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Thesis	
  Summary	
  

The	
   objective	
   of	
   this	
   PhD	
   thesis	
   was	
   to	
   investigate	
   the	
   interplay	
   between	
  

Group	
   B	
   Streptococcus	
   (GBS)	
   and	
   the	
   Complement	
   System,	
   and	
   in	
   particular	
   the	
  

strategies	
   used	
   by	
   this	
   important	
   human	
   pathogen	
   to	
   interfere	
   with	
   the	
   different	
  

Complement	
  pathways	
  and	
  effectors.	
  The	
  study	
  had	
  two	
  main	
  aims	
  and	
  the	
  obtained	
  

results	
   are	
   presented	
   in	
   two	
   separate	
   chapters,	
   both	
   including	
   a	
   short	
   background	
  

introduction	
  and	
  a	
  discussion.	
  

The	
   first	
   aim	
   was	
   to	
   elucidate	
   the	
   involvement	
   of	
   the	
   Classical,	
   Lectin	
   and	
  

Alternative	
   Complement	
   pathways	
   in	
   GBS	
   clearance,	
   and	
   the	
   role	
   of	
   the	
   Capsular	
  

Polysaccharide	
  and	
   its	
   Sialic	
   acid	
   component	
   in	
  protecting	
   the	
  microorganism	
   from	
  

Complement	
   attack.	
   Moreover,	
   this	
   work	
   was	
   aimed	
   at	
   further	
   investigating	
   the	
  

mechanisms	
   of	
   Complement	
   susceptibility	
   in	
   GBS,	
   both	
   in	
   absence	
   and	
   presence	
   of	
  

specific	
   antibodies.	
   The	
   highly	
   encapsulated	
   COH1	
   strain	
   belonging	
   to	
   serotype	
   III,	
  

the	
  most	
  prevalent	
  in	
  GBS	
  neonatal	
   infections	
  worldwide,	
  and	
  its	
  acapsular	
  isogenic	
  

mutant	
   COH1	
   ΔcpsE	
   were	
   selected	
   for	
   this	
   study.	
   The	
   relative	
   role	
   of	
   each	
  

Complement	
   pathway	
   was	
   investigated	
   by	
   C3b	
   deposition,	
   C1q	
   binding	
   and	
  

Opsonophagocytosis	
   experiments.	
   The	
   relevance	
   of	
   the	
   Classical	
   pathway	
   was	
  

investigated	
   by	
   using	
   C1q-­‐depleted	
   Complement	
   sources	
   and	
   Calcium/Magnesium	
  

depletion,	
  and	
   the	
  contribution	
  of	
   the	
  Alternative	
  Pathway	
  was	
  assessed	
  by	
  using	
  a	
  

Factor	
   B-­‐depleted	
   Complement	
   source.	
   The	
   role	
   of	
   Sialic	
   acid	
   in	
   Complement	
  

deposition	
  was	
  studied	
  by	
  comparing	
  serotype	
  III	
  GBS	
  treated	
  with	
  Neuraminidase	
  to	
  

the	
  wild	
   type	
  and	
  acapsular	
  mutant	
   strains.	
   From	
   this	
   study	
  we	
   concluded	
   that	
   the	
  

GBS	
   capsule	
   strongly	
   inhibits	
   Complement	
   activation	
   by	
   the	
   Classical	
   Pathway	
   and	
  

also	
  the	
  following	
  cascade	
  amplification	
  by	
  the	
  Alternative	
  Pathway.	
  This	
  work	
  could	
  

serve	
  as	
  a	
  model	
   to	
  better	
  elucidate	
   the	
   role	
  of	
   the	
  capsule	
   in	
  other	
  GBS	
  serotypes,	
  

whose	
  response	
  to	
  Complement	
  attack	
  could	
  be	
  different	
  on	
  the	
  basis	
  of	
  the	
  different	
  

capsule	
  composition.	
  Having	
  a	
  clear	
  picture	
  on	
  how	
  the	
  Complement	
  acts	
  on	
  GBS	
  will	
  

help	
  identifying	
  new	
  tools	
  to	
  counteract	
  infections	
  both	
  in	
  newborns	
  and	
  adults.	
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In	
  the	
  second	
  part	
  of	
  this	
  work	
  we	
  investigated	
  a	
  new	
  role	
  for	
  a	
  small	
  secreted	
  

GBS	
   polypeptide,	
   named	
   CIP	
   (Complement	
   Interfering	
   Protein),	
   previously	
   studied	
  

for	
   its	
   ability	
   to	
   inhibit	
   the	
   Classical	
   and	
   Lectin	
   Complement	
   Pathways.	
   Indeed	
  

Pietrocola	
  and	
  coworkers	
  demonstrated	
  that	
  CIP	
  was	
  able	
  to	
  interact	
  with	
  C4	
  and	
  C4b	
  

Complement	
  components,	
  and	
  to	
  prevent	
  the	
  formation	
  of	
  the	
  C4b2a	
  convertase,	
  thus	
  

leading	
   to	
   a	
   decreased	
   C3b	
   deposition	
   on	
   the	
   bacterial	
   surface.	
   On	
   the	
   basis	
   of	
   the	
  

ability	
  of	
  this	
  GBS	
  protein	
  to	
  interact	
  also	
  with	
  other	
  Complement	
  factors,	
  the	
  present	
  

study	
  was	
  aimed	
  at	
   functionally	
  and	
  biochemically	
  characterizing	
  CIP	
  binding	
   to	
  C3	
  

and	
   its	
   C3b	
   and	
   C3d	
   degradation	
   fragments.	
  We	
   first	
   investigated	
   the	
   possible	
   CIP	
  

binding	
  region	
  for	
  C3d	
  by	
  Hydrogen-­‐Deuterium	
  Exchange-­‐Mass	
  Spectrometry	
  (HDx-­‐

MS)	
   analysis,	
   and	
   aligned	
   CIP	
   sequence	
   to	
   the	
   ones	
   of	
   other	
   bacterial	
   C3d-­‐binding	
  

proteins	
   to	
   detect	
   common	
   aminoacidic	
   patterns.	
   Moreover	
   we	
   aimed	
   at	
  

characterizing	
   CIP	
   ability	
   to	
   interfere	
   with	
   the	
   interaction	
   between	
   C3d	
   and	
   its	
  

CR2/CD21	
   receptor	
   on	
   B	
   cells.	
   Since	
   CR2/CD21	
   clusters	
   together	
   with	
   the	
   B	
   Cell	
  

Receptor	
  (BCR)	
  on	
  the	
  B	
  cell	
  surface,	
  C3d-­‐opsonized	
  antigens	
  can	
  be	
  simultaneously	
  

bound	
  by	
  these	
  two	
  surface	
  receptors.	
  This	
  event	
  leads	
  to	
  enhanced	
  B	
  cell	
  activation	
  

and	
   intracellular	
   signaling.	
   In	
   this	
   work	
   we	
   studied	
   the	
   effect	
   of	
   CIP	
   on	
   C3d-­‐

CR2/CD21	
   binding	
   both	
   in	
   vitro	
   and	
   ex	
   vivo,	
   by	
   using	
   an	
   immortalized	
   B	
   cell	
   line.	
  

Moreover,	
   we	
   gained	
   evidence	
   CIP	
   ability	
   to	
   interfere	
   with	
   the	
   CD21-­‐mediated	
  

stimulation	
  of	
  B	
  cells	
  by	
  monitoring	
  the	
  intracellular	
  Calcium	
  mobilization.	
  	
  

In	
  this	
  respect,	
  our	
  study	
  could	
  represent	
  a	
  valuable	
  contribution	
  to	
  both	
  the	
  

characterization	
  of	
  molecular	
  Complement	
  evasion	
  mechanisms	
  and	
  the	
  development	
  

of	
  CIP-­‐based	
  therapeutics.	
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Introduction	
  

Streptococcus	
  agalactiae	
  

Description	
  and	
  History	
  

Streptococcus	
   agalactiae	
   is	
   a	
   Gram	
   positive	
   bacterium,	
   also	
   referred	
   to	
   as	
  

Group	
   B	
   Streptococcus	
   (GBS)	
   on	
   the	
   basis	
   of	
   the	
   classification	
   done	
   by	
   Rebecca	
  

Lancefield	
  in	
  1933	
  (1).	
  GBS	
  is	
  a	
  catalase	
  negative	
  facultative	
  anaerobe	
  whose	
  colonies	
  

form	
  typical	
  narrow	
  β-­‐hemolytic	
  halos	
  when	
  cultured	
  on	
  blood	
  agar	
  plates.	
  (2).	
  GBS	
  

was	
   grouped	
   into	
   ten	
   serotypes	
   (Ia,	
   Ib,	
   II	
   to	
   IX)	
   on	
   the	
   basis	
   of	
   the	
   structure	
   of	
   its	
  

Capsular	
   Polysaccharide	
   (CPS).	
   Nevertheless	
   some	
   isolates	
   are	
   still	
   considered	
   as	
  

Non-­‐Typeable	
   (NT)	
   because	
   they	
   do	
   not	
   react	
   with	
   specific	
   anti-­‐capsular	
   serum.	
  

Whole	
  Genome	
  Sequence	
  analysis	
  of	
  NT	
  strains	
  revealed	
  the	
  presence	
  of	
  mutations	
  in	
  

one	
  or	
  more	
  genes	
  which	
  have	
  been	
  predicted	
  to	
  abolish	
  capsule	
  expression	
  (3).	
  The	
  

frequencies	
  of	
  detected	
  NTs	
  in	
  GBS	
  epidemiological	
  studies	
  have	
  recently	
  decreased	
  

with	
  the	
  development	
  of	
  serotyping	
  methods	
  of	
  improved	
  sensitivity	
  (4,	
  5).	
  	
  

GBS	
   was	
   first	
   isolated	
   in	
   1889	
   and	
   initially	
   studied	
   as	
   the	
   cause	
   of	
   bovine	
  

mastitis	
  (5).	
  Indeed,	
  although	
  commonly	
  isolated	
  from	
  healthy	
  postpartum	
  women,	
  it	
  

was	
  not	
  considered	
  a	
  human	
  pathogen,	
  but	
  a	
  commensal	
  of	
   the	
   lower	
  digestive	
  and	
  

urogenital	
   tracts	
   of	
  women	
   (6).	
   In	
   the	
   1960s	
   GBS	
  was	
   recognized	
   as	
   an	
   important	
  

neonatal	
  pathogen,	
  and	
  was	
  identified	
  as	
  the	
  leading	
  cause	
  of	
  sepsis,	
  pneumonia	
  and	
  

meningitis	
  in	
  infants	
  under	
  2	
  months	
  of	
  age,	
  both	
  in	
  the	
  US	
  and	
  Europe	
  (7).	
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Transmission	
  and	
  Pathogenesis	
  

GBS	
   in	
   normally	
   found	
   in	
   the	
   intestine,	
   vagina	
   and	
   rectal	
   area	
   of	
   10-­‐30%	
  of	
  

healthy	
   pregnant	
   women	
   and	
   the	
   infection	
   can	
   be	
   transmitted	
   vertically	
   from	
  

mothers	
   to	
   newborns	
   in	
   utero	
   or	
   during	
   delivery	
   (8).	
   GBS	
   can	
   spread	
   through	
   the	
  

rupture	
   of	
   membranes	
   into	
   the	
   amniotic	
   fluid,	
   allowing	
   bacteria	
   to	
   colonize	
   the	
  

respiratory	
   tract	
   of	
   the	
   neonate	
   causing	
   pneumonia.	
   From	
   the	
   lungs,	
   GBS	
   can	
   then	
  

penetrate	
   into	
   the	
   blood	
   stream	
   and	
   overcome	
   the	
   Blood	
   Brain	
   Barrier	
   causing	
  

meningitis	
  (Fig.	
  1).	
  Infections	
  in	
  infants	
  can	
  be	
  divided	
  into	
  GBS	
  Early-­‐Onset	
  Disease	
  

(EOD;	
  between	
  birth	
  and	
  6	
  days	
  of	
  age)	
  or	
  Late-­‐Onset	
  Disease	
  (LOD;	
  between	
  7	
  and	
  

89	
  days	
  of	
  age)	
  (9).	
  If	
  maternal	
  colonization	
  is	
  a	
  prerequisite	
  for	
  EOD,	
  which	
  mainly	
  

manifests	
   as	
   respiratory	
   failure	
   or	
   pneumonia,	
   LOD	
   acquisition	
   is	
   not	
   completely	
  

understood,	
  although	
  vertical	
   transmission,	
  nosocomial	
  acquisition	
  and	
  prematurity	
  

are	
  recognized	
  as	
  risk	
  factors	
  (10).	
  	
  	
  

The	
  transmission	
  of	
   functional	
  antibodies	
   from	
  mother	
  to	
  child	
   is	
  considered	
  

the	
   fundamental	
   step	
   for	
   the	
  prevention	
  of	
  GBS	
   infections	
   (11).	
  Children	
  born	
   from	
  

mothers	
  without	
  GBS-­‐specific	
  antibodies	
  are	
  more	
  prone	
  to	
  acquire	
  the	
  GBS	
  disease,	
  

both	
  during	
  delivery	
  and	
  hospitalization.	
  Moreover	
  GBS	
  strains	
  isolated	
  from	
  infected	
  

neonates	
   have	
   been	
   found	
   in	
   the	
   mother’s	
   breast	
   milk	
   suggesting	
   this	
   route	
   as	
   a	
  

possible	
  mechanism	
  of	
  colonization	
  (12,	
  13).	
  

