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Abstract 

Background. The involvement of the complement system in brain injury has been 

scarcely investigated. Here we document the pivotal role of lectin pathway, initiated 

by mannose binding lectin (MBL) and ficolin-3, in brain ischemic injury in mice and 

humans. 

We first evaluated the role of the lectin pathway in brain ischemic mice.  

In order to investigate the clinical relevance of these experimental observations, the 

second aim was to evaluate the relevance of the lectin pathway in subarachnoid 

hemorrhage (SAH) patients. Brain ischemia is a main determinant of unfavorable 

outcome in SAH patients. It can play a role in the acute phase as a consequence of the 

initial intracranial bleeding and/or at delayed stages due to cerebral vasospasm.  

Methods and results: brain ischemic injury in mice. Focal ischemia was induced 

in C57Bl/6 (WT) or in MBL-A and MBL-C double knockout mice (MBL-/-), by 

permanent or transient middle cerebral artery occlusion (pMCAo and tMCAo, 

respectively). Neurological deficits and infarct volume were measured 48 h after 

ischemia. MBL presence on cerebral vessels was assessed by immunostaining and 

confocal microscopy. The activation of lectin pathway after ischemia was analyzed by 

measuring circulating functional MBL/MASP-2 complexes by ELISA. Complement 

activation was assessed by western blot analysis of C3 fragments in plasma samples. 

We first observed that MBL is deposited on ischemic vessels up to 48h after injury and 

that functional MBL/MASP-2 complexes and C3 complement fragments were 

significantly increased after tMCAo and pMCAo, indicating that the lectin pathway is 

activated in the ischemic injury.  

Next, we demonstrated that MBL-/- mice were protected from anatomical and 

functional ischemic injury, showing 28% and 41% lesion reduction after tMCAo and 

pMCAo, respectively, compared to WT, thus suggesting a deleterious role of MBL and 

suggesting that inhibition of this protein could lead to neuroprotection.  
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Methods and results: subarachnoid hemorrhage patients. 

Thirty-nine patients with SAH were enrolled. Clinical vasospasm (VSP) was defined as 

neuro-worsening with angiographic confirmation of vessel narrowing. Cerebral 

ischemia was defined as a hypodense lesion on computer tomography (CT) scan 

performed before Intensive Care Unit (ICU) discharge. Early cerebral ischemia was 

defined as a hypodense lesion on CT performed in acute phase (ECI), while delayed 

ischemia (DCI) was defined as a new hypodense lesion on CT scan performed in 

delayed phase. Six-month outcome was assessed using Glasgow outcome scale 

(GOS). Clinical severity, radiological status and outcome were studied in relation to 

lectin concentrations. Plasma levels of MBL, MBL/MASP-2 functional complexes, ficolin-

3 and of complement factors (C3 and C5b-9) from patients and 20 healthy subjects, 

were determined in acute (1-3 day) and post acute phase (4-14 day) through western 

blot analysis and ELISA.  

The plasma concentrations of MBL in SAH patients, however, was not significantly 

different from healthy subjects. Despite unaffected MBL levels, we have observed an 

acute and persistent reduction of MBL/MASP-2 levels.  

On the contrary, a persistent increase in ficolin-3 was detected in SAH patients. 

Furthermore, ficolin-3 was related to brain injury severity. Namely, significantly lower 

levels of ficolin-3 were found in: severe patients, patients with VSP and patients with 

CT cerebral ischemia.  

Conclusion: Our data show an important role for the lectin pathway in the 

pathogenesis of acute brain injury and provide a strong support to the concept that 

lectin pathway may be a relevant therapeutic target in humans with a wide 

therapeutic window of application. 



 

105 

 

References  

Ankolekar S, Rewell S, Howells DW, Bath PM (2012). The influence of stroke risk 

factors and comorbidities on assessment of stroke therapies in humans and animals. 

Int J Stroke 7:386-97 

 

Battista D, Ferrari CC, Gage FH, Pitossi FJ (2006). Neurogenic niche modulation by 

activated microglia: transforming growth factor beta increases neurogenesis in the 

adult dentate gyrus. Eur J Neurosci. 23:83–93. 

 

Bernig T, Taylor JG, Foster CB, Staats B, Yeager M, Chanock SJ (2004). Sequence 

analysis of the mannose-binding lectin (MBL2) gene reveals a high degree of 

heterozygosity with evidence of selection. Genes Immun. 5: 461–476. 

 

Brilstra EH, Rinkel GJE, Algra A, van Gijn J (2000). Rebleeding, secondary ischemia, 

and timing of operation in patients with subarachnoid hemorrhage. Neurology 55: 

1656–60. 

 

Brilstra EH, Algra A, Rinkel GJE, Tulleken CAF, van Gijn J (2002). Effectiveness of 

neurosurgical clip application in patients with aneurysmal subarachnoid hemorrhage. J 

Neurosurg 97:1036–41. 

 

Brouwer N, Frakking FN, van de Wetering MD, van Houdt M, Hart M, Budde IK, 

Strengers PF, Laursen I, Houen G, Roos D, Jensenius JC, Caron HN, Dolman KM, 

Kuijpers TW (2009). Mannose-binding lectin (MBL) substitution: recovery of opsonic 

function in vivo lags behind MBL serum levels. J Immunol. 183:3496-504 

 

Cai S, Davis AE (2003). III Complement regulatory protein C1 inhibitor binds to 

selectins and interferes with endothelial-leukocyte adhesion. J Immunol. 171:4786–

4791. 

 

Chaichana KL, Levy AP, Miller-Lotan R, Shakur S, Tamargo RJ (2007). Haptoglobin 2-2 

genotype determines chronic vasospasm after experimental subarachnoid 

hemorrhage. Stroke 38:3266-71. 

 

Chaichana KL, Pradilla G, Huang J, Tamargo RJ (2010). Role of inflammation 

(leukocyte-endothelial cell interactions) in vasospasm after subarachnoid hemorrhage. 

