascular Injury 
in Transplanted Airways and the Development of Chronic Rejection 

 Our recent studies have strongly suggested that the duration of hypoxia and ischemia in allograft 
rejection is relevant to the subsequent development of signi fi cant airway remodeling as manifested by 
a loss of normal epithelium and increased subepithelial  fi brosis (Jiang et al.  2011 ; Khan et al.  2011  ) . 
Lung transplant recipients are particularly vulnerable to the deleterious effects of airway hypoxia and 
ischemia. The lung is unique among solid organ transplants because of the lack of the surgical restora-
tion of a vascular connection to the systemic circulation. Blood supply to the airways in lung trans-
plant recipients, in contrast to the normal dual circulation, presumably comes from the deoxygenated 
pulmonary artery circulation (Nicolls and Zamora  2010  ) . Therefore, from the outset, lung transplant 
airways have an impaired microcirculation due to the lack of bronchial artery restoration, which, we 
have recently demonstrated, results in relative airway tissue hypoxia in lung transplant patients 
(Dhillon et al.  2010  ) . We have hypothesized that this baseline airway hypoxia may be a diathesis for 
chronic rejection in lung transplant recipients (Dhillon et al.  2010  )  and therapies which preserve 
microvascular integrity may be especially relevant. 

 Profound tissue ischemia, undetectable by histology, may “silently” occur during acute rejection in 
transplant recipients. Understanding how complement activation can cause microvascular-injury-
associated ischemia should help to more logically target therapeutics designed to preserve microves-
sel integrity. Recently obtained physiologic information suggests that targeted complement inhibitors 
could safely synergize with conventional therapy during rejection episodes to prevent sustained tissue 
ischemia and limit the development of chronic rejection.      
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  Abstract   Complement activation occurs in at least two phases when an organ is transplanted into a 
naive recipient: during reperfusion with recipient blood particularly when the donor organ has under-
gone a signi fi cant period of ischaemia and then during acute rejection once the recipient immune 
system has recognised the donor tissue as non-self. Both of these reactions are most obvious in the 
extravascular compartment of the transplanted organ and involve local synthesis of some of the key 
complement components as well as loss of controls that limit the activation of the pivotal component 
C3. In contrast, sensitised individuals with pre-existing circulating antibodies have an immediate 
reaction against the transplant organ that is also complement dependent but is enacted in the intravas-
cular space. All three types of injury (ischaemia-reperfusion, acute rejection, hyperacute rejection) 
have a critical effect on transplant outcome. Here we discuss therapeutic strategies that are designed 
to overcome the impact of these factors at the start of transplantation with the aim of improving long-
term transplant outcomes. These include the concept of treating the donor organ with modi fi ed thera-
peutic regulators that are engineered to be retained by the donor organ after transplantation and prevent 
in fl ammatory injury during the critical early period. By targeting the donor organ with anchored 
therapeutic proteins, the systemic functions of complement including host defence remain intact. The 
control of complement activation during the  fi rst stages of transplantation, including the possibility 
that this will reduce the capacity of the graft for stimulating the adaptive immune system, offers an 
important prospect for increasing the longevity of the transplant and offsetting demand on the limited 
supply of donor organs. It also provides a model in which the bene fi ts and indications for localised 
therapy to maximise therapeutic ef fi ciency and minimise the systemic disturbance may be instructive 
in other complement-related disorders.    

    Chapter 17   
 Targeting Complement at the Time of Transplantation       

      Steven   Sacks      ,    Julia   Karegli   ,    Conrad   A.   Farrar   ,    Elham   Asgari   ,    Wilhelm   Schwaeble   , 
   Wuding   Zhou   , and    Richard   A.   Smith      
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    17.1   Basic Concepts 

 There are three major shortcomings of modern transplantation which affect most organ and tissue 
transplants, including kidney, liver, pancreas, heart, lung and pancreatic islets (Lechler et al.  2005  ) . 
These limitations are: the shortage of donor organs, the impact of the in fl ammatory response on graft 
survival and the dangers of systemic treatment given to prevent rejection. In fl ammation is initiated 
non-speci fi cally at the time of transplantation by metabolic or physical stress and is then perpetuated 
by the adaptive immune response when it recognises alloantigen on the donor tissue. These 
in fl ammatory and adaptive mechanisms combine to provide a potent effector response that reduces 
the chance of long-term survival of the graft and applies further pressure on the limited pool of donor 
organs. Furthermore, as a result of broadly acting immunosuppressive drugs given to prevent rejec-
tion, there is a signi fi cant risk of developing infection and cancer. 

 Several aspects of this early in fl ammatory and alloimmune response are dependent on complement, 
and this includes both the afferent and efferent limbs of the immune reaction (Li et al.  2007  ) . Building 
a therapeutic strategy not only depends on a body of critical knowledge of the relevant biochemical 
targets in the complement cascade at different stages of transplant injury but also on understanding the 
timing and localisation of these events. Thus, it is critical to understand precisely when complement 
is triggered, where it causes maximum tissue damage, how and when complement augments the 
alloimmune response and at which tissue sites the complement components that mediate these 
deleterious effects are produced. 

 The strategy described here involves the construction of therapeutic proteins that are retained in the 
donor organ after pretreatment and remain active for a critical period following transplantation. Thus, 
using non-genetic means to modify the biological properties of the donor organ, we have been able to 
examine the effects on recovery of graft function after transplantation and investigate the impact on 
the potential for long-term graft survival. The purpose of this article is to re fl ect on the principles 
underpinning this approach and examine the initial results in preclinical and early clinical develop-
ment. We will brie fl y touch upon other approaches being taken that build on similar principles.  

    17.2   Identi fi cation of Therapeutic Targets in Transplanted Kidney 

 Complement activation occurs during the early course of the transplant procedure, initially upon rep-
erfusion of the ischaemic organ and subsequently at the onset of transplant rejection, which in untreated 
animals is marked by cellular in fi ltration of the donor organ within a few days of transplant surgery. 

 Ischaemia-reperfusion injury is the product of tissue hypoxia, mitochondrial damage and ATP 
depletion, followed by the generation of free radicals and tissue in fl ammation once reperfusion with 
recipient blood has started. In kidney, the focus of this injury is the renal tubule, where complement 
is despotised on the outer (basolateral) surface of the proximal tubules (Zhou et al.  2000  ) . In con-
trolled experiments, complement deposition mainly occurs at the time of reperfusion of the ischaemic 
organ. But in the clinical setting, complement deposition can already be present before the organ is 
connected to the recipient circulation, presumably as a result of complement activation before the 
 fl ushed organ is removed from a deceased donor (Naesens et al.  2009 ; Damman et al.  2011a  ) . 
Denudation of membrane-bound regulators of complement activation has also been described in asso-
ciation with ischaemia-reperfusion injury of the kidney (Thurman et al.  2006  ) . A dual mechanism, 
namely, complement triggering and loss of control of complement activation on the cell surface, may 
thus explain the vulnerability of the kidney (and possibly other organs) to complement-mediated 
organ damage following ischaemia. 

 Two of the main effectors contributing to post-ischaemic damage are C5a and C5b-9. The interac-
tion of C5a with its speci fi c receptor on the tubule epithelium and on polymorphs contributes to 
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post-ischaemia acute renal failure in experimental animals, as shown by pharmacological blockade 
(de Vries et al.  2003 ; Lewis et al.  2008  ) . The formation of C5b-9 on the renal tubule following 
 reperfusion injury also has a substantial effect, as shown in mice with genetic defects in C5b-9 
 formation (Zhou et al.  2000  ) . Since the cleavage of C5 into C5a and C5b-9 is dependent on C3 cleav-
age and since renal tissue has signi fi cant capacity to synthesise C3 (Tang et al.  1999a  ) , the local 
production of complement by intrarenal synthesis has a more critical effect on ischaemia-reperfusion 
injury than does circulating C3 (produced mainly by hepatic synthesis) (Farrar et al.  2006  ) . Limitation 
of C3 synthesis and/or cleavage therefore offers a candidate therapeutic approach to the control of 
ischaemia-reperfusion damage. The rationale for targeting C3 is extended by renal transplant data in 
patients showing that slow decline of organ function after transplantation correlates with C3 gene 
expression in the pretransplant biopsy (Naesens et al.  2009  ) . 

 A second bout of renal transplant injury occurs during the onset of cell-mediated rejection and 
coincides with a massive increase in complement activation (Pratt et al.  2002  ) . This is detected on the 
tubule surface and in the surrounding interstitium, associated with an in fi ltrate of T cells and mac-
rophages. Interestingly, several types of migratory leucocytes including macrophages, dendritic cells, 
T cells and polymorphs have the capability for complement synthesis (Peng et al.  2006 ; Pantazis et al. 
 1990 ; Botto et al.  1992 ; Colten et al.  1979  ) , increasing the potential for local synthesis of complement 
components during acute rejection by up to several hundredfold in terms of the content of gene tran-
script (Farrar et al.  2006 ; Pratt et al.  2002 ; Keslar et al.  2008 ; Li et al.  2010  ) . The production of C3 by 
tissue-resident cells is essential for transplant rejection in experimental animals, presumably mediated 
by the effects of C3a and C5a on antigen-presenting cell function and T cell alloreactivity (Keslar 
et al.  2008 ; Peng et al.  2008,   2009 ; Lalli et al.  2008  ) . This is in addition to the destructive capacity of 
the terminal pathway complement components on renal parenchymal cells. 

 In contrast to cell-mediated rejection, where complement primarily targets structures in the 
extravascular tissue space (i.e. the interstitium and tubules, in the case of the kidney), antibody-
mediated rejection involves the vascular compartment, where complement is deposited at the site of 
antibody binding on the donor endothelium (Colvin and Smith  2005  ) . The actions of C5a on endothe-
lium and platelets and effect of C5b-9 on the vessel wall leading to graft thrombosis are well estab-
lished. Indeed, C4d deposit within the lumen of small capillaries is a hallmark of antibody-mediated 
classical pathway activation at these sites [to the extent that C4d presence is now formally required 
for the diagnosis of humoral rejection (Solez et al.  2008  ) ]. Prevention of the cleavage of C3 or C5 or 
blockade of the actions of C5a and C5b-9 therefore offers therapeutic opportunities to avoid antibody-
mediated rejection. 

 T cell priming and B cell priming by donor antigen takes place in secondary lymphoid organs, i.e. 
local lymph nodes and spleen. If complement-based therapy is seen as an adjunct to conventional 
immunosuppression, then the delivery of the therapeutic must take into account the anatomical loca-
tion of immune priming, as this may require a different approach from the one taken to protect the 
graft. Nevertheless, since antigen-presenting cells that initiate the immune response originate in the 
donor organ and migrate out of the graft and into the recipient shortly after transplantation, targeting 
the graft may offer an opportunity to reduce the potency of donor antigen-presenting cells for allo-
stimulation. At later stages when recipient scavenger cells enter the graft, it may be possible to modify 
the behaviour of these cells taking up foreign antigen and presenting it to the immune system (Kerekes 
et al.  1998  ) . The mechanism of complement-enhanced antigen presentation appears to involve C3a-
receptor and C5a-receptor signalling (Peng et al.  2006 ; Li et al.  2010 ; Lalli et al.  2008 ; Zhou et al. 
 2006 ; Strainic et al.  2008  ) . On the other hand, in the case of antigen uptake and B cell priming, C3b 
and C3d receptor (CR2, CR3 and CR4) signalling may provide more relevant targets (Fischer et al. 
 1996 ; Dempsey et al.  1996  ) . 

 In summary, candidate targets include C5a and C5b-9 for the prevention of epithelial and endothe-
lial cell injury in the transplant, whereas C3a, C3b, C3d and C5a are eligible targets for more directly 
preventing alloreactivity. The value of C3 as a therapeutic target is the ability to limit both sets of these 
reactions.  
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    17.3   The Design of Membrane-Targeted Therapeutic Regulators 

 Mirococept (also known as APT070) is a derivative of the human complement regulatory protein CR1 
(complement receptor 1). Human CR1 (CD35) is a transmembrane protein found on the surface of 
erythrocytes, neutrophils, monocytes, B cells and T cells (Roozendaal and Carroll  2007  ) . The most 
common form of CR1 (220 kDa) consists of 30 short consensus repeats, which are cysteine-rich and 
are a feature of the family of associated regulators (regulators of complement activation) and encoded 
on chromosome 1. CR1 binds C3b and C4b and enhances their proteolysis and dissociation from the 
C3 and C5 convertases – the proteolytic enzyme complexes that cleave C3 and C5 and lead to the 
production of key effectors in the complement cascade. As a potent inhibitor of the C3 and C5 con-
vertases of the classical and alternative pathways, membrane-associated CR1 protects cells from 
injury caused by the products of complement activation generated in the region of those cells. 

 The best known therapeutic derivative of CR1 is soluble CR1 (sCR1), a recombinant human pro-
tein that lacks the transmembrane portion and is thus secreted by transfected Chinese hamster ovary 
(CHO) host cells in which it is expressed (Weisman et al.  1990  ) . The soluble protein retains all the 
inhibitory activities of the native molecule in vitro. Given by intravenous administration, sCR1 
serves as an inhibitor of ischaemia-reperfusion injury in a wide variety of models (Rioux  2001  ) . The 
soluble therapeutic also delays the onset of allograft rejection (Pratt et al.  1996  ) . However, due to its 
size and systemic route of administration, sCR1 is likely to exert maximal effect in the circulating 
compartment. 

 In contrast, Mirococept (23 kDa) contains only a small inhibitory fragment consisting of the three 
terminal domains of CR1, expressed not in CHO cells but in the more cost-effective  Escherichia coli  
host (Dodd et al.  1995  ) . This fragment is suf fi cient to inhibit the cleavage of C3 and C5 via the alterna-
tive and classical pathways. It is linked (by an inserted cysteine residue) to a tail, which consists of a 
basic peptide component and fatty acid (myristoyl) component. This tail enables the active fragment 
to attach to cells by a two-step binding and lipid bilayer insertion process (Smith  2002  ) . The cell-
bound therapeutic had signi fi cantly higher (100-fold) functional inhibitory activity in complement 
haemolytic assays compared with the non-tailed soluble protein. In effect, the engineered CR1 deriva-
tive mimics the function of the native molecule, in the sense of protecting cells decorated with the 
therapeutic molecule.  

    17.4   Cytoprotective Effects of Mirococept in Experimental Animals 

 Mirococept has undergone either systemic or local administration. After intravenous injection in rats, 
radiolabelled Mirococept was retained selectively by the kidney and was detectable with external 
imaging (unpublished data). Following infusion into the renal artery of rats, Mirococept was localised 
throughout the renal capillary bed and on the basolateral surface of the tubule epithelium, as shown 
by histological staining with monoclonal antibody that detects the therapeutic human fragment (Patel 
et al.  2006  ) . Rat kidney isografts pretreated with a single intra-arterial injection were resistant to acute 
kidney injury following ischaemia and reperfusion. Moreover, the treated kidneys showed less chronic 
vascular damage 20 weeks after the ischaemia-reperfusion insult compared with control-treated 
organs (Pratt et al.  2003  ) . After prolonged cold storage (16 h), treatment increased the viability of 
transplanted organs to over 50%, compared with 20% in the control-treated group (Patel et al.  2006  ) . 
This suggests a way forward both to increase the number of transplant successes using marginal donor 
organs that might otherwise be unsuitable for transplantation and to improve the functional outcome 
of standard donor organs. 



25117 Targeting Complement at the Time of Transplantation

 Given that the cytotopic agent is only detectable for about 24–48 h on the cell surface and is then 
internalised or shed (Patel et al.  2006  ) , a key question is whether the cytoprotective effect will be 
suf fi cient to lower the adaptive immune response. To some extent, this is answered in experiments 
using limited MHC mismatch between the organ donor and recipient rats (Pratt et al.  2003  ) . Here, 
treatment of the donor organ with the tailed regulator led to reduced antidonor T cell responses in the 
recipient spleen and to lower T cell in fi ltration of the graft. While it is dif fi cult to distinguish the cyto-
protective effect of the inhibitor by an action on tissue parenchymal cells from a possible action on 
passenger antigen-presenting cells transported with the donor organ, it is worth noting that murine 
antigen-presenting cells treated with Mirococept in vitro have reduced capacity for allostimulation 
(Peng et al.  2008  ) . This raises the expectation of dual bene fi t from treating donor organs, both from 
an anti-in fl ammatory effect on the graft and from modulation of the immunostimulatory properties of 
donor antigen-presenting cells.  

    17.5   Organ Painting in Man 

 To date, 76 human subjects have received Mirococept, given in single doses ranging from 2 to 100 mg 
by a variety of routes. Twenty-nine were healthy volunteers (intravenous route), 30 were rheumatoid 
arthritis patients (intra-articular), 16 were kidney transplant recipients (intrarenal) and one was a liver 
recipient (intrahepatic). Overall, no drug-related severe adverse reactions occurred. Plasma elimina-
tion half-life in healthy subjects was about 3 h, though the dwell time on cells is more important for 
the envisaged use and appears to be signi fi cantly longer than the plasma life. At least for doses below 
10 mg, treatment did not result in any signi fi cant inhibition of systemic complement activation (Smith 
et al.  2001  ) . There have been no instances of antibody developed against the therapeutic construct. 

 A phase 2a study examined the safety and tolerability of Mirococept in renal transplant recipients. 
A single dose of the therapeutic (10 mg) in carrier solution (Soltran) was given directly into the renal 
artery of the donor organ using gravity-assisted perfusion ex vivo. This resulted in distribution of 
tailed therapeutic in a pattern that was similar to the rat kidney transplant experiments, i.e. lining the 
renal capillaries and arterioles and covering the outer surface of the proximal convoluted tubules of 
the donor organ (Patel et al.  2006  ) . 

 The outcome of this pilot study was to show that treatment of the donor kidney was feasible and 
safe (Smith et al.  2007  ) . Only small amounts of Mirococept were detectable in the recipient serum 
after transplantation, indicating that the majority of the therapeutic was retained in the graft. Moreover, 
there was no systemic inhibition of complement measured by C3 and C4 and by complement 
haemolytic (CH50) assays. Although ef fi cacy was not the primary aim of this small study, there was 
a difference in early function of the transplant kidneys in the control (n = 4) and treatment (n = 12) 
groups, as measured by area-under-the-curve for creatinine between days 1 and 14 post-transplantation. 
This difference was most obvious in paired donor organs which were removed from the same donor 
after circulatory arrest and allocated either to treatment (n = 2) or control (n = 2). This indicated the 
potential for greater bene fi t in the presence of severe kidney injury due to ischaemic stress. 

 The next step is a multicentre phase 2b study to formally test the  e f fi cacy of  M irococept in  p revent-
ing  i schaemia- r eperfusion  i njury in  k idney  al lografts (EMPIRIKAL). The EMPIRIKAL trial is being 
supported by the UK Medical Research Council and is expected to begin patient recruitment in 2012. 
The design involves 280 patients in each arm of a double-blinded randomised controlled trial of 
Mirococept versus perfusion  fl uid. The main endpoint is the incidence of delayed graft function 
(DGF), a manifestation of severe ischaemia-reperfusion injury and de fi ned by requirement for contin-
ued dialysis until the function of the transplant kidney resumes. If treatment with the novel therapeutic 
leads to signi fi cant reduction in the incidence of DGF, a surrogate marker for poor long-term outcome 
of the transplant, then this would be expected to have an impact on clinical outcomes.  



252 S. Sacks et al.

    17.6   Possible Bene fi ts and Risks of Cytotopic Therapy 

 A key argument for localised therapy is that retention of the cytotopic agent in the graft offers the 
opportunity to increase therapeutic ef fi cacy and limit the systemic treatment-related toxicity. This is 
particularly relevant for transplant patients, whose immune systems are already compromised due to 
treatment with broadly acting immunosuppressive drugs. 

 Another vivid illustration currently being explored in rats is the use of a novel cytotopic agent that 
is designed to prevent coagulation (Melchionna et al.  2010  ) . The therapeutic construct includes a 
synthetic analogue of hirudin, a thrombin inhibitor found in leech saliva. The synthetic analogue 
(hirulog) is already licensed for clinical use (Maraganore  1993  ) . When tailed in a manner similar to 
Mirococept and planted on the cell surface, the antithrombin construct blocks the conversion of 
 fi brinogen to  fi brin and inhibits clot formation more effectively than soluble antithrombin. Bound to 
the vasculature of donor rat kidney, the tailed antithrombin reduces clot formation initiated by high 
titres of anti-MHC antibodies present in the recipient. Little if any of the bound construct enters the 
recipient circulation, which means that the transplant surgery can be performed safely without sys-
temic anticoagulation (unpublished observation). 

 There is a theoretical risk that localised complement inhibition will increase the incidence of infec-
tion of the transplanted kidney. Urinary tract infection is common after transplantation and is associ-
ated with organisms such as  E. coli  that is frequent in the lower urinary tract. It seems improbable that 
a single dose of Mirococept, which remains detectable on the cell surface for about 24 h, will have an 
impact on the incidence of renal tract infection. Moreover, most strains of urinary  E. coli  are comple-
ment resistant, and opsonisation by complement appears to facilitate microbial invasion of the urinary 
tract (Springall et al.  2001  ) . In this context, therapeutic complement regulator blocks the uptake of 
bacteria by host cells and, paradoxically, lowers the incidence of infection (Springall et al.  2001 ; Li 
et al.  2006  ) .  