	
  

	
  

Figure	
  1_	
  Lifecycle	
  of	
  Group	
  B	
  Streptococci	
  as	
  a	
  neonatal	
  pathogen.	
  (A)	
  GBS	
  resides	
  as	
  a	
  

commensal	
   in	
  genital	
  and	
   lower	
  gastrointestinal	
   tracts	
  of	
  women.	
   (B)	
  GBS	
  can	
   infiltrate	
   the	
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intrauterine	
  compartment	
  in	
  pregnant	
  mothers	
  who	
  are	
  asymptomatic	
  carriers.	
  (C)	
  Newborn	
  

aspirate	
  GBS	
  in	
  utero	
  or	
  during	
  birth.	
  (D)	
  GBS	
  invades	
  the	
  neonatal	
  lung	
  causing	
  pneumonia.	
  

(E)	
  From	
  the	
  lung,	
  GBS	
  gains	
  access	
  into	
  the	
  bloodstream	
  of	
  the	
  neonate	
  causing	
  sepsis	
  and	
  

invades	
   multiple	
   neonatal	
   organs	
   including	
   the	
   heart	
   (F)	
   GBS	
   penetrates	
   the	
   blood–brain	
  

barrier	
  causing	
  meningitis.	
  Adapted	
  from	
  Rajagopal	
  L.,	
  2009,	
  Future	
  Microbiol.	
  4(2)201–221.	
  

Distribution	
  and	
  epidemiology	
  

GBS	
   colonization	
   rates	
   range	
   from	
   6.5	
   to	
   36%	
   and	
   are	
   similar	
   worldwide,	
  

while	
  the	
  serotype	
  distributions	
  differ	
  depending	
  on	
  the	
  geographic	
  area	
  (14).	
  Recent	
  

work	
  confirmed	
  that	
  the	
  most	
  common	
  serotypes	
  in	
  maternal	
  GBS	
  disease	
  worldwide	
  

are	
   Ia,	
   Ib,	
   II,	
   III	
  and	
  V	
  (Fig.	
  2A)	
  (15,	
  16),	
  among	
  which	
  the	
  serotype	
  III	
  accounts	
   for	
  

about	
  50%	
  of	
  neonatal	
  disease	
  globally	
   (17).	
   In	
  particular,	
  60%	
  of	
  meningitis	
   cases	
  

are	
  caused	
  by	
  type	
  III	
  isolates	
  belonging	
  to	
  the	
  hypervirulent	
  Sequence	
  Type	
  (ST)17	
  

lineage,	
   whose	
   epidemiological	
   relevance	
   is	
   not	
   only	
   linked	
   to	
   its	
   capsular	
  

polysaccharide,	
  but	
  also	
  to	
  the	
  expression	
  of	
  additional	
  protein	
  factors	
  (17,	
  18).	
  

Several	
   studies	
   from	
   1998	
   to	
   2017	
   showed	
   that	
   the	
   distribution	
   of	
   Group	
   B	
  

Streptococcus	
   serotypes	
   was	
   strikingly	
   similar	
   across	
   the	
   WHO	
   regions	
   and	
   no	
  

evidence	
  was	
   shown	
   that	
   distribution	
  had	
   changed	
  over	
   the	
  past	
   30	
   years	
   (16,	
   19)	
  

(Fig.	
   2B).	
   The	
   incidence	
   of	
   infant	
   GBS	
   disease	
  was	
   strikingly	
   low	
   in	
   Asia,	
   with	
   the	
  

lowest	
   incidence	
   in	
  Southeast	
  Asia.	
  The	
  reasons	
   for	
   this	
  difference	
  could	
  be	
  a	
   lower	
  

prevalence	
   of	
   hypervirulent	
   type	
   III	
   GBS	
   in	
   these	
   regions	
   and	
   to	
   incomplete	
   case	
  

ascertainment	
  due	
  to	
  a	
  high	
  number	
  of	
  home	
  births.	
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Figure	
  2.	
  	
  Global	
  distribution	
  of	
  Group	
  B	
  Streptococcus	
  serotypes	
  in	
  invasive	
  disease	
  in	
  

young	
   infants	
   (N	
   =	
   6500	
   isolates).	
   Panel	
   A:	
   Prevalence	
   of	
   GBS	
   serotypes	
   presented	
   as	
  

percentage	
  (number	
  of	
  cases).	
  Panel	
  B:	
  Distribution	
  of	
  GBS	
  serotypes	
  by	
  region.	
  From	
  Madrid	
  

et	
  al.,	
  2017,	
  Clinical	
  Infectious	
  Diseases	
  65(S2):S160–72.	
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Treatment	
  of	
  GBS	
  infections	
  

In	
   the	
   US,	
   the	
   detection	
   and	
   treatment	
   of	
   EODs	
   has	
   been	
   regulated	
   by	
   the	
  

Centre	
   for	
  Disease	
  Control	
  (CDC)	
  through	
  the	
   introduction	
   in	
  1996	
  of	
  guidelines	
   for	
  

detection	
   and	
   prophylactic	
   treatment	
   of	
   GBS	
   infections	
   (9).	
   These	
  measures,	
  which	
  

were	
  subsequently	
  updated	
  in	
  2002,	
  recommend	
  the	
  universal	
  screening	
  of	
  pregnant	
  

women	
   for	
   GBS	
   carriage	
   and	
   a	
   peripartum	
   antibiotic	
   prophylaxis,	
   mainly	
   by	
  

intravenous	
   infusion	
   of	
   penicillin	
   or	
   erythromycin.	
   This	
   event	
   coincided	
   with	
   the	
  

declining	
  rates	
  of	
  early-­‐onset	
  neonatal	
  disease	
  especially	
   from	
  the	
  90s	
   (Fig.	
  3).	
  The	
  

efficacy	
   of	
   intrapartum	
   antibiotic	
   prophylaxis	
   (IAP)	
   for	
   EODs	
   prevention	
   was	
  

demonstrated	
   in	
   clinical	
   trials.	
   Nevertheless	
   prophylactic	
   treatments	
   have	
   yet	
   not	
  

reduced	
   the	
   incidence	
   of	
   GBS-­‐induced	
   LODs	
   in	
   children	
   (20)	
   and	
   the	
   prevention	
   of	
  

these	
  infections	
  is	
  still	
  challenging.	
  

	
  

	
  
	
  

Figure	
   3.	
   Incidence	
   of	
   early-­‐	
   and	
   late-­‐onset	
   invasive	
   group	
   B	
   streptococcal	
   (GBS)	
  

disease	
   (1990–2008)	
   and	
   activities	
   for	
   prevention	
   of	
   GBS	
   disease.	
   ACOG	
   =	
   American	
  

College	
  of	
  Obstetricians	
  and	
  Gynecologists;	
  AAP	
  =	
  American	
  Academy	
  of	
  Pediatrics.	
  Adapted	
  

from	
  Jordan	
  H.T.	
  et	
  al.,	
  2008,	
  Pediatr	
  Infect	
  Dis	
  J	
  27:1057–64.	
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The	
   use	
   of	
   prophylactic	
   antimicrobial	
   agents	
   directed	
   against	
   GBS	
   infections	
  

has	
   raised	
   concern	
   for	
   the	
   development	
   of	
   antibiotic	
   resistance.	
   GBS	
   is	
   still	
  

susceptible	
   to	
   penicillin	
   or	
   ampicillin	
   but	
   the	
   Minimum	
   Inhibitory	
   Concentration	
  

(MIC)	
  of	
  antibiotic	
  effectiveness	
  is	
  increasing	
  (21).	
  Moreover	
  recent	
  studies	
  reported	
  

several	
   mutations	
   in	
   the	
   GBS	
   genome	
   that	
   enable	
   it	
   to	
   counteract	
   the	
   action	
   of	
  

antimicrobial	
  agents	
  (21).	
  One	
  such	
  example	
  is	
  the	
  ribosomal	
  alteration	
  mediated	
  by	
  

ribosomal	
  methylases,	
  which	
  alter	
   the	
  binding	
  site	
   for	
  erythromycin	
   thus	
  rendering	
  

the	
   microorganism	
   resistant	
   to	
   this	
   antibiotic.	
   Moreover	
   Da	
   Cunha	
   and	
   colleagues	
  

reported	
   the	
  genetic	
  basis	
   for	
   the	
   spreading	
  of	
   few	
  successful	
  GBS	
  clones	
   that	
  have	
  

acquired	
   a	
   conjugative	
   element	
   conferring	
   resistance	
   to	
   tetracycline	
   after	
   the	
  

introduction	
  of	
  this	
  antibiotic	
  in	
  1948	
  (7).	
  

Beside	
   the	
   major	
   concern	
   for	
   GBS	
   infections	
   in	
   newborns,	
   a	
   7-­‐years	
   study	
  

conducted	
  in	
  the	
  US	
  from	
  1999	
  to	
  2005	
  (Fig.	
  4)	
  demonstrated	
  the	
  incidence	
  of	
  GBS-­‐

induced	
   diseases	
   also	
   in	
   older	
   adults	
   (≥65	
   years	
   of	
   age)	
   (22),	
   especially	
   if	
   already	
  

immunocompromised	
   (comorbidity)	
   (23).	
   GBS	
   induced-­‐diseases	
   are	
   also	
   frequently	
  

nosocomial	
  and	
  are	
  commonly	
  related	
  to	
  the	
  use	
  of	
  intravenous	
  catheters.	
  

	
  

	
  

	
  
	
  

Figure	
  4.	
  Incidence	
  of	
  Invasive	
  Group	
  B	
  streptococcal	
  disease	
  among	
  adults	
  (≥	
  15	
  y)	
  in	
  

US	
  areas,	
  1999-­‐2005.	
  Adapted	
  from	
  Phares	
  et	
  al.,	
  2008,	
  JAMA	
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For	
   these	
   reasons	
   the	
  design	
  of	
   a	
   vaccine	
  against	
  GBS	
   is	
   considered	
  an	
   ideal	
  

solution,	
  although	
  no	
  vaccine	
  is	
  currently	
  available.	
  The	
  premise	
  for	
  vaccine	
  creation	
  

consists	
  in	
  trying	
  to	
  elicit	
  protective	
  levels	
  of	
  antibodies	
  in	
  childbearing	
  age	
  women	
  to	
  

allow	
  placental	
  passage	
  of	
  these	
  GBS-­‐specific	
  antibodies.	
  This	
  would	
  protect	
  neonates	
  

throughout	
   the	
  period	
  of	
  disease	
  risk	
  (0-­‐89	
  days	
  of	
   life)	
  (24).	
  The	
  main	
  difficulty	
   in	
  

developing	
   a	
   globally	
   effective	
   GBS	
   vaccine	
   is	
   the	
   existence	
   of	
   different	
   serotypes,	
  

whose	
  geographical	
  distribution	
  is	
  heterogeneous.	
  	
  

The	
   first	
   human	
   clinical	
   trials	
  were	
   conducted	
   in	
   the	
   ‘80s	
  by	
   immunizing	
  40	
  

pregnant	
  women	
  at	
  a	
  mean	
  gestation	
  of	
  31	
  weeks	
  with	
  a	
  single	
  50	
  µg	
  dose	
  of	
  purified	
  

native	
   CPS-­‐III,	
   but	
   only	
   60%	
   of	
   patients	
   showed	
   a	
   significant	
   IgG	
   response	
   (25).	
  

Further	
  studies	
   in	
  which	
  monovalent	
  preparations	
  were	
  coupled	
   to	
  Tetanus	
  Toxoid	
  

resulted	
  in	
  higher	
  IgG	
  titers,	
  although	
  there	
  was	
  no	
  cross	
  protection	
  among	
  serotypes	
  

in	
   pre-­‐clinical	
   assays.	
   In	
   order	
   to	
   achieve	
   a	
   95%	
   coverage	
   in	
   Europe	
   and	
   North	
  

America	
  a	
  multivalent	
  preparation	
  that	
  includes	
  serotypes	
  Ia,	
  Ib,	
  II,	
  III	
  and	
  V	
  would	
  be	
  

needed	
   (26).	
   To	
   further	
   extend	
   the	
   vaccine	
   coverage,	
   a	
   vaccine	
   targeting	
   both	
  

Capsular	
  Polysaccharide	
  and	
  surface	
  proteins	
  would	
  be	
  highly	
  recommendable	
  (26).	
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The	
  Human	
  Complement	
  System	
  

	
  

The	
  Complement	
  system	
  is	
  a	
  complex	
  innate	
  immune	
  surveillance	
  system	
  that	
  

represents	
  the	
  first	
  line	
  of	
  defence	
  against	
  invading	
  pathogens	
  and	
  inflammation.	
  The	
  

Complement	
  system	
  consists	
  of	
  a	
  plethora	
  of	
  plasma	
  or	
  membrane	
  proteins,	
  whose	
  

activation	
   initiates	
   a	
   cascade	
   that	
   leads	
   to	
   pathogen	
   opsonitazion,	
   inflammatory	
  

responses	
  and	
  homeostasis	
  maintenance.	
  	