World Neurosurg. 73:22-41 

 

Caplan LR, Arenillas J, Cramer SC, Joutel A, Lo EH, Meschia J, Savitz S, Tournier-

Lasserve E (2011). Stroke-related translational research. Arch Neurol 68:1110-23 

 

Cedzynski M, Szemraj J, Swierzko AS, Bak-Romaniszyn L, Banasik M, Zeman K, 

Kilpatrick DC. (2004). Mannan-binding lectin insufficiency in children with recurrent 

infections of the respiratory system. Clin Exp Immunol. 136:304-11. 

Cervera A, Planas AM, Justicia C, Urra X, Jensenius JC, Torres F, Lozano F, Chamorro 

A (2010). Genetically-defined deficiency of mannose-binding lectin is associated with 

protection after experimental stroke in mice and outcome in human stroke. PLoS One 

5:e8433. 

Chen JM, Ferec C, Cooper DN (2010). Revealing the human mutome. Clin Genet. 

78:310–320.  

 

De Graba TJ (1998). The role of inflammation after acute stroke: utility of pursuing 

anti-adhesion molecule therapy. Neurology 51:S62–68 



 

106 

 

De Simoni MG, Storini C, Barba M, Catapano L, Arabia AM, Rossi E, Bergamaschini L 

(2003) Neuroprotection by complement (C1) inhibitor in mouse transient brain 

ischemia. J Cereb Blood Flow Met 23:232-9. 

De Simoni MG, Rossi E, Storini C, Pizzimenti S, Echart C, Bergamaschini L (2004). The 

powerful neuroprotective action of C1-inhibitor on brain ischemia-reperfusion injury 

does not require C1q. Am J Pathol. 164:1857-1863. 

de Vries B, Walter SJ, Peutz-Kootstra CJ, Wolfs TG, van Heurn LW, Buurman WA 

(2004). The mannose-binding lectin-pathway is involved in complement activation in 

the course of renal ischemia-reperfusion injury. Am J Pathol. 165:1677-88. 

Degn SE, Hansen AG, Steffensen R, Jacobsen C, Jensenius JC, Thiel S (2009). MAp44, 

a human protein associated with pattern recognition molecules of the complement 

system and regulating the lectin pathway of complement activation. J Immunol. 

183:7371-8 

Di Napoli M, Elkind MS, Godoy DA, Singh P, Papa F, Popa-Wagner A (2011). Role of C-

reactive protein in cerebrovascular disease: a critical review. Expert Rev Cardiovasc 

Ther. 9:1565-84 

Dichgans M (2007). Genetics of ischaemic stroke. Lancet Neuro. 6:149–161 

Dong M, Xu S, Oliveira CL, Pedersen JS, Thiel S, Besenbacher F, Vorup-Jensen T 

(2007). Conformational changes in mannan-binding lectin bound to ligand surfaces. J. 

Immunol, 178: 3016–3022. 

Eisen DP, Dean MM, Boermeester MA, Fidler KJ, Gordon AC, Kronborg G, Kun JF, Lau 

YL, Payeras A, Valdimarsson H, Brett SJ, Ip WK, Mila J, Peters MJ, Saevarsdottir S, 

van Till JW, Hinds CJ, McBryde ES (2008). Low serum mannose-binding lectin level 

increases the risk of death due to pneumococcal infection. Clin Infect Dis. 47:510-6. 

Emsley HC, Tyrrell PJ (2002). Inflammation and infection in clinical stroke. J Cereb 

Blood Flow Metab. 22:1399–1419 

Endo Y, Liu Y, Kanno K, Takahashi M, Matsushita M, Fujita T (2004). Identification of 

the mouse H-ficolin gene as a pseudogene and orthology between mouse ficolins A/B 

and human L-/M-ficolins. Genomics 84:737-44 

Endo Y, Matsushita M, Fujita T (2011). The role of ficolins in the lectin pathway of 

innate immunity. Int J Biochem Cell Biol. 43:705-12 

Engel O, Kolodziej S, Dirnagl U, Prinz V (2011). Modeling stroke in mice - middle 

cerebral artery occlusion with the filament model. J Vis Exp.;(47). pii: 2423. doi: 

10.3791/2423. 

Ezekowitz RA, Day LE, Herman GA (1988). A human mannosebinding protein is an 

acute-phase reactant that shares sequence homology with other vertebrate lectins. J. 

Exp. Med. 167:1034–1046. 

Fatahzadeh M, Glick M (2006). Stroke: epidemiology, classification, risk factors, 

complications, diagnosis, prevention, and medical and dental management. Oral Surg 

Oral Med Oral Pathol Oral Radiol Endod 102:180-91. 

Fisher CM, Kistler JP, Davis JM (1980) Relation of cerebral vasospasm to subarachnoid 

hemorrhage visualized by computerized tomographic scanning. Neurosurgery 6:1–9 



 

107 

 

Flossmann E, Schulz UGR, Rothwell PM (2004). A systematic review of the methods 

and results of studies of the genetic epidemiology of ischaemic stroke. Stroke 35:212–

227 

Foerch C, Singer OC, Neumann-Haefelin T, du Mesnil de Rochemont R, Steinmetz H, 

Sitzer M (2005). Evaluation of serum S100B as a surrogate marker for long-term 

outcome and infarct volume in acute middle cerebral artery infarction. Arch Neurol. 

62:1130-4. 

Fonarow GC, Smith EE, Saver JL, Reeves MJ, Bhatt DL, Grau-Sepulveda MV, Olson 

DM, Hernandez AF, Peterson ED, Schwamm LH (2011). Timeliness of tissue-type 

plasminogen activator therapy in acute ischemic stroke: patient characteristics, 

hospital factors, and outcomes associated with door-to-needle times within 60 

minutes. Circulation123:750-758. 