    17.7   Alternative Complement-Based Approaches 
to Prevent Renal Reperfusion Injury 

 Nature has evolved at least three ways in which cells are protected from complement-mediated injury: 
(a) membrane-associated regulators (e.g. CR1, DAF) which restrict complement activation on the cell 
surface, (b) soluble regulators (e.g. C4 binding protein) that limit complement activation in the  fl uid 
phase and (c) soluble factors (factor H) capable of acting in the  fl uid phase and also in the solid phase 
by virtue of electrostatic binding of factor H to extracellular matrix components. Technology has 
provided an assortment of therapeutic mimics, such as Mirococept, sCR1, C4-binding protein and 
factor H (Ricklin and Lambris  2007  ) . In addition, monoclonal antibodies (e.g. anti-C5) and synthetic 
peptides (e.g. Compstatin, C5a-receptor antagonist) extend the range of therapeutics that may one day 
be of value in organ transplantation (Lewis et al.  2008 ; Ricklin and Lambris  2008  ) . 

 An additional approach builds on the biological phenomenon of RNA interference, in which gene 
expression can be effectively silenced by speci fi c double-stranded small interfering RNAs (siRNA). 
Work has led to the development of a set of C3 or C3a receptor- or C5a receptor-speci fi c siRNA mol-
ecules (Zheng et al.  2006,   2008  ) . Applied in murine models, these speci fi c siRNA molecules inhibit 
post-ischaemic acute kidney injury (Zheng et al.  2006,   2008  ) . Translation into clinical bene fi t would 
require pretreatment of the donor organ in a timely manner in order to limit the two major peaks of 
complement gene expression that occur during the  fi rst 24–48 h post-transplantation and again during 
acute rejection (Tang et al.  1999b ; Damman et al.  2011b  ) .  
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    17.8   Re fi ning the Targets 

 More precise de fi nition of the components that trigger complement activation during reperfusion 
injury and graft rejection may allow more speci fi c approaches, with less disturbance of the physiolog-
ical role of those components that are not involved. Involvement of factor B and lack of involvement 
of C4 have indicated that the alternative pathway plays a key role in reperfusion injury of native and 
transplanted kidneys in mice. On the other hand, recent work in cardiac and intestinal models of post-
ischaemic injury in mice has suggested that a large amount of the effect of C3 can be explained by 
lectin pathway activation (Schwaeble et al.  2011  ) . These components include MASP-2 but not C4, 
suggesting that a C4-independent route initiated by lectin binding to the target tissue is involved in the 
cleavage of C3. Con fi rmed in renal transplant models (unpublished data), this would suggest that the 
trigger mechanism for complement may involve lectin binding to carbohydrate residues possibly 
exposed by tubular injury following ischaemic insult. Ampli fi cation of the amount of cleaved C3 by 
the alternative pathway could be secondary to lectin pathway triggering in these circumstances 
(Selander et al.  2006  ) . Other studies have suggested that classical pathway may be responsible for 
initiating C3 cleavage in reperfusion injury, though the proposed involvement of natural IgM may be 
tissue dependent (Weiser et al.  1996  )  and IgM binding may initiate the lectin pathway (Zhang et al. 
 2004  ) . These  fi ndings offer scope for more selective, less disruptive therapeutic approaches that merit 
further investigation.  

    17.9   Concluding Remarks and Future Perspective 

 A comprehensive review of complement-based therapeutic options goes beyond the range of this 
article. However, it should be apparent that a number of key principles govern the selection of candi-
date therapeutic agents earmarked for future development. These include the speci fi c indication (e.g. 
reperfusion damage, cellular rejection or antibody driven rejection), the biochemical target (comple-
ment activation, central or effecter steps) and tissue penetration of the therapeutic to the relevant 
biological compartment (intra- or extravascular, including the lymphoid compartment where required). 
Knowledge of this is required for each type of transplant, as anatomical, physiological and biochemi-
cal differences are likely to affect the local functions of complement. In an already-burdened patient 
group, such information will allow maximal selectivity of treatment and will avoid undue impairment 
of the innate host defence.      

   References 

    Botto M, Lissandrini D, Sorio C, Walport MJ (1992) Biosynthesis and secretion of complement component (C3) by 
activated human polymorphonuclear leukocytes. J Immunol 149:1348–1355  

    Colten HR, Ooi YM, Edelson PJ (1979) Synthesis and secretion of complement proteins by macrophages. Ann N Y 
Acad Sci 332:482–490  

    Colvin RB, Smith RN (2005) Antibody-mediated organ-allograft rejection. Nat Rev Immunol 5:807–817  
    Damman J, Seelen MA, Moers C, Daha MR, Rahmel A, Leuvenink HG, Paul A, Pirenne J, Ploeg RJ (2011a) Systemic 

complement activation in deceased donors is associated with acute rejection after renal transplantation in the recipi-
ent. Transplantation 92:163–169  

    Damman J, Nijboer WN, Schuurs TA, Leuvenink HG, Morariu AM, Tullius SG, van Goor H, Ploeg RJ, Seelen MA 
(2011b) Local renal complement C3 induction by donor brain death is associated with reduced renal allograft func-
tion after transplantation. Nephrol Dial Transplant 26:2345–2354  

    de Vries B, Kohl J, Leclercq WK, Wolfs TG, van Bijnen AA, Heeringa P, Buurman WA (2003) Complement factor C5a 
mediates renal ischemia-reperfusion injury independent from neutrophils. J Immunol 170:3883–3889  



254 S. Sacks et al.

    Dempsey PW, Allison ME, Akkaraju S, Goodnow CC, Fearon DT (1996) C3d of complement as a molecular adjuvant: 
bridging innate and acquired immunity. Science 271:348–350  

    Dodd I, Mossakowska DE, Camilleri P, Haran M, Hensley P, Lawlor EJ, McBay DL, Pindar W, Smith RA (1995) 
Overexpression in  Escherichia coli , folding, puri fi cation, and characterization of the  fi rst three short consensus 
repeat modules of human complement receptor type 1. Protein Expr Purif 6:727–736  

    Farrar CA, Zhou W, Lin T, Sacks SH (2006) Local extravascular pool of C3 is a determinant of postischemic acute renal 
failure. FASEB J 20:217–226  

    Fischer MB, Ma M, Goerg S, Zhou X, Xia J, Finco O, Han S, Kelsoe G, Howard RG, Rothstein TL, Kremmer E, Rosen FS, 
Carroll MC (1996) Regulation of the B cell response to T-dependent antigens by classical pathway complement. 
J Immunol 157:549–556  

    Kerekes K, Prechl J, Bajtay Z, Jozsi M, Erdei A (1998) A further link between innate and adaptive immunity: C3 deposi-
tion on antigen-presenting cells enhances the proliferation of antigen-speci fi c T cells. Int Immunol 10:1923–1930  

    Keslar K, Rodriguez ER, Tan CD, Starling RC, Heeger PS (2008) Complement gene expression in human cardiac 
allograft biopsies as a correlate of histologic grade of injury. Transplantation 86:1319–1321  

    Lalli PN, Strainic MG, Yang M, Lin F, Medof ME, Heeger PS (2008) Locally produced C5a binds to T cell-expressed 
C5aR to enhance effector T-cell expansion by limiting antigen-induced apoptosis. Blood 112:1759–1766  

    Lechler RI, Sykes M, Thomson AW, Turka LA (2005) Organ transplantation – how much of the promise has been real-
ized? Nat Med 11:605–613  

    Lewis AG, Kohl G, Ma Q, Devarajan P, Kohl J (2008) Pharmacological targeting of C5a receptors during organ preser-
vation improves kidney graft survival. Clin Exp Immunol 153:117–126  

    Li K, Feito MJ, Sacks SH, Sheerin NS (2006) CD46 (membrane cofactor protein) acts as a human epithelial cell recep-
tor for internalization of opsonized uropathogenic  Escherichia coli . J Immunol 177:2543–2551  

    Li K, Sacks SH, Zhou W (2007) The relative importance of local and systemic complement production in ischaemia, 
transplantation and other pathologies. Mol Immunol 44:3866–3874  

    Li Q, Peng Q, Xing G, Li K, Wang N, Farrar CA, Meader L, Sacks SH, Zhou W (2010) De fi ciency of C5aR prolongs 
renal allograft survival. J Am Soc Nephrol 21:1344–1353  

    Maraganore JM (1993) Pre-clinical and clinical studies on Hirulog: a potent and speci fi c direct thrombin inhibitor. Adv 
Exp Med Biol 340:227–236  

    Melchionna T, Karegli J, Farrar CA, McVey JH, Dorling A, Sacks SH, Smith RAG (2010) Integrating cytotopic strategy 
in transplantation: (1) Design of locally-acting coagulation inhibitors for use with anti-complement therapeutics. 
Mol Immunol 47(13):2203, Ref Type: Abstract  

    Naesens M, Li L, Ying L, Sansanwal P, Sigdel TK, Hsieh SC, Kambham N, Lerut E, Salvatierra O, Butte AJ, Sarwal 
MM (2009) Expression of complement components differs between kidney allografts from living and deceased 
donors. J Am Soc Nephrol 20:1839–1851  

    Pantazis P, Kalyanaraman VS, Bing DH (1990) Synthesis of the third component of complement (C3) by lectin-acti-
vated and HTLV-infected human T-cells. Mol Immunol 27:283–289  

    Patel H, Smith RA, Sacks SH, Zhou W (2006) Therapeutic strategy with a membrane-localizing complement regulator 
to increase the number of usable donor organs after prolonged cold storage. J Am Soc Nephrol 17:1102–1111  

    Peng Q, Li K, Patel H, Sacks SH, Zhou W (2006) Dendritic cell synthesis of C3 is required for full T cell activation and 
development of a Th1 phenotype. J Immunol 176:3330–3341  

    Peng Q, Li K, Anderson K, Farrar CA, Lu B, Smith RA, Sacks SH, Zhou W (2008) Local production and activation of 
complement up-regulates the allostimulatory function of dendritic cells through C3a–C3aR interaction. Blood 
111:2452–2461  

    Peng Q, Li K, Wang N, Li Q, Asgari E, Lu B, Woodruff TM, Sacks SH, Zhou W (2009) Dendritic cell function in allo-
stimulation is modulated by C5aR signaling. J Immunol 183:6058–6068  

    Pratt JR, Hibbs MJ, Laver AJ, Smith RA, Sacks SH (1996) Effects of complement inhibition with soluble complement 
receptor-1 on vascular injury and in fl ammation during renal allograft rejection in the rat. Am J Pathol 
149:2055–2066  

    Pratt JR, Basheer SA, Sacks SH (2002) Local synthesis of complement component C3 regulates acute renal transplant 
rejection. Nat Med 8:582–587  

    Pratt JR, Jones ME, Dong J, Zhou W, Chowdhury P, Smith RA, Sacks SH (2003) Nontransgenic hyperexpression of a 
complement regulator in donor kidney modulates transplant ischemia/reperfusion damage, acute rejection, and 
chronic nephropathy. Am J Pathol 163:1457–1465  

    Ricklin D, Lambris JD (2007) Complement-targeted therapeutics. Nat Biotechnol 25:1265–1275  
    Ricklin D, Lambris JD (2008) Compstatin: a complement inhibitor on its way to clinical application. Adv Exp Med Biol 

632:273–292  
    Rioux P (2001) TP-10 (AVANT Immunotherapeutics). Curr Opin Investig Drugs 2:364–371  
    Roozendaal R, Carroll MC (2007) Complement receptors CD21 and CD35 in humoral immunity. Immunol Rev 

219:157–166  



25517 Targeting Complement at the Time of Transplantation

    Schwaeble WJ, Lynch NJ, Clark JE, Marber M, Samani NJ, Ali YM, Dudler T, Parent B, Lhotta K, Wallis R, Farrar CA, 
Sacks S, Lee H, Zhang M, Iwaki D, Takahashi M, Fujita T, Tedford CE, Stover CM (2011) Targeting of mannan-
binding lectin-associated serine protease-2 confers protection from myocardial and gastrointestinal ischemia/reper-
fusion injury. Proc Natl Acad Sci USA 108:7523–7528  

    Selander B, Martensson U, Weintraub A, Holmstrom E, Matsushita M, Thiel S, Jensenius JC, Truedsson L, Sjoholm AG 
(2006) Mannan-binding lectin activates C3 and the alternative complement pathway without involvement of C2. 
J Clin Invest 116:1425–1434  

    Smith RA (2002) Targeting anticomplement agents. Biochem Soc Trans 30:1037–1041  
    Smith RA, Dodd I, Oldroyd RG, Harry J, Clark C, Rolan P, Dawes L (2001) Preclinical and clinical progression of a 

membrane-targeted complement regulator therapeutic. Mol Immunol 38:122, Ref Type: Abstract  
    Smith RAG, Koffman G, Chowdhury P, Smith KCG, Watson CJ, Nicholson ML, Zhou W, Sacks SH (2007) Membrane-

localising complement inhibitors – clinical progress. Mol Immunol 44(16):3915, Ref Type: Abstract  
    Solez K, Colvin RB, Racusen LC, Haas M, Sis B, Mengel M, Halloran PF, Baldwin W, Ban fi  G, Collins AB, Cosio F, 

David DS, Drachenberg C, Einecke G, Fogo AB, Gibson IW, Glotz D, Iskandar SS, Kraus E, Lerut E, Mannon RB, 
Mihatsch M, Nankivell BJ, Nickeleit V, Papadimitriou JC, Randhawa P, Regele H, Renaudin K, Roberts I, Seron D, 
Smith RN, Valente M (2008) Banff 07 classi fi cation of renal allograft pathology: updates and future directions. Am 
J Transplant 8:753–760  

    Springall T, Sheerin NS, Abe K, Holers VM, Wan H, Sacks SH (2001) Epithelial secretion of C3 promotes colonization 
of the upper urinary tract by  Escherichia coli . Nat Med 7:801–806  

    Strainic MG, Liu J, Huang D, An F, Lalli PN, Muqim N, Shapiro VS, Dubyak GR, Heeger PS, Medof ME (2008) 
Locally produced complement fragments C5a and C3a provide both costimulatory and survival signals to naive 
CD4+ T cells. Immunity 28:425–435  

    Tang S, Sheerin NS, Zhou W, Brown Z, Sacks SH (1999a) Apical proteins stimulate complement synthesis by cultured 
human proximal tubular epithelial cells. J Am Soc Nephrol 10:69–76  

    Tang S, Zhou W, Sheerin NS, Vaughan RW, Sacks SH (1999b) Contribution of renal secreted complement C3 to the 
circulating pool in humans. J Immunol 162:4336–4341  

    Thurman JM, Ljubanovic D, Royer PA, Kraus DM, Molina H, Barry NP, Proctor G, Levi M, Holers VM (2006) Altered 
renal tubular expression of the complement inhibitor Crry permits complement activation after ischemia/reperfu-
sion. J Clin Invest 116:357–368  

    Weiser MR, Williams JP, Moore FD Jr, Kobzik L, Ma M, Hechtman HB, Carroll MC (1996) Reperfusion injury of 
ischemic skeletal muscle is mediated by natural antibody and complement. J Exp Med 183:2343–2348  

    Weisman HF, Bartow T, Leppo MK, Marsh HC Jr, Carson GR, Concino MF, Boyle MP, Roux KH, Weisfeldt ML, 
Fearon DT (1990) Soluble human complement receptor type 1: in vivo inhibitor of complement suppressing post-
ischemic myocardial in fl ammation and necrosis. Science 249:146–151  

    Zhang M, Austen WG Jr, Chiu I, Alicot EM, Hung R, Ma M, Verna N, Xu M, Hechtman HB, Moore FD Jr, and Carroll MC 
(2004). Identi fi cation of a speci fi c self-reactive IgM antibody that initiates intestinal ischemia/reperfusion injury. 
Proc Natl Acad Sci USA 101:3886  

    Zheng X, Feng B, Chen G, Zhang X, Li M, Sun H, Liu W, Vladau C, Liu R, Jevnikar AM, Garcia B, Zhong R, Min WP 
(2006) Preventing renal ischemia-reperfusion injury using small interfering RNA by targeting complement 3 gene. 
Am J Transplant 6:2099–2108  

    Zheng X, Zhang X, Feng B, Sun H, Suzuki M, Ichim T, Kubo N, Wong A, Min LR, Budohn ME, Garcia B, Jevnikar 
AM, Min WP (2008) Gene silencing of complement C5a receptor using siRNA for preventing ischemia/reperfusion 
injury. Am J Pathol 173:973–980  

    Zhou W, Farrar CA, Abe K, Pratt JR, Marsh JE, Wang Y, Stahl GL, Sacks SH (2000) Predominant role for C5b-9 in 
renal ischemia/reperfusion injury. J Clin Invest 105:1363–1371  

    Zhou W, Patel H, Li K, Peng Q, Villiers MB, Sacks SH (2006) Macrophages from C3-de fi cient mice have impaired 
potency to stimulate alloreactive T cells. Blood 107:2461–2469    



257J.D. Lambris et al. (eds.), Complement Therapeutics, Advances in Experimental Medicine and Biology 735,
DOI 10.1007/978-1-4614-4118-2_18, © Springer Science+Business Media New York 2013

    K.  N.   Ekdahl   (*)
     Department of Immunology, Genetics and Pathology, Rudbeck Laboratory C5:3 , 
 Uppsala University ,   SE-751 85   Uppsala ,  Sweden  

   School of Natural Sciences ,  Linnæus University ,   SE-391 82   Kalmar ,  Sweden   
  e-mail: Kristina.Nilsson_Ekdahl@igp.uu.se   

    J.   Hong             •     O.  A.   Hamad   •     B.   Nilsson  
     Department of Immunology, Genetics and Pathology, Rudbeck Laboratory C5:3 , 
 Uppsala University ,   SE-751 85   Uppsala ,  Sweden        

    R.   Larsson  
     Department of Immunology, Genetics and Pathology, Rudbeck Laboratory C5:3 , 
 Uppsala University ,   SE-751 85   Uppsala ,  Sweden  

   Corline Systems AB ,   PO Box 956,   SE-751 09   Uppsala ,  Sweden    

  Abstract   Medicine today uses a wide range of biomaterials, most of which make contact with blood 
permanently or transiently upon implantation. Contact between blood and nonbiological materials or 
cells or tissue of nonhematologic origin initiates activation of the cascade systems (complement, con-
tact activation/coagulation) of the blood, which induces platelet and leukocyte activation. 

 Although substantial progress regarding biocompatibility has been made, many materials and 
medical treatment procedures are still associated with severe side effects. Therefore, there is a great 
need for adequate models and guidelines for evaluating the blood compatibility of biomaterials. Due 
to the substantial amount of cross talk between the different cascade systems and cell populations in 
the blood, it is advisable to use an intact system for evaluation. 

 Here, we describe three such in vitro models for the evaluation of the biocompatibility of materials 
and therapeutic cells and tissues. The use of different anticoagulants and speci fi c inhibitors in order to 
be able to dissect interactions between the different cascade systems and cells of the blood is dis-
cussed. In addition, we describe two clinically relevant medical treatment modalities, the integration 
of titanium implants and transplantation of islets of Langerhans to patients with type 1 diabetes, 
whose mechanisms of action we have addressed using these in vitro models.   

    Chapter 18   
 Evaluation of the Blood Compatibility of Materials, 
Cells, and Tissues: Basic Concepts, Test Models, 
and Practical Guidelines       

      Kristina   N.   Ekdahl      ,    Jaan   Hong   ,    Osama   A.   Hamad   ,    Rolf   Larsson   , and    Bo   Nilsson      
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     18.1   Background 

    18.1.1   Hemocompatibility 

 Modern medicine utilizes a wide range of biomaterials, most of which make contact with blood 
either permanently or transiently after implantation. The indications for treating patients with various 
biomedical devices have increased substantially during the last few decades and are expected to 
increase even further. The emerging generation of biomaterials is being incorporated into new poly-
meric implants such as arti fi cial skin, implants that are able to regrow tissue, and resorbable cements 
to repair bone, among others. 

 Substantial progress has been made in recent years regarding biocompatibility, but many materials 
and medical treatment procedures are still associated with severe side effects. For example, hemodi-
alysis contributes to in fl ammation and accelerated arteriosclerosis which may lead to premature death 
of the patient, and treatment with stents has been associated with thrombosis. These detrimental reac-
tions, initiated by contact between the biomaterial and the various defense systems in the blood, 
indicate that the enigma of blood compatibility is far from being solved (Nilsson et al.  2007 ; Ratner 
 2007 ; Ekdahl et al.  2011  ) . It is clearly imperative to understand and identify these adverse reactions 
in order to prevent their occurrence. Consequently, there is a great need for adequate models and 
guidelines for evaluating the hemocompatibility of biomaterials (Seyfert et al.  2002  ) .  