  

The	
   Complement	
   cascade	
   depends	
   on	
   three	
   distinct	
   pathways,	
   i.e.	
   Classical	
  

(CP),	
  Lectin	
  (LP)	
  and	
  Alternative	
  (AP),	
  each	
   leading	
   to	
  a	
  common	
  terminal	
  outcome	
  

(27),	
   which	
   mainly	
   depends	
   on	
   the	
   nature	
   of	
   the	
   microorganism.	
   Gram	
   negatives,	
  

which	
  are	
  characterized	
  by	
  a	
   thin	
  peptydoglycan	
   layer,	
  are	
  subjected	
  to	
  both	
  killing	
  

by	
  neutrophils	
  and	
   lysis	
  via	
   the	
   formation	
  of	
   the	
  Membrane	
  Attack	
  Complex	
  (MAC),	
  

that	
  forms	
  pores	
  right	
  in	
  the	
  membrane	
  of	
  bacteria.	
  	
  

In	
   this	
   thesis	
   we’ll	
   focus	
   on	
   GBS	
   and	
   its	
   interplays	
   with	
   the	
   human	
  

Complement	
   system.	
   In	
   particular,	
   we	
   will	
   analyze	
   Complement	
   cascade	
   initiation,	
  

C3b	
  deposition	
  and	
  neutrophils-­‐mediated	
  killing	
  of	
  GBS.	
  Moreover	
  we	
  will	
  discuss	
  the	
  

role	
  of	
  Complement	
  in	
  bridging	
  innate	
  and	
  acquired	
  immune	
  responses.	
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Complement	
  cascade	
  initiation	
  and	
  C3b	
  deposition	
  

The	
   main	
   difference	
   among	
   the	
   three	
   pathways	
   resides	
   in	
   their	
   route	
   of	
  

activation:	
  the	
  CP	
  is	
  normally	
  initiated	
  by	
  the	
  binding	
  of	
  the	
  C1	
  complex	
  to	
  antibodies	
  

that	
  are	
  bound	
  to	
  antigens	
  on	
  the	
  surface	
  of	
  bacteria	
  (Fig.	
  5).	
  The	
  C1	
  complex	
  consists	
  

of	
   C1q	
   and	
   two	
   molecules	
   each	
   of	
   C1r	
   and	
   C1s.	
   The	
   binding	
   of	
   the	
   recognition	
  

subcomponent	
  C1q	
  to	
  the	
  Fc	
  portion	
  of	
  immunoglobulins	
  results	
  in	
  autoactivation	
  of	
  

the	
  serine	
  protease	
  which	
  cleaves	
  C4	
  and	
  C2	
  to	
  form	
  a	
  C4b2a	
  convertase.	
  	
  

C4b2a	
  convertase	
  also	
  forms	
  during	
  the	
  LP,	
  which	
  differs	
  from	
  the	
  CP	
  only	
  in	
  

the	
   initiation	
   step.	
   Indeed,	
   the	
   LP	
   is	
   triggered	
   by	
   the	
   binding	
   of	
   either	
   mannose-­‐

binding	
   lectin	
   (MBL)	
   or	
   ficolins,	
   in	
   complex	
   with	
   MBL-­‐associated	
   serine	
   proteases	
  

(MASP1,-­‐2,	
  -­‐3),	
  to	
  an	
  array	
  of	
  carbohydrate	
  groups	
  on	
  the	
  surface	
  of	
  a	
  bacterial	
  cell.	
  

The	
  serine	
  protease	
  activity	
  of	
  Lectin-­‐MASP	
  complex	
  is	
  responsible	
  for	
  the	
  cleavage	
  of	
  

C4	
  and	
  C2,	
  generating	
  the	
  C4b2a	
  convertase.	
  Apart	
  from	
  the	
  activation	
  mechanism,	
  LP	
  

and	
   CP	
   share	
   the	
   same	
   Complement	
   factors	
   during	
   the	
   cascade:	
   their	
   C4bC2a	
   C3	
  

convertase	
   causes	
   the	
   cleavage	
   of	
   C3	
   to	
   its	
   active	
   C3b	
   form.	
   C3b	
   subsequently	
  

deposits	
   on	
   bacterial	
   surface,	
   opsonizing	
   the	
   microorganism	
   and	
   rendering	
   it	
  

susceptible	
  to	
  phagocytosis	
  or	
  lysis	
  (Fig.	
  5)	
  (28).	
  	
  

Regarding	
  the	
  AP,	
  in	
  healthy	
  individuals	
  it	
  is	
  permanently	
  active	
  at	
  low	
  levels	
  

through	
  a	
  process	
  termed	
  “tickover”	
  of	
  C3.	
  This	
  mechanism	
  is	
  needed	
  to	
  continuously	
  

control	
  and	
  attack	
  possible	
  pathogens.	
  The	
  tickover,	
  which	
  occurs	
  spontaneously	
  at	
  a	
  

rate	
  of	
  approximately	
  1%	
  of	
  total	
  C3	
  per	
  hour,	
  generates	
  a	
  conformationally	
  altered	
  

C3,	
  designated	
  C3(H2O),	
  that	
  is	
  capable	
  of	
  binding	
  Factor	
  B.	
  This	
  interaction	
  renders	
  

Factor	
   B	
   accessible	
   to	
   Factor	
   D	
   cleavage	
   into	
   Ba	
   and	
   Bb,	
   and	
   the	
   new	
   C3(H2O)Bb	
  

complex	
   is	
   able	
   to	
   cleave	
   inactive	
   C3	
  molecules	
   to	
   the	
   active	
   C3b	
   form.	
   Active	
   C3b	
  

either	
  associates	
  to	
  Factor	
  Bb	
  to	
  form	
  C3bBb,	
  the	
  AP	
  C3	
  convertase,	
  or	
  covalently	
  bind	
  

to	
   the	
   surface	
   of	
   pathogens	
   via	
   its	
   thioredox	
  domain	
   (TED).	
   Both	
   interactions	
   start	
  

C3b	
  deposition	
  on	
  bacteria,	
  which	
   is	
   the	
   first	
  key	
  Complement	
   step	
  where	
  all	
   three	
  

pathways	
  converge	
  (Fig.	
  5)	
  (29).	
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Figure	
  5_Pathways	
  for	
  Complement	
  activation.	
  The	
  Classical	
  and	
  Lectin	
  Pathways	
  share	
  

the	
  same	
  Complement	
  effectors	
  during	
  the	
  cascade,	
  with	
  the	
  only	
  exception	
  of	
  their	
  activation	
  

route.	
  The	
  Alternative	
  Pathway	
  is	
  initiated	
  by	
  the	
  low-­‐grade	
  activation	
  of	
  C3	
  by	
  hydrolysed	
  

C3	
   (C3(H2O))	
   and	
   activated	
   factor	
   B	
   (Bb).	
   C3b	
   attachment	
   to	
   the	
   cell	
   surface	
   leads	
   to	
   a	
  

cascade	
   amplification	
   loop.	
   Image	
   adapted	
   from	
   Foster	
   T.	
   J.,	
   2005,	
   Nat	
   Rev	
   Microbiol	
  

3(12):948-­‐58	
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Termination	
  of	
  the	
  cascade	
  

The	
  Classical	
  and	
  Lectin	
  pathways	
  C4b2a	
  convertase	
  cleaves	
  C3	
  to	
  C3b,	
  which	
  

binds	
   to,	
   and	
   causes	
   the	
   destruction	
   of,	
   invading	
   bacteria	
   (30).	
   C3b	
   could	
   also	
  

associate	
   to	
   C4b2a,	
   forming	
   the	
   C4b2a3b	
   complex,	
   which	
   is	
   a	
   C5	
   convertase	
   that	
  

cleaves	
   this	
   Complement	
   component	
   into	
   C5a	
   and	
   C5b.	
   C5a	
   acts	
   both	
   as	
  

chemoattractant	
   and	
   anaphylotoxin,	
   recalling	
   PMNs	
   to	
   the	
   infection	
   site.	
   C5b	
  

stimulates	
   the	
   aggregation	
   of	
   the	
  downstream	
  Complement	
   components	
   (C6-­‐C9)	
   to	
  

form	
   the	
   Membrane	
   Attack	
   Complex	
   (MAC)	
   on	
   bacterial	
   surface	
   which	
   causes	
   the	
  

lysis	
  of	
  the	
  microorganisms.	
  	
  

MAC	
  formation	
  is	
  mainly	
  observed	
  for	
  Gram	
  negative	
  bacteria.	
  Gram	
  positives	
  

are	
   resistant	
   to	
   lysis	
   and	
   bacterial	
   killing	
   relies	
   upon	
   C3b	
   deposition-­‐mediated	
  

opsonophagocytosis	
  (27).	
  

	
  

Complement	
  Regulation	
  and	
  C3b	
  decay	
  

C3b	
   formation	
   is	
   tightly	
   regulated	
   to	
   prevent	
   an	
   aberrant	
   activation	
   of	
   the	
  

immune	
  response.	
  Complement	
  inhibitors	
  have	
  overlapping	
  targets,	
  and	
  are	
  directed	
  

towards	
  both	
  C3	
  convertases	
  and	
  C3b.	
  Complement	
  regulators	
  could	
  be	
  either	
  soluble	
  

or	
  membrane-­‐associated	
  (i.e.	
  decay-­‐accelerating	
   factor;	
  DAF).	
  Here	
  we	
  will	
   focus	
  on	
  

the	
  ones	
  that	
  are	
  relevant	
  to	
  the	
  thesis.	
  	
  

The	
  Classical	
  and	
  Lectin	
  Complement	
  pathways	
  are	
  regulated	
  by	
  the	
  soluble	
  C4	
  

Binding	
   Protein	
   (C4BP),	
   a	
   500	
   kDa	
   glycoprotein	
   characterized	
   by	
   an	
   octopus-­‐like	
  

structure.	
  C4BP	
  acts	
  as	
  the	
  cofactor	
  of	
  Factor	
  I	
  (FI),	
   the	
  serine	
  protease	
  that	
  cleaves	
  

and	
  inactivates	
  C4b	
  and	
  C3b,	
  forming	
  iC4b	
  and	
  iC3b	
  (27).	
  	
  

The	
  Alternative	
  pathway	
   is	
   strictly	
   regulated	
  by	
   Factor	
  H	
   (FH),	
   that	
   engages	
  

most	
   effectively	
   with	
   C3b	
   or	
   C3bBb	
   when	
   these	
   are	
   attached	
   to	
   self	
   surfaces	
   that	
  

carry	
  specific	
  polyanionic	
  markers	
  such	
  as	
  glycosaminoglycans	
  (GAGs)	
  and	
  sialic	
  acid.	
  

Factor	
  H	
   is	
   a	
   cofactor	
   of	
   Factor	
   I,	
   the	
   serine	
   protease	
   that	
   inactivates	
   C3b	
   forming	
  

iC3b,	
   which	
   remains	
   anchored	
   to	
   bacterial	
   surface	
   through	
   its	
   TED	
   domain.	
   iC3b	
  

undergoes	
   a	
   series	
   of	
   further	
   degradation	
   steps	
   that	
   result	
   in	
   the	
   surface-­‐bound	
  

fragments	
   C3dg	
   (~39	
   kDa)	
   and	
   C3d	
   (~34	
   kDa)	
   (Fig.	
   6).	
   C3d	
   corresponds	
   almost	
  

precisely	
   to	
   the	
   original	
   TED	
   domain	
   and	
   is	
   a	
   ligand	
   for	
   Complement	
   Receptor	
   2	
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(CR2)	
  (27,	
  31),	
  a	
  140-­‐kDa	
  type	
  I	
  glycoprotein	
  expressed	
  on	
  the	
  surface	
  of	
  all	
  mature	
  B	
  

cells,	
  follicular	
  dendritic	
  cells	
  (FDCs),	
  epithelial	
  cells,	
  and	
  a	
  subset	
  of	
  thymocytes	
  and	
  

immature	
  peripheral	
  blood	
  T	
  cells	
  (32).	
  	
  

	
  

	
  

	
  

	
  

Figure	
   6.	
   Structure-­‐based	
   rapresentation	
   of	
   the	
   processes	
   involved	
   in	
   the	
   covalent	
  

tagging	
  of	
  antigen	
  with	
  C3b	
  and	
  its	
  subsequent	
  degradation	
  to	
  to	
  the	
  CR2	
  Ligands	
  iC3b,	
  

C3dg,	
   and	
   C3d.	
   C3	
   activation	
   to	
   C3b,	
   induces	
   the	
   exoposition	
   of	
   its	
   Thioredoxin	
   Domain	
  

(TED),	
   which	
   covalently	
   binds	
   to	
   the	
   bacterial	
   surface	
   through	
   a	
   thioester	
   bond.	
   C3b	
  

degradation	
   via	
   Factor	
   I	
   and	
  other	
   plasma	
  proteases	
   leads	
   to	
   the	
   formation	
   of	
   CR2	
   ligands	
  

(iC3b,	
  C3dg	
  and	
  C3d).	
  Adapted	
  from	
  Carroll	
  et	
  al.,	
  2012,	
  Immunity	
  Rev.	
  37(2):199-­‐207.	
  