Frakking FN, Brouwer N, van de Wetering MD, Budde IK, Strengers PF, Huitema AD, 

Laursen I, Houen G, Caron HN, Dolman KM, Kuijpers TW (2009). Safety and 

pharmacokinetics of plasma-derived mannose-binding lectin (MBL) substitution in 

children with chemotherapy-induced neutropaenia. Eur J Cancer. 45:505-12 

Füst G, Munthe-Fog L, Illes Z, Széplaki G, Molnar T, Pusch G, Hirschberg K, Szegedi R, 

Széplaki Z, Prohászka Z, Skjoedt MO, Garred P (2011). Low ficolin-3 levels in early 

follow-up serum samples are associated with the severity and unfavorable outcome of 

acute ischemic stroke. J Neuroinflammation 8:185. 

Gallia GL, Tamargo RJ (2006). Leukocyte-endothelial cell interactions in chronic 

vasospasm after subarachnoid hemorrhage. Neurol Res. 28:750-8 

Garau A, Bertini R, Colotta F, Casilli F, Bigini P, Cagnotto A, Mennini T, Ghezzi P, Villa 

P (2005). Neuroprotection with the CXCL8 inhibitor repertaxin in transient brain 

ischemia. Cytokine 30:125–131. 

Garred P, Thiel S, Madsen HO, Ryder LP, Jensenius JC, Svejgaard A (1992a). Gene 

frequency and partial protein characterization of an allelic variant of mannan binding 

protein associated with low serum concentrations. Clin Exp Immunol. 90: 517–521. 

Garred P, Madsen HO, Kurtzhals JAL, Lamm LU, Thiel S, Hey AS et al (1992b). Diallelic 

polymorphism may explain variations of blood concentration of mannan-binding 

protein in Eskimos, but not in black Africans. Eur J Immunogenetics. 19: 403–412. 

Garred P, Brygge K, Sørensen CH, Madsen HO, Thiel S, Svejgaard A (1993). Mannan-

binding protein-levels in plasma and upper-airways secretions and frequency of 

genotypes in children with recurrence of otitis media. Clin. Exp. Immunol. 94: 99–104.  

Garred P, Harboe M, Oettinger T, Koch C, Svejgaard A (1994). Dual role of mannan-

binding protein in infections: another case of heterosis? Eur J Immunogenetics 21: 

125–131. 

Garred P, Madsen HO, Balslev U, Hofmann B, Pedersen C, Gerstoft J, Svejgaard A 

(1997). Susceptibility to HIV infection and progression of AIDS in relation to variant 

alleles of mannose-binding lectin. Lancet 349:236–240. 

Garred P, Larsen F, Madsen HO, Koch C (2003) Mannose-binding lectin deficiency–

revisited. Mol Immunol. 40: 73–84. 

Garred P, Larsen F, Seyfarth J, Fujita R, Madsen HO (2006) Mannose-binding lectin 

and its genetic variants. Genes Immun 7: 85–94. 



 

108 

 

Garred P (2008). Mannose-binding lectin genetics: from A to Z. Biochem. Soc. Trans. 

36: 1461–1466. 

Garred P, Honoré C, Ma YJ, Munthe-Fog L, Hummelshøj T (2009). MBL2, FCN1, FCN2 

and FCN3-The genes behind the initiation of the lectin pathway of complement. Mol 

Immunol. 46:2737-44 

German JW, Gross CE, Giclas P, Watral W, Bednar MM (1996). Systemic complement 

depletion inhibits experimental cerebral vasospasm. Neurosurgery 39:141–146 

Gesuete R, Storini C, Fantin A, Stravalaci M, Zanier ER, Orsini F, Vietsch H, Mannesse 

ML, Ziere B, Gobbi M, De Simoni MG (2009). Recombinant C1 inhibitor in brain 

ischemic injury. Ann Neurol. 66:332-342. 

Ginsberg MD, Belayev L, Zhao W, Huh PW, Busto R (1999). The acute ischemic 

penumbra: topography, life span, and therapeutic response. Acta Neurochir. Suppl. 

73: 45–50. 

Guo N, Mogues T,Weremowicz S, Morton CC, Sastry KN (1998). The human ortholog 

of rhesus mannose-binding protein-A gene is an expressed pseudogene that localizes 

to chromosome 10. Mamm Genome 9: 246–249. 

Hallenbeck JM (1996). Significance of the inflammatory response in brain ischemia. 

Acta Neurochir Suppl. 66:27–31. 

Hansen S, Thiel S, Willis A, Holmskov U, Jensenius JC (2000). Purification and 

characterization of two mannan-binding lectins from mouse serum. J Immunol. 

164:2610 –2618. 

Hedrick P, Kumar S (2001). Mutation and linkage disequilibrium in human mtDNA. Eur 

J Hum Genet. 9:969-72. 

Heitzeneder S, Seidel M, Förster-Waldl E, Heitger A (2012). Mannan-binding lectin 

deficiency - Good news, bad news, doesn't matter? Clin Immunol. 143:22-38. 

Herpers BL, Endeman H, de Jong BA, de Jongh BM, Grutters JC, et al. (2009) Acute-

phase responsiveness of mannose-binding lectin in community-acquired pneumonia is 

highly dependent upon MBL2 genotypes. Clin Exp Immunol 156: 488–494. 

Hummelshoj, T., Munthe-Fog, L., Madsen, H.O., Fujita, T., Matsushita, M., Garred, 

P.,(2005). Polymorphisms in the FCN2 gene determine serum variation and function of 

Ficolin-2. Human Mol. Genet. 14, 1651–1658. 

Iadecola C, Anrather J (2011). The immunology of stroke: from mechanisms to 

translation. Nat Med. 17:796-808. 

Ip WK, Takahashi K, Ezekowitz RA, Stuart LM (2009). Mannose-binding lectin and 

innate immunity. Immunol. Rev. 230: 9–21. 