    18.1.2   Mechanism of Complement, Coagulation and Contact 
System Activation on Material Surfaces 

    18.1.2.1   Adsorption of a Primary Protein Layer 

 When biomaterials or other nonbiological surfaces are exposed to blood, they momentarily become cov-
ered with a layer of plasma proteins, approximating a monolayer, through a process of passive adsorption 
(Andersson et al.  2005a  ) . Both the composition and the conformation of the proteins within this layer 
affect the initiation and subsequent activation of the cascade systems of the blood (i.e., the complement 
and contact activation/coagulation systems) and are therefore of critical importance (Engberg et al.  2011  ) . 
Proteins that undergo profound conformational changes are often more potent activators than are proteins 
that bind in a more native conformation. Examples of proteins that undergo conformational changes 
include IgG, the complement activator of the classical pathway (CP) (Wettero et al.  2001 ; Tengvall et al. 
 2001  ) ; C3, the complement activator of the alternative pathway (AP) (Andersson et al.  2002  ) ; factor XII 
(FXII), an initiator of contact activation (Schousboe et al.  2008  ) ; and  fi brinogen, a ligand for GPIIb/IIIa 
on platelets that triggers their activation (Berglin et al.  2009 ; Wu et al.  2005  ) .  

    18.1.2.2   Activation of the Complement System 

 Recognition molecules within the various complement pathways, i.e., complement C1q of the CP, 
mannose-binding lectin (MBL) of the lectin pathway (LP), and properdin of the AP, may be bound 
to or incorporated into the  fi rst protein layer and promote complement activation. Their incorpora-
tion leads to initial opsonization of the material surface by C4b and C3b and the generation of the 
anaphylatoxins C3a and the less potent C4a. A powerful ampli fi cation by the AP then occurs as a 
result of the fact that C3b is a subunit of the AP C3 convertase (C3bBb), meaning that each deposited 
C3b molecule can act as the nucleus of a new convertase complex, and the surface can ultimately 
become completely covered with C3b and its degradation products iC3b and C3d,g. The subse-
quently formed C5 convertases then activate C5 to become the potent anaphylatoxin C5a and initiate 
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the formation of the lytic C5b-9 complex, which is the end point of the terminal pathway of comple-
ment. It has been demonstrated that the AP is able to contribute to >80% of C5 activation in models 
where the initial activation is highly speci fi c for the CP, which underscores the potency of its 
ampli fi cation loop (Harboe et al.  2004  ) . 

 The generated C3a and C5a anaphylatoxins recruit and activate phagocytes, i.e., polymorphonu-
clear leukocytes (PMNs) and monocytes, thus orchestrating an in fl ammatory reaction aimed at the 
surface of the biomaterial or nonhematological therapeutic cell that originally initiated the comple-
ment activation.  

    18.1.2.3   Activation of the Contact Activation/Coagulation System 

 Activation of the contact system at nonbiological surfaces is initiated by FXII and high molecular 
weight kininogen (HK), leading to the activation of FXI and the generation of the potent vasoactive 
peptide bradykinin (BK), respectively. FXIa can initiate activation of the downstream portion of the 
(intrinsic) coagulation system, FIX and then FX, leading to the generation of thrombin from pro-
thrombin. Under nonpathological conditions in vivo, however, the major initiator of the coagulation 
system is tissue factor (TF). This molecule is translocated from extravascular sources to the blood-
stream (or produced by monocytes), where it is expressed on the activated leukocytes present on 
material surfaces and also in the  fl uid phase; thereby, it activates the extrinsic coagulation pathway. 
TF acts as a receptor for FVIIa, which then activates FIX and FX, ultimately leading to the generation 
of substantial amounts of thrombin. 

 Thrombin is a multifunctional enzyme whose two major effects are to activate platelets via their 
protease-activated receptors (PAR)-1 and -4 and to transform soluble  fi brinogen into insoluble  fi brin. 
During the process of  fi brin formation, thrombin cleaves both  fi brinogen and FXIII, the latter of which 
is responsible for transforming the initially soluble  fi brin into insoluble form.  

    18.1.2.4   Examples of Cross Talk Between Blood Cascade Systems and Cells 

 Considerable intercommunication has been identi fi ed between the various cascade systems and the cells 
in the blood. For example, a number of serine proteases within the contact and coagulation systems, e.g., 
thrombin, kallikrein, and FXIIa, have been shown to be capable of cleaving complement components, 
in vitro, and thereby generating C3a and C5a independently of the formation of convertases (Lachmann 
et al.  1982 ; Ghebrehiwet et al.  1983 ; Thoman et al.  1984 ; Huber-Lang et al.  2006 ; Amara et al.  2010  ) . 

 An opposite association, i.e., a complement protease that is able to induce activation of coagulation 
components is MBL-associated serine protease (MASP)-1 which is an enzyme with broad speci fi city 
whose substrates include  fi brinogen and FXIII, in addition to C3 (Krarup et al.  2008 ; Gulla et al. 
 2010 ; Matsushita et al.  2000  ) . 

 C3 was implicated to have a role in  fi brinolysis already in 1970 (Taylor and Müller-Eberhard 
 1970  ) . In recent years, this association has been rediscovered when multiple complement components 
and activation products, including C3, were detected in thrombi from patients with acute myocardial 
infarction using a proteomic approach (Distelmaier et al.  2009  ) . Furthermore, C3 has been reported to 
be incorporated into blood clots prepared in vitro, using  fi brinogen puri fi ed from diabetic patients, and 
to act as an inhibitor of  fi brinolysis (Hess et al.  2011 ; Howes et al.  2012  ) . 

 Platelet activation by TRAP in vitro induces activation of both the contact and complement sys-
tems. FXIIa and FXIa, which are activated on platelet surfaces, are preferentially regulated by anti-
thrombin (AT) rather than by C1 inhibitor (C1INH), the favored regulator when these enzymes are 
activated on arti fi cial surfaces (Bäck et al.  2009,   2010  ) . The mechanism by which activated platelets 
affect complement involves the release of chondroitin sulfate A (CS-A), a potent activator of comple-
ment, leading to generation of the anaphylatoxins C3a and C5a and subsequent leukocyte activation, 
as revealed by the upregulation of CD11b and formation of leukocyte-platelet complexes (Hamad 
et al.  2008,   2010a,   b  ) . 
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 In addition, C5a mediates the upregulation of TF on endothelial cells and PMNs in vitro (Ikeda 
et al.  1997 ; Ritis et al.  2006  ) , as well as on PMNs and monocytes from patients undergoing hemodi-
alysis for end-stage renal disease. This upregulation is believed to contribute to the greatly enhanced 
risk of thrombosis seen in these patients (Kourtzelis et al.  2010  ) .    

    18.2   In Vitro Evaluation of Hemocompatibility 

    18.2.1   Toward a Holistic Approach 

 All equipment that is intended to make contact with blood or other tissue(s) must be evaluated with 
regard to its biocompatibility. In the literature, one can  fi nd a plethora of biocompatibility studies 
utilizing protein solutions, e.g., human or bovine serum albumin, mixtures of a few proteins, diluted 
plasma or serum (from laboratory animals or humans), or puri fi ed cell populations or cell lines in 
culture. The common aim of most of these studies has been to extrapolate data obtained from simplis-
tic systems to the complex processes taking place in vivo when medical devices containing the tested 
materials come in contact with the human body. Such studies can yield valuable information but are 
often hampered by missing components. For example, the behavior of a monocytic cell line in culture, 
in the presence of heat-inactivated diluted serum (in which complement is nonoperative), will differ 
considerably from that of monocytes in whole blood, which will be regulated by C5a and other media-
tors as discussed in Sect.  18.1.2.4  above. 

 Since the various cascade systems and cell types in the blood are known to interact, the true effect 
of a biomaterial surface on the blood can only be known when whole blood is used for interaction 
studies (Nilsson et al.  2007 ; Gorbet and Sefton  2004  ) . Ideally, a test system should be simple and 
employ biological material (blood) from humans, because (1) the cascade systems and cells behave 
differently regarding activation and regulation in individuals from different species, and (2) most 
commercially available reagents are directed against proteins and cells of human origin. 

 Real-time studies of platelet adhesion and aggregation can be performed using the Grabowski  fl ow 
model where recalci fi ed citrate blood or noncitrated blood is perfused in a parallel plate chamber until 
the chamber becomes occluded (Grabowski  1990 ; Bogdanov et al.  2003 ; Grabowski et al.  2012  ) . 
However, this model only allows measurement for a very limited time. We have therefore taken the 
approach of investigating the in fl ammation and thrombus formation elicited by a biomaterial in human 
whole blood models in order to de fi ne the molecular interactions that occur between the biomaterial 
and plasma proteins and cells, both in the  fl uid phase and at the material surface. Thereafter, this 
interaction can be investigated at the molecular level, if necessary, in systems that make use of puri fi ed 
fractionated blood (serum or plasma) or puri fi ed proteins and cells.  

    18.2.2   Importance of Anticoagulation 

 The choice of anticoagulant to be added to the blood is of critical importance for the outcome of such 
experiments. Not only do substances such as citrate and EDTA inhibit the coagulation cascade by 
chelating Ca 2+ , they also inhibit complement because they remove Ca 2+ , which is needed for initiating 
the CP, as well as Mg 2+ , which is necessary for the activity of both convertases. In contrast, the contact 
activation system is not dependent on the presence of cations, and consequently, its initiation is not 
affected by the addition of chelators. 
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 When heparin is used as an anticoagulant at high doses in studies in vitro, it has a potent complement-
dampening effect, whereas at lower doses (e.g., 0.2 IU/mL), it has complement-activating activity; 
therefore, in order to minimize the inhibition of both systems (still keeping the blood  fl uidity) to be 
able to dissect the cross talk between the cascade systems and cellular element of the blood with 
greater accuracy, it is best to use moderate amounts of heparin, e.g., 1–3 IU/mL (Logue  1977 ; Keil 
et al.  1995 ; Hong et al.  2001,   1999a  ) . Alternatively, speci fi c thrombin inhibitors such as melagatran 
(Ozmen et al.  2002  )  and lepirudin (hirudin) or synthetic congeners of lepirudin (Mollnes et al.  2002 ; 
Bexborn et al.  2009  )  may be used. If the blood is collected using heparin-coated equipment in an open 
system (see Sect.  18.2.3  below), it is possible to avoid using anticoagulants altogether provided that 
the test system is adequately designed (Andersson et al.  2003 ; Johnell et al.  2005  ) . 

 The thrombin inhibitor lepirudin, derived from the leech  Hirudo medicinalis , binds to and irrevers-
ibly inhibits active thrombin (Chang  1983  ) . We have set up experimental systems for selective activa-
tion of platelets in whole blood or platelet-rich plasma (PRP, in which the erythrocytes and leukocytes 
have been removed by centrifugation) using synthetic thrombin receptor-activating peptides (TRAP) 
such as SFLLRN in conjunction with lepirudin (Bäck et al.  2009,   2010 ; Hamad et al.  2008,   2010a  ) . 
This peptide is derived from the sequence of the new amino-terminus of the cleaved PAR-1 and can 
mimic thrombin receptor activation and act as a full agonist for platelet activation (Shankar et al. 
 1994  ) , while the presence of lepirudin ef fi ciently inhibits all other thrombin-related events. 

 It has long been known that heparin is able to bind to various types of blood cells (e.g., monocytes 
and endothelial cells) and interfere with their expression of TF (Attanasio et al.  1998 ; Gori et al.  1999 ; 
Ettelaie et al.  2011  ) , an effect that is obviously undesirable for models intended for the study of 
in fl ammatory reactions in vitro (Bexborn et al.  2009  ) . A comparison of four different anticoagulants 
(EDTA, citrate, heparin, and lepirudin) showed that lepirudin was the least prone to inhibit LPS-
induced expression of TF on monocytes in whole blood (Engstad et al.  1997  ) . A summary of different 
anticoagulants used in biomaterial testing and their effect on the blood cascade systems and platelets 
is found in Table  18.1 .   

   Table 18.1    Guidelines for the choice of anticoagulants in blood models for biomaterial testing   

 Additive 

 Anticoagulants 

 Chelators  Heparin derivatives  Speci fi c inhibitors  No additive a  

 EDTA  Citrate  HMW  LMW  Fondaparinux  CTI  Lepirudin  No additive 

  Complement  
 Classical pathway  −  −  +/−  b   +/−  b   +/−  b   +  +  + 
 Lectin pathway  −  −  +/−  b   +/−  b   +/−  b   +  +  + 
 Alternative pathway  −  −  +/−  b   +/−  b   +/−  b   +  +  + 
 Terminal pathway  −  −  +/−  b   +/−  b   +/−  b   +  +  + 
  Contact/coagulation  
 Contact system (intrinsic)  +  +  +  +  +  −  +  + 
 TF pathway (extrinsic)  −  − (+  c )  +/−  b   +/−  b   +  +  +  + 
 Common pathway  −  − (+  c )  +/−  b   −  −  +  −  + 
  Platelets   (+)  +  +  +  +  +  +  + 

   HMW  high molecular weight,  LMW  low molecular weight,  fondaparinux  the antithrombin-binding pentasaccharide of 
heparin,  CTI  corn trypsin inhibitor,  TF  tissue factor, − function is inhibited, + function is active 
  a Requires the use of sampling equipment with low activating surface (heparin coating and/or polymers, e.g., polyvinyl 
chloride) in combination with adequately designed test systems 
  b Dose dependent: inhibitory at higher concentrations 
  c Recalci fi ed citrate blood or plasma  
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    18.2.3   Collecting Human Blood for Hemocompatibility Testing 

 Blood that is to be used for biomaterial evaluation should be collected from healthy blood donors who 
have not taken any medication for at least 10 days. It is particularly important to exclude individuals 
who have ingested acetylsalicylic acid, since this drug severely impairs platelet function. The blood 
can be collected either using a conventional system with evacuated tubes or in an open, more gentle 
system employing an 18-G (1.2 mm Ø) needle connected to heparin-coated tubing, allowing the blood 
to  fl ow into heparin-coated plastic tubes by gravity force only (Fig.  18.1a, b ).  

  Fig. 18.1     Summary of alternative procedures for blood collection, the two loop models and the slide chamber model . 
Human blood is collected in either an open system ( a ) or evacuated tubes ( b ). It is transferred to plastic tubing ( c ), which 
is closed with a heparin-coated connector (imperative with adequate design especially when non-anticoagulated blood 
is used) and either rotated vertically ( d ) or placed on a rocking device ( e ). Alternatively, the blood is transferred to a 
slide chamber consisting of two polymethylmethacrylate (PMMA) rings  fi xed to a microscope slide of PMMA, creating 
two wells ( f ). A second microscope slide (the test surface) is attached, and the device is then rotated vertically ( g )       
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 In order to use the appropriate dose and type of anticoagulant for each individual experiment, it is 
advisable to add aliquots of stock solutions to the tubes prior to collecting the blood. In the case of the 
evacuated tubes, this can easily be accomplished using a syringe with a thin needle without compro-
mising the function of the tube. (It should be observed that the concentration of EDTA, citrate, and 
heparin in commercially available, ready-to-use evacuated tubes (giving  fi nal concentrations of 4 mM, 
13 mM, and 20 IU/mL, respectively) in most cases is too high to enable studies of the function of the 
cascade systems and cells in the harvested blood.) The experiment should be initiated as quickly as 
possible, ideally within 5 min, and the blood should be handled gently using heparin-coated equipment 
(e.g., pipette tips) in order to minimize the risk of background activation. After incubation, EDTA at a 
 fi nal concentration of 10 mM is added to the samples to stop activation of the complement and coagu-
lation systems, and the samples are transferred to ice, pending centrifugation and further analysis. 

 It should be emphasized that there are substantial interindividual differences in cascade system and 
cellular activation. Consequently, it is advisable to use blood from 5 to 10 different donors for evalu-
ation studies.   

    18.3   In Vitro Whole Blood Models 

    18.3.1   Tubing Loops for Testing Biomaterials and Soluble Inhibitors 

 The tubing loop model utilizes plastic tubing, e.g., of polyvinyl chloride, that is  fi lled with fresh blood, 
plasma, or serum but leaving room for an air bubble (Fig.  18.1c ). The tubing is then closed into loops by 
means of specially designed heparin-coated metal connectors and allowed to rotate vertically at 37°C in 
a cabinet or water bath (Fig.  18.1d ), e.g. Andersson et al.  (  2003  ) , Johnell et al.  (  2005  ) , Mollnes et al. 
 (  1995  ) , Gong et al.  (  1996  ) , Nilsson et al.  (  1998  ) , Lappegård et al.  (  2004,   2005,   2008  ) , Hussaini et al. 
 (  2009  ) . The role of the air bubble is to ensure that the whole volume of blood is rotated in order to avoid 
clotting due to inadequate  fl ow. If necessary, the incubation can be prolonged up to at least 6 h (Mangsbo 
et al.  2009  ) . The inner surface of the tubing may be heparin-coated, using different protocols, in order to 
minimize activation induced by interaction between blood and the plastic surface in experiments designed 
to study reactions in the  fl uid phase (e.g., the effect of various inhibitors). 

 Biomaterials, e.g., different kinds of tubing which can be closed into loops, can be tested directly 
in this setup, and biomedical devices such as stents, catheters, or lenses may be inserted into heparin-
coated loops (Christensen et al.  2001,   2006 ; Sinn et al.  2011  ) . In this model, it is possible to monitor 
activation of the cascade systems in the  fl uid phase (i.e., plasma) and the activation and/or consump-
tion of blood cells. In addition, it is also possible to directly visualize proteins that have adsorbed to 
the polymer surface. (Further information is given in Table  18.2  and Sect.  18.3.4  below.)   

    18.3.2   Tubing Loops for Testing Cells and Cell Clusters 

 A modi fi cation of the tubing loop model has been developed to enable studies of interactions between 
blood and other cells or cell clusters, such as islets of Langerhans (Ozmen et al.  2002 ; Bennet et al. 
 1999  )  and hepatocytes (Gustafson et al.  2011  ) . In this model, the plastic loops are not rotated but are 
instead placed on a rocking device in a 37°C incubator (Fig.  18.1e ). The whole blood loop model can 
also be further modi fi ed so that a section of the heparin-coated tubing is replaced by a segment of a 
human blood vessel of suf fi cient diameter. This model allows for the analysis of blood cells and plasma 
components, as mentioned above, and for immunochemical analysis of the cell clusters or vessel wall 
in contact with blood (Ozmen et al.  2002 ; Bennet et al.  2001  )  (Table  18.2 ). The blood  vessel can be 
replaced by a segment of material intended for blood contact, e.g., a vascular graft (Fink et al.  2011  ) .  
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    18.3.3   The Slide Chamber Model, Using Whole or Fractionated Blood 

 We have also developed a slide chamber in vitro model (Hong et al.  1999a  )  for further dissecting the 
sequence of events that occur when a biomaterial surface comes into contact with whole blood. In this 
model, two polymethylmethacrylate (PMMA) rings are  fi xed to a microscope slide of PMMA, creat-
ing two wells. The whole device is coated with heparin to reduce nonspeci fi c activation. The wells are 
 fi lled with fresh intact or fractionated blood, e.g., PRP, plasma, with or without anticoagulants, or 
serum. Thereafter, a second microscope slide composed of any (bio-)material is attached, creating two 
circular chambers, which are then rotated at 37°C in a water bath (Fig.  18.1f, g ) (Hong et al.  1999a  ) . 
Here, it is also possible to conduct immunochemical analyses of adherent cells, including visualiza-
tion of their activation markers such as TF (Table  18.2 ) (Bexborn et al.  2009 ; Nilsson et al.  1998  ) . The 
test surface is not restricted to transparent materials if  fl uorescently labeled antibodies are used for 
detection, i.e., metal surfaces can also be analyzed (Hong et al.  1999b  ) . In a modi fi cation of this 
model, the microscope slide is replaced by a Petri dish coated with cultured cells of interest, such as 
human endothelial cells. This modi fi cation permits analysis of endothelial cell markers in addition to 
the parameters mentioned above (Table  18.2 ). 

 Each of the models is highly  fl exible, since different parameters can be varied, such as the volume/
surface ratio, rotation/rocking velocity (which affects the shear force), incubation time and anticoagu-
lants, and other inhibitors can be varied according to the goal of each experiment .  