	
  

Opsonization	
  and	
  killing	
  

The	
  Complement-­‐mediated	
  elimination	
  of	
  GBS	
  by	
  the	
  host,	
  primarly	
  results	
  in	
  

opsonophagocytic	
  killing	
  by	
  polymorphonuclear	
  leukocytes	
  (PMNs)	
  (33).	
  In	
  this	
  work	
  

we	
  will	
   investigate	
  GBS	
   resistance	
   to	
   opsonophagocytosis	
   and	
   the	
   role	
   of	
   the	
   three	
  

Complement	
  pathways	
  in	
  this	
  mechanism.	
  	
  

The	
   deposition	
   of	
   C3b	
   on	
   the	
   bacterial	
   surface,	
   tags	
   microorganism	
   for	
  

phagocytosis.	
   Polymorphonuclear	
   leukocytes,	
   together	
   with	
   erythrocytes,	
   B	
   and	
   T	
  

cells,	
  display	
  on	
  their	
  membrane	
  the	
  Complement	
  Receptor	
  1	
  (CR1/CD35),	
  which	
   is	
  

able	
  to	
  bind	
  both	
  the	
  C4b	
  and	
  C3b	
  (34).	
  	
  

Indeed	
  neutrophils	
  express	
  both	
  the	
  CR1	
  and	
  the	
  Fc-­‐gamma	
  receptor	
  for	
  IgG,	
  

which	
   operate	
   in	
   synergism	
   to	
   promote	
   uptake	
   of	
   microbial	
   particles,	
   leading	
   to	
  

internalization	
  and	
  destruction	
  in	
  the	
  lysosomes	
  (Fig.	
  7)	
  (34).	
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To	
  experimentally	
  determine	
  the	
   the	
  role	
  of	
  Complement	
   in	
  GBS	
  clearance,	
  a	
  

killing-­‐based	
  opsonophagocytosis	
  assay	
  (OPKA),	
  will	
  be	
  used.	
  The	
  assay	
  will	
  measure	
  

the	
   number	
   of	
   bacterial	
   colonies	
   surviving	
   phagocytic	
   killing	
   in	
   the	
   presence	
   of	
  

specific	
  Complement	
  sources.	
  

	
  

	
  

	
  

Figure	
  7.	
   Polymorphonuclear	
   (PMN)	
  Cells	
   are	
   involved	
   in	
   antigen	
  phagocytic	
  uptake.	
  

The	
   Complement	
   Receptor	
   1	
   (CR1)	
   on	
   PMNs	
   (i.e.	
   Neutrophils)	
  mediate	
   the	
   uptake	
   of	
   C3b-­‐

opsonized	
   microorganisms	
   through	
   the	
   interaction	
   between	
   C3b	
   and	
   CR1.	
   Adapted	
   from	
  

Khera	
  R.	
  et	
  al.,	
  2009,	
  Mol	
  Immunol.	
  46(5):761-­‐772.	
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The	
  relevance	
  of	
  Complement	
  in	
  adaptive	
  immunity	
  

In	
   addition	
   to	
   its	
   relevance	
   in	
   innate	
   immunity,	
   it	
   was	
   discovered	
   that	
   the	
  

Complement	
  system	
  could	
  play	
  a	
  role	
  in	
  adaptive	
  immunity.	
  Servis	
  and	
  collaborators	
  

demonstrated	
  that	
  the	
  interaction	
  between	
  C3d	
  and	
  CR2	
  (also	
  known	
  as	
  CD21)	
  on	
  B	
  

cells,	
   could	
   promote	
   B	
   cell	
   proliferation	
   and	
   activation.	
   The	
   inhibition	
   of	
   this	
  

interaction	
   through	
   a	
   C3d-­‐specific	
   monoclonal	
   antibody	
   impaired	
   the	
   above	
  

mentioned	
  effects	
  (35).	
  

Later	
   studies	
  described	
   the	
  mechanism	
   through	
  which	
  B	
  cells	
  are	
   stimulated	
  

by	
  C3d-­‐bound	
  antigens.	
  CR2/CD21	
  is	
  part	
  of	
  the	
  B	
  cell	
  co-­‐receptor	
  complex	
  together	
  

with	
   CD19	
   and	
   CD81,	
   the	
   former	
   being	
   a	
   signal-­‐amplifying	
   molecule	
   (Fig.	
   8).	
   By	
  

interacting	
   simultaneously	
  with	
   CR2/CD21	
   and	
   the	
   antigen-­‐specific	
   B	
   cell	
   receptor	
  

(BCR),	
   C3d	
   crosslinks	
   the	
   two	
   membrane	
   complexes	
   and	
   promotes	
   a	
   strong	
  

intracellular	
  signaling	
  cascade	
  (i.e.	
  phosphorilation	
  cascade	
  and	
  intracellular	
  Calcium	
  

increase)	
  that	
  increases	
  B	
  cell	
  activation	
  a	
  thousand-­‐fold	
  (36,	
  37).	
  	
  	
  

In	
  addition	
  to	
  B	
  lymphocyte	
  surface	
  activation,	
  CR2	
  is	
  also	
  involved	
  in	
  antigen	
  

trafficking	
   in	
   the	
   lymph	
   nodes,	
  which	
   is	
   necessary	
   for	
   subcapsular	
   antigen	
   capture	
  

and	
  transfer	
  into	
  the	
  B	
  cell	
  follicle	
  to	
  promote	
  humoral	
  immune	
  responses	
  (37).	
  	
  

GBS	
   bacteria	
   have	
   evolveded	
   an	
   immune	
   evasion	
   mechanism	
   to	
   inhibit	
   or	
  

downregulate	
   this	
   signal	
   amplification	
   step.	
   In	
   the	
   second	
   part	
   of	
   this	
   thesis	
   GBS	
  

activity	
  in	
  counteracting	
  the	
  bridging	
  between	
  innate	
  and	
  adaptive	
  immunity	
  will	
  be	
  

further	
  elucidated.	
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Figure	
   8.	
   Schematic	
   rapresentation	
   of	
   the	
   B	
   Cell	
   Receptor	
   (BCR)	
   and	
   its	
   B	
   cell	
   co-­‐

receptor	
  complex.	
  The	
  B	
  Cell	
  Receptor	
   recognizes	
  epitopes	
  on	
   the	
  C3d-­‐oponized	
  antigens.	
  

C3d	
  is	
  bound	
  by	
  CR2/CD21	
  receptor	
  on	
  the	
  B	
  cell	
  surface	
  and	
  serves	
  as	
  a	
  cross-­‐linker	
  for	
  the	
  

two	
  membrane	
  receptor	
  complexes.	
  This	
  interaction	
  triggers	
  a	
  strong	
  intracellular	
  signaling	
  

that	
  promotes	
  B	
  cell	
  proliferation	
  and	
  activation,	
  as	
  well	
  as	
  antigen	
  uptake.	
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GBS	
  Complement	
  evasion	
  systems	
  	
  

 
S.	
   agalactiae	
   shows	
   a	
   high	
   tropism	
   for	
   the	
   human	
   lower	
   gastrointestinal	
   and	
  

genitourinary	
   tracts,	
   as	
   an	
   asymptomatic	
   colonizer.	
   To	
   do	
   so,	
   this	
   microorganism	
   has	
  

evolved	
  an	
  array	
  of	
  virulence	
  factors	
  that	
  confer	
  the	
  capability	
  to	
  escape	
  the	
  host	
  immune	
  

system,	
  both	
  disguising	
  it	
  and	
  preventing	
  the	
  activation	
  of	
  the	
  immune	
  response	
  (38).	
  

	
  These	
   molecular	
   players	
   are	
   also	
   involved	
   in	
   GBS	
   pathogenesis	
   and	
   help	
   it	
   go	
  

through	
  several	
  key	
  steps	
  of	
  the	
  infectious	
  process,	
  including	
  adherence	
  to	
  and	
  invasion	
  

of	
  different	
  host	
  epithelia	
  and	
  endothelial	
  barriers,	
   the	
  escape	
  from	
  the	
  immune	
  system	
  

and	
  the	
  activation	
  of	
  inflammatory	
  response	
  (6).	
  	
  

This	
   thesis	
   focuses	
   on	
   the	
   best	
   characterized	
   virulence	
   factors	
   that	
   play	
   a	
  

fundamental	
  role	
  in	
  immune	
  evasion.	
  

Capsular	
  Polysaccharide	
  	
  

GBS	
  ability	
  to	
  survive	
  in	
  the	
  host	
  is	
  driven	
  by	
  a	
  huge	
  array	
  of	
  virulence	
  factors	
  

that	
   allows	
   its	
   diffusion	
   and	
   protects	
   it	
   from	
   the	
   host	
   immune	
   system.	
   The	
   most	
  

prevalent	
  and	
  studied	
  virulence	
  factor	
  is	
  the	
  thick	
  Capsular	
  Polysaccharide	
  (CPS)	
  that	
  

surrounds	
  the	
  bacterium	
  and	
  whose	
  structure	
  distinguishes	
  ten	
  different	
  serotypes.	
  

The	
  CPS	
   is	
   covalently	
  bound	
   to	
   the	
  cell	
  wall	
  peptidoglycan,	
   thus	
  creating	
   the	
  

mucoid	
   capsule	
   layer	
   that	
   covers	
   the	
   bacterial	
   surface	
   (39,	
   40).	
   The	
   CPS	
   structure	
  

comprises	
   repeating	
   units	
   constituted	
   of	
   5–7	
   monosaccharides,	
   depending	
   on	
   the	
  

serotype,	
  and	
  is	
  encoded	
  by	
  16	
  to	
  18	
  genes	
  that	
  are	
  contained	
  in	
  the	
  cps	
  operon	
  (41),	
  

which	
  is	
  transcribed	
  as	
  a	
  single	
  transcript	
  (42).	
  	
  

Three	
  main	
  regions	
  can	
  be	
  identified	
  in	
  the	
  cps	
  operon	
  (Fig.	
  9):	
  one	
  dedicated	
  

to	
   polysaccharide	
   elongation	
   and	
   cell	
  wall	
   attachment	
   (cpsA	
   to	
  D);	
   a	
   central	
   region	
  

(cpsE	
   to	
   L)	
   that	
   determines	
   capsule	
   biosynthesis,	
   serotype	
   and	
   that	
   encodes	
  

glycosyltransferases	
   and	
   a	
   polymerase;	
   the	
   last	
   part	
   of	
   the	
   operon	
   that	
   comprises	
  

four	
  genes	
  (neuA	
  to	
  neuD)	
  for	
  Sialic	
  acid	
  biosynthesis	
  and	
  linkage	
  to	
  the	
  CPS	
  (40,	
  42).	
  	
  

Some	
  differences	
  in	
  csp	
  operon	
  composition	
  can	
  be	
  found	
  among	
  different	
  GBS	
  

serotypes,	
  but	
  cpsA	
  to	
  –E,	
  cpsL	
  as	
  well	
  as	
  NeuB,	
  -­‐C,	
  -­‐D,	
  and	
  -­‐A,	
  are	
  conserved	
  in	
  all	
  ten	
  

serotypes	
   (41).	
   Although	
   the	
   physical	
   structure	
   and	
   composition	
   of	
   each	
   serotype-­‐

specific	
  CPS	
  is	
  unique,	
  all	
  GBS	
  strains	
  share	
  a	
  terminal	
  α2,3-­‐linked	
  Sialic	
  acid,	
  the	
  N-­‐
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acetylneuraminic	
   acid	
   (Neu5Ac)	
   (43),	
   which	
   varies	
   in	
   O-­‐acetylation	
   levels	
   among	
  

serotypes.	
   This	
   chemical	
   modification	
   is	
   performed	
   by	
   NeuD,	
   and	
   it	
   was	
  

demonstrated	
   that	
  a	
  delicate	
  balance	
  between	
  O-­‐acetylation	
  and	
  de-­‐O-­‐acetylation	
   is	
  

necessary	
   for	
   bacterial	
   survival	
   in	
   the	
   host.	
   Indeed	
   the	
   rate	
   of	
   GBS	
   virulence	
   is	
  

inversely	
  proprotional	
  to	
  the	
  quantity	
  of	
  O-­‐acetyl	
  groups	
  on	
  capsular	
  Neu5Ac	
  (44).	
  

	
  

	
  
 

	
  

	
  

Figure	
  9.	
  General	
  organization	
  of	
  the	
  Capsule	
  Biosynthesis	
  operon	
  in	
  GBS.	
  	