Jack DL, Klein NJ, Turner MW (2001). Mannose-binding lectin: targeting the microbial 

world for complement attack and opsonophagocytosis. Immunol. Rev. 180: 86–99. 

Janeway CA Jr, Travers P, Walport M, Shlomchik MJ (2001). Immunobiology: The 

Immune System in Health and Disease. 5th edition. New York: Garland Science 

 

Jensen ML, Honoré C, Hummelshøj T, Hansen BE, Madsen HO, Garred P (2007). 

Ficolin-2 recognizes DNA and participates in the clearance of dying host cells. Mol 

Immunol. 44:856-65 

http://www.garlandscience.com/textbooks/0815341237.asp


 

109 

 

Jiang H, Wagner E, Zhang H, Frank MM (2001). Complement 1 inhibitor is a regulator 

of the alternative complement pathway. J Exp Med. 194:1609–1616. 

Jones TH, Morawetz RB, Crowell RM, Marcoux FW, FitzGibbon SJ, DeGirolami U, 

Ojemann RG (1981). Thresholds of focal cerebral ischemia in awake monkeys. J 

Neurosurg 54:773-82. 

Kasuya H, Shimizu T (1989). Activated complement components C3a and C4a in 

cerebrospinal fluid and plasma following subarachnoid hemorrhage. J Neurosurg 

71:741–746 

Kiefer R, Streit WJ, Toyka KV, Kreutzberg GW, Hartung HP (1995). Transforming 

growth factor-beta 1: a lesion-associated cytokine of the nervous system. Int J Dev 

Neurosci 13:331–9. 

Kilpatrick D.C (1998). Phospholipid-binding activity of human mannan binding Lectin. 

Immunol. Lett. 61:191–195. 

Kilpatrick DC, McLintock LA, Allan EK, Copland M, Fujita T, Jordanides NE, Koch C, 

Matsushita M, Shiraki H, Stewart K, Tsujimura M, Turner ML, Franklin IM, Holyoake TL 

(2003). No strong relationship between mannan binding lectin or plasma ficolins and 

chemotherapy-related infections. Clin Exp Immunol. 134:279-84. 

Krarup A, Wallis R, Presanis JS, Gál P, Sim RB (2007). Simultaneous activation of 

complement and coagulation by MBL-associated serine protease 2. PLoS One 2:e623.  

Krarup A, Gulla KC, Gál P, Hajela K, Sim RB (2008). The action of MBL-associated 

serine protease 1 (MASP1) on factor XIII and fibrinogen. Biochim Biophys Acta 

1784:1294-300 

Lalancette-Hebert M, Gowing G, Simard A, Weng YC, Kriz J (2007). Selective ablation 

of proliferating microglial cells exacerbates ischemic injury in the brain. J Neurosci 

27:2596–605. 

Lee KR, Colon GP, Betz AL, Keep RF, Kim S, Hoff JT (1996). Edema from intracerebral 

hemorrhage: the role of thrombin. J Neurosurg. 84:91-6. 

Lees JS, Mishra NK, Saini M, Lyden PD, Shuaib A (2011). Low body temperature does 

not compromise the treatment effect of alteplase. Stroke 42:2618-2621. 

Lindsberg PJ, Ohman J, Lehto T, Karjalainen-Lindsberg ML, Paetau A, uorimaa T, 

Carpen O, Kaste M, Meri S (1996). Complement activation in the central nervous 

system following blood-brain barrier damage in man. Ann. Neurol 40:587–596 

Lipscombe RJ, Sumiya M, Hill AV, Lau YL, Levinsky RJ, Summerfield JA, Turner MW 

(1992). High frequencies in African and non-African populations of independent 

mutations in the mannose binding protein gene. Hum. Mol. Genet. 1:709–715. 

Liszewski, MK, Farries, TC, Lublin, DM, Rooney, IA, Atkinson, JP (1996). Control of the 

complement system. Adv Immunol. 61:201-283. 

Liu, Y., Endo, Y., Homma, S., Kanno, K., Yaginuma, H., Fujita, T., (2005). Ficolin A 

and ficolin B are expressed in distinct ontogenic patterns and cell types in the mouse. 

Mol. Immunol. 42, 1265–1273. 

Lo EH, Dalkara T, Moskowitz MA (2003). Mechanisms, challenges and opportunities in 

stroke. Nat Rev Neurosci. 4:399-415 



 

110 

 

Lo EH (2008). A new penumbra: transitioning from injury into repair after stroke. Nat 

Med. 14:497-500. 

Longhi L, Perego C, Ortolano F, Zanier ER, Bianchi P, Stocchetti N, McIntosh TK, De 

Simoni MG (2009). C1-inhibitor attenuates neurobehavioral deficits and reduces 

contusion volume after controlled cortical impact brain injury in mice. Crit Care Med. 

37:659-65. 

Mack WJ, Ducruet AF, Hickman ZL, Garrett MC, Albert EJ, Kellner CP, Mocco J, 

Connolly ES Jr (2007). Early plasma complement C3a levels correlate with functional 

outcome after aneurysmal subarachnoid hemorrhage. Neurosurgery 61:255-60 

Macrez R, Ali C, Toutirais O, Le Mauff B, Defer G, Dirnagl U, Vivien D (2011). Stroke 

and the immune system: from pathophysiology to new therapeutic strategies. Lancet 

Neurol. 10:471–80. 

Madsen HO, Garred P, Kurtzhals JA, Lamm LU, Ryder LP, Thiel S, Svejgaard A (1994). 

A new frequent allele is the missing link in the structural polymorphism of the human 

mannanbinding protein. Immunogenetics 40: 37–44. 

Madsen HO, Garred P, Thiel S, Kurtzhals JA, Lamm LU, Ryder LP, Svejgaard A (1995). 

Interplay between promoter and structural gene variants control basal serum level of 

mannan-binding protein. J. Immunol. 155: 3013–3020. 