    18.3.4   Techniques to Dissect the Cascade System and Cellular Interactions 

 After incubation of blood in any of the models, complement, contact system, and coagulation activa-
tion markers and activation or decline in the number of cells in the  fl uid phase (e.g., due to clot forma-
tion) can be analyzed using enzyme immunoassays (EIA),  fl uorescence-activated cell sorting (FACS), 
cell counts, chemoluminescence, or hemolytic techniques, among others (Table  18.2 ). When the 

   Table 18.2    Examples of available analyses for activation markers of the protein cascade systems and cells in whole blood   

 Cascade system/cell types  Selected activation markers/analytes in blood/plasma 
 Selected proteins/cells bound 
to the material surface 

 Complement  C3a; C5a; sC5b-9; C1s-CINH  C1q; C4; C3a; C3b; neoC9 
 Contact activation  FXIIa-AT/CINH; FXIa-AT/CINH; BK  FXII; FXIIa; HK 
 Coagulation  TAT; soluble  fi brin; D-dimer  TF;  fi brinogen 
 Cytokines/chemokines  Multiplex assay  PCR? 
 Platelets  Count; CD41; CD62; TSP-1; micro particles,  CD41; ATP 

 Platelet/leukocyte complexes 
 PMNs  Count; oxidative burst; CD11b; MPO  Elastase; CD16; CD11b 

 Platelet/PMN complexes 
 Monocytes  Count; CD11b; TF  CD14; CD11b; TF 

 Platelet/monocyte complexes 
 Lymphocytes  CD3; CD4; CD8; DR; CD19  CD3; CD19 
 Endothelial cells  sVCAM-1; sICAM-1  E-selectin; VCAM-1; ICAM-1 

   sC5b-9  soluble terminal complement complex,  C1INH  C1 inhibitor,  neoC9  conformationally changed C9 exposing 
neoepitopes present only in activated C9,  F  (coagulation) factor,  AT  antithrombin,  BK  bradykinin,  HK  high molecular 
weight kininogen,  TAT  thrombin-antithrombin,  TF  tissue factor,  CD  cluster of differentiation,  ATP  adenosine triphos-
phate,  TSP-1  thrombospondin-1,  MPO  myeloperoxidase,  DR  HLA-DR,  sVCAM-1  soluble vascular cell adhesion molecule-1, 
 sICAM-1  soluble intercellular cell adhesion molecule-1  
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microscope slide model has been used, it is also possible to perform immunochemical staining of the 
cells that have bound to the test slide. By using these models, we have shown that various biomaterials 
behave differently with respect to the activation of complement and coagulation on the solid phase 
and in the  fl uid phase, and both phases therefore need to be considered when evaluating activation by 
biomaterials or therapeutic cells. 

 Observations made using whole blood models may then be dissected further using different tech-
niques, e.g., surface plasmon resonance (SPR) or quartz crystal balance (QCM) for real-time mea-
surements using puri fi ed proteins and/or human serum (Andersson et al.  2002,   2005b ; Jokiranta et al. 
 2001 ; Arima et al.  2011 ; Selborn et al.  2003  ) .  

    18.3.5   Using Speci fi c Inhibitors 

 In addition to testing the properties of potential or actual biomaterials, the loop and slide chamber 
models have been used to monitor the effect and reaction mechanisms of a number of soluble pharma-
ceutical inhibitors. The characterized inhibitors, either alone or in combination, can then be used to 
dissect the activation mechanisms of the various cascade systems and blood cells induced by materials 
and therapeutic cells as well as the cross talk between the various systems. For this purpose, comple-
ment can be inhibited at different levels: activation of the C1 complex may be inhibited by C1INH 
(Patston et al.  1991  ) ; by speci fi c blocking of monoclonal antibodies (mAb), e.g., against the globular 
heads of C1q (Hamad et al.  2010a ; Wouters et al.  2005  ) ; by compstatin, which binds to C3 and blocks 
its activation by both convertases (Nilsson et al.  1998 ; Katragadda and Lambris  2006  ) ; by eculizumab, 
an anti-C5 mAb; by C5a receptor antagonists (C5aRA), which block the generation and receptor bind-
ing and signaling of C5a, respectively (Lindorfer et al.  2010 ; Strey et al.  2003  ) ; or by soluble comple-
ment receptor 1 (Larsson et al.  1997  ) . Clotting can be inhibited at the level of FXII in the contact 
activation system by corn trypsin inhibitor (CTI) (Mahoney et al.  1984 ; Hojima et al.  1980  ) ; at the 
level of TF/FVII by active site-inactivated FVIIa (iFVIIa) (Moberg et al.  2002  ) , by a low molecular 
weight FVIIa inhibitor (Johansson et al.  2005  ) , or by blocking mAbs against TF (Moberg et al.  2002  ) , 
or by inhibition of thrombin using one of the speci fi c inhibitors melagatran (Ozmen et al.  2002  )  or 
lepirudin (Mollnes et al.  2002  ) . Finally, platelet inhibition may be achieved using a number of com-
pounds, including the GPIIb/IIIa inhibitors Ro44 and Reopro (Hong et al.  2001  )  or various P2Y12 
receptor inhibitors (Christensen et al.  2006  ) , or by digesting ADP, which is released by activated plate-
lets and necessary for platelet aggregation with the enzyme apyrase or CD39 (Nilsson et al.  2010  ) .   

    18.4   Two Problems that Have Been Addressed 
Using In Vitro Whole Blood Models 

    18.4.1   The Interaction Between Titanium and Blood 

 Titanium has long been used for implantation into bone, but the basic mechanisms behind its superior 
osteointegration have not been well understood. In an initial study, we tested various titanium surfaces 
in the slide chamber model with whole blood and found that titanium was a potent activator of the 
intrinsic pathway of coagulation, resulting in substantial platelet activation and the release of a num-
ber of growth factors, some of which have been reported to stimulate proliferation of bone cells (Hong 
et al.  1999b  ) . In a follow-up study, we screened eight different metals commonly used in various 
medical devices by using the same experimental setup and found that they differed considerably with 
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regard to their thrombogenicity, with titanium being among the most potent, and aluminum among the 
most inert. In contrast, all surfaces activated complement to a similar degree (Hong et al.  2005  ) . 

 The purpose of titanium implants is to integrate into the bone as ef fi ciently as possible, and it is 
therefore bene fi cial to use implants that induce a potent platelet activation and release of growth fac-
tors as possible. The slide chamber model has further been used to screen titanium surfaces used for 
clinical application with different surface modi fi cations in order to identify surface modi fi cation strat-
egies that augment the thrombogenic properties of titanium, with implications for healing into bone 
(Thor et al.  2007 ; Hong et al.  2011  ) .  

    18.4.2   The Instant Blood-Mediated In fl ammatory Reaction (IBMIR) 

 Transplantation of islets of Langerhans to patients with severe type 1 diabetes is a promising treat-
ment. In this procedure, islets of Langerhans are isolated from the pancreas by enzyme digestion fol-
lowed by gradient centrifugation and then infused into the portal vein of the recipient. However, the 
procedure is hampered by a severe tissue loss; immediately during transplantation when the nonhe-
matological cells of the islets of Langerhans make contact with the blood, there is substantial damage 
to the infused cells due to an innate immunity reaction. We have described and dissected these reac-
tions which we have termed the instant blood-mediated in fl ammatory reaction (IBMIR). 

 A substantial amount of our work to characterize the IBMIR was performed using the modi fi cation 
of the tubing loop model described above in Sect.  18.3.2 , in conjunction with different speci fi c inhibi-
tors as discussed in Sect.  18.3.5 . In summary, the IBMIR is an instantaneous thrombotic and 
in fl ammatory reaction which consists of powerful activation of the coagulation and complement sys-
tems, mediating activation and binding of platelets to the islet surface, followed by leukocyte activa-
tion and in fi ltration into the islets, which ultimately result in the loss of islet integrity. TF, thrombin, 
anaphylatoxin C5a, as well as numerous cytokines and chemokines, e.g., MCP-1, IL-8, and MIF, have 
all been demonstrated to contribute to the detrimental effects of the IBMIR (Bennet et al.  1999 ; Moberg 
et al.  2002,   2003,   2005 ; Johansson et al.  2003,   2005 ; Cabric et al.  2007,   2008 ; Nilsson et al.  2011  ) .   

    18.5   Possibilities and Limitations of Using In Vitro Models with Whole Blood 

 Activation of the cascade systems in the blood is a surface-oriented phenomenon that takes place at 
both the blood/biomaterial interface and the blood/gas surface (Ekdahl et al.  1992  ) . The activation 
induced by the biomaterial surfaces of the test system may be attenuated by surface-bound heparin. In 
contrast, there is constant turnover of the interface between blood and gas, a phenomenon that is not 
affected by various surface-modi fi cation strategies. This means that there will be a background level 
of activation, in particular of complement, in each experimental system. 

 In our hands, it is possible to circulate blood in the tubing loop model for at least 6 h with retained 
pH and oxygen levels (Mangsbo et al.  2009  ) . 

 Another factor that should be borne in mind is that both the models presented involve a limited 
quantity of blood that is incubated in a small container. Although there is ample opportunity for cross 
talk between the various cascade systems and cells in the blood, the models are static in that there can 
be no turnover of activated components. In vivo, activation products such as the various complexes 
that are formed between the protease inhibitors C1INH and AT and their substrates (listed in Table  18.2 ) 
would be removed from the circulation and replaced by new zymogen molecules. Consequently, it is 
dif fi cult to monitor low-level activation of any of the cascade systems in vivo, while in the in vitro 
systems, a low initial activation will be ampli fi ed by downstream reactions.  
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    18.6   Conclusion 

 In conclusion, in vitro techniques such as those described here represent a convenient, biologically 
relevant (since human blood is being used), economical, and ethically acceptable way of screening 
materials and therapeutic cells to exclude those that are unsuitable for further in vivo testing in animal 
models. Insight into the complexity of the molecular-level interactions that take place at the material-
blood interface and the cascades stemming from them is necessary for the development of these 
in vitro techniques and for the development of novel and improved biomaterials.      
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  Abstract   A wealth of experimental and clinical data demonstrates that the complement system is 
involved in the pathogenesis of numerous in fl ammatory diseases. Complement activation contributes 
to injury in disorders that involve nearly every tissue in the body. Concerted effort has been expended 
in recent years to develop therapeutic complement inhibitors. Eculizumab, an inhibitory antibody to 
C5, was recently approved for the treatment of several diseases, and many other complement inhibi-
tors are in clinical development. As these drugs are developed, the need for improved methods of 
detecting and monitoring complement activation within particular tissues will be increasingly impor-
tant. We have developed a magnetic resonance imaging (MRI)-based method for noninvasive detec-
tion of complement activation. This method utilizes iron-oxide nanoparticles that are targeted to sites 
of complement activation with a recombinant protein that contains the C3d-binding region of comple-
ment receptor (CR) 2. Iron-oxide nanoparticles darken (negatively enhance) images obtained by 
T2-weighted MRI. We have demonstrated that the CR2-targeted nanoparticles bind within the kidneys 
of mice with lupus-like kidney disease (MRL/lpr mice), causing a decrease in the T2 signal within the 
kidneys. This method discriminates diseased kidneys from healthy controls, and the magnitude of the 
negative enhancement in the cortex of MRL/lpr mice correlates with their disease severity. This 
method may be useful for identifying those patients most likely to bene fi t from complement inhibitors 
and for monitoring the response of these patients to treatment. These results may open up new avenues 
to develop tools for the monitoring of disease progression in complement-dependent diseases.    

    19.1   C3: At the Center of the Complement System 

 The complement system is an important arm of the body’s innate immune defense against invasive 
pathogens. This system is also necessary for the ef fi cient removal of injured cells and immune com-
plexes (Ricklin et al.  2010  ) . The complement system is a protein cascade comprised of more than 30 
components and receptors. It is activated through three distinct initiating pathways, each of which 
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converges on the protein C3. C3 has been termed the central protein of the complement system. 
During activation, the C3 protein is cleaved into the biologically active fragments C3a and C3b. One 
of these fragments, C3b, is a component of the C3 and C5 convertases and thus catalyzes the cleavage 
of even more C3. During the conversion of C3 to C3b, an internal thioester in the C3 molecule is 
exposed and can form amide and ester bonds with amino and hydroxyl groups on nearby surfaces 
(Dodds et al.  1996 ; Janssen et al.  2006  ) . 

 Fixation of C3b to tissues during complement activation is critical to the effective solid phase acti-
vation of the complement system. Hence, tissue-bound C3b (and other C3 activation fragments) can 
be documented in affected tissues by different techniques, including immuno fl uorescence micros-
copy. Indeed, examination of renal tissue for C3 fragment deposition within the glomeruli is a routine 
part of the evaluation of renal biopsies, and tissue C3 deposits are interpreted as evidence of comple-
ment activation. The ability to noninvasively and repeatedly quantify tissue C3 deposits would enable 
clinicians to monitor in fl ammatory renal diseases, such as lupus nephritis, and to tailor a patient’s 
treatment based on their response. In this chapter, we will review the evidence that tissue-bound C3 
fragments are useful biomarkers of disease, and we will describe a molecular imaging method that has 
been developed to detect tissue-bound C3 fragments by MRI.  

    19.2   The Role of Complement in Autoimmune and In fl ammatory Diseases 

 Immune complexes are potent activators of the classical pathway, so the complement system is engaged 
in immune-complex diseases and in diseases characterized by autoantibodies to self antigens (Walport 
 2001  ) . The complement system is also activated on damaged and apoptotic cells. Complement activa-
tion    on the surface of “altered”-self cells is facilitated by recognition molecules, such as C-reactive 
protein (Griselli et al.  1999  ) , that bind to molecular motifs expressed on the cell surface and then 
engage the complement system. Apoptotic or stressed cells may also reduce the surface expression of 
complement regulatory proteins, thus creating a surface favorable to greater complement activation 
(Elward et al.  2005 ; Thurman et al.  2009  ) . Other local conditions may also favor complement activa-
tion, including a low pH (Fishelson et al.  1987  ) . Finally, it has become clear that congenital de fi ciency 
of complement regulatory proteins predisposes to certain diseases (de Cordoba and de Jorge  2008  ) . 

 As outlined above, complement activation is central to a wide variety of different diseases. But 
while C3 deposition in tissues may be a sensitive indicator of early in fl ammation, it is not speci fi c for 
any disease. The utility of noninvasive detection of complement activation within a given tissue, 
therefore, might be for monitoring the progression of disease after it is diagnosed and the ef fi cacy of 
the treatment, rather than serving as a diagnostic tool.  

    19.3   The Emergence of Complement Therapeutics 

 The pathogenic role of the complement system in disease has been appreciated for decades. 
Consequently, concerted effort has been expended to develop therapeutic complement inhibitors 
(Ricklin and Lambris  2007  ) . Eculizumab, an inhibitory antibody to C5, was originally approved for 
treatment of paroxysmal nocturnal hemoglobinuria and was also recently approved for atypical hemo-
lytic uremic syndrome (Rother et al.  2007  ) . Eculizumab has proven remarkably effective at ameliorat-
ing these previously untreatable diseases, and many new indications are likely to be found in the 
coming years. 

 Hand in hand with the discovery of new indications for eculizumab, it is likely that new agents will 
be developed that modulate the complement system at different levels or that block speci fi c compo-
nents of this system. The complexity of the complement system—the large number of constituent 
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proteins and their various biologic functions—is also an opportunity for the development of therapeutic 
agents with narrower functions and potentially fewer side effects. Another important advance has been 
the development of targeted complement inhibitors (Atkinson et al.  2005,   2008 ; He et al.  2005 ; Huang 
et al.  2008 ; Song et al.  2003 ; Rohrer et al.  2009  ) . These agents deliver therapeutic complement regula-
tory proteins to the anatomic site of complement activation. The ability to target these agents gives 
them greater therapeutic potency while reducing systemic side effects such as susceptibility to infec-
tion (Atkinson et al.  2005  ) . 

 With the expanding use of complement inhibitory drugs, there is a greater need for methods to 
detect and monitor complement activation in tissues. A tool that can report on whether the comple-
ment system is activated in a given patient and in a particular tissue would be invaluable for guiding 
the use of many immunomodulatory drugs, but it would be particularly useful for guiding the use of 
complement inhibitory drugs. The MRI-based method for detecting complement activation described 
below utilizes a recombinant form of complement receptor (CR) 2 to target tissue-bound C3d. This is 
the same approach employed by many of the targeted complement inhibitors developed by Tomlinson’s 
group (Song et al.  2003  ) . In addition, by using the same targeting vector, our imaging probe is well 
suited to identify patients in whom the CR2-targeted inhibitors are likely to be most effective. It may 
also be useful to combine the therapeutic and diagnostic functions of these targeted agents, a concept 
referred to as “theragnostics” (Shubayev et al.  2009 ; Lucignani  2009  ) .  

    19.4   Current Biomarkers of Complement Activation 

 Detection of complement activation can be accomplished by three different means: measurement of 
the levels of complement components or measurement of complement activation fragments in patient 
plasma and detection of complement deposition on biopsy. Tissue biopsy may be the “gold standard” 
for detecting complement activation within a tissue, but of course a biopsy cannot be performed on all 
tissues and serial biopsies are often not feasible. The detection of autoantibodies against complement 
components (such as C3 nephritic factors or inhibitory antibodies to factor H) or genetic defects in 
complement regulatory proteins may implicate the complement system in a given patient’s disease, 
but these  fi ndings do not inform clinicians as to the activation state of the complement system at a 
particular time. 

 The measurement of plasma C3 and C4 has traditionally been performed by physicians to diagnose 
and monitor autoimmune diseases such as lupus (Ramos-Casals et al.  2004 ; Ricker et al.  1991 ; Swaak 
et al.  1986  ) . The plasma levels of C3 and C4 often fall in patients with active disease, presumably due 
to consumption. Immune-complex-mediated diseases, such as lupus nephritis, tend to decrease the 
plasma levels of both C3 and C4 (Hebert et al.  2001  ) , consistent with complement activation through 
the classical pathway. A decreased plasma C3 level is a fairly sensitive marker of active lupus nephri-
tis (Ramos-Casals et al.  2004 ; Swaak et al.  1986  ) . In other immune-complex deposition diseases, such 
as membranoproliferative glomerulonephritis type I, a much lower percentage of patients may have 
low plasma C3 levels (Cameron et al.  1983  ) . In glomerular diseases that are associated with decreased 
C3 levels, the sensitivity of this test ranges from 50% to 90%. However, since low complement levels 
can also be caused by consumption of these proteins or due to underproduction, low C3 or C4 are not 
speci fi c markers of autoimmunity. Sepsis, atheroembolic disease, pancreatitis, and HIV infection, for 
example, all can cause low C3 and C4 levels (Hebert et al.  1991  ) . Underproduction of these proteins 
may be caused by severe malnutrition or liver disease, and production of these proteins may be 
increased during pregnancy or acute phase response. 

 Another drawback of measuring intact plasma C3 and C4 is that some diseases associated with 
complement-mediated tissue injury are not associated with decreased levels of C3. In membranous 
disease, for example, complement fragments are frequently seen in biopsy tissue and in the urine of 
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patients with active disease as well as in animal models, indicating that the complement system is 
central to the development of disease, yet the levels of circulating C3 and C4 are usually normal 
(Morita et al.  2000 ; West  1998  ) . 

 The measurement of complement split products has also shown some promise for monitoring dis-
ease activity (Manzi et al.  1996 ; Porcel et al.  1995  ) . These tests have not gained widespread use, 
however, possibly because their accuracy is affected by sample handling. Furthermore, complement 
measurements performed on plasma, and even urine, do not localize the activation to a particular 
organ. Monitoring individual tissues is important because in a multisystem disease such as lupus, the 
course of treatment may be different depending upon the organ involved.  

    19.5   Tissue-Bound C3 Fragments as Biomarkers of Renal Disease 

 C3 is virtually always present in the biopsies of tissues with immune-complex deposition (di Belgiojoso 
et al.  1975  ) . During activation of C3, the molecule undergoes four sequential cleavages. It is converted 
 fi rst to C3b, then iC3b, C3dg, and  fi nally C3d. Fragments of the C3 molecule are released into the 
circulation during this process, but millions of C3 fragment molecules are also deposited on affected 
tissues during activation. The C3 fragments, starting with C3b covalently bind to amino and hydroxyl 
groups on nearby tissues (Dodds et al.  1996  ) . The bound C3 fragments are thus abundant and durable 
markers of this process. Targeting molecules that recognize epitopes present on intact C3 will likely 
bind to the intact protein in the circulation and are less likely to bind well to the tissue deposits. During 
activation, though, C3 undergoes conformational changes that reveal new epitopes (Janssen et al. 
 2006  ) . These exposed epitopes enable agents to discriminate between intact and cleaved forms of C3. 

 Immuno fl uorescence microscopy of tissue biopsies usually includes staining for C3 deposition, 
and the detection of C3 within the glomerulus is part of the histologic diagnosis of many types of 
glomerulonephritis. Many of the characteristics that make the complement system a useful biomarker 
in tissue biopsies also make it advantageous for molecular imaging. It is a rapidly activated system 
that is self-amplifying. Although the multiplicity of forms of C3 creates challenges for the develop-
ment of targeting molecules speci fi c to one particular fragment, agents that are speci fi c to a single C3 
fragment species also offer opportunities for extracting greater information about the activity and 
duration of disease. For example, studies in rat models of glomerular disease demonstrated that C3c 
antigens (presumably C3b and iC3b) decrease within 24 h of cessation of complement activity 
(Schulze et al.  1993  ) . C3d was much longer lived, persisting several weeks within the glomeruli after 
complement activity was terminated. This indicates that C3b and iC3b are likely better biomarkers of 
“active” disease, but that C3d may be a longer-lived marker. 

 On the other hand, in a mouse model of lupus nephritis, we found that C3d levels decrease in the 
most severe stages of disease (Sargsyan et al.  2011  ) . The cleavage of iC3b to C3dg and C3d requires 
CR1 as cofactor for factor I. The simultaneous accumulation of C3b and iC3b (whose generation also 
requires factor I) with a decrease in the levels of C3d suggests that there is a reduction in the local 
availability of CR1 to mediate this  fi nal cleavage. Indeed, biopsies of patients with lupus nephritis 
demonstrate that there is a reduction in the surface expression of CR1 on glomerular podocytes in the 
setting of lupus nephritis and other types of glomerular disease (Moll et al.  2001  ) . If the local conver-
sion of C3b and iC3b to C3d is reduced in late stages of this disease due to glomerular podocytes 
injury, then the abundance of C3b and iC3b may become a function of both disease activity (which 
increases C3b deposition) and of glomerular damage (which decreases iC3b degradation). 
Consequently, C3d abundance may increase in the early stages of disease but then begin to decline in 
late stages of disease, when structural damage of the tissues reduces the local availability of CR1. 