  

	
  

Despite	
  the	
  importance	
  of	
  the	
  CPS,	
  little	
  is	
  known	
  about	
  how	
  GBS	
  regulates	
  the	
  

CPS	
   expression	
   during	
   the	
   different	
   steps	
   of	
   the	
   pathogenesis.	
   Studies	
   have	
   shown	
  

that	
   the	
   CPS	
   is	
   important	
   for	
   biofilm	
   formation	
   in	
   an	
   in	
   vitro	
   model	
   (45),	
   and	
   for	
  

interfering	
  with	
  adhesion	
  and	
  invasion	
  of	
  cultured	
  epithelial	
  and	
  endothelial	
  cells	
  (46,	
  

47).	
  These	
  observations	
  suggest	
  that	
  GBS	
  may	
  regulate	
  the	
  expression	
  of	
   the	
  CPS	
  in	
  

response	
  to	
  the	
  host	
  environment.	
  	
  

Analysis	
  of	
  GBS	
  transcriptome	
   in	
  different	
  growth	
  conditions	
  has	
  shown	
  that	
  

the	
   transcription	
  of	
   the	
   cps	
  operon	
   is	
   reduced	
  when	
  GBS	
   is	
   grown	
   in	
  human	
  blood	
  

instead	
  of	
  laboratory	
  medium	
  (48).	
  Moreover	
  differences	
  in	
  doubling	
  time	
  during	
  GBS	
  

growth	
   have	
   been	
   observed	
   to	
   correlate	
   with	
   the	
   amount	
   of	
   CPS	
   produced.	
   Fast-­‐

growing	
  GBS	
  appears	
  to	
  produce	
  more	
  CPS	
  than	
  slow-­‐growing	
  GBS	
  (49).	
  	
  

It	
  was	
   also	
   observed	
   that	
  when	
  GBS	
   is	
   grown	
  with	
   a	
   short	
   doubling	
   time,	
   it	
  

invades	
  epithelial	
  cells	
  more	
  efficiently	
  (50).	
  Similarly	
  to	
  GBS,	
  other	
  bacteria	
  such	
  as	
  

Streptococcus	
  pneumoniae	
  and	
  Neisseria	
  meningitidis	
  present	
  this	
  dual	
  role	
  of	
  the	
  CPS	
  

(51,	
   52).	
   However,	
   the	
   detailed	
  mechanism	
   used	
   to	
   regulate	
   the	
   expression	
   of	
   this	
  

important	
  virulence	
  determinant	
  is	
  not	
  established	
  in	
  any	
  bacteria.	
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Relation	
  between	
  bacterial	
  Sialic	
  acid	
  and	
  human	
  Siglecs	
   

Sialic	
   acids	
   (Sias)	
   are	
   nine-­‐carbon	
   backbone	
   monosaccharides	
   primarily	
  

expressed	
  by	
  vertebrates	
  as	
  well	
   as	
  by	
  some	
  microbial	
  pathogens,	
   including	
  GBS.	
   It	
  

serves	
  as	
  decoy	
  to	
  resemble	
  host	
  “self”	
  and	
  avoid	
  immune	
  recognition	
  (53).	
  Sialic	
  acid	
  

moieties	
  linked	
  to	
  the	
  CPS,	
  together	
  with	
  the	
  de-­‐syalilated	
  CPS,	
  have	
  been	
  studied	
  for	
  

their	
  role	
   in	
  the	
  prevention	
  of	
  Complement	
  deposition	
  (54),	
  which	
  a	
  key	
  step	
  in	
  the	
  

activation	
  of	
  both	
  cellular	
  innate	
  and	
  adaptive	
  immune	
  responses.	
  This	
  aspect	
  will	
  be	
  

further	
  discussed	
  in	
  Part	
  I	
  of	
  this	
  thesis.	
  	
  

Mammalian	
   immune	
  cells	
  express	
  an	
  array	
  of	
  receptors,	
  whose	
  function	
   is	
   to	
  

regulate	
  the	
  response	
  to	
  an	
  extracellular	
  stimulus	
  by	
  interacting	
  with	
  Sialic	
  acids:	
  the	
  

Sia-­‐recognizing	
   ImmunoGlobulin	
   (Ig)	
   superfamily	
   LECtins	
   (Siglecs)	
   are	
   a	
   family	
   of	
  

structurally	
  related	
  type	
  I	
  transmembrane	
  proteins	
  that	
  display	
  one	
  V-­‐set	
  Ig	
  domain,	
  

which	
   is	
   responsible	
   for	
   recognizing	
   sialylated	
   glycoconjugates,	
   and	
   a	
   variable	
  

number	
   of	
   structural	
   C2-­‐set	
   Ig	
   domains	
   (43).	
   The	
   intracellular	
   portion	
   of	
   Siglecs	
   is	
  

mainly	
  constituted	
  by	
   Immunoreceptor	
  Tyrosine-­‐based	
   Inhibitory	
  Motifs	
   (ITIMs)	
  or	
  

ITIM-­‐like	
   domains.	
   Siglecs	
   can	
   be	
   divided	
   into	
   two	
   groups	
   based	
   on	
   sequence	
  

similarity	
  and	
  evolutionary	
  conservation.	
  The	
  first	
  group	
  includes	
  sialoadhesin,	
  CD22,	
  

myelin-­‐associated	
   glycoprotein	
   (MAG)	
   and	
   Siglec-­‐15,	
   and	
   has	
   orthologues	
   in	
   all	
  

mammals	
  but	
   low	
  sequence	
  similarity.	
  The	
  second	
  group	
   includes	
   the	
  CD33-­‐related	
  

Siglecs,	
   which	
   differ	
   in	
   composition	
   between	
   species	
   but	
   share	
   high	
   sequence	
  

similarity	
  in	
  their	
  extracellular	
  regions	
  (Fig.	
  10).	
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Figure	
  10.	
  Siglec-­‐family	
  proteins	
  in	
  humans.	
  The	
  cell-­‐expression	
  patterns	
  are	
  indicated	
  on	
  

the	
  basis	
  of	
  antibody	
  labelling.	
  The	
  brackets	
  indicate	
  low	
  levels	
  of	
  expression.	
  	
  

Abbreviations:	
  B,	
  B	
  cells;	
  Ba,	
  basophils;	
  cDCs,	
  conventional	
  dendritic	
  cells;	
  Eo,	
  eosinophils;	
  

GRB2,	
   growth-­‐factor-­‐receptor-­‐bound	
   protein	
   2;	
   Mac,	
   macrophages;	
   Mo,	
   monocytes;	
   MyP,	
  

myeloid	
   progenitors;	
   N,	
   neutrophils;	
   ND,	
   not	
   determined;	
   NK,	
   natural	
   killer	
   cells;	
   OligoD,	
  

oligodendrocytes;	
   pDCs,	
   plasmacytoid	
   dendritic	
   cells;	
   Schw,	
   Schwann	
   cells;	
   Troph,	
  

trophoblasts.	
  	
  

Adapted	
  from	
  Crocker	
  et	
  al.,	
  2007,	
  Nat	
  Rev	
  Immunol,	
  7(4):255-­‐266	
  

	
  

Carlin	
   et	
   al.,	
   demonstrated	
   that	
   all	
   GBS	
   serotypes	
   are	
   able	
   to	
   interact	
   with	
  

CD33-­‐related	
  Siglecs	
  in	
  a	
  Sia-­‐dependent	
  manner	
  (43).	
  CD33-­‐related	
  Siglecs	
  have	
  been	
  

linked	
   to	
   inhibition	
   of	
   cellular	
   activation	
   and	
   proliferation,	
   as	
   well	
   as	
   induction	
   of	
  

apoptosis	
   and	
   pro-­‐inflammatory	
   cytokines.	
   The	
   interaction	
   between	
   Sias	
   and	
   their	
  

receptors	
  triggers	
  a	
  signaling	
  cascade,	
  which	
  is	
  dependent	
  on	
  the	
  ITIM	
  and	
  ITIM-­‐like	
  

intracellular	
  motifs	
   that	
   recruite	
   the	
  SHP1,	
  SHP2	
  and	
  SOCS3	
   tyrosine	
  phosphatases,	
  

the	
  last	
  being	
  a	
  negative	
  regulator	
  of	
  Siglecs	
  inhibitiory	
  functions	
  (55).	
  

Serotypes	
  Ia	
  and	
  Ib	
  strongly	
  interact	
  with	
  hSiglec-­‐5	
  and	
  -­‐7,	
  while	
  hSiglec-­‐9	
  is	
  

the	
   preferential	
   target	
   for	
   serotype	
   III.	
   Confocal	
   microscopy	
   experiments	
   on	
   GBS	
  

confirmed	
   this	
   interaction	
   on	
   neutrophils	
   (Fig.	
   11)	
   (43).	
   The	
   Sias	
   O-­‐actetylation	
  

levels	
  were	
  reported	
  to	
  influence	
  the	
  engagement	
  of	
  Siglecs	
  by	
  GBS.	
  An	
  excess	
  of	
  Sia	
  

O-­‐acetylation	
  leads	
  to	
  the	
  attenuation	
  of	
  GBS	
  virulence	
  in	
  in	
  vivo	
  experiments	
  (44).	
  It	
  
has	
   also	
   been	
   demonstrated	
   that	
   GBS	
   interaction	
   with	
   hSiglec-­‐5	
   and	
   -­‐9	
   reduces	
  

neutrophil	
  oxidative	
  burst,	
  NET	
  formation	
  and	
  bactericidal	
  activity.	
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Figure	
  11.	
  GBS	
  attached	
  to	
  the	
  surface	
  of	
  human	
  neutrophils	
  colocalizes	
  with	
  hSiglec-­‐9.	
  

A)	
   Nuclei	
   of	
   neutrophils;	
   B)	
   FITC-­‐labeled	
   GBS;	
   C)	
   hSiglec-­‐9	
   on	
   neutrophils;	
   D)	
   merge	
   of	
  

previous	
  pictures.	
  	
  Adapted	
  from	
  Carlin	
  et	
  al.,	
  2007,	
  J	
  Bac,	
  189(4):1231-­‐1237.	
  

 

Interestingly,	
   in	
   addition	
   to	
   the	
   Sia-­‐dependent	
   Siglec	
   engagement,	
   it	
   was	
  

discovered	
   that	
   some	
   GBS	
   strains	
   can	
   interact	
   with	
   hSiglec-­‐5	
   through	
   the	
   surface-­‐

anchored	
  β	
  protein,	
  which	
  promotes	
  bacterial	
  attachment	
  to	
  the	
  macrophage	
  surface	
  

and	
   impairment	
  of	
   the	
  phagocytic	
  activity.	
   In	
  addition,	
   engagement	
  of	
  Siglec-­‐5	
  by	
  β	
  

protein	
   increased	
  SHP	
  phosphatase	
  recruitment	
   to	
  Siglec-­‐5	
  and	
  blunted	
  neutrophils	
  

activation	
  (56).	
  Additional	
   in	
  vivo	
  experiments	
  in	
  mice	
  demonstrated	
  that	
  knock	
  out	
  

mutants	
   for	
   Siglec	
   E	
   (a	
   functional	
   paralog	
   of	
   hSiglec-­‐9)	
   significantly	
   enhanced	
  

macrophage	
   inflammatory	
   and	
   bactericidal	
   activity	
   against	
   GBS.	
   Animals	
   lacking	
  

Siglec-­‐E	
   expression	
   appeared	
   to	
   benefit	
   by	
   the	
   elevated	
   inflammatory	
   and	
  

bactericidal	
  responses	
  upon	
  a	
  low	
  dose	
  GBS	
  infection.	
  In	
  contrast,	
  after	
  a	
  lethel	
  dose	
  

challenge,	
   a	
   detrimental	
   overwhelming	
   inflammation	
  was	
   observed	
   in	
   the	
   Siglec-­‐E-­‐

deficient	
  mice.	
  	
  

A	
   Sia-­‐independent	
   GBS-­‐Siglecs	
   interaction	
   was	
   also	
   investigated.	
   We	
   report	
  

the	
   example	
   of	
   the	
   Sialoadhesin.	
   Sialoadhesin	
   has	
   been	
   identified	
   as	
   a	
   receptor	
  

interacting	
  with	
  red	
  blood	
  cell	
  receptors	
  to	
  modulate	
  host	
  immune	
  responses	
  through	
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the	
   regulation	
  of	
   cell–cell	
   interactions	
   (57).	
  However,	
   since	
  Sialoadhesin	
   recognizes	
  

the	
   same	
   Sia	
   epitopes	
   utilized	
   by	
   the	
   sialylated	
   pathogens,	
   it	
   also	
   	
   plays	
   a	
   role	
   in	
  

controlling	
   invasive	
   bacterial	
   infections.	
   Chang	
   et	
   al.,	
   demonstrated	
   that	
   GBS–

sialoadhesin	
   interaction	
   facilitated	
   the	
   phagocytic	
   and	
   bactericidal	
   activity	
   of	
  

macrophages	
  in	
  vitro,	
  and	
  the	
  efficient	
  capture	
  and	
  control	
  GBS	
  dissemination	
  in	
  vivo	
  

upon	
  systemic	
  intravenous	
  challenge	
  (57,	
  58).	
  	