Madsen HO, Satz ML, Hogh B, Svejgaard A, Garred P. (1998). Different molecular 

events result in low protein levels of mannan-binding lectin in populations from 

southeast Africa and South America. J Immunol. 161:3169-75. 

Matsushita M, Fujita T (1992). Activation of the classical complement pathway by 

mannose binding protein in association with a novel C1s-like serine protease. J Exp 

Med 176:1497–502. 

Matsushita, M., Fujita, T., (1996a). Inhibition of mannose-binding pro- tein-associated 

serine protease (MASP) by C1 inhibitor. Mol. Immunol. 33 (Suppl. 1), 44. 

Matsushita M, Endo Y, Fujita T (2000a). Complement activation complex of ficolin and 

mannose-binding lectin-associated serine protease. J Immunol 164:2281–4.  

Matsushita M, Thiel S, Jensenius JC, Terai I, Fujita T (2000b). Proteolytic activities of 

two types of mannose-binding lectin-associated serine protease. J Immunol 

165:2637–42. 

Matsushita M., Endo Y., and Fujita T. (2000c) Cutting edge: complement-activating 

complex of ficolin and mannose binding lectin-associated serine protease Journal of 

Immunology 164 2281–2284 

Matsushita M, Kuraya M, Hamasaki N, Tsujimura M, Shirai H, Fujita T. (2002). 

Activation of the lectin complement pathway by H-ficolin (Hakata antigen). J Immunol 

168:3502–6.  

Matsushita M (2009). Ficolins: complement-activating lectins involved in innate 

immunity. J Innate Immun. 2:24-32 

Matthijsen RA, Derikx JP, Steffensen R, van Dam RM, Dejong CH, Buurman WA 

(2009). Mannose-binding lectin null alleles are associated with preserved epithelial cell 

integrity following intestinal ischemia reperfusion in man. Mol Immunol.46:2244-2248. 



 

111 

 

Minchinton RM, Dean MM, Clark TR, Heatley S, Mullighan CG (2002). Analysis of the 

relationship between mannose-binding lectin (MBL) genotype, MBL levels and function 

in an Australian blood donor population. Scand J Immunol. 56:630-41. 

Mocco J, Mack WJ, Ducruet AF, Sosunov SA, Sughrue ME, Hassid BG, Nair MN, Laufer 

I, Komotar RJ, Claire M, Holland H, Pinsky DJ, Connolly ES, Jr (2006). Complement 

component C3 mediates inflammatory injury following focal cerebral ischemia. Circ 

Res. 99:209-217. 

Moskowitz MA, Lo EH, Iadecola C (2010). The science of stroke: mechanisms in search 

of treatments. Neuron. 67:181-98. 

Munthe-Fog, L., Hummelshoj, T.,Ma, Y.J., Hansen, B.E., Koch, C., Madsen, H.O., 

Skjodt,K., Garred, P., (2008). Characterization of a polymorphism in the coding 

sequence of FCN3 resulting in a Ficolin-3 (Hakata antigen) deficiency state. Mol. 

Immunol. 45, 2660–2666. 

Naito H, Ikeda A, Hasegawa K, Oka S, Uemura K, Kawasaki N et al (1999). 

Characterization of human serum mannan-binding protein promoter. J Biochem. 126: 

1004–1012. 

Narantuya D, Nagai A, Sheikh AM, Masuda J, Kobayashi S, Yamaguchi S, Kim SU 

(2010). Human microglia transplanted in rat focal ischemia brain induce 

neuroprotection and behavioral improvement. PLoS ONE 5:e11746. 

 

Naredi S, Lambert G, Friberg P, Zäll S, Edén E, Rydenhag B, Tylman M, Bengtsson A 

(2006). Sympathetic activation and inflammatory response in patients with 

subarachnoid haemorrhage. Intensive Care Med. 32:1955-61 

Nauta AJ, Raaschou-Jensen N, Roos A, Daha MR, Madsen HO, Borrias-Essers MC, 

Ryder LP, Koch C, Garred P (2003). Mannose-binding lectin engagement with late 

apoptotic and necrotic cells. Eur. J. Immunol. 33: 2853–2863. 

Nonaka M, Ma BY, Ohtani M, Yamamoto A, Murata M, Totani K, Ito Y, Miwa K, Nogami 

W, Kawasaki N, Kawasaki T (2007). Subcellular localization and physiological 

significance of intracellular mannan-binding protein. J. Biol. Chem. 282: 17908–17920 

Orsini F, Villa P, Parrella S, Zangari R, Zanier ER, Gesuete R, Stravalaci M, Fumagalli 

S, Ottria R, Reina JJ, Paladini A, Micotti E, Ribeiro-Viana R, Rojo J, Pavlov VI, Stahl GL, 

Bernardi A, Gobbi M, De Simoni MG (2012). Targeting Mannose Binding Lectin Confers 

Long Lasting Protection with a Surprisingly Wide Therapeutic Window in Cerebral 

Ischemia. Circulation 126:1484-94 

Ostergaard JR, Kristensen BO, Svehag SE, Teisner B, Miletic T (1987). Immune 

complexes and complement activation following rupture of intracranial saccular 

aneurysms. J Neurosurg 66:891–897 

Osthoff M, Rovó A, Stern M, Danner D, Gratwohl A, Tichelli A, Trendelenburg M 

(2010). Mannose-binding lectin levels and major infections in a cohort of very long-

term survivors after allogeneic stem cell transplantation. Haematologica 95:1389-96 

Osthoff M, Katan M, Fluri F, Schuetz P, Bingisser R, Kappos L, Steck AJ, Engelter ST, 

Mueller B, Christ-Crain M, Trendelenburg M (2011). Mannose-binding lectin deficiency 

is associated with smaller infarction size and favorable outcome in ischemic stroke 

patients. PLoS One 6:e21338.  