 The decline in C3d in terminally injured tissues may actually be a desirable characteristic as a 
biomarker. The treatment of autoimmune diseases, such as lupus nephritis, is a balance between the 
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risks of the disease and the side effects of the therapies used to treat it. In addition to identifying which 
patients have disease severe enough to warrant the toxicities of treatment, it is equally important to 
identify those patients whose disease has caused irreversible tissue injury such that they are unlikely 
to derive much further bene fi t from treatment (Fig.  19.1 ). Our results indicate that the abundance of 
C3d in the kidneys of MRL/lpr mice may increase during the early stages of disease but decline in the 
late stages of disease. If this dynamic holds true for other renal diseases, then C3d will be a very useful 
biomarker for identifying patients most likely to bene fi t from immunosuppression and for guiding the 
treatment of patients with these diseases.   

    19.6   Molecular Imaging 

 The term molecular imaging is used to describe methods of detecting the abundance and location of 
speci fi c molecules of interest. This typically involves the use of standard radiologic methods in con-
junction with a probe or contrast agent that reports on a molecule of interest. Probes targeted to 
speci fi c in fl ammation-associated molecules have been used in conjunction with magnetic resonance 
imaging (MRI) (McAteer et al.  2007  ) , ultrasound (Weller et al.  2003  ) , single photon emission com-
puted tomography (SPECT) (Gratz et al.  2001 ; Pons et al.  1996  ) , and positron emission tomography 
(PET) (Roivainen et al.  2003  ) . These imaging modalities differ in their cost, risk to the patient, tissue 
resolution, and sensitivity (Jaffer and Weissleder  2005  ) . The choice of imaging modality for a particu-
lar application usually involves a trade-off of these factors and depends upon which information is 
most critical for the disease in question. Even within a particular disease, there are settings in which 
one approach may be more desirable than another. To detect cancer recurrence, for example, the high 
sensitivity of PET scanning may be desirable. If surgical resection of a tumor is being planned, how-
ever, precise anatomic localization may become more important, favoring the use of modalities with 
greater anatomic resolution, such as PET/CT or MRI. 

 In addition to the choices among different imaging modalities, various types of imaging probes 
have been used for molecular imaging. In general, the probes are comprised of a targeting moiety 
complexed with a reporter element. The targeting moiety is often an antibody to a marker of interest 
(Barrera et al.  2003  ) , a recombinant protein of interest (Signore et al.  2003  ) , or another molecule 
known to bind to disease biomarkers (Banati et al.  2000  ) . The utility of each probe is a function of its 
ability to bind the molecular target with high sensitivity and speci fi city, as well as the accuracy of the 
targeted molecule as a biomarker of disease.  
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  Fig. 19.1     Relation of in fl ammation to disease progression in autoimmune disease.  As autoimmune disease progresses, 
the magnitude of tissue in fl ammation increases, favoring the use of immunomodulatory therapies. However, as the 
disease progresses, the in fl ammation may eventually cause  fi brosis and irreversible tissue injury. Because immunosup-
pressive drugs, themselves, have many adverse side effects; the optimal time to treat is when the tissue in fl ammation 
has reached a threshold of severity but before too much irreversible injury has occurred       
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    19.7   Noninvasive Detection of Complement Activation 

 To develop a contrast agent capable of reporting on complement activation within speci fi c tissues, we 
developed an MRI contrast agent that is targeted to tissue-bound C3d. In order to direct the agent to 
C3d, we employed a recombinant form of complement receptor (CR) 2. The great virtue of CR2 as a 
targeting moiety is that it binds to C3d but not to intact C3 (Weis et al.  1984  ) . This enables CR2-
functionalized contrast agents to bind the tissue-bound C3d without binding C3 in the plasma, increas-
ing the signal to noise ratio. The molecule that we used is a recombinant protein that incorporates two 
of the C3d-binding regions of CR2 with the Fc region of mouse IgG 

1
  [CR2-Fc (Gilbert et al.  2006  ) ]. 

This divalent recombinant protein is approximately 106,600 Da. 
 As the reporter element of our molecular imaging agent, we have also used iron-oxide (magnetite; 

Fe 
3
 O 

4
 ) superparamagnetic nanoparticles. These particles disrupt the magnetic  fi eld in their vicinity and 

affect the relaxation rate of nearby protons, thus decreasing the local signal generated by a T2-weighted 
MRI pulse sequence (Josephson et al.  1988  ) . Ten-nanometer crystals were synthesized, and ~75-nm 
aggregates of the crystals were encapsulated in amine-functionalized phospholipid. The recombinant 
CR2-Fc was conjugated to the surface of the nanoparticles with the amine groups on the surface of the 
nanoparticles. In vitro assays using C3-opsonized Chinese hamster ovary (CHO) cells con fi rmed that 
the surface CR2-Fc retained its ability to bind the cell surface C3 fragments (Serkova et al.  2010  ) . 

 When injected systemically, the CR2 protein conjugated to the surface of the nanoparticles adheres 
to tissue-bound C3d, and the targeted nanoparticles accumulate in in fl amed tissues (Fig.  19.2 ). 
Because of the effect of the targeted particles on T2-weighted MRI signals, the particles darken the 
images of the target tissue. We imaged the animals with a 4.7 T MRI scanner and used a series of 
multislice multiecho (MSME) T2-weighted pulses with 16 various echo times. The T2-relaxation 
times (in milliseconds, ms) of kidney cortex, inner and outer medulla, as well as muscle (as a control 
tissue) were then calculated. The baseline signal of a tissue may change with injury due to the altered 
structure and water content of the tissue, so comparison of the tissues is not based upon an absolute 
level of T2 signal, but rather it is based upon the change that occurs after the particles bind within 
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  Fig. 19.2     Method for detecting glomerular C3d deposition by magnetic resonance imaging (MRI).  ( a ) Iron-oxide 
superparamagnetic nanoparticles are used as an MRI contrast agent. A recombinant protein that contains two copies of 
the C3d-binding region of complement receptor type 2 (CR2) linked to the Fc region of mouse IgG 

1
  was conjugated to 

the nanoparticle surface. ( b ) When injected systemically, the particles bind to tissue deposits of C3d and accumulate in 
the glomeruli of diseased mice. ( c ) The accumulation of the nanoparticles darkens (negatively enhances) the kidneys of 
diseased mice when imaged by T2-weighted MRI       
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the tissue. This change in signal, or  D T2, is proportional to the abundance of the C3d target. We found 
that the reduction in T2 signal in the kidney lasted 48–72 h after injection of the particles (Serkova 
et al.  2010  ) .  

 We tested the particles in MRL/lpr mice, a model of lupus-like renal disease (Serkova et al.  2010  ) . 
This is a genetically determined disease that progresses as the mice age. We found that the negative 
enhancement of 16-week MRL/lpr mice could be used to distinguish the diseased animals from age-
matched wild-type controls. We examined muscle as a control tissue, and no  D T2 was seen in muscle 
after injection of the targeted nanoparticles. Furthermore, untargeted nanoparticles did not cause neg-
ative enhancement of the kidneys in MRL/lpr mice, demonstrating the speci fi city of the method. 
Experiments using factor H-de fi cient mice ( fH   −/−   mice), which develop renal disease associated with 
prominent glomerular C3d deposits but scant glomerular immune complexes, were performed to fur-
ther con fi rm the speci fi city of binding of the CR2-targeted nanoparticles to C3d (Pickering et al. 
 2002  ) . When unlabeled, CR2-Fc protein was injected into these mice to block the glomerular binding 
sites for the CR2-targeted nanoparticles; less of the CR2-targeted nanoparticles accumulated in the 
glomeruli as assessed by iron staining [Fig.  19.3  (Sargsyan et al.  2011  ) ].  
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  Fig. 19.3     In vivo speci fi city of CR2-targeted SPIO.  To con fi rm that accumulation of CR2-targeted SPIO in nephritic 
kidneys is mediated by the CR2 moiety, we used unlabeled CR2-Fc to block the binding of CR2-targeted SPIO. For this 
experiment,  fH   −/−   mice were used. The  fH   −/−   mice have abundant glomerular C3 fragments but do not have glomerular 
IgG. After preinjecting some of the mice with CR2-Fc,  fH   −/−   mice were injected with CR2-targeted SPIO and harvested 
after 48 h. ( a ) Representative images of kidneys of  fH   −/−   mice stained for C3 fragments, con fi rming abundant C3 depo-
sition in the glomeruli of these mice. ( b ) Representative image of the glomerulus of a  fH   −/−   mouse preinjected with 
CR2-Fc stained for murine IgG in order to detect the CR2-Fc protein. In the mice preinjected with CR2-Fc, diffuse 
deposition of the CR2-Fc was seen throughout the glomerulus, similar to the pattern of C3 deposition. ( c ) Quanti fi cation 
of iron-containing glomeruli of  fH   −/−   mice 48 h after intravenous CR2-targeted SPIO injection without (−CR2-Fc) or 
with (+CR2-Fc) preinjection of CR2-Fc, that is, without or with blocking of C3b/iC3b/C3d binding sites of CR2-
targeted SPIO. The left and right kidneys of each mouse were examined;  n  = 3 mice per condition.  p  < 0.0001, Student’s 
 t  test. Kidney Int (Sargsyan et al.  2011  )        
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 As stated above, we have found that the abundance of glomerular C3 deposition increases as MRL/
lpr mice age, resulting in peak levels by 20 weeks of age followed by a subsequent decline. The mag-
nitude of  D T2 in the cortex of MRL/lpr mice injected with CR2-targeted nanoparticles increased as 
the mice aged from 12 to 20 weeks and then declined at 24 weeks of age (Fig.  19.4 ). Thus, the  D T2 
mirrored the abundance of glomerular C3d. It also mirrored the severity of the renal disease up to 20 
weeks and then declined during the terminal stages of the disease.   

    19.8   Detection of Complement Activation in Other Organs 

 The complement system is involved in in fl ammatory and autoimmune diseases of nearly every organ. 
We have initially focused on the kidney because of the well-established understanding of complement 
activation in a wide range of renal diseases, as well as the routine staining of renal biopsies for C3 
deposition. However, C3 deposition may be useful as a biomarker of many other diseases, including 
age-related macular degeneration (AMD) (Anderson et al.  2010  ) , degenerative diseases of the central 
nervous system (Zhou et al.  2008  ) , and vascular disease (Vlaicu et al.  1985  ) . Because these other 
organs are not readily accessible to biopsy, the noninvasive detection of complement activation within 
the tissue offers the promise of revealing early stage tissue in fl ammation as well as monitoring disease 
progression. Such information could allow clinicians to titrate the intensity and duration of treatment. 
The ability to monitor tissue complement activation could also provide a useful surrogate for evaluat-
ing drugs in chronic in fl ammatory diseases. 

 For each new disease studied, however, the relation of tissue C3 deposits with disease activity will 
need to be established. The utility of C3d as a disease biomarker will depend upon the kinetics of its 
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  Fig. 19.4     Noninvasive detection of glomerulonephritis progression.  T2 relaxation times were measured before complement 
receptor type 2 (CR2)-targeted superparamagnetic iron-oxide injection and 48 h following injection. Changes in T2 
relaxation times from preinjected values [ D T2 relaxation times in milliseconds (ms)] for left kidney cortex of MRL/lpr 
and control MRL/Mpj mice at 12, 16, 20, and 24 weeks are presented. When  D T2 relaxation times were compared 
between the two strains, the MRL/lpr mouse kidneys showed signi fi cantly reduced T2 relaxation times at 20 weeks 
compared to those of age-matched MRL/Mpj mouse kidneys (* P  < 0.05). When  D T2 relaxation times were compared 
between the ages within the same strain, the MRL/lpr mouse kidneys showed a signi fi cant decrease in  D T2 relaxation 
time at 20 weeks for cortex (# P  < 0.05) when compared with earlier ages. [Reproduced from Sargsyan et al.  (  2011  ) . 
Detection of glomerular complement C3 fragments by magnetic resonance imaging in murine lupus nephritis. Kidney 
Int. (Sargsyan et al.  2011  ) ]       
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accumulation early in the course of the disease. As was seen with glomerular disease, the conversion 
of C3b/iC3b to C3d may diverge from the overall deposition of the earlier C3 fragments. Each tissue 
will also differ in its baseline T2 intensity. This is important because the targeted iron-oxide nanopar-
ticles cause a reduction in the T2 signal, creating an effective T2 void. For tissues that are relatively 
dark at baseline, there will be a reduced dynamic range with which to detect the accumulated parti-
cles. The contrast agent will also need to reach the site of in fl ammation, and the accumulation of a 
given agent may vary from tissue to tissue. In sites protected by a barrier, such as in the eye and the 
CNS, the particles may not gain access to the target C3d. On the other hand, in fl ammation increases 
vascular permeability, which may increase the access of the nanoparticles to the target site. The 
requirement of in fl ammatory changes to permit tissue penetration could, theoretically, add speci fi city 
of the any observed contrast effect.  

    19.9   Detection of Complement Activation Using Other Imaging Modalities 

 Other imaging modalities may offer greater sensitivity than MRI for detection of complement activa-
tion. Because MRI is relatively time consuming, these other modalities may also be more conducive 
to whole-body imaging. A recombinant form of CR2 has been radiolabeled with (99m) Tc for use as 
a potential imaging agent (Badar et al.  2011  ) . Radiolabeled targeting proteins can be injected systemi-
cally and then detected by single photon emission computed tomography (SPECT) or positron emis-
sion tomography (PET). Antibodies to the C3 fragments could also be used for this purpose, provided 
that they preferentially bind to the activation fragments and not intact C3. 

 Optical imaging may not be useful for detecting complement proteins in most organs, but this 
method may be particularly well suited for detecting complement activation in retinal diseases, such 
as AMD. Uncontrolled activation of the complement cascade is thought to be associated with AMD, 
and C3 fragments are present in the fundus lesions of these patients (Anderson et al.  2010  ) . Currently, 
AMD is diagnosed clinically based upon characteristic changes observed during examination of the 
fundus and the choroidal vasculature. Given the accessibility of this site to visual examination, 
however,  fl uorescently labeled proteins targeted to C3 fragments might be detectable by optical imag-
ing of the back of the eye. This could provide a powerful method of detecting AMD at an earlier stage. 
In addition, this procedure could also be performed serially in order to monitor the progression of 
disease. There is signi fi cant interest in developing complement inhibitors as therapeutics for AMD 
(Rohrer et al.  2010  ) , and an optical imaging method for monitoring and quantifying complement 
activation would be of particular use.  

    19.10   Conclusions 

 Tissue-bound fragments of C3, such as C3d, are useful biomarkers of in fl ammatory diseases. The 
importance of detecting complement activation in real time is even greater now that complement 
inhibitory agents have entered the clinic. Our experience using CR2-targeted iron-oxide nanoparticles 
for detection of intrarenal complement activation by MRI demonstrates the feasibility of developing 
methods to noninvasively monitor complement activation in tissues. Given the frequent involvement 
of the complement system in a wide range of diseases and the rapid development of therapeutic 
complement inhibitors, the ability to track the status of the complement system in a given patient will 
become even more important in the coming years. It is likely that new contrast agents will enable 
detection of tissue-bound C3d by different imaging modalities. The physicochemical properties of 
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each new molecular imaging agent will determine its ability to report on in fl ammation in different 
anatomic locations. As each new agent is developed, it will be necessary to identify the tissues and 
diseases for which it is best suited.  
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  Abstract   Progression from health to disease is accompanied by complex changes in protein expression 
in both the circulation and affected tissues. Large-scale comparative interrogation of the human 
proteome can offer insights into disease biology as well as lead to the discovery of new biomarkers 
for diagnostics, new targets for therapeutics, and can identify patients most likely to bene fi t from 
treatment. Although genomic studies provide an increasingly sharper understanding of basic biologi-
cal and pathobiological processes, they ultimately only offer a prediction of relative disease risk, 
whereas proteins offer an immediate assessment of “real-time” health and disease status. 

 We have recently developed a new proteomic technology, based on modi fi ed aptamers, for bio-
marker discovery that is capable of simultaneously measuring more than a thousand proteins from 
small volumes of biological samples such as plasma, tissues, or cells. Our technology is enabled by 
SOMAmers ( S low  O ff-rate  M odi fi ed  A pta mers ), a new class of protein binding reagents that contain 
chemically modi fi ed nucleotides that greatly expand the physicochemical diversity of nucleic acid-
based ligands. Such modi fi cations introduce functional groups that are absent in natural nucleic acids 
but are often found in protein–protein, small molecule–protein, and antibody–antigen interactions. 
The use of these modi fi cations expands the range of possible targets for SELEX ( S ystematic  E volution 
of  L igands by  EX ponential Enrichment), results in improved binding properties, and facilitates selec-
tion of SOMAmers with slow dissociation rates. 

 Our assay works by transforming protein concentrations in a mixture into a corresponding DNA 
signature, which is then quanti fi ed on current commercial DNA microarray platforms. In essence, we 
take advantage of the dual nature of SOMAmers as both folded binding entities with de fi ned shapes 
and unique nucleic acid sequences recognizable by speci fi c hybridization probes. Currently, our assay 
is capable of simultaneously measuring 1,030 proteins, extending to sub-pM detection limits, an aver-
age dynamic range of each analyte in the assay of >3 logs, an overall dynamic range of at least 7 logs, 
and a throughput of one million analytes per week. Our collection includes SOMAmers that speci fi cally 
recognize most of the complement cascade proteins. We have used this assay to identify potential 
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biomarkers in a range of diseases such as malignancies, cardiovascular disorders, and in fl ammatory 
conditions. In this chapter, we describe the application of our technology to discovering large-scale 
protein expression changes associated with chronic kidney disease and non-small cell lung cancer. 
With this new proteomics technology—which is fast, economical, highly scalable, and  fl exible—we 
now have a powerful tool that enables whole-proteome proteomics, biomarker discovery, and advanc-
ing the next generation of evidence-based, “personalized” diagnostics and therapeutics.   

     20.1   Introduction 

 Development of any new therapeutic requires the identi fi cation of a suitable target for therapeutic 
intervention, discovery of the molecule capable of modulating its activity, completion of preclinical 
and clinical studies required for approval, and  fi nally—if things go well—regulatory approval. 
Although this chapter does not discuss speci fi c complement therapeutics, we describe a novel and 
versatile high-content proteomics assay that can be used to discover new biomarkers or new targets 
for therapeutic intervention in a hypothesis-free manner across many different diseases and condi-
tions, including those with complement involvement. This powerful tool can also be useful through-
out the drug development pipeline, from basic research, such as target validation or mechanism-of-action 
studies, to later-stage clinical studies, such as monitoring drug safety or patient enrollment. Our assay 
is based on a large collection (>1,000) of unique af fi nity reagents called SOMAmers. We illustrate the 
wide range of applications of our assay through several clinical studies. Because each SOMAmer is a 
well-de fi ned molecule capable of binding to a speci fi c protein target, we also address the potential use 
of SOMAmers in diagnostics and therapeutics.  

    20.2   SELEX Then and Now 

 Since the  fi rst description of SELEX more than 20 years ago (Tuerk and Gold  1990 ; Ellington and 
Szostak  1990  ) , aptamers to a wide variety of molecular targets have been described, including pro-
teins, peptides, and small molecules. Aptamers are short single-stranded oligonucleotides that fold 
into diverse and intricate molecular structures that allow them to bind with high af fi nity and speci fi city 
to their targets. The power of SELEX comes from the extremely large libraries of randomized nucleic 
acid sequences that can be ef fi ciently screened for molecules with functional properties de fi ned by the 
selection conditions. A SELEX library with 40 random sequence positions has 4 40  (~10 24 ) possible 
combinations and a typical selection screens 10 14 –10 15  unique molecules. This is on the order of 10 5  
times larger than standard peptide or protein combinatorial molecular libraries (Binz et al.  2005  ) . 

 These large numbers, which translate to an enormous shape repertoire, make up to a large degree 
for an imbalance in diversity: with 4 bases compared to 20 amino acids, the chemical diversity of 
nucleic acid libraries is considerably lower than that of proteins. Other than just the numerical advan-
tage, the physicochemical diversity of amino acids is also considerably greater than that of the four 
nucleic acid bases. 

 Until recently, most SELEX experiments have been performed with natural RNA and DNA or with 
nucleic acid libraries modi fi ed at the 2 ¢ -position of ribose (such as 2 ¢ - fl uoro, 2 ¢ -amino, or 2 ¢ -O-methyl 
substitutions) for enhanced nuclease resistance. These modi fi cations have been very useful for gener-
ating aptamers with improved stability in vitro and longer residence times in vivo. However, their 
contribution to chemical diversity, and therefore the overall success rate of SELEX, has been modest. 
Fortunately, there are other positions in nucleic acids that can be modi fi ed in a manner compatible with 
the enzymatic steps of SELEX, and additional diversity has recently been introduced via modi fi cations 
at the 5 ¢ -position of uridine (Vaught et al.  2010  ) . Substantial additional chemical diversity can be 
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introduced with this type of chemistry, permitting the incorporation of functional groups often found 
in protein–protein interactions, antigen–antibody interactions, and small molecule drugs. Importantly, 
the use of these modi fi cations has greatly expanded the range of possible targets for SELEX. 