  

The	
  delicate	
  interplay	
  between	
  GBS	
  Sias	
  and	
  Siglecs,	
  represents	
  an	
  example	
  of	
  

host-­‐pathogen	
  co-­‐evolution	
  to	
  gain	
  the	
  best	
  fitness	
  advantage	
  for	
  survival	
  within	
  the	
  

host	
  or	
  defense	
  against	
  the	
  pathogen.	
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Protein	
  virulence	
  factors	
  involved	
  in	
  interference	
  of	
  immune	
  responses	
  

	
  	
  	
  

GBS	
   success	
   as	
   a	
  pathogen	
  does	
  not	
   solely	
  depend	
  on	
   the	
  CPS,	
  but	
   also	
  on	
  a	
  

plethora	
  of	
  protein	
  antigens,	
  both	
  Cell	
  Wall	
  Anchored	
  (CWA)	
  or	
  secreted,	
  that	
  allow	
  

adherence	
   and	
   persistence	
   in	
   different	
   host	
   niches.	
   This	
   thesis	
   focuses	
   on	
   GBS	
  

proteins	
   that	
   interfere	
   with	
   the	
   key	
   steps	
   of	
   the	
   Complement	
   cascade,	
   a	
   common	
  

immune	
  mechanism	
  among	
  Gram	
  positive	
  and	
  negative	
  bacteria	
  (59,	
  60).	
  	
  

One	
  important	
  strategy	
  for	
  Complement	
  escape	
  consists	
  in	
  covalently	
  binding	
  

Complement	
   regulatory	
   proteins	
   to	
   the	
   microbial	
   surface,	
   thus	
   decreasing	
  

Complement	
  activation	
  and	
  enhancing	
  GBS	
  survival	
  in	
  the	
  host	
  (61).	
  These	
  virulence	
  

factors	
   find	
   their	
   targets	
   at	
   the	
   key	
   steps	
   of	
   the	
   Complement	
   cascade,	
   namely	
   C3	
  

convertases	
   formation,	
   C3b	
  deposition	
   and	
  C5a	
   anaphylotoxin	
   formation.	
  Moreover	
  

there	
   are	
   evidences	
   of	
   bacterial	
   proteins	
   that	
   interfere	
   with	
   Complement	
   as	
   a	
  

mediator	
  of	
  innate	
  and	
  adaptive	
  immune	
  responses.	
  	
  

	
  

Factor	
  H	
  binding	
  proteins	
  

One	
  of	
  the	
  most	
  common	
  Complement	
  evasion	
  strategies	
  consists	
  in	
  Factor	
  H	
  

binding.	
  Apart	
  from	
  Sialic	
  acid,	
  GBS	
  also	
  displays	
  some	
  proteins	
  on	
  its	
  surface	
  that	
  are	
  

able	
   to	
  bind	
  Factor	
  H,	
   the	
  Complement	
  modulator	
   that	
   induces	
  C3b	
  degradation	
  by	
  

stabilizing	
  Factor	
  I.	
  The	
  binding	
  of	
  Factor	
  H	
  to	
  the	
  GBS	
  surface	
  not	
  only	
  enhances	
  the	
  

inactivation	
  of	
  the	
  Complement	
  cascade,	
  aiding	
  the	
  bacteria	
  in	
  evasion	
  of	
  phagocytic	
  

clearance,	
  but	
  might	
  also	
  influence	
  other	
  activities	
  such	
  as	
  adhesion	
  and	
  invasion	
  of	
  

host	
  cells	
  (i.e.	
  brain	
  endothelial	
  cells	
  to	
  cause	
  bacterial	
  meningitis)	
  (62,	
  63).	
  

	
  

GBS	
  expresses	
   the	
  β	
   protein,	
   a	
  125	
  kDa	
  surface	
  protein	
   initially	
   identified	
  as	
  

one	
   of	
   the	
   two	
   components	
   of	
   the	
   c	
   antigen	
   in	
   type	
   I	
   GBS,	
   together	
  with	
   the	
   alpha	
  

protein	
   (64).	
   The	
   β	
   protein	
   is	
   mainly	
   expressed	
   by	
   serotypes	
   Ia,	
   Ib,	
   II	
   and	
   V,	
   and	
  

absent	
  in	
  serotype	
  III.	
  It	
  is	
  known	
  to	
  interact	
  via	
  different	
  binding	
  regions	
  with	
  the	
  Fc	
  

portion	
  of	
  Immunoglobulin	
  A	
  and	
  with	
  Factor	
  H	
  (65).	
  Moreover	
  human	
  Siglec-­‐5	
  was	
  

also	
  studied	
  for	
  its	
  interaction	
  with	
  the	
  N-­‐terminal	
  domain	
  of	
  GBS	
  β	
  protein	
  (66).	
  This	
  

protein-­‐dependent	
   interaction	
   with	
   Siglec-­‐5	
   promoted	
   bacterial	
   attachment	
   to	
   the	
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macrophage	
   surface	
   but	
   impaired	
   the	
   cell’s	
   phagocytic	
   activity	
   (56).	
   Genomic	
   and	
  

structural	
  data	
  revealed	
  that	
  the	
  β	
  protein	
  shares	
  a	
  high	
  degree	
  of	
  similarity	
  towards	
  

S.	
  pneumoniae	
  Hic	
  protein,	
  another	
  bacterial	
  virulence	
  determinants	
  that	
  binds	
  Factor	
  

H	
  (59).	
  	
  

The	
  same	
  activity	
  was	
  investigated	
  for	
  the	
  Streptococcal	
  Histidine	
  Triad	
  (SHT),	
  

a	
  100	
  kDa	
  protein	
   that	
  was	
   recently	
   studied	
  by	
  Maruvada	
   et	
   al.	
   (63).	
   Streptococcal	
  

Histidine	
  Triad	
  (SHT)	
  gene	
  is	
  located	
  in	
  a	
  pathogenicity	
  island	
  and	
  in	
  close	
  proximity	
  

to	
  the	
  scpB	
  and	
  lmb	
  virulence	
  genes	
  (63).	
  

	
  

C5a	
  peptidase	
  

The	
  Streptococcal	
  C5a	
  Peptidase	
  (ScpB),	
  is	
  considered	
  another	
  important	
  GBS	
  

virulence	
  determinant	
  and	
  is	
  highly	
  conserved	
  among	
  human	
  isolates.	
  It	
  cleaves	
  C5a,	
  

which	
  generates	
   from	
  C5,	
   thus	
   abolishing	
   the	
   chemotactic	
   ability	
  of	
   this	
  74-­‐residue	
  

polypeptide.	
  C5a	
  is	
  an	
  anaphylotoxin	
  that	
  attracts	
  neutrophils	
  (PMNs)	
  to	
  the	
  infection	
  

sites,	
  promoting	
  histamine	
  release	
  and	
  capillary	
  permeability	
  (67).	
  C5a	
  peptidase	
   is	
  

highly	
  conserved	
  among	
  streptococci	
  and	
  it	
  was	
  demonstrated	
  that	
  mice	
  immunized	
  

against	
   ScpB	
  were	
   able	
   to	
   promote	
   the	
   clearance	
   of	
   GBS	
   introduced	
   in	
   their	
   lungs	
  

(68).	
  	
  	
  

BibA	
  

Bacteria	
   evolved	
   several	
   virulence	
   mechanisms	
   in	
   order	
   to	
   exploit	
   host	
  

Complement	
   regulation	
   mechanism:	
   besides	
   Factor	
   H,	
   which	
   downregulates	
   C3b	
  

formation,	
   C4-­‐Binding	
   Protein	
   (C4BP)	
   is	
   an	
   inhibitor	
   of	
   both	
   Classical	
   and	
   Lectin	
  

Pathways	
   and	
   promotes	
   the	
   cleavage	
   of	
   C4b	
   and	
   C3b.	
   Several	
   GBS	
   strains	
   and	
  

serotypes	
  express	
  BibA,	
  a	
  630	
  aminoacids	
  protein	
  that	
  was	
  shown	
  to	
  bind	
  C4BP	
  and	
  

to	
  increase	
  the	
  virulence	
  of	
  this	
  microorganism	
  (69).	
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Secreted	
  virulence	
  determinants	
  

Besides	
  the	
  above	
  mentioned	
  CWA	
  proteins,	
  Pietrocola	
  and	
  colleagues	
  recently	
  

studied	
  a	
  small	
  secreted	
  virulence	
  determinant	
  that	
  interferes	
  with	
  the	
  Complement	
  

cascade.	
  It	
  was	
  named	
  Complement	
  Interfering	
  Protein	
  (CIP)	
  for	
  its	
  ability	
  to	
  interact	
  

with	
   C4	
   and	
   C4b	
   Complement	
   components,	
   thus	
   preventing	
   the	
   formation	
   of	
   the	
  

Classical	
  and	
  Lectin	
  C3	
  convertase	
  (70).	
  	
  

CIP	
   is	
   encoded	
   in	
   a	
   phage-­‐derived	
   region	
   and	
   is	
   expressed	
   by	
   all	
   the	
   ST17	
  

hypervirulent	
  strains.	
  It	
  is	
  considered	
  a	
  protein	
  chimera	
  as	
  it	
  shows	
  partial	
  homology	
  

to	
   other	
   small	
   secreted	
   bacterial	
   proteins,	
   in	
   particular	
   Extracellular	
   Adherence	
  

Protein	
   (Eap)	
   and	
   Extracellular	
   Fibrinogen	
   Binding	
   protein	
   (Efb),	
   both	
   from	
  

Staphylococcus	
   aureus.	
   CIP	
   ability	
   to	
   bind	
   to	
   C4	
   and	
  C4b	
   resembles	
   the	
  Eap,	
   that	
   is	
  

known	
   to	
   prevent	
   C4b2a	
   convertase	
   formation	
   (71).	
   Further	
   structural	
   studies	
  

conducted	
  by	
  Woehl	
  and	
  colleagues	
  demonstrated	
  that,	
  despite	
  the	
  similarity	
  of	
  the	
  of	
  

the	
  CIP	
  and	
  Eap	
  proteins,	
   their	
  binding	
  sites	
  on	
  the	
  C4b	
  did	
  not	
  concide.	
   Indeed	
  the	
  

two	
  proteins	
  do	
  not	
  compete	
  for	
  C3b	
  binding	
  in	
  competition	
  experiments	
  (72).	
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Chapter	
  I:	
  

	
  

	
  

	
  

	
  

	
  

Complement	
  pathways	
  involved	
  in	
  
antibody-­‐mediated	
  opsonophagocytic	
  

killing	
  of	
  Group	
  B	
  Streptococcus	
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Background	
  and	
  Aim	
  of	
  the	
  Study	
  

 
	
  

GBS	
  virulence	
  depends	
  on	
  an	
  array	
  of	
  factors	
  (10),	
  among	
  which	
  the	
  capsular	
  

polysaccharide	
   (CPS)	
   that	
   surrounds	
   the	
   bacteria	
   is	
   the	
   best	
   studied.	
   CPS	
   prevents	
  

phagocytic	
  killing	
  by	
  interfering	
  with	
  Complement	
  deposition	
  on	
  the	
  bacterial	
  surface	
  

and	
  could	
  represent	
  a	
  valuable	
  GBS	
  vaccine	
  target	
  (26).	
  However,	
  not	
  all	
  GBS	
  strains	
  

express	
  the	
  capsular	
  polysaccharide	
  as,	
  due	
  to	
  mutations	
  in	
  the	
  capsule	
  genes,	
  up	
  to	
  

15%	
  of	
  colonizing	
   isolates	
  and	
  of	
   those	
  causing	
  adult	
   invasive	
  disease	
  are	
  naturally	
  

unencapsulated	
  (73).	
  

An	
   important	
   component	
  of	
   the	
   capsule	
   is	
   the	
  Sialic	
  Acid	
   (SA),	
  present	
   in	
  all	
  

GBS	
  serotypes.	
  SA	
  is	
  considered	
  one	
  of	
  the	
  main	
  components	
  in	
  the	
  prevention	
  of	
  C3b	
  

deposition	
   on	
   GBS	
   surface	
   (54,	
   74).	
   It	
   has	
   been	
   demonstrated	
   that	
   the	
   amount	
   of	
  

Sialic	
   acid	
   present	
   on	
   the	
   surface	
   of	
  mammalian	
   erythrocytes	
   correlates	
  with	
   their	
  

susceptibility	
  to	
  lysis.	
  Rabbit	
  erythrocytes,	
  for	
  example,	
  display	
  a	
  low	
  amount	
  of	
  Sialic	
  

acid	
  on	
  their	
  membrane	
  and	
  are	
  considered	
  Complement	
  activating	
  particles	
  (54,	
  75).	
  

Surface-­‐associated	
   Sialic	
   acid	
   modulates	
   the	
   Alternative	
   Pathway	
   activity	
   by	
  

increasing	
   the	
   affinity	
   of	
   Factor	
   H	
   to	
   C3b	
   relative	
   to	
   Factor	
   B,	
   thus	
   preventig	
   the	
  

formation	
  of	
  the	
  C3bBb	
  convertase	
  (76,	
  77).	
  	