 

112 

 

Palaniyar N, Nadesalingam J, Clark H, Shih MJ, Dodds AW, Reid KB (2004). Nucleic 

acid is a novel ligand for innate, immune pattern recognition collectins surfactant 

proteins A and D and mannose-binding lectin. J. Biol. Chem. 279: 32728–32736. 

Parker, C J (1992). Membrane defenses against attack by complement and perforins. 

Curr Top Microbiol Immunol. 178:1-188.  

Pedersen ED, Waje-Andreassen U, Vedeler CA, Aamodt G, Mollnes TE (2004). 

Systemic complement activation following human acute ischaemic stroke. Clin Exp 

Immunol. 137:117-22. 

Pedersen ED, Løberg EM, Vege E, Daha MR, Maehlen J, Mollnes TE (2009). In situ 

deposition of complement in human acute brain ischaemia. Scand J Immunol. 69:555-

62. 

Pellettieri L, Carlson CA, Lindholm L (1981). Is the vasospasm following subarachnoid 

hemorrhage an immunoreactive disease? Experientia 37:1170 

Pellettieri L, Nilsson B, Carlsson CA, Nilsson U (1986). Serum immunocomplexes in 

patients with subarachnoid hemorrhage. Neurosurgery 19:767–771, 

Perego C, Fumagalli S, De Simoni MG (2011). Temporal pattern of expression and 

colocalization of microglia/macrophage phenotype markers following brain ischemic 

injury in mice. J Neuroinflammation 8:174. 

Peterson JW, Searle R, Mandy FF, Teramura A, Hackett JD, Morgan JA, Nishizawa S, 

Bun T, Zervas NT (1989). Immunological reaction against the aging human 

subarachnoid erythrocyte: A model for the onset of cerebral vasospasm after 

subarachnoid hemorrhage. J Neurosurg 71:718–726 

Phaneuf LR, Lillie BN, Hayes MA, Turner PV (2007). Binding of mouse mannan-binding 

lectins to different bacterial pathogens of mice. Vet Immunol Immunopathol. 118:129-

33 

Potlukova E, Jiskra J, Freiberger T, Limanova Z, Zivorova D, et al. (2010) The 

production of mannan-binding lectin is dependent upon thyroid hormones regardless 

of the genotype: a cohort study of 95 patients with autoimmune thyroid disorders. Clin 

Immunol 136: 123–129. 

Qureshi AI, Wilson DA, Hanley DF, Traystman RJ (1999). No evidence for an ischemic 

penumbra in massive experimental intracerebral hemorrhage. Neurology 52:266–272. 

Rabinstein AA, Weigand S, Atkinson JL, Wijdicks EFM (2005). Patterns of cerebral 

infarction in aneurysmal subarachnoid hemorrhage. Stroke 36: 992–97. 

Rabinstein AA, Lanzino G, Wijdicks EF (2010). Multidisciplinary management and 

emerging therapeutic strategies in aneurysmal subarachnoid haemorrhage. Lancet 

Neurol .9:504-19 

Ricklin D, Hajishengallis G, Yang K, Lambris JD (2010). Complement: a key system for 

immune surveillance and homeostasis. Nat Immunol. 11:785-797. 

Sacco S, Stracci F, Cerone D, Ricci S, Carolei A (2011). Epidemiology of stroke in 

Italy. Int J Stroke 6:219-27 

Sallenbach S, Thiel S, Aebi C, Otth M, Bigler S, Jensenius JC, Schlapbach LJ, Ammann 

RA (2011). Serum concentrations of lectin-pathway components in healthy neonates, 

http://www.ncbi.nlm.nih.gov/pubmed?term=Sacco%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21557809
http://www.ncbi.nlm.nih.gov/pubmed?term=Stracci%20F%5BAuthor%5D&cauthor=true&cauthor_uid=21557809
http://www.ncbi.nlm.nih.gov/pubmed?term=Cerone%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21557809
http://www.ncbi.nlm.nih.gov/pubmed?term=Ricci%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21557809
http://www.ncbi.nlm.nih.gov/pubmed?term=Carolei%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21557809
http://www.ncbi.nlm.nih.gov/pubmed/21557809


 

113 

 

children and adults: mannan-binding lectin (MBL), M-, L-, and H-ficolin, and MBL-

associated serine protease-2 (MASP-2). Pediatr Allergy Immunol. 22:424-30 

Sastry K, Herman GA, Day L, Deignan E, Bruns G, Morton CC, Ezekowitz RA (1989). 

The human mannose-binding protein gene. Exon structure reveals its evolutionary 

relationship to a human pulmonary surfactant gene and localization to chromosome 

10. J Exp Med. 170: 1175–1189. 

Sastry R, Wang JS, Brown DC, Ezekowitz RA, Tauber AI, Sastry KN (1995). 

Characterization of murine mannose-binding protein genes Mbl1 and Mbl2 reveals 

features common to other collectin genes. Mamm Genome 6: 03–110. 

Skjoedt MO, Palarasah Y, Munthe-Fog L, Jie Ma Y, Weiss G, Skjodt K, Koch C, Garred P 

(2010a). MBL-associated serine protease-3 circulates in high serum concentrations 

predominantly in complex with Ficolin-3 and regulates Ficolin-3 mediated complement 

activation. Immunobiology 215:921-31  

Skjoedt MO, Hummelshoj T, Palarasah Y, Honore C, Koch C, Skjodt K, Garred P 

(2010b). A novel mannose-binding lectin/ficolin-associated protein is highly expressed 

in heart and skeletal muscle tissues and inhibits complement activation. J Biol Chem. 