 When tested against a panel of “dif fi cult” human proteins for which SELEX with unmodi fi ed DNA 
repeatedly failed, in side-by-side experiments, three modi fi ed DNA libraries showed considerably 
better success, as shown in Table  20.1 . As an internal control, we included an “easy” target (GA733-1 
protein) for which unmodi fi ed DNA SELEX results in reproducible af fi nity enrichment. With these 
dif fi cult SELEX targets, only modi fi ed nucleotide libraries yielded notable af fi nity enrichment. In this 
example, depending on the target, certain modi fi cations worked better than others, demonstrating the 
bene fi t of applying multiple modi fi cations against the same target to ensure a high probability of suc-
cess. In light of these results, which have since been repeated in numerous additional SELEX experi-
ments, we have adopted modi fi ed nucleotide SELEX as a new standard in all of our selections.  

 To describe their unique composition and to re fl ect the deliberate selection for slow kinetics of dis-
sociation from their targets, we have named this new class of binding reagents SOMAmers. The higher 
success rate of SELEX has allowed us to build a portfolio of SOMAmers that currently contains over 
1,000 high-af fi nity reagents. SOMAmers have been derived for targets that cover a diverse set of 
molecular functions and several known disease or physiology associations (Fig.  20.1a ). This diverse 
and expanding set of targets provides extensive coverage of major gene families including receptors, 
kinases, growth factors and hormones, and span a diverse collection of secreted, intracellular and extra-
cellular proteins or domains (Fig.  20.1b, c ). Most SOMAmers to protein targets have dissociation con-
stant (K 

d
 ) values of less than 1 nM (Gold et al.  2010  ) .  

 We have recently solved several co-crystal structures of SOMAmers bound to their protein targets 
(manuscript in preparation). These structures have given us a window into the astonishing diversity and 
novel structural themes that can be achieved with SOMAmers, including the utilization of hydrophobic 
moieties unique to SOMAmers for intramolecular motifs and SOMAmer–protein contacts. It is clear 
that apparently subtle modi fi cations to standard nucleotide chemistry, and at only one of the four bases, 
open up a new world of possible structures. In addition to known shape complementarity, polar  contacts, 

   Table 20.1    SELEX    library af fi nities (K 
d
 , nM) with unmodi fi ed and modi fi ed nucleotides   

 Target protein  Unmodi fi ed DNA  (Bn)dUTP  (iBu)dUTP  (Trp)dUTP 

 CH 
3
  

                  
 GA733-1 protein a   9  3  5  0.5 
 Osteoprotegerin a   40  5  9  0.2 
 4-1BB a   >100 b   6  >100  4 
 B7 a   >100  10  >100  7 
 B7-2 a   >100  >100  >100  6 
 CTLA-4 a   >100  >100  >100  1 
 sE-selectin a   >100  >100  >100  2 
 Fractalkine  >100  >100  >100  0.05 
 gp130, soluble a   >100  6  20  1 
 HMG-1  >100  >100  20  5 
 IR  >100  2  10  0.2 
 PAI-1  >100  0.4  0.9  0.2 
 P-cadherin a   >100  4  5  3 
 sLeptin R a   >100  2  >100  0.5 

   a The protein used was expressed as a fusion to the Fc of human IgG 
1
 . No detectable binding of the active library to an 

alternate Fc fusion protein was observed 
  b No detectable binding up to target protein concentration of 100 nM was observed  
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hydrogen-bonding interactions, and charge–charge interactions observed in aptamers, SOMAmer–
protein interactions include hydrophobic contacts, which are known to play a key role in protein–protein 
interactions.  

    20.3   Revisiting Shapes and Tapes: High-Content Proteomics 

 So what can we do with such a unique collection of binding reagents? There are three primary areas 
that we are pursuing: highly multiplexed proteomic analyses, diagnostics, and therapeutics. 

 For high-content proteomic analyses, we have developed an assay that takes advantage of the dual 
nature of SOMAmers as high-af fi nity binding reagents (shapes) that can also be hybridized to speci fi c 
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nucleic acid probes on existing nucleic acid array platforms (tapes). The modi fi cations at the 5 ¢ -position 
of uridine do not interfere with canonical base pairing (as is required for SELEX), and therefore 
SOMAmers hybridize effectively to capture probes on the oligonucleotides array. Binding of a collec-
tion of SOMAmers to their protein targets in a complex mixture (such as plasma, serum, homogenized 
tissue, cell extracts, and the like) is carried out in solution rather than on a surface to take advantage of 
more favorable kinetics of binding and dissociation. 

 In our assay, the sample is incubated with a mixture of SOMAmers, each containing a biotin, a 
photocleavable group, and a  fl uorescent tag. SOMAmer–protein complexes are then captured on 
streptavidin beads in a step we refer to as “catch-1” (Fig.  20.2 ). The beads are then washed to remove 
unbound proteins, followed by biotin-labeling of bead-associated proteins. The complexes are then 
released from the beads back into solution by photocleavage with UV light (biotin that was originally 
part of the SOMAmer now remains on beads), diluted and challenged with a high concentration of a 
polyanionic competitor dextran sulfate. It is in this step that a second dimension of speci fi city (equiva-
lent to a second antibody in a sandwich binding assay) is achieved. Because dissociation rates of 
cognate SOMAmer–protein interactions are much slower than those of nonspeci fi c interactions, a 
polyanionic competitor selectively disrupts non-cognate complexes. It is worth noting that one of the 
reasons such a high degree of multiplexing is possible in our assay is the fact that, since all aptamers 
are polyanions, there exists a common non-denaturing competitor capable of disrupting virtually 
all  SOMAmer–protein interactions. Such a general competitor is not known for protein–protein or 
antibody–antigen interactions.  

 Following this kinetic challenge step, the complexes are recaptured on a second set of beads via the 
biotinylated proteins (“catch-2”), followed by additional washing to remove unbound SOMAmers. 
Finally, the SOMAmers that remain associated with beads through their cognate proteins are dena-
tured under basic conditions (DNA is stable to base) and eluted and hybridized to complementary 
probes printed on a standard DNA microarray. In this manner, protein concentrations in the original 
sample are quantitatively converted into addressable  fl uorescence signals on the array. 

 Based on pull-down experiments that mimic conditions of our assay, we have observed a high 
degree of speci fi city with  fl uorescence signals re fl ecting cognate SOMAmer–protein interactions, 

  Fig. 20.2    ( a ) Schematic representation of an interaction between a SOMAmer ( green ) and its protein target ( red  ). 
Modi fi ed residues at the interface are shown in  purple . For the assay, the SOMAmer contains a biotin ( B ), a photocleav-
able linker ( L ), and a  fl uorophore ( F ) at the 5 ¢  end. ( b ) Schematic sequence of assay steps leading to quantitative readout 
of target proteins (clockwise from top left): SOMAmer–protein binding, capture onto streptavidin-coated beads (“catch-
1”), biotin-labeling of proteins, photocleavage followed by kinetic challenge, second biotin capture (“catch-2”), release 
from complexes into solution at high pH, and hybridization to microarray. SOMAmers are detected by  fl uorescent tags 
when the array is scanned       
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even at a very high multiplicity. Aside from the intrinsic speci fi city of SOMAmers and the off-rate 
differential between speci fi c and nonspeci fi c interactions, the use of two separate bead capture steps 
clearly contributes to overall speci fi city. This is because the nature of nonspeci fi c binding interactions 
between proteins and SOMAmers bound to beads (catch-1) is different from that of SOMAmers bind-
ing to proteins immobilized on beads (catch-2). Nonspeci fi c binding of proteins to surfaces is often 
characterized by high avidity, multivalent interactions, which can have long off-rates. Reversing the 
polarity of attachment of the complexes on beads (i.e., from SOMAmer-bound to protein-bound) 
ensures that multivalent interactions on catch-1 beads (e.g., involving a protein with multiple binding 
sites for nucleic acids) are converted to monovalent interactions on catch-2 beads (where each 
SOMAmer may interact as a monomer with all immobilized binding sites of that protein). In this man-
ner, differences in off-rates between speci fi c and nonspeci fi c interactions can be fully exploited. 

 The current version of our assay, which we call SOMAscan, measures 1,030 proteins, a number 
that we continue to increase regularly. Despite its complexity, the assay has a large overall dynamic 
range of 7 logs (from 100 fM to 1  m M), low limits of detection (0.3 pM median), and excellent repro-
ducibility (5% median intra-run and inter-run coef fi cient of variance) (Gold et al.  2010  ) .  

    20.4   Biomarkers of Chronic Kidney Disease 

 To establish the utility of SOMAscan with real clinical samples, we obtained and analyzed serum 
samples from subjects with chronic kidney disease (CKD). The progressive decline in kidney function 
characteristic of CKD is a substantial global healthcare problem that affects about one-tenth of the 
population worldwide (Levey et al.  2007  ) . Early detection often translates to better treatment options, 
and the discovery of new disease-related biomarkers could result in more timely diagnosis, more 
effective disease monitoring, and improved clinical outcomes. Glomerular  fi ltration rate (GFR) of 
serum proteins depends primarily on their size and charge (Venturoli and Rippe  2005  ) , and a reduc-
tion in GFR that accompanies CKD could be expected to lead to an increase in the concentration of 
small (<45 kDa), basic proteins. 

 Of the 42 serum samples obtained from CKD patients at the Rogosin Institute (Cornell University, 
Ithaca, NY), 11 subjects had early-stage and 31 subjects had late-stage CKD (Table  20.2 ) based on 
estimated GFR (eGFR) (Stevens et al.  2006  ) . In this study, we simultaneously measured 614 human 
proteins, which represented the array size at the time analyses were conducted. Comparison of relative 
protein amounts for all measured analytes in serum for early-stage versus late-stage CKD was ana-
lyzed for signi fi cance using the Mann–Whitney test (Fig.  20.3a ). Sixty analytes varied signi fi cantly 
between the two groups with a q-value (p-value corrected for false discovery rate) of  £ 4.2 × 10 −4  

   Table 20.2    CKD population 
demographics   

 Early-stage CKD a   Late-stage CKD b  

  N  (total = 42)  11  31 
 Gender %F (F/M)  33% (4/11)  45% (14/31) 
 Ethnicity (A/B/C/H) c   1/5/1/4  2/9/0/20 
 Age (avg years)  62 [51–68]  67 [57–77] 
 Wt. (avg kg)  89 [73–98]  88 [75–104] 
 BMI (avg)  30.5 [26.6–36.5]  31.8 [27.1–36.6] 
 eGFR (median) d   70 [62–97]  25 [7–49] 

   a Stages 1–2 based on eGFR 
  b Stages 3–5 based on eGFR 
  c A, Asian; B, African American; C, Caucasian; H, Hispanic 
  d eGFR determined from creatinine clearance (MDRD formula) mL/min/m 2   
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  Fig. 20.3    ( a ) CKD biomarker discovery using SOMAscan. Mann–Whitney  q -values ( p -values corrected for false dis-
covery rate) comparing late-stage versus early-stage CKD. Eleven analytes with the smallest  q -values ( £ 3.4 × 10 −7 ) are 
shown in  red  bars. ( b ) Protein concentrations (expressed as RFU values) as a function of renal clearance (eGFR) for the 
eleven best biomarkers of late-stage ( red  symbols) versus early-stage ( blue  symbols) CKD. ( c ) Plot of molecular mass 
of a protein and the probability that it is a CKD biomarker ( q -value) (Reproduced from Gold et al .   (  2010  ) )       
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(Gold et al.  2010  )    . Eleven analytes with the lowest q-values ( £ 3.4 × 10 −7 ) are shown in Fig.  20.3b . Nine 
out of eleven are relatively small proteins (<25 kDa), and among this group are two important known 
markers of CKD, cystatin C (M 

r
  = 13.3 kDa) and  b  

2
  microglobulin (M 

r
  = 11.7 kDa) (Fassett et al. 

 2011  ) . Complement factor D (M 
r
  = 24.4 kDa) and the soluble form of TNF receptor-1 (M 

r
  = 21.2 kDa) 

have also been reported to be elevated in CKD (Pascual et al.  1988 ; Riemsdijk-van Overbeeke et al. 
 2000     ) . Rediscovery of previously known biomarkers is an important validation for a new platform 
which also lends added credibility to the newly discovered markers. Another observation that sup-
ports the notion that these 11 proteins are biomarkers for CKD progression is the inverse correlation 
between eGFR and protein concentration (Fig.  20.3b ).   

 Our observation that small proteins accumulate in blood as a result of reduced GFR is hardly sur-
prising. However, the fact that many small proteins either change substantially less or not at all with 
disease progression is less intuitive (Fig.  20.3c ) and shows that renal tissue injury and secondary sys-
temic effects resulting from reduced renal function clearly also affect the proteome (protein charge 
appears to have no obvious in fl uence on the quality of biomarkers). It is also possible that some small 
proteins may be associated with other proteins in blood so that their larger effective circulating molec-
ular mass results in reduced renal  fi ltration rate. Another possibility is that the epitopes recognized by 
SOMAmers may not be fully available, for a variety of reasons (e.g., being occupied with another 
protein), thus interfering with accurate measurement in our assay. In any event, our data clearly show 
that only a subset of small proteins appear to accumulate in CKD. This  fi nding is consistent with the 
notion that increased concentration in plasma of such low molecular weight proteins, sometimes 
referred to as “middle molecules,” contributes to the pathology of kidney disease (Vanholder et al. 
 2008  ) . High-content proteomic analysis provides a means of unbiased discovery of such proteins and 
their relationship to disease progression.  

    20.5   Protein Signatures at the Source and in the Blood 

 Despite a surge in interest in biomarkers as re fl ected by the number of publications in the  fi eld, the 
discovery and—more critically—the validation of new biomarkers with demonstrable diagnostic or 
clinical utility remain a considerable challenge (Diamandis  2010  ) . The reasons for this gap are well 
known and include pre-analytical and analytical artifacts, lack of adequate disease controls for certain 
diseases (i.e., matched samples from healthy individuals), clinical study design issues, and the 
dif fi culty of detecting small changes in protein levels at very low concentrations. These challenges are 
most evident with attempts to detect cancer at an early stage through biomarkers in circulation. This 
effort is especially hard because of the need to detect a tiny malignancy somewhere in the body based 
on a unique protein signature but only after massive dilution in a large volume of blood. The notion 
that this is even possible until the tumor has reached “the size of an olive” has been questioned 
recently on theoretical grounds based on mathematical models that take into account parameters such 
as kinetics of protein secretion, clearance rates, and analytical detection sensitivities (Hori and 
Gambhir  2011  ) . While such models may be unduly pessimistic, they do serve a useful purpose of 
providing a warning about the degree of dif fi culty intrinsic to these endeavors and also make it clear 
that an increase in assay sensitivity correlates directly with the ability to detect smaller cancers at an 
earlier stage (Lutz et al.  2008 ; Hori et al. 2011). Aside from boosting sensitivity, which has been a 
central focus of our attention for some time, one way to improve the chances of discovering true can-
cer biomarkers is to measure protein concentrations at both the source, such as in tumor tissue, as well 
as in the circulation. Such combined results can support the validity of potential biomarkers and mini-
mize experimental artifacts. 

 We have recently performed such studies in non-small cell lung cancer (NSCLC). NSCLC is still 
the leading cause of cancer deaths worldwide largely because the vast majority of cases (84%) are 
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diagnosed at an advanced stage, when a 5-year survival rate is less than 15% (Okada et al.  2005 ; 
Kassis et al.  2009 ; Jemal et al.  2010  ) . In sharp contrast, when surgically removed at an early stage, 
5-year survival increases to 86% (Okada et al.  2005 ; Kassis et al.  2009  ) . 

 For the NSCLC serum biomarker study, we analyzed 1,326 samples from four independent clinical 
study centers (Ostroff et al.  2010a  ) . The study included patients diagnosed with clinical stage I–III 
NSCLC and a control population with a history of long-term tobacco use, including active smokers 
and ex-smokers with at least 10 pack years of cigarette smoking. At the time this study was conducted, 
our array size measured 813 human proteins in each sample. Taking extensive precautions to account 
for pre-analytic variables, we identi fi ed 44 candidate biomarkers (Table  20.3 ) and developed a 
12-protein panel that distinguished NSCLC from controls with 91% sensitivity and 84% speci fi city in 
a training set and 89% sensitivity and 83% speci fi city in a blinded, independent veri fi cation set 
(Ostroff et al.  2010a  ) .  

   Table 20.3    List of potential 
NSCLC biomarkers identi fi ed 
from serum and tissue 
samples   

 Protein name  NSCLC serum  NSCLC tissue 

 Activin A  Up 
 Adiponectin  Down 
 AMPM2  Up 
 BGN  Down 
  BLC   Up  Up 
 BMP-1  Down 
 C1s  Up 
 C9  Up 
  Cadherin E   Up  Up 
 Calpain I  Up 
 Carbonic anhydrase III  Down 
 Caspase 3  Up 
  Catalase   Up  Down 
 CD30 ligand  Up 
 CD36 antigen  Down 
 CDK5/p35  Up 
 CK-MB  Down 
 Contactin-5  Down 
 CXCL16, soluble  Down 
  Endostatin   Up  Down 
 ERBB1  Down 
 ESAM  Down 
 FGF-17  Up 
 Fibronectin  Up 
 FYN  Up 
 HSP 90a  Up 
 HSP 90b  Up 
 IDE  Up 
  IGFBP-2   Up  Up 
 IGFBP-5  Up 
 IGFBP-7  Up 
 IL-15 Ra  Up 
 IL-17B  UP 
 IL-8  Up 
 IMB1  Up 
 Kallikrein 7  Down 

(continued)
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 For the NSCLC tissue biomarker study, we analyzed homogenized lung tissue samples from 
surgical resections obtained from eight NSCLC patients ranging in age from 47 to 75 years old and 
diagnosed with pathology-con fi rmed NSCLC stages IA through IIIB  (  Mehan et al. submitted  ) . 
We obtained three samples from each resection: tumor tissue sample, adjacent non-tumor tissue 
(within 1 cm of the tumor), and distant uninvolved lung tissue (furthest edge of the resection from the 
tumor). We prepared the samples for analysis by rapidly freezing and homogenizing the tissue after 
resection and normalizing total protein concentration in each homogenate. In this case, our biomarker 
discovery array measured 820 human proteins, a nearly identical array size and composition to that used 
in the NSCLC serum study. The signals generated by most analytes were similar in healthy adjacent 
and distant tissue. In contrast, comparison of tumor tissues with non-tumor tissue (adjacent or distant) 
revealed much larger changes in protein expression (Fig.  20.4 ). Thirty-six proteins with the largest 
mean fold-change in protein expression between tumor and non-tumor tissue samples are listed in 
Table  20.3  (alongside the biomarkers identi fi ed in the serum NSCLC study). We tested the signi fi cance 

Table 20.3 (continued)  Protein name  NSCLC serum  NSCLC tissue 

 KPCI  Up 
 LDH-H 1  Up 
 LGMN  Up 
 LRIG3  Down 
  Macrophage mannose receptor   Up  Down 
 MEK1  Up 
 Midkine  Up 
 MIP-5  Up 
  MK13   Up  Up 
  MMP-12   Up  Up 
  MMP-7   Up  Up 
 NACA  Up 
  NAGK   Up  Up 
 NAP-2  Down 
 PARC  Up 
 P-selectin  Down 
 PTN  Up 
 Renin  Up 
 RGM-C  Down 
 SCF sR  Down 
 SLPI  Down 
 sL-selectin  Down 
 sRAGE  Down 
 Thrombospondin-1  Up 
 TPSB2  Down 
 TrATPase  Down 
 TSP2  Up 
 Ubiquitin + 1  Up 
 uPA  Up 
 URB  Up 
  VEGF   Up  Up 
 vWF  Down 
  YES   Up  Up 

  Proteins identi fi ed in both studies are shown in boldface font  
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of these changes with the Mann–Whitney test and required a  p -value of  £ 0.05 after correcting for 
multiple tests (false discovery rate cutoff of  q  < 0.05). We were able to obtain statistically signi fi cant 
results with a relatively small number of samples in part because we had paired tumor and non-tumor 
tissue samples from each individual, which eliminated population variance associated with cross-
sectional study designs. Appropriately chosen reference samples are crucially important in biomarker 
discovery research (Diamandis  2010 ; Ioannidis and Panagiotou  2011 ; Bossuyt  2011  ) . Some of the 
potential biomarkers identi fi ed in this study can be detected in frozen tissue sections with the same 
SOMAmers used to discover them. We have previously demonstrated that  fl uorophore-labeled 
SOMAmers can be used for rapid and selective detection of analytes in tissues (   Gupta et al.  2011  ) . For 
example, the higher level of expression of thrombospondin-2 (TSP-2) in tumor tissues compared to 
surrounding healthy tissue was con fi rmed with staining of frozen sections with Cy3-labeled TSP-2 
SOMAmer, strikingly revealing its localization to the  fi brous tumor-associated stroma (Fig.  20.5 ).   