  

The	
  delicate	
   balance	
   among	
   specific	
   antibody	
   concentration,	
   capsule	
   content	
  

and	
   Sialic	
   acid,	
   influences	
   the	
   final	
   outcome	
   of	
   Complement	
   attack.	
   The	
   role	
   of	
   the	
  

different	
   Complement	
   pathways	
   in	
   the	
   GBS	
   clearance	
   process	
   is	
   still	
   under	
   debate.	
  

Baker	
   et	
   al.	
   (78)	
   observed	
   that	
   some	
  GBS	
   strains	
   belonging	
   to	
   serotypes	
   Ia	
   and	
   III	
  

could	
  undergo	
  opsonophagocytosis	
  in	
  the	
  absence	
  of	
  CPS-­‐	
  or	
  protein-­‐specific	
  human	
  

sera.	
   This	
   antibody-­‐independent	
   killing	
  was	
   abolished	
   in	
   the	
   presence	
   of	
  MgEGTA,	
  

which	
   inihibits	
   the	
   Classical	
   and	
   Lectin	
   pathways	
   by	
   chelating	
   Calcium.	
   Based	
   on	
  

these	
   observations,	
   Baker	
   and	
   colleagues	
   hypothesized	
   a	
   role	
   for	
   the	
   Classical	
  

Pathway	
  in	
  antibody-­‐independent	
  GBS	
  killing.	
  	
  

Further	
   studies	
   focusing	
   on	
   the	
   role	
   of	
   Sialic	
   acid	
   on	
   the	
   inhibition	
   of	
  

Complement	
   activation,	
   showed	
   that	
   removal	
   of	
   this	
   sugar	
   from	
   the	
   GBS	
   surface	
  

through	
   Neuraminidase	
   treatment,	
   leads	
   to	
   a	
   strong	
   activation	
   of	
   the	
   Alternative	
  

Pathway	
   and	
   increased	
   susceptibility	
   to	
   opsonophagocytic	
   killing.	
  Moreover	
   it	
   was	
  

demonstrated	
   that	
   high	
   amounts	
   of	
   capsule-­‐specific	
   antibodies	
   could	
   hide	
   SA	
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moieties	
  on	
  the	
  GBS	
  surface	
  thus	
  allowing	
  Complement	
  deposition	
  via	
  the	
  Alternative	
  

Pathway,	
  in	
  an	
  antibody-­‐dependent	
  mechanism	
  (76).	
  	
  

Further,	
  the	
  Lectin	
  Pathway	
  (LP)	
  was	
  hypothesized	
  as	
  a	
  potential	
  mechanism	
  

for	
   initiating	
  opsonization	
  of	
  GBS	
  with	
  sera	
  devoid	
  of	
  CPS-­‐specific	
  antibodies,	
  as	
  the	
  

C3	
  convertase	
  of	
   the	
  LP	
  (C4b2a)	
   is	
  generated	
  by	
  a	
  mechanism	
  that	
   is	
  both	
  Calcium-­‐

dependent	
  and	
  antibody-­‐independent	
   (79).	
  The	
  LP	
   shares	
   its	
  downstream	
  effectors	
  

with	
  the	
  CP,	
  but	
  not	
  its	
  initiators.	
  The	
  CP	
  starts	
  by	
  the	
  binding	
  of	
  C1q	
  to	
  the	
  antibodies	
  

present	
   on	
   bacterial	
   surface,	
   whereas	
   the	
   LP	
   exploits	
   Lectins	
   that	
   interact	
   with	
  

glucidic	
  residues	
  on	
  bacterial	
  membranes,	
   thus	
   forming	
  a	
  complex	
  with	
  MBL/MASP	
  

(30).	
   Three	
   different	
   lectins,	
   which	
   impact	
   the	
   LP,	
   have	
   been	
   described:	
  mannose-­‐

binding	
   lectin	
   (MBL),	
   L-­‐ficolin,	
   and	
   H-­‐ficolin	
   (80).	
   Among	
   them,	
   MBL	
   shows	
   the	
  

lowest	
  affinity	
   towards	
   the	
  GBS	
  capsule,	
  while	
  L-­‐ficolin	
  strongly	
   interacts	
  with	
  both	
  

Lipotheicoic	
  Acid	
   (LTA)	
   and	
  N-­‐acetylglucosamine	
   (GlcNac)	
   residues	
   on	
  GBS	
   surface	
  

(79).	
   By	
   investigating	
   the	
   role	
   of	
   L-­‐ficolin	
   in	
   initiating	
   the	
   Complement	
   cascade	
   on	
  

GBS,	
  Aoyagi	
  et	
  al.	
  (81)	
  demonstrated	
   that	
   this	
   lectin	
  was	
  able	
   to	
  bind	
  both	
   the	
  wild	
  

type	
   and	
   acapsular	
   mutant	
   strains,	
   and	
   suggested	
   Lipoteichoic	
   Acid	
   (LTA)	
   as	
   the	
  

possible	
  Lectin	
   target.	
  They	
  observed	
  the	
   formation	
  of	
   the	
  C4b2a	
  convertase	
  by	
   the	
  

Lectin	
  Pathway,	
  which	
  led	
  to	
  the	
  amplification	
  of	
  the	
  cascade	
  through	
  the	
  Alternative	
  

Pathway.	
  

	
  

This	
  work	
  was	
  aimed	
  at	
  further	
  investigating	
  the	
  mechanisms	
  of	
  Complement	
  

activity	
   on	
   GBS,	
   both	
   in	
   absence	
   and	
   presence	
   of	
   specific	
   antibodies.	
   The	
   highly	
  

encapsulated	
  serotype	
  III	
  COH1	
  strain,	
  which	
   is	
   the	
  most	
  prevalent	
  serotype	
   in	
  GBS	
  

neonatal	
  infections	
  worldwide,	
  and	
  the	
  acapsular	
  isogenic	
  mutant	
  COH1	
  ΔcpsE	
  were	
  

selected	
  for	
  this	
  study.	
  	
  

The	
  contribution	
  of	
  each	
  Complement	
  pathway	
  against	
  GBS	
  was	
   investigated	
  

by	
  C3b	
  deposition,	
  C1q	
  binding	
  and	
  Opsonophagocytosis	
  experiments.	
  The	
  relevance	
  

the	
  Classical	
  pathway	
  was	
  investigated	
  through	
  the	
  use	
  of	
  C1q-­‐depleted	
  Complement	
  

sources	
   and	
   Calcium/Magnesium	
   depletion.	
   The	
   contribution	
   of	
   the	
   Alternative	
  

Pathway	
  was	
  assessed	
  by	
  using	
  a	
  Factor	
  B-­‐depleted	
  Complement	
  source.	
  The	
  role	
  of	
  

Sialic	
   acid	
   in	
   Complement	
   deposition	
   was	
   studied	
   by	
   comparing	
   serotype	
   III	
   GBS	
  

treated	
  with	
  Neuraminidase	
  to	
  the	
  wild	
  type	
  and	
  acapsular	
  mutant	
  strains.	
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Materials	
  and	
  Methods	
  

	
  

Bacterial	
  strains	
  and	
  culture	
  media	
  

Serotype	
   III	
   GBS	
   clinical	
   isolates	
   COH1	
   (high	
   capsule	
   content)	
   and	
   its	
   COH1	
  

ΔcpsE	
   (unencapsulated	
   isogenic	
  mutant)(63)	
  were	
  used	
   in	
  this	
  study.	
  Bacteria	
  were	
  

grown	
   in	
  Todd-­‐Hewitt	
   Broth	
   (THB,	
  Becton	
  Dickinson,	
   Sparks,	
  MD)	
   at	
   37˚C	
   in	
   static	
  

conditions	
  to	
  an	
  approximate	
  OD	
  of	
  0.6	
  (Abs600nm).	
  

Proteins	
  and	
  human	
  sera	
  

For	
   C3b	
   deposition	
   experiments,	
   different	
   human	
   sera	
   were	
   tested	
   as	
  

Complement	
   sources	
   or	
   as	
   GBS-­‐specific	
   IgG	
   source.	
   Human	
   sera	
   from	
  GBS	
   infected	
  

patients	
  were	
  used	
  as	
   IgG	
  source	
  after	
   inactivation	
  at	
  56°C	
   for	
  30	
  minutes	
  and	
  had	
  

different	
  IgG	
  titers	
  against	
  CPS	
  III,	
  as	
  measured	
  by	
  anti-­‐PSIII	
  ELISA.	
  The	
  Complement	
  

sources	
   were	
   complete	
   Human	
   Complement	
   (HC),	
   C1q-­‐depleted	
   human	
   serum	
  

(Quidel,	
   San	
   Diego,	
   CA)	
   to	
   inhibit	
   CP,	
   and	
   Factor	
   B-­‐depleted	
   serum	
   to	
   inhibit	
   AP	
  

(CompTech	
   Inc.,	
   Texas,	
   USA).	
   The	
   depleted	
   Complement	
   sources	
   were	
   restored	
   by	
  

adding	
  C1q	
  (Calbiochem,	
  Germany)	
  and	
  Factor	
  B	
  (CompTech	
  Inc.,	
  Texas,	
  USA).	
  	
  

Growth	
  and	
  differentiation	
  of	
  HL-­‐60	
  cells	
  

HL-­‐60	
  cells	
  belong	
  to	
  a	
  promyelocytic	
  leukemia	
  cell	
  line.	
  They	
  were	
  purchased	
  

from	
   the	
   American	
   Type	
   Culture	
   Collection	
   (CCL-­‐240)	
   and	
   cultured	
   in	
   RPMI	
   1640	
  

Glutamax	
   (Invitrogen),	
   supplemented	
   with	
   10%	
   heat	
   inactivated	
   Fetal	
   Calf	
   Serum	
  

(FCS,	
  HyClone).	
  

Cells	
   were	
   grown	
   and	
   differentiated	
   to	
   neutrophils	
   four	
   days	
   before	
   the	
  

experiments	
   in	
   growth	
   medium	
   supplemented	
   with	
   0.78%	
   Dimethyl	
   Formamide	
  

(DMF,	
  Sigma),	
  according	
  to	
  Romero-­‐Steiner	
  et	
  al.	
  (82).	
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OpsonoPhagocytic	
  Killing	
  Assay	
  (OPKA)	
  on	
  GBS	
  

The	
  OPKA	
  reaction	
  was	
  performed	
  in	
  96	
  well	
  Nunc	
  polypropylene	
  microtiter	
  

plates	
  (ThermoFisher),	
   in	
  a	
  total	
  volume	
  of	
  125	
  μl	
  HBSS.	
  For	
  each	
  reaction	
  mixture,	
  

12.5	
  μl	
  of	
  human	
  immune	
  sera	
  (0.25	
  -­‐	
  0.08	
  -­‐	
  0.025	
  µg/ml	
  of	
  PSIII-­‐specific	
  IgG)	
  or	
  reaction	
  

buffer,	
   GBS	
   bacteria	
   (25	
   μl),	
   differentiated	
   HL-­‐60	
   cells	
   (75	
   μl)	
   and	
   human	
  

Complement	
  (12.5	
  μl)	
  were	
  added.	
  Control	
  reactions	
  were	
  performed	
  in	
  the	
  presence	
  

of	
  heat	
  inactivated	
  Complement	
  or	
  in	
  the	
  absence	
  of	
  effector	
  cells.	
  	
  

COH1	
   and	
   COH1	
   ΔcpsE	
   bacterial	
   suspensions	
   were	
   prepared	
   by	
   directly	
  

diluting	
   frozen	
  aliquot	
  stocks.	
  One	
  ml	
  aliquot	
  of	
   frozen	
  bacteria	
  (OD600nm=0.5)	
  was	
  

thawed	
  at	
  RT,	
   diluted	
   in	
  9	
  ml	
   of	
  PBS	
   and	
   centrifuged	
   at	
  3000	
   rpm	
   for	
  10	
  min.	
  The	
  

pellet	
  was	
  suspended	
  in	
  an	
  appropriate	
  volume	
  of	
  HBSS	
  with	
  Calcium	
  and	
  Magnesium	
  

in	
  order	
  to	
  obtain	
  a	
   final	
  concentration	
  of	
  ~600	
  CFU/μl	
  (~1.5x104	
  CFU/well).	
  COH1	
  

was	
   resuspended	
   in	
   28	
  ml,	
   while	
   its	
   acapsular	
   isogenic	
  mutant	
   in	
   18	
  ml	
   of	
   buffer.	
  

Bacteria	
  were	
  then	
  further	
  diluted	
  1:2	
  in	
  HBSS-­‐1%	
  Normal	
  Rabbit	
  Serum	
  (Sigma)	
  and	
  

dispensed	
   in	
   plates.	
   The	
   HL60	
   effector	
   cells	
   were	
   used	
   at	
   a	
   concentration	
   of	
  

2.6x107/ml	
  with	
  a	
  GBS	
  to	
  cells	
  ratio	
  varying	
  from	
  25:1	
  to	
  40:1.	
  The	
  reaction	
  plate	
  was	
  

incubated	
  for	
  1	
  h	
  at	
  37	
  °C	
  with	
  shaking	
  at	
  600	
  rpm	
  by	
  a	
  Thermomixer	
  (Eppendorf).	
  