285:8234-43 

Skjoedt MO, Roversi P, Hummelshøj T, Palarasah Y, Rosbjerg A, Johnson S, Lea SM, 

Garred P (2012). Crystal Structure and Functional Characterization of the Complement 

Regulator Mannose-binding Lectin (MBL)/Ficolin-associated Protein-1 (MAP-1). J Biol 

Chem. 287:32913-21 

Solenski NJ, Haley EC Jr, Kassell NF, Kongable G, Germanson T, Truskowski L, Torner 

JC (1995). Medical complications of aneurysmal subarachnoid hemorrhage: a report of 

the multicenter, cooperative aneurysm study. Participants of the Multicenter 

Cooperative Aneurysm Study. Crit Care Med. 23:1007-17. 

Stahel PF, Morganti-Kossmann MC, Kossmann T (1998). The role of the complement 

system in traumatic brain injury. Brain Res Brain Res Rev. 27:243-56. 

Storini C, Rossi E, Marrella V, Distaso M, Veerhuis R, Vergani C, Bergamaschini L, De 

Simoni MG (2005). C1 inhibitor protects against brain ischemia-reperfusion injury via 

inhibition of cell recruitment and inflammation. Neurobiol Disease 19:10-17. 

Storini C, Bergamaschini L, Gesuete R, Rossi E, Maiocchi D, De Simoni MG (2006). 

Selective inhibition of plasma kallikrein protects brain from reperfusion injury. J 

Pharmacol Exp Ther. 318:849-854. 

Sugita, Y, Masuho, Y (1995). CD59: its role in complement regulation and potential for 

therapeutic use. Immunotechnology 1:157-168. 

Sumiya M, Super M, Tabona P, Levinsky RJ, Arai T, Turner MW, Summerfield JA 

(1991). Molecular basis of opsonic defect in immunodeficient children. Lancet 337: 

1569–1570. 

Super M, Thiel S, Lu J, Levinsky RJ, Turner MW (1989). Association of low levels of 

mannan-binding protein with a common defect of opsonisation. Lancet 2: 1236–1239. 

Swanson R, Morton M, Tsao-Wu G, Savalos R, Davidson C, Sharp F (1990) A 

semiautomated method for measuring brain infarct volume. J Cereb Blood Flow Metab 

10:290-3. 



 

114 

 

Széplaki G, Szegedi R, Hirschberg K, Gombos T, Varga L, Karádi I, Entz L, Széplaki Z, 

Garred P, Prohászka Z, Füst G.(2009). Strong complement activation after acute 

ischemic stroke is associated with unfavorable outcomes. Atherosclerosis 204:315-20 

Takahashi M, Iwaki D, Kanno K, Ishida Y, Xiong J, Matsushita M, et al. (2008). 

Mannose binding lectin (MBL)-associated serine protease (MASP)-1 contributes to 

activation of the lectin complement pathway. J Immunol 180:6132–8. 

Takahashi M, Ishida Y, Iwaki D, Kanno K, Suzuki T, Endo Y, Homma Y, Fujita T. 

(2010). Essential role of mannose-binding lectin-associated serine protease-1 in 

activation of the complement factor D. J Exp Med 207:29–37. 

Taylor ME, Brickell PM, Craig RK, Summerfield JA (1989). Structure and evolutionary 

origin of the gene encoding a human serum mannose-binding protein. Biochem J. 262: 

763–771 

Thiel S, Petersen SV, Vorup-Jensen T, Matsushita M, Fujita T, Stover CM, Schwaeble 

WJ, Jensenius JC (2000). Interaction of C1q and mannan-binding lectin (MBL) with 

C1r, C1s, MBL-associated serine proteases 1 and 2, and the MBL-associated protein 

MAp19. J. Immunol. 165: 878–887. 

Thiel S, Kolev M, Degn S, Steffensen R, Hansen AG, Ruseva M, Jensenius JC (2009). 

Polymorphisms in mannan-binding lectin (MBL)-associated serine protease 2 affect 

stability, binding to MBL, and enzymatic activity. J Immunol. 182:2939-47. 

Thiruma V. Arumugam, Trent M. Woodruff, Justin D. Lathia, Pradeep K. Selvaraj, Mark 

P. Mattson, Stephen M. Taylor (2009). Neuroprotection in Stroke by Complement 

Inhibition and Immunoglobulin Therapy. Neuroscience; 158: 1074–1089. 

Trendelenburg M, Theroux P, Stebbins A, Granger C, Armstrong P, Pfisterer M (2010). 

Influence of functional deficiency of complement mannose-binding lectin on outcome 

of patients with acute ST-elevation myocardial infarction undergoing primary 

percutaneous coronary intervention. Eur Heart J. 31:1181-1187. 

van der Pol P, Schlagwein N, van Gijlswijk DJ, Berger SP, Roos A, Bajema IM, de Boer 

HC, de Fijter JW, Stahl GL, Daha MR, van Kooten C (2012). Mannan-binding lectin 

mediates renal ischemia/reperfusion injury independent of complement activation. Am 

J Transplant. 12:877-87. 

van Gijn J, Kerr RS, Rinkel GJ (2007). Subarachnoid haemorrhage. Lancet 369:306-18 

Veerhuis R, Nielsen HM, Tenner AJ (2011). Complement in the brain. Mol Immunol. 

48:1592-603 

Verdu P, Barreiro LB, Patin E, Gessain A, Cassar O, Kidd JR, Kidd KK, Behar DM, 

Froment A, Heyer E, Sica L, Casanova JL, Abel L, Quintana-Murci L (2006). 

Evolutionary insights into the high worldwide prevalence of MBL2 deficiency alleles. 

Hum Mol Genet. 15:2650-8 

Wallis R, Shaw JM, Uitdehaag J, Chen CB, Torgersen D, Drickamer K (2004). 

Localization of the serine protease-binding sites in the collagen-like domain of 

mannose-binding protein: indirect effects of naturally occurring mutations on protease 

binding and activation. J. Biol. Chem. 279: 14065–14073. 

Wallis R, Dodds AW, Mitchell DA, Sim RB, Reid KB, Schwaeble WJ (2007). Interactions 

between mannose-binding lectin and MASPs during complement activation by the 

lectin pathway. Immunobiology 212: 289–299. 