 It is worth keeping in mind that tumor-associated protein is not the same as tumor-speci fi c marker. 
In fl ammation, extracellular matrix remodeling, hypoxia, and tissue necrosis accompany tumor 

  Fig. 20.4    ( a ) Relative changes in protein expression for 813 proteins from eight NSCLC resection samples between 
adjacent and distant tissue, ( b ) tumor and adjacent tissue, and ( c ) tumor and distant tissue, expressed as log2 median 
ratios. The  dotted line  represents twofold change       
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 progression but also many other nonmalignant conditions such as injury, wound healing, or infection. 
In addition, a difference in the ratio of cell types that constitute a tumor sample compared to that of 
the normal lung tissue could account, at least in part, for the observed differences in protein expres-
sion. Tumor tissue typically consists of cancer cell overgrowth, and may be more or less vascularized 
than the surrounding normal tissue, leading to an imbalance of cell types between tumor tissue and 
normal tissue samples. 

 These two NSCLC studies allow us to compare differential expression of proteins in serum with 
those in tissues using the same proteomic platform with an essentially identical set of analytes 
(Table  20.3  and Fig.  20.6 ). The most obvious difference in these data sets is the much larger magni-
tude of relative changes in protein expression in tissues compared to serum (Fig.  20.6 ). Because tumor 
tissue is the presumed source of the changes in protein expression, this result is not surprising. Twelve 
of the analytes altered in tumor tissue were also differentially expressed in sera from NSCLC patients 
(BCA-1, cadherin-1, catalase, endostatin, IGFBP-2, macrophage mannose receptor, MK13, MMP-7, 
MMP-12, NAGK, VEGF, and YES) (Table  20.3 ). The direction of change is the same for most but not 
all biomarkers. Inverse correlations are especially interesting and warrant further studies since they 
could provide clues regarding the redistribution of certain biomarkers in diseased versus normal 
 tissues. Overall, the availability of high-content proteomic data from both tissue and blood help us 
better understand complex changes associated with NSCLC and allow us to select the best candidate 
biomarkers for its early detection.   

  Fig. 20.5    ( a ) TSP-2 expression in tumor tissue (in relative  fl uorescence units, RFU) compared with adjacent or distal 
tissue from eight NSCLC samples used in this study. Data points are plotted in box plots showing the median ( line ) and 
25% and 75% range of the data ( box outline ), ( b ) Cy3-labeled TSP-2 SOMAmer staining ( red ) of the  fi brocollagenous 
matrix surrounding a tumor nest, and ( c ) corresponding normal lung specimen stained with Cy3-labeled TSP-2 
SOMAmer       

 



  Fig. 20.6    Changes in protein expression in NSCLC tissue compared to serum. The  top two panels  show the log2 ratio 
(LR) derived from serum samples versus log ratios derived from adjacent tissue and distant tissue, respectively. The 
 bottom four panels  feature zoomed portions of plots above, indicated by the color of the plot ( green  for decreased and 
 red  for increased expression compared to non-tumor tissue). Tissue analytes shown in Table  20.3  have been labeled and 
serum analytes are shown in  fi lled  red  symbols       
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    20.6   Sample Handling Bias and the Role of Complement 

 As previously mentioned, our current assay measures 1,030 proteins. Represented on the menu are 
many of the complement proteins (Table  20.4 ). The role of complement in various disease states is 
well appreciated, especially among the authors and readers of this book. In our studies, we often iden-
tify certain components of the complement pathways as potential disease-related biomarkers, includ-
ing both examples reviewed above: factor D in CKD and C9 in NSCLC. It is critical that we be able 
to distinguish between the appearance of complement component as indicators of sample handling 
artifacts and the possibility that they may be true biomarkers of a disease state.  

 The discovery and clinical utility of biomarkers in blood can be heavily biased by sample collec-
tion. Blood contains powerful cellular and humoral systems that react to injury or foreign and infec-
tious agents. Small challenges can induce the innate immune system (including complement system 
and cells such as macrophages) to release powerful signals and enzymes and lead to activation of 
platelets and trigger the coagulation of the blood.    These signals are of interest because they are gener-
ally related to the processes inside the body and because they can be directly involved in defense and 
repair systems and serve as markers for disease. However, such process signals are also responsive to 
the effects of blood sample preparation. Merely drawing blood from a vessel through a needle or 
exposing blood to air can result in unintended activation of these mechanisms. For example, altering 
the time, centrifuge speed, or temperature of sample processing steps can alter the apparent protein 
composition of serum or plasma such that physiologic information is masked by the pre-analytic vari-
ability imparted on the sample during collection and processing. The strong susceptibility of these 
processes and proteins to subtle alterations in sample handling of the proteins can compromise their 
use as biomarkers due to the concomitant lack of robustness. 

 Blood samples collected in tubes without anticoagulant are susceptible to profound in vitro changes 
associated with the coagulation and complement pathways. Both of these catalytic calcium-dependent 
pathways continue to change as the blood tube is held at room temperature for clotting in order to 
separate serum from the cellular and  fi brinolytic components. During this time, the complement path-
ways are activated, and we have observed time- and temperature-dependent changes in many comple-
ment components, including C3 and C4 (Ostroff et al.  2010a,   b ; Gold et al.  2010  ) . 

 Figure  20.7  demonstrates the pre-analytic variability in C3 measured in serum. This marker 
alone perfectly separates cases and controls in serum samples from a commercial biorepository, yet 
the separation is due to differences in serum processing, not disease state. Pre-analytic artifacts such 
as this one may cloud the discovery of true disease markers and may lead investigators down the 

   Table 20.4    Complement 
proteins represented on the 
current version of the 
SOMAscan menu   

 Complement proteins 

 C1-Esterase inhibitor  C5 
 C1q  C5a 
 C1qBP  C6 
 C1r  C7 
 C1s  C8 
 C2  C9 
 C3  CFHR5 
 C3a  CRP 
 C3a desArg  Factor B 
 C3b  Factor D 
 iC3b  Factor H 
 C3d  Factor I 
 C4  MASP3 
 C4b  Properdin 
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wrong path, leading to failed biomarker validation studies. We have expanded our characterization 
of the pre-analytic variability inherent in poor compliance with sample processing protocols and 
routinely screen blood sample collections for uniform sample quality prior to embarking on disease 
biomarker studies.   

    20.7   And What About Complement (or Any Other) Therapeutics? 

 The potential of aptamers as therapeutics has been a subject of much interest since the time SELEX 
was invented. Several comprehensive recent reviews cover the development of aptamer-based thera-
peutics over the last two decades in considerable detail (Bouchard et al .   2010 ; Keefe et al .   2010  ) . The 
net outcome at this time is one drug, numerous drug candidates in development, and high potential yet 
to be realized. Of course, it is worth remembering that it took quite a few years for antibodies to be 
embraced as therapeutics following the advent of the hybridoma technology in 1975 (Köhler and 
Milstein  1975  ) . Nevertheless, the current status and remaining challenges are worth addressing. 

 The range of indications for which aptamers can be considered, and therefore the overall potential 
of aptamers as therapeutics, is determined in large part by their pharmacokinetic (PK) and biodistribu-
tion properties. In this context, it is useful to classify indications into three categories: conditions 
where the drug can be administered locally, acute conditions requiring drug treatment for a short 
period of time, and chronic conditions where long-term treatment is needed. Where feasible, local 
administration has considerable appeal since it allows systemic PK considerations to be largely 
bypassed (however, with its own speci fi c demands, such as the need for suitable topical formulations, 
local biodistribution, and the like). Treatment of acute conditions generally does not require long resi-
dence times of the drug, and ensuring adequate exposure is feasible without extensive optimization. It 
is in the treatment of chronic conditions that long residence times are most needed since infrequent 
dosing is generally desirable to manage cost and compliance, and for this class of indications further 
work is required. Because aptamers are macromolecules, oral bioavailability is low, so only local and 
parenteral administration is practical. 

 The successful development of Macugen, which remains the only aptamer drug to have received 
FDA approval to date, was largely the result of the unique advantages of local delivery, coupled with 
favorable local PK, favorable local safety pro fi le, low systemic exposure, and the clear role of the target 
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  Fig. 20.7    Box plot of 
complement C3 serum 
concentration (expressed as 
relative  fl uorescence units, 
RFU) measured in the 
SOMAmer proteomics assay. 
NSCLC cases ( n  = 20) and 
control long-term smokers 
( n  = 28) are clearly separated 
based on C3 measurements 
resulting from sample 
handling differences       
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(vascular endothelial growth factor, VEGF) in the pathology of age-related macular degeneration 
(AMD). Following in this track, there are two additional aptamer drug candidates in development for 
the treatment of AMD, both also delivered by intravitreal injection: E10030, an inhibitor of PDGF 
B-chain currently in phase 2 testing for AMD, and ARC1905, an inhibitor of C5 currently in phase 1 
testing for AMD. Both agents are intended for use together with a VEGF inhibitor. Illustrating the long 
time frame for development of therapeutics, especially when coupled with often discontinuous nature 
of drug development in biotechnology companies, both E10030 and ARC1905 in their current form 
were identi fi ed in the late 1990s (   Green et al.  1996 ; Floege et al.  1999 ; Biesecker et al.  1999  ) . AMD 
and other ophthalmology indications remain an interesting area for aptamer-based therapeutics. 

 For systemically acting drugs, the therapeutic agent needs to be available for a suf fi cient period of 
time at the body site where its action is needed. Because blood is the reservoir from which drug is deliv-
ered to other parts of the body, residence time of a drug in plasma is often used as a conveniently mea-
sured surrogate for its availability in tissues. For aptamers (and other nucleic acid-based drug candidates), 
plasma residence has been primarily determined by nuclease-mediated metabolism and size-mediated 
clearance. For most aptamer drug candidates in development (as well as for Macugen), substantial nucle-
ase resistance has been achieved primarily with modi fi cations at the 2 ¢ -position of ribose (2 ¢ -O-methyl 
and 2 ¢ - fl uoro substitutions) and, to a lesser degree, phosphorothioate backbone modi fi cations. Increase 
in size has to date been almost universally achieved with conjugation to 40-kDa polyethylene glycol 
(PEG). For such constructs, plasma half-lives in primates ranging from 9 to 75 h have been reported 
(Tucker et al.  1999 ; Bouchard et al.  2010  ) . Other than PEG, other means by which aptamers can be kept 
in circulation remain largely unexplored at this time and represent a potentially useful future research 
direction. Understanding of physicochemical and pharmacological properties of SOMAmers compared 
to conventional aptamers is another research direction with considerable potential.  

    20.8   Concluding Remarks 

 The promise of personalized medicine will only be realized when it is possible to accurately measure 
an individual’s state of wellness in real time, quickly and economically. In addition, the early detec-
tion of disease—when it is usually most treatable—is a critical element of future clinical practice. 
Despite its explosive progress, genomics is only one element of realizing this medical future, as it 
deals largely with potential risk of disease rather than its actual presence in real time. 

 We set out over a decade ago to develop a new technology that makes the detection and measure-
ment of even the most subtle protein changes as straightforward as measuring genetic alterations, 
overcoming the limitations inherent in mass spectrometry-based or antibody-based approaches. Our 
SOMAmer-based technology now allows us to measure over 1,000 proteins (to date) in a small sam-
ple of blood or other tissues, thereby unlocking protein biomarker discovery and promising to revolu-
tionize clinical diagnostics and therapeutics. We have applied our technology successfully to a range 
of diseases, and we continue to build both our SOMAmer library and to pursue its multiple potential 
applications.      
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  Abstract   Complement is an essential part of the innate immune response. It interacts with diverse 
endogenous pathways and contributes to the maintenance of homeostasis, the modulation of adaptive 
immune responses, and the development of various pathologies. The potential usefulness, in both 
research and clinical settings, of compounds that detect or modulate complement activity has resulted 
in thousands of publications on complement-related innovations in  fi elds such as drug discovery, dis-
ease diagnosis and treatment, and immunoassays, among others. This study highlights the distribution 
and publication trends of patents related to the complement system that were granted by the United 
States Patent and Trademark Of fi ce from 1976 to the present day. A comparison to complement-
related documents published by the World Intellectual Property Organization is also included. Statistical 
analyses revealed increasing diversity in complement-related research interests over time. More than 
half of the patents were found to focus on the discovery of inhibitors; interest in various inhibitor 
classes exhibited a remarkable transformation from chemical compounds early on to proteins and 
antibodies in more recent years. Among clinical applications, complement proteins and their modula-
tors have been extensively patented for the diagnosis and treatment of eye diseases (especially age-
related macular degeneration), graft rejection, cancer, sepsis, and a variety of other in fl ammatory and 
immune diseases. All of the patents discussed in this chapter, as well as those from other databases, are 
available from our newly constructed complement patent database:   www.innateimmunity.us/patent    .    

    21.1   Introduction 

    21.1.1   Complement: A Powerful Network for Immune Surveillance 

 Complement has traditionally been viewed as a major early defense system to protect the host from 
pathogenic organisms, and it is known to be intimately involved in regulation of immune responses. 
The three major pathways of complement activation are the classical, lectin, and alternative pathways 
(Fig.  21.1 ), though in certain circumstances, complement can be activated downstream of these 
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initiation events through the actions of external proteases. Though various factors can initiate complement 
activation, the three pathways all converge at the cleavage of C3 by C3 convertases, resulting in the 
production of C3a and C3b. C3a is an anaphylatoxin with chemoattractant properties and cell-signaling 
abilities through the C3a receptor, while C3b and its cleavage product iC3b can act as opsonins, being 
deposited on pathogenic cells and targeting them for phagocytosis or clearance, as well as the activa-
tion of immune cells through an interaction with complement receptors (Markiewski and Lambris 
 2007  ) . C3b also initiates a self-ampli fi cation loop for further complement activation, as its deposition 
on cells is the basis for the formation of alternative pathway C3 convertase complexes, as well as C5 
convertases that cleave C5 to continue downstream activation of the cascade. The cleavage of C5 
produces the powerful anaphylatoxin C5a; like C3a, C5a (though signaling via the C5a receptor 
[C5aR/CD88]) can contribute to immune cell accumulation and activation, generally promoting 
in fl ammatory responses. C5b, which is also produced by the cleavage of C5, triggers the formation of 
a downstream membrane attack complex (MAC); this terminal component of complement activation 
can be involved in signaling at sublytic doses or can function to kill certain strains of bacteria through 
insertion in the membrane and subsequent cell lysis (Ricklin et al.  2010  ) .   

    21.1.2   Complement in Infection and Disease 

 Because of the essential role of complement in the defense of the host against intruders, decreased 
activation of the complement system or de fi ciency in complement components can increase the risk 

  Fig. 21.1     Activation and regulation of the complement system . Complement activation has traditionally been described 
as occurring through three initiation pathways (classical, lectin, and alternative). External proteases are also known to 
activate complement, independent of these pathways (at the level of C3 and C5), but for simplicity, they are not shown 
here. The classical and lectin pathways share common mechanisms and differ mainly in their initial activating compo-
nents. The classical pathway is initiated by the binding of C1q to antigen-antibody complexes, while the lectin pathway 
is triggered by the binding of MBL or  fi colins to pathogen surfaces. This binding leads in both cases to the cleavage of 
C2 and C4 to form the C4b2b complex (C2b refers to the protease fragment of C2, which has also been referred to as 
C2a in previous literature), though this activity can be blocked by the C1 inhibitor ( C1-INH ); C4b2b then promotes the 
cleavage of the central complement component C3 and generates both the anaphylatoxin C3a and the opsonin C3b. The 
production of C3b can also be promoted by the interaction of C3(H 

2
 O) with factor B ( fB ) and factor D ( fD ) to form an 

initial alternative pathway C3 convertase. C3b then combines with fB and fD to form the major alternative pathway C3 
convertase ( C3bBb ), which leads to an ampli fi cation loop for further cleavage of C3. The combination of C3b with the 
C4b2b or C3bBb complexes leads to the formation of C5 convertases, which cleave C5 into the C5a anaphylatoxin and 
C5b. C5b then binds to C6, C7, C8, and C9 to form the membrane attack complex ( MAC ). To control the excessive 
activation of complement, soluble fH and membrane-associated regulators of complement activity ( mRCAs ) such as 
CR1, DAF, and MCP act as factor I ( fI  ) cofactors and degrade C3b to iC3b. CD59, on the other hand, inhibits the assembly 
of the MAC by binding to C8 and/or C9       
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of infection and cause various pathological conditions (Skattum et al.  2011  ) . For example, alcoholic 
cirrhosis patients with low serum C3 concentrations and decreased hemolytic complement activity 
have been reported to have an increased risk of infections (Homann et al.  1997  ) . De fi ciencies of com-
ponents of the classical pathway such as C1q, C2, and C4 have been found to be strongly associated 
with systemic lupus erythematosus (SLE) (Pickering et al.  2000 ; Pettigrew et al.  2009  ) . On the other 
hand, uncontrolled, inappropriate, or excessive complement activity can cause damage to host cells 
and give rise to many diseases ranging from autoimmune to in fl ammatory pathologies (Markiewski 
and Lambris  2007 ; Holers  2003 ; Ricklin and Lambris  2007 ; Lambris and Sahu  2001  ) . Indeed, the 
dual role of complement is illustrated by several pathological conditions. For example, the early 
increase of complement activation during sepsis may relate to the bene fi cial opsonization of bacteria. 
However, complement activation during subsequent phases of sepsis can amplify the initial insult, 
leading to in fl ammatory activity, tissue injury, and  fi nally to multiple organ failure and death in many 
cases (Markiewski et al.  2008a  ) . 

 Although complement has traditionally been seen as a defense mechanism against pathogens, it 
has been shown in recent years to also play a role in general immune surveillance, as well as a host of 
other immune-related functions and in fl ammatory diseases. Tissue regeneration, lipid metabolism, 
transplant rejection, age-related macular degeneration (AMD), rheumatoid arthritis, hemodialysis-
associated thrombosis, and cancer are just a few of the increasing number of physiological and patho-
logical processes in which complement activity has been implicated (Ricklin et al.  2010  ) . As with 
pathogen defense, complement can act as both a protective and damaging factor in many of these 
conditions. For example, complement inhibits tumor growth through antibody-dependent cell-mediated 
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) (Markiewski and Lambris 
 2009  ) . However, it has been found that tumors express high amounts of membrane-associated regula-
tors of complement activity (mRCAs) and secrete  fl uid-phase regulators, which inhibit the activation 
of complement and contribute to tumor growth (Markiewski and Lambris  2009  ) . In addition, a recent 
study has shown that complement can promote the progression of tumors in a mouse model of cervi-
cal cancer through the generation of C5a in the tumor microenvironment, which enhances the activity 
of immune-suppressing cells (Markiewski et al.  2008b  ) . Thus, complement activity is critical for 
certain homeostatic or immune processes, but in some instances, such as over-activation or improper 
timing or length of activity, it can become detrimental to the overall health of the host.  

    21.1.3   Protecting Intellectual Property in Complement Research: An Analysis 

 The multifaceted role of complement in immune defense and disease makes it an attractive biomarker 
for diagnostic purposes and an obvious target for intervention by complement therapeutics. Thus, it is 
not surprising to see research and development in complement diagnostics and therapeutics re fl ected 
in a large number of granted patents and an increasing number of new patent applications being  fi led 
every year. Here, we investigate and analyze the patent landscape as it applies to complement, focus-
ing on granted patents and applications as published by the United States Patent and Trademark Of fi ce 
(USPTO) and, in part, the World Intellectual Property Organization (WIPO). We highlight the history 
and emerging trends in patent publications on the complement system in different  fi elds. We per-
formed statistical analyses on (1) the speci fi c complement components being targeted by innovations, 
(2) the areas in which complement-related patents have been focused, (3) the different complement 
inhibitor forms developed for experimental and potential therapeutic use, and (4) the clinical areas 
upon which relevant patents were centered. To further assist researchers in the complement  fi eld, a 
complement patent database has been constructed, and all the documents used in the statistical analy-
ses presented here (from the USPTO and WIPO), as well as those retrieved from the European 
Patent Of fi ce (EPO) and Japanese Patent Of fi ce (JPO), are available from the database website:
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  www.innateimmunity.us/patent    . Patents stored in the database have full-text links and are classi fi ed in 
terms of target, disease, application, and entity type. An advanced search function is available for 
 fi nding patents based on speci fi c interests. This database was intended to be thorough; however, there 
is no way to ensure that all complement-related patent publications are included. Accordingly, this 
database and the analysis of it as described in this chapter should be taken as re fl ecting trends only; 
they are not intended to replace a  fi rsthand search of the USPTO and WIPO databases.   

    21.2   Study Design and Methodology 

    21.2.1   Terminology 

 It should be noted that in the text and  fi gures here, the term “documents” is used to refer to all records 
retrieved from a database (both applications and granted patents). When a distinction is required 
between “applications” and “granted patents,” these speci fi c terms are used (with “US-granted pat-
ents” or “US applications” referring to those obtained from the USPTO). The term “publications” is 
used in a general sense to refer to data currently being discussed (in most cases, US-granted patents).  