 

115 

 

Walsh MC, Bourcier T, Takahashi K, Shi L, Busche MN, Rother RP, Solomon SD, 

Ezekowitz RA, Stahl GL (2005). Mannose-binding lectin is a regulator of inflammation 

that accompanies myocardial ischemia and reperfusion injury. J Immunol. 175:541-

546. 

Wang Q, Tang XN, Yenari MA (2007a). The inflammatory response in stroke. J 

Neuroimmunol. 184:53–68. 

Wang J, Dore S (2007b). Inflammation after intracerebral hemorrhage. J Cereb Blood 

Flow 27:894–908.  

Wang CC, Yim KW, Poon TC, Choy KW, Chu CY, Lui WT, Lau TK, Rogers MS, Leung TN 

(2007c). Innate immune response by ficolin binding in apoptotic placenta is associated 

with the clinical syndrome of preeclampsia. Clin Chem. 53:42-52. 

Weir B, Grace M, Hansen J, Rothberg C (1978). Time course of vasospasm in man. J 

Neurosurg 48:173-8. 

Weir BK, Macdonald RL, Stoodley M (1999). Etiology of cerebral vasospasm. Acta 

Neurochir Suppl 72:27–46,  

Weis WI, Drickamer K, Hendrickson WA (1992). Structure of a C-type mannose-

binding protein complexed with an oligosaccharide. Nature 360: 127–134. 

White RA, Dowler LL, Adkinson LR, Ezekowitz RAB, Sastry KN (1994). The murine 

mannose-binding protein genes (MBL1 and MBL2) localize to chromosomes 14 and 19. 

Mamm Genome 5: 807–809. 

Wilson JT, Pettigrew LE, Teasdale GM (1998) Structured interviews for the Glasgow 

Outcome Scale and the extended Glasgow Outcome Scale: guidelines for their use. J 

Neurotrauma 15:573–585 

Worthley DL, Johnson DF, Eisen DP, Dean MM, Heatley SL, Tung JP, Scott J, Padbury 

RT, Harley HA, Bardy PG, Angus PW, Mullighan CG (2009). Donor mannose-binding 

lectin deficiency increases the likelihood of clinically significant infection after liver 

transplantation. Clin Infect Dis. 48:410-7. 

Xi G, Keep RF, Hoff J T (1998). Erythrocytes and delayed brain edema formation 

following intracerebral hemorrhage in rats. J Neurosurg 89:991–996. 

Xi G, Keep RF, Hoff JT (2006). Mechanisms of brain injury after intracerebral 

haemorrhage. Lancet Neurol  5:53–63. 

Xing C, Arai K, Lo EH, Hommel M (2012). Pathophysiologic cascades in ischemic 

stroke. Int J Stroke 7:378-85. 

Yanamadala V, Friedlander RM (2010). Complement in neuroprotection and 

neurodegeneration. Trends Mol Med 16:69-76 

Youn CS, Choi SP, Kim SH, Oh SH, Jeong WJ, Kim HJ, Park KN (2012). Serum highly 

selective C-reactive protein concentration is associated with the volume of ischemic 

tissue in acute ischemic stroke. Am J Emerg Med. 30:124-8 

Zanier ER, Refai D, Zipfel GJ, Zoerle T, Longhi L, Esparza TJ, Spinner ML, Bateman RJ, 

Brody DL, Stocchetti N (2010). Neurofilament light chain levels in ventricular 

cerebrospinal fluid after acute aneurysmal subarachnoid haemorrhage. J Neurol 

Neurosurg Psychiatry 82:157-9 



 

116 

 

Zanier ER, Brandi G, Peri G, Longhi L, Zoerle T, Tettamanti M, Garlanda C, Sigurtà A, 

Valaperta S, Mantovani A, De Simoni MG, Stocchetti N (2011). Cerebrospinal fluid 

pentraxin 3 early after subarachnoid hemorrhage is associated with vasospasm. 

Intensive Care Med. 37:302-9 

 

Related links 

American Heart Association. 2012 Heart and Stroke Statistical Update. Available at 

http://my.americanheart.org/professional/General/Heart-Stroke-2012-Statistical-

Update_UCM_434526_Article.jsp 

Report of World Federation of Neurological Surgeons Committee on a Universal 

Subarachnoid Hemorrhage Grading Scale (1988). J Neurosurg 68(6): 985–986 

WHO. Projections of mortality and burden of disease, 2002-2030. 

Available at http://www.who.int/healthinfo/global_burden_disease/  

 

 

Acknowledgements 

First of all I would like to thanks my tutor Serenella Civitelli for giving me courage and 

supportin completing this work. 

I would like to thank my supervisor, Maria Grazia De Simoni for giving me the 

opportunity to work at the Mario Negri Institute and for her continual support and 

advice throughout this work. I would like to express my gratitude to Dr. Elisa R Zanier 

for her help and advice during this period. 

Their helps me a lot in all the stages of this thesis and gave me ideas to implement, 

things to achieve my desired goals. 

I would like to extend my appreciation to all of the staff of Inflammation and Nervous 

System Diseases at Mario Negri Institute, for welcoming me into their group and 

giving me friendship and encouragement throughout the course of this work.  

I would especially like to thank Franca Orsini, Sara Parrella and Tommaso Zoerle for 

his technical assistance and expertise their brought for solving technical problems I 

faced during the thesis. 

Finally, I would like to thank my family members and my friends who have been a 

constant source of support and encouragement in all respects during my entire course 

work. 

http://my.americanheart.org/professional/General/Heart-Stroke-2012-Statistical-Update_UCM_434526_Article.jsp
http://my.americanheart.org/professional/General/Heart-Stroke-2012-Statistical-Update_UCM_434526_Article.jsp
http://www.who.int/healthinfo/global_burden_disease/