    21.2.2   Data Retrieval and Analysis 

 To identify complement-related patent data as presented in this study, the databases of the USPTO and 
the WIPO were searched, retrieving all documents (applications and granted patents) whose title or 
abstract contained the keyword “complement.” It should be noted that the WIPO searches were 
con fi ned to publications that were part of the Patent Cooperation Treaty (PCT), which at the time 
consisted of 144 states. Dates of coverage for the searches were from the earliest dates for which data 
was available through December 31, 2011. For the USPTO database, the earliest date for records was 
January 1, 1976, for granted patents and March 15, 2001, for applications (no application records 
were available prior to this date), while for the WIPO/PCT, which did not distinguish between appli-
cations and granted patents, records started on January 1, 1978. 

 Once all complement-related documents were retrieved, the Python programming language was 
used to organize and process the resulting enormous amount of data. Documents that were not related 
to the complement system, as determined by using rules to exclude those containing keywords unre-
lated to biological systems (e.g., “automobile,” “logic calculator,” etc.), were discarded from the data 
pool; the remaining documents were individually examined to verify their association with the com-
plement system. 

 Although both the USPTO and WIPO/PCT databases were searched, in most cases, only the 
USPTO-granted patents were used for the comprehensive data analysis because of the dif fi culty in 
ensuring that all duplications could be eliminated between these two databases and between US appli-
cations and granted patents, which would otherwise skew results when trends were being examined. 
Also, the USPTO database contained older data, and it was found that in most cases, inventors wanted 
to protect their intellectual property in the USA as well as abroad, and thus they  fi led for patents from 
both of fi ces. Therefore, the USPTO results, speci fi cally the granted patents, were seen to adequately 
represent general patent trends. However, a comparison between US patents and applications, as well 
as the US and WIPO/PCT database results, is presented in Fig.  21.2 .  

 Once patents were veri fi ed as relating to the complement system, they were classi fi ed into various 
groups based on target, application, or disease, as presented in the results below.  

http://www.innateimmunity.us/patent
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    21.2.3   Patent Database 

 The complement patent database was created using MySQL. The web interface was implemented 
using PHP language. The database is running on a Windows 2003 server with IIS6 as the http server. 
To ensure comprehensive coverage, results were included from not only the USPTO and WIPO/PCT 
but also the EPO and JPO.   

    21.3   Results and Discussion 

    21.3.1   Patent Trends Re fl ect an Increased Interest in Complement Research 

 More than 1,000 patent documents related to the complement system have been published by the 
USPTO and WIPO/PCT since 1976. The publications have followed a general trend of yearly growth 

  Fig. 21.2     General publication trend for documents targeting complement components . Granted patents and applications 
involving the complement system were collected, covering all available US patents and US applications ( a ) and WIPO/
PCT documents ( b ) from 1976 to the end of 2011. Yearly trends for all complement-related publications are shown as 
column or line graphs. Publications were also classi fi ed by their complement targets, and the distribution was analyzed 
and displayed as a pie chart showing the top  fi ve targets ( C1 ,  C3 ,  C5 ,  fH , and  mRCAs ) from each database; the remain-
ing complement components are grouped under “Other.” The “Unspeci fi ed” category refers to publications that did not 
specify a speci fi c complement target. For the analysis displayed in the pie chart in ( a ), duplications between US-granted 
patents and applications (for the years 2001 onward), in which two or more documents were found to have the same 
title, abstract, and claims, were removed for accuracy (only one document was included in the analysis). Most likely, 
these duplicates would represent an application and the resulting granted patent(s) and thus refer to the same innovation. 
However, if two or more documents were found to have the same title and abstract but differences in their claims, then 
these were considered two separate documents (as they could represent continuations-in-part), and both were included 
in the data shown       
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(Fig.  21.2a , b, graphs). Speci fi cally, the number of US applications has increased rapidly over the last 
10 years, averaging about 48 per year since 2005 (Fig.  21.2a , graph). Compared to US applications, 
the number of US-granted patents has remained steadier. When analyzed by decade, the average num-
bers of granted patents in the 1980s, 1990s, and 2000s were 10, 10, and 16, respectively. Interestingly, 
over the last decade, the only year for which application data are available, the number of granted 
patents was less than half the number of applications. As is true for the trend in US applications, the 
number of documents issued by the WIPO/PCT has generally increased over the years (Fig.  21.2b , 
graph). The distribution patterns of US documents (applications and granted patents) and WIPO doc-
uments targeting different complement components were quite similar (Fig.  21.2a , b, pie charts), with 
C3, C5, C1, factor H (fH), and mRCAs (de fi ned in this study as including MCP/CD46, DAF/CD55, 
CR1/CD35, and CD59) as the top  fi ve targets. Documents targeting these  fi ve complement compo-
nents accounted for more than half of all publications. Correspondingly, the number of documents 
targeting other complement components was quite low, consisting of only 7% of all publications. 
Taken together, the data indicate that interest in the complement system has grown dramatically since 
the 1970s, with a particularly striking increase over the last 20 years. This is not entirely surprising, 
since there has been a corresponding increase in knowledge about the complement system during this 
same time period. Also, the perception of complement has shifted from that of an innate immune 
system that is primarily important for host defense against pathogens to a much more complex and 
cross-interactive pathway of proteins involved in a multitude of pathological and homeostatic 
responses (Ricklin et al.  2010  ) . Thus, interest in and innovations related to complement have grown 
along with this gain in knowledge. It is also worth noting that while the number of complement-
related US-granted patents has remained relatively steady during the past two decades, there has been 
a blossoming of international publications. This growth may re fl ect not only an increasing presence 
of complement research outside of the USA but also the general globalization trends leading US 
researchers to seek patents both at home and abroad; when the number of applications is taken into 
account, it is obvious that complement-related research remains proli fi c in the USA.  

    21.3.2   Target Analysis Reveals a Shift in the Focus of Complement Patents 

 We performed further analysis only on US-granted patents (see Methodology for the rationale behind 
excluding US applications and WIPO/PCT documents) in order to ascertain publication trends in the 
application of complement components and their modulators to various  fi elds. As with the analysis of 
all USPTO and WIPO/PCT documents, C3, C5, mRCAs, C1, and fH were found to be the  fi ve most 
popular targets for US-granted patents, with an overall trend for yearly growth since the early 1980s 
(Fig.  21.3 , graphs). It should be noted though that most patents granted in the 1970s and 1980s did not 
specify their targets. Instead, a large majority of those patents concerned the development of general 
chemical inhibitors of the complement system, for which the mechanism of action was likely not 
known, although several also involved the development of assays to detect complement activity. 
Before 1990, C1 was the most popular of the speci fi ed targets, with few patents relating to fH and 
mRCAs, the only other complement components speci fi cally targeted during this time period 
(Fig.  21.3 , pie charts). C1 was an early popular target for various types of inhibitors. Speci fi c patents 
were published for amidine compounds with a C1 esterase inhibitory action useful for treating pan-
creatitis, hemorrhagic diseases, and thrombosis (Fujii et al.  1986,   1987  ) . C1 was also utilized in detec-
tion assays, including one to reveal rheumatoid factors in blood (O’connell et al.  1987 ; Hallgren and 
Wide  1980 ; Taguchi et al.  1991  ) , and another early patent described a method for its puri fi cation using 
chromatography (Bing  1983  ) . From 1990 onward, as knowledge about the complement system grew, 
research interests became more diverse, not only in terms of initiators of complement activity, but also 
those components involved in its ampli fi cation, regulation, and downstream signaling. C3 replaced 
C1 as the dominant factor of interest and was the subject of 19% of all publications, while interest in 
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C5, fH, and mRCAs also grew rapidly during this time. It is not entirely surprising that C3 became 
such a strong focus for innovation. As the central component of the complement pathway, the regula-
tion of C3 is an obvious choice for nearly complete control of complement activity. Accordingly, it is 
an attractive target for the development of complement inhibitors, such as the peptide inhibitor comp-
statin (Qu et al.  2011  ) . In addition, the detection of C3 cleavage is a useful tool for determining the 
activation of the complement system, and thus innovations for assays to detect this event are highly 
applicable to complement research in general. Finally, C3 and/or its cleavage products have been 
linked to a variety of diseases and homeostatic and pathological conditions (Ricklin et al.  2010  ) , fur-
ther enhancing its appeal as a target for therapeutic regulation. Increased knowledge of the workings 
of the complement system since 1990 is also evident in the fact that most patents granted since that 
time have clearly described the mechanisms of their innovations. In fact, only 22% did not specify 
targets, and the ratio of patents with unspeci fi ed targets to total patents generally decreased yearly 
(Fig.  21.3 , gray bar height compared to total bar height).   

    21.3.3   Publication Trends Demonstrate Varied Applications of Complement 
Research and the Expansion of Inhibitor Forms 

 There are many different complement-related innovations described in the patent literature, such as 
discovering inhibitors against complement activation, developing assays, detecting complement factors 
as biomarkers to diagnose diseases, and designing new procedures to produce and purify complement 

  Fig. 21.3     Patent publication trends for the top  fi ve complement targets . The annual publication of US-granted patents 
related to one of the top  fi ve complement targets ( C1 ,  C3 ,  C5 ,  fH , and  mRCAs ) is plotted in 3-year periods. The distribu-
tion of patents for different targets before 1990 and from 1990 onward was also analyzed and charted, again showing 
speci fi c distributions for the top  fi ve targets. “Other” refers to the remaining complement factors, such as C4, CR2, fB, 
fD, fI, and MBL-associated serine proteases (MASP), while “Unspeci fi ed” refers to publications that did not specify a 
speci fi c complement target. Note that the “Other” category is not present in the pie chart showing patents prior to 1990 
since these proteins were not the subject of any patents in that time period       
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components, among others. Of all these applications, the discovery of complement inhibitors has been 
the most prevalent, accounting for 64% of all publications (Fig.  21.4a , pie chart). Based on the yearly 
trends, the development of inhibitors was by far the major focus of early complement-related patents, 
and there has been another surge in interest over the past 10–15 years (Fig.  21.4a , graph). The granting 
of US patents for the detection of complement components, including biomarkers for disease diagno-
sis, and for other innovations has remained somewhat steady over the years, with both categories 
accounting for similar percentages of all publications (Fig.  21.4a , pie chart). A closer examination of 
the types of inhibitors being patented shows the overwhelming majority to be chemical compounds, 
proteins, and antibodies, which were the focus of at least 90% of all publications (Fig.  21.4b , pie 
charts). Before 1990, almost all complement inhibitors were chemical compounds, which were exten-
sively synthesized by a broad range of pharmaceutical and chemical companies. Very frequently, the 
corresponding patents did not specify the exact target but instead described general complement inhibi-
tors or inhibitory activity. For example, the American Cyanamid Company has patented more than 100 
chemical compounds that can suppress complement activity in body  fl uids (Conrow and Bernstein 
 1978 ; Conrow et al.  1978 ; Lewis and Bernstein  1981  ) . From 1990 onward, the interest in chemical 
compounds gradually shifted to antibodies and, largely, proteins. Only 19% of patents granted after 
1989 claimed small synthetic compounds as complement inhibitors, while 71% of documents involved 
protein inhibitors and antibodies. Interestingly, a similar shift from small molecules toward biologics 
has been observed with FDA-approved drugs over the last 15 years (Mullard  2012  ) . As revealed by 

  Fig. 21.4     Publication trends for complement-related patents based on applications or inhibitor forms . ( a ) The number 
of complement-related US-granted patents concerning inhibitor discovery, detection of complement components 
(including as biomarkers), or other applications (e.g., discovering novel complement-related proteins, producing animal 
models, describing crystal structures of complement factors, or developing absorbents to remove or immobilize comple-
ment components) is plotted to show annual trends. The overall distribution percentages are also charted. ( b ) The 
number of complement-related US-granted patents concerning inhibitors, as shown in ( a ), was further analyzed to 
determine what types of inhibitors were being proposed and developed, and the major forms are plotted to show annual 
trends. The data were also examined and charted to display distribution patterns before 1990 and from 1990 onward. 
“Other” in the graph refers to nucleic acids and peptides       
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yearly trends, the change in proportion for complement inhibitor-related patents seems to be due more 
to an overall decrease in the number of patents concerning inhibitors (Fig.  21.4a , graph), especially 
chemical compounds, rather than a large increase in the publication of other forms of inhibitors 
(Fig.  21.4b , graph). However, the increasing variety of and knowledge about compounds available for 
use as inhibitors in general since 1990 may explain the corresponding reemergence of patents related 
to complement inhibitors (Fig.  21.4a , graph), as the existence of new research tools likely spurred an 
interest in applying those tools to complement regulation.  

 Despite an overall strong interest in developing complement inhibitors, to date only two comple-
ment therapeutics have been approved by the FDA for use in humans (Ricklin and Lambris  2007  ) . 
One is the puri fi ed glycoprotein C1 esterase inhibitor (C1-INH; Cinryze/ViroPharma, Cetor/Sanquin, 
Berinert/CSL Behring, Lev Pharma), and the other is a C5 antibody (Eculizumab; Soliris/Alexion 
Pharmaceuticals). Thus, it is not surprising that more and more attention has been paid to proteins and 
antibodies in recent years. Apart from chemical compounds, proteins, and antibodies, peptides and 
nucleic acids are the focus of the remaining 7% and 3% of all publications, respectively. Although 
they represent only a small fraction of all inhibitor-related publications, peptides and nucleic acids 
have been proposed as experimental therapeutics for several pathologies, and their potential future in 
disease treatment should not be neglected. For example, the peptidic C3 inhibitor compstatin and its 
analogs (Lambris and Sahu  2001 ; Lambris and Katragadda  2011  )  have been utilized and/or proposed 
for the treatment of eye disorders (Deschatelets et al.  2007  ) , sepsis (Fung and Mollnes  2007  ) , acute 
respiratory distress syndrome (ARDS) (Lambris and Ritis  2011  ) , trauma (Francois et al.  2011a  ) , 
Alzheimer’s disease (Dinu  2007  ) , pain (Woolf et al.  2006  ) , and nerve regeneration (Baas and Ramaglia 
 2010  ) , as well as other pathophysiological conditions.  

    21.3.4   Emerging Disease Areas Drive New Patent Applications 

 As mentioned, complement components are involved in many diseases, and they have been used as 
biomarkers for disease diagnosis, while complement inhibitors have been administered as therapeu-
tics. Our analysis of US-granted patents has revealed eye disorders, transplants, cancer, and sepsis to 
be the major clinical conditions for which complement and its modulators have been utilized in a 
diagnostic or therapeutic sense (Fig.  21.5 , pie chart).  

 In the case of eye disorders, about one-third of granted patents have claimed to use complement 
components to diagnose these diseases, while the other two-thirds focus on the application of comple-
ment inhibitors for the purpose of treatment. The three most common subjects of eye disorder-related 
patents have been fH, C3, and fB (Fig.  21.5 , graph). For example, polymorphisms in the C3, fH, and 
fB genes have been found to predict the occurrence of AMD (Thakkinstian et al.  2011 ; Zipfel et al. 
 2010  )  and thus have been used as diagnostic markers (Allikmets et al.  2011 ; Day et al.  2010  ) . In other 
instances, a factor D antibody was patented as a treatment for complement-associated eye conditions 
such as AMD and choroidal neovascularization (CNV) (Hass et al.  2011  ) . Eculizumab was patented 
by Alexion Pharmaceuticals, Inc. as a C5-speci fi c antibody for therapeutic use in various comple-
ment-related diseases (Evans et al.  2002 ; Bell  2008 ; Wang and Matis  2007 ; Bell and Rother  2009 ; 
Rother et al.  2010  )  and is currently being evaluated for the treatment of AMD (Ricklin and Lambris 
 2007 ; Yehoshua et al.  2012  ) . In addition, virus proteins such as smallpox inhibitor of complement 
enzymes (SPICE) and vaccinia virus complement control protein (VCP), both of which inhibit C3 
activity, have been administered locally to the eye to treat disorders such as macular degeneration and 
choroidal neovascularization (Francois et al.  2011b  ) . 

 In transplantation medicine, complement activity is known to critically contribute to in fl ammation 
and the accommodation or rejection of transplanted tissue (Asgari et al.  2010 ; Hughes and Cohney 
 2011  ) . Complement inhibitors have been utilized in transplant recipients through various means to 
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reduce the occurrence of adverse events against transplanted tissues, with mRCAs and C3 (or C3 
convertases) being the most common points of intervention (Fig.  21.5 , graph). Cells in transplanted 
tissues have been modi fi ed to express mRCAs, or organs have been perfused with membrane-targeted 
forms of recombinant RCAs in order to suppress complement activation and reduce the chances of 
complement attack on the tissue (Zhu  2007 ; Sims and Bothwell  1996 ; Smith et al.  2010,   2011  ) . 
Transgenic animals expressing mRCAs have been produced for xenotransplantations (Diamond et al. 
 2000  ) , and chimeric vaccinia virus proteins against C3b and C4b have been developed to prevent 
rejection by transplant recipients and improve the function of donor organs and tissues (Rosengard 
et al.  2000  ) . 

 Complement and its modulators, especially mRCAs, C3, and C1, have been widely used in the 
diagnosis and treatment of cancer (Fig.  21.5 , graph). One patented method for treating cancer has been 
the administration of an effective amount of a Coxsackie A-group virus, which recognizes and kills 
abnormal cells that express the mRCA DAF (Shafren  2008  ) . C3b antibodies, alone or as conjugates 
with other antibodies, have been used to treat cancer through their binding to C3b on the surface of 
cancer cells (Taylor et al.  2003  ) . Yet another patent describes analyzing patients’ C1qA gene sequence 
as a means of predicting their response to CD20 antibody therapy (Racila and Weiner  2007  ) . 

 Inhibitors against C3 and C5 have also been patented for the treatment of sepsis (Fig.  21.5 , graph). 
An immunoadsorber with immobilized antibodies against C3a and/or C5a was developed for blood 
treatment in sepsis therapy (Heinrich et al.  2005  )  since excess activity of these anaphylatoxins can 

  Fig. 21.5     Distribution of the application of complement and its modulators to various diseases and pathophysiological 
conditions . The chart displays the distribution percentages for US-granted patents that pertained to the use of comple-
ment and its modulators in the diagnosis and treatment of diseases and pathophysiological conditions, with “Other” 
referring to atherosclerosis, arthritis, SLE, Alzheimer’s disease, spinal cord and neuronal injury, ischemia, infection, 
and other pathologies. The four main conditions described in these patents are shown in the graph: eye disorders (such 
as AMD), transplants, cancer, and sepsis. For each condition, the column on the left shows the number of patents related 
to treatment or diagnosis, and the column on the right indicates the top three complement components targeted, as well 
as others (in some cases, targets were not speci fi ed)       
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contribute to poor outcome in this disease (Bosmann and Ward  2012  ) . Furthermore, complement and 
its modulators have been used in the diagnosis and treatment of arthritis, diabetes, SLE, ischemia, 
atherosclerosis, spinal cord and neuronal injury, and other diseases. For example, antibodies that 
inhibit the cleavage of C5 to C5a and C5b have been used to treat arthritis and prevent excessive 
downstream complement activation (Wang and Matis  2007  ) . A C3 precursor biopolymer detected 
through the use of mass spectrometry has been utilized as a biomarker for type II diabetes (Jackowski 
and Marshall  2006  ) . Finally, the levels of C4d and/or C3d on the surface of T lymphocytes, B lym-
phocytes, or monocytes in blood samples have been used to diagnose SLE (Ahearn et al.  2009  ) . These 
are just a few examples of the many disease-related applications of complement that have been pat-
ented in the USA, yet they impressively illustrate the large diversity and creativity of complement-
related patents, as well as their potential impact on both biomedical research and public health.   

    21.4   Conclusions and Outlook 

 The complement system has long been known to be important for host defense against invading 
pathogens. This alone would make it an attractive target for potential therapeutic applications to 
enhance the immune response and  fi ght infections. However, studies over the past few decades have 
revealed an increasing role for complement in a large variety of both pathological and homeostatic 
processes (Ricklin et al.  2010  ) . In many instances, complement can be bene fi cial in one respect but 
becomes harmful to the host in another, namely, when its activity is not properly regulated. Thus, the 
appeal of targeting complement in an attempt to control its activation and effects has only grown as 
its many functions and cross-interactions with other biological systems have been increasingly 
revealed. Further increasing the attractiveness of targeting the complement system is the fact that this 
system consists of over 50 proteins, which for the most part act in a hierarchical pathway, with the 
later steps heavily dependent on actions that occur upstream. This situation presents a multitude of 
potential targets for managing complement activity. Even so, the regulation of complement has not 
been the only goal of the many innovations patented over the past four decades. Just as important has 
been the development of assays to detect complement activity, which have aided both experimental 
research and diagnostic practices. As a result of these new ideas and discoveries, interest in the com-
plement system has continued to grow in the USA and around the world. In addition, the ability to 
manipulate the production and activity of many complement factors has led to the development of 
potentially life-saving diagnostic and therapeutic tools. Thus, it seems that the observed trend toward 
a constantly increasing wealth of complement-related innovations will continue well into the future.  
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 J.D.L. holds several patents about the development and clinical application of complement inhibitors, 
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