T0	
   reactions	
   were	
   diluted	
   1:100	
   in	
   sterile	
   water	
   and	
   plated	
   in	
   tilt	
   onto	
  

Trypticase	
   Soy	
   Agar-­‐5%	
   blood	
   sheep	
   plates	
   (TSA)	
   (BD	
   Biosciences).	
   T60	
   reactions	
  

were	
  diluted	
  1:20	
  and	
  1:200	
   in	
   sterile	
  water.	
  Ten	
  microliters	
  of	
   each	
  dilution	
  were	
  

then	
   plated	
   on	
   TSA	
   plates	
   and	
   incubated	
   overnight	
   at	
   37	
   °C	
   +	
   5%	
   CO2	
   in	
   order	
   to	
  

determine	
  Colony	
  Forming	
  Units	
  at	
  T0	
  and	
  T60.	
  The	
  OPKA	
  titer	
  was	
  expressed	
  as	
  the	
  

reciprocal	
  serum	
  dilution	
  leading	
  to	
  50%	
  killing	
  of	
  bacteria,	
  and	
  percent	
  of	
  killing	
  was	
  

calculated	
  using	
  this	
  formula:	
  killing	
  (%)=[(mean	
  CFU	
  at	
  T0−mean	
  CFU	
  at	
  T60)/mean	
  

CFU	
  at	
  T0]x100.	
  Data	
  were	
  then	
  elaborated	
  using	
  GraphPad	
  Software.	
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Paraformaldehyde	
  treatment	
  of	
  bacteria	
  	
  

Bacteria	
  were	
  plated	
  onto	
  TSA	
  plates	
  and	
  incubated	
  overnight	
  (~16	
  h)	
  at	
  37°C.	
  

The	
  following	
  day	
  25	
  isolated	
  colonies	
  for	
  each	
  strain	
  were	
  selected	
  and	
  stirred	
  into	
  

THB.	
  Bacteria	
  were	
  grown	
  as	
  previously	
  described	
  and	
  the	
  growth	
  was	
   followed	
  by	
  

measuring	
   the	
  absorbance	
  at	
  600	
  nm,	
  using	
  THB	
  as	
  blank	
  control.	
  Bacterial	
  growth	
  

was	
  monitored	
  until	
  an	
  OD	
  of	
  0.6	
  was	
  reached.	
  At	
  that	
  point,	
  50	
  ml	
  of	
  bacteria	
  were	
  

collected,	
   centrifuged	
   10	
   minutes	
   at	
   3000	
   rpm,	
   treated	
   with	
   25	
   ml	
   of	
   PBS,	
   0.1%	
  

paraformaldehyde	
   (PFA)	
   for	
  1	
  h	
  at	
  37°C	
  and	
   then	
   stored	
  overnight	
   at	
  4°C.	
  Bacteria	
  

were	
  then	
  tested	
  for	
  inactivation	
  by	
  plating	
  on	
  TSA	
  Blood	
  Agar	
  plates,	
  and	
  counted	
  at	
  

FACS	
  (SOS	
  I).	
  	
  

Neuraminidase	
  treatment	
  of	
  COH1	
  

COH1	
  strain	
  was	
   inoculated	
  and	
  grown	
  o/n	
  at	
  37°C	
   in	
  THB,	
  without	
  shaking.	
  

The	
  culture	
  was	
  diluted	
  to	
  OD=0.05	
  in	
  50	
  ml	
  of	
  THB	
  and	
  then	
  grown	
  until	
  OD=0.6.	
  	
  

Bacteria	
  were	
  centrifuged	
  (3000	
  rpm,	
  10	
  minutes	
  at	
  4°C)	
  and	
  resuspended	
  in	
  0.5	
  ml	
  

of	
   PBS	
   pH	
   6.0	
   and	
   10 µl	
   of	
   Neuraminidase	
   (α(2-­‐-­‐>3,6,8,9)	
   Neuraminidase	
   from	
  

Arthrobacter	
  urefaciens,	
  Sigma).	
  This	
  enzyme	
  had	
  a	
  specific	
  activity	
  of	
  ≥135	
  units/mg	
  

protein,	
   where	
   one	
   unit	
   of	
   Neuraminidase	
   hydrolyzed	
   1	
   µmole	
   of	
   4-­‐

methylumbelliferyl	
  α-­‐D-­‐N-­‐acetylneuraminide	
   per	
   minute	
   at	
   pH	
   5.0.	
   The	
   incubation	
  

was	
  left	
  1	
  hour	
  at	
  37°C.	
  Bacteria	
  were	
  washed	
  twice	
  and	
  then	
  fixed	
  in	
  PFA	
  1%	
  for	
  1	
  

hour	
  37°C.	
  

Inactivation	
  of	
  bacteria	
  was	
  assessed	
  by	
  plating	
  on	
  TSA-­‐Blood	
  Agar	
  plates	
  and	
  

then	
  counted	
  on	
  a	
  FACS	
  (SOSI).	
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C3b	
  Deposition	
  on	
  GBS	
  and	
  FACS	
  analysis	
  

C3b	
   deposition	
   experiments	
   on	
   GBS	
   were	
   performed	
   on	
   PFA-­‐treated	
   COH1,	
  

COH1	
  ΔcpsE	
  and	
  Neuraminidase	
  treated	
  COH1	
  by	
  Flow	
  Cytometry.	
  Bacteria	
  (25	
  μl	
  of	
  

4x107cells/ml)	
  were	
  incubated	
  with	
  12.5	
  μl	
  of	
  heat-­‐inactivated	
  human	
  serum	
  diluted	
  

in	
  HBSS	
  with	
  or	
  without	
  Calcium	
  and	
  Magnesium	
  (Invitrogen).	
  In	
  the	
  C3b	
  deposition	
  

set	
   up	
   experiments	
   a	
   rabbit	
   PSIII-­‐specific	
   serum	
  was	
  used	
   at	
   1:30,	
   1:90,	
   1:270	
   and	
  

1:810,	
  together	
  with	
  20%	
  Baby	
  Rabbit	
  Serum	
  (Cederlane)	
  as	
  Complement	
  source.	
  In	
  

subsequent	
  experiments,	
  25	
  μl	
  of	
  the	
  different	
  human	
  Complement	
  sources	
  (C1q-­‐,	
  fB-­‐

depleted)	
  were	
  used.	
  HBSS	
  was	
  added	
  instead	
  of	
  IgG	
  sources,	
  as	
  negative	
  control.	
  In	
  

other	
   experiments,	
   bacteria	
   were	
   incubated	
   with	
   different	
   amounts	
   of	
   anti-­‐PSIII	
  

human	
  IgG	
  that	
  ranged	
  from	
  high	
  (20	
  µg/ml)	
  to	
  low	
  (1	
  µg/ml)	
  or	
  no	
  titer.	
  

The	
   reactions	
   were	
   then	
   left	
   at	
   room	
   temperature	
   for	
   15’.	
   Bacteria	
   were	
  

centrifuged	
  at	
  3000	
  rpm	
  for	
  7’,	
  washed	
  with	
  PBS,	
  and	
  the	
  deposition	
  revealed	
  with	
  a	
  

FITC-­‐labeled	
  Mouse	
  anti-­‐human	
  C3b	
  polyclonal	
  antibody	
  (Cederlane)	
  diluted	
  1:100	
  in	
  

PBS.	
   Incubation	
   was	
   kept	
   in	
   ice	
   for	
   30’	
   and	
   washed	
   twice	
   with	
   PBS.	
   Fluorescence	
  

signals	
   were	
   measured	
   by	
   Flow	
   cytometry	
   (CANTO	
   II)	
   using	
   the	
   BD	
   FACSDIVA	
  

Software,	
   and	
   analyzed	
   through	
   the	
   FlowJo	
   Software.	
   The	
   reported	
   Mean	
  

Fluorescence	
  Intensity	
  (MFI)	
  corresponds	
  to	
  the	
  Geometric	
  Mean	
  of	
  the	
  fluorescence	
  

peak	
  area	
  which	
  derives	
  from	
  the	
  area	
  under	
  the	
  peak	
  (Fig.	
  1).	
   In	
  the	
  Complement-­‐

restored	
  samples,	
  C1q	
  or	
  Factor	
  B	
  were	
  added	
  to	
  the	
  depleted	
  Complement	
  sources,	
  

taking	
  into	
  account	
  the	
  concentration	
  of	
  those	
  factors	
  in	
  plasma	
  (generally	
  50	
  µg/ml	
  

for	
  C1q	
  and	
  200	
  µg/ml	
  for	
  Factor	
  B)	
  and	
  the	
  final	
  Complement	
  concentration	
  in	
  the	
  

reaction	
  (20%)	
  (83).	
  

 

  
ùù 

 

 

 

 

	
  

Figure	
   12.	
   Example	
   of	
   Flow	
   Cytometry	
   fluorescence	
  
peak.	
   Fluorescence	
   is	
   reported	
   on	
   the	
   x	
   axis,	
   while	
   the	
  
number	
   of	
   cell	
   on	
   the	
   y	
   axis.	
   The	
   C3b	
   deposition	
   values	
  
derive	
  from	
  the	
  Geometric	
  Mean	
  of	
  the	
  grey	
  area	
  under	
  the	
  
peak.	
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C1q	
  binding	
  

To	
  evaluate	
  whether	
  C1q	
  could	
  bind	
  to	
  GBS	
  surface	
  in	
  an	
  antibody-­‐dependent	
  

and	
  –independent	
  manner,	
  a	
  Flow	
  Cytometry	
  experiment	
  was	
  performed.	
  Previously	
  

fixed	
  and	
  counted	
  COH1,	
  ΔcpsE	
  and	
  Neuraminidase	
  Treated	
  COH1	
  strains	
  were	
  used	
  

at	
  4x107/ml	
  in	
  PBS.	
  Bacteria	
  were	
  incubated	
  with	
  either	
  1	
  µg	
  or	
  0.33	
  µg	
  of	
  a	
  low	
  anti-­‐

PSIII	
  IgG	
  titer	
  human	
  serum	
  for	
  10	
  minutes	
  at	
  Room	
  Temperature,	
  and	
  subsequently	
  

washed	
  with	
  PBS.	
  	
  

100	
   µl	
   of	
   C1q	
   at	
   200	
   µg/ml	
   were	
   added	
   to	
   each	
   well	
   and	
   incubated	
   with	
  

bacteria	
   for	
   15’.	
   The	
   plate	
  was	
  washed	
   and	
   incubated	
  with	
   a	
   Phycoerithrin-­‐labeled	
  

Mouse	
   Anti-­‐Human	
   C1q	
   (Cederlane)	
   for	
   30’	
   at	
   4°C	
   (1:100).	
   After	
   two	
  washes	
  with	
  

PBS,	
  samples	
  were	
  acquired	
  on	
  CANTO-­‐II	
  using	
  the	
  BDiva	
  Software	
  (BD	
  Biosciences).	
  

Data	
  were	
  analyzed	
  using	
  the	
  FlowJo	
  software	
  and	
  are	
  represented	
  as	
  the	
  Geometric	
  

Mean	
  of	
  the	
  Fluorescence	
  Intensity.	
  

	
  

	
   	
  



	
   	
  

40	
  
	
  

Results	
  

	
  

Contribution	
  of	
  the	
  capsular	
  polysaccharide	
  (CPS)	
  to	
  Complement-­‐mediated	
  GBS	
  

phagocytic	
  killing	
  

To	
   confirm	
   the	
   protective	
   effect	
   of	
   the	
   capsular	
   polysaccharide	
   against	
   GBS	
  

phagocytosis,	
   we	
   first	
   performed	
   opsonophagocytic	
   killing	
   experiments	
   using	
   the	
  

highly	
  encapsulated	
  serotype	
  III	
  COH1	
  strain	
  and	
  its	
  acapsular	
  isogenic	
  mutant	
  COH1	
  

ΔcpsE.	
  	
  

As	
  shown	
  in	
  Figure	
  2A	
   the	
  acapsular	
  mutant	
  strain	
  was	
  completely	
  killed	
  by	
  

neutrophils	
  both	
  in	
  the	
  absence	
  and	
  in	
  presence	
  of	
  specific	
  antibodies.	
  Conversely	
  the	
  

wild	
   type	
   COH1	
   strain	
   survived	
   to	
   phagocytic	
   treatment	
   in	
   the	
   absence	
   of	
   immune	
  

serum,	
  and	
  was	
  killed	
  only	
  in	
  the	
  presence	
  of	
  PSIII-­‐specific	
  IgG.	
  	
  

We	
   further	
   investigated	
   the	
  susceptibility	
  of	
   the	
  acapsular	
  GBS	
   to	
  phagocytic	
  

killing	
  in	
  the	
  absence	
  of	
  specific	
  IgG	
  using	
  different	
  Complement	
  concentrations.	
  	
  

As	
  shown	
  in	
  Figure	
  2B,	
  the	
  susceptibility	
  of	
  COH1	
  ΔcpsE	
  to	
  Complement	
  alone	
  

was	
   high.	
   This	
   strain	
   was	
   killed	
   at	
   concentrations	
   as	
   low	
   as	
   0.007%,	
   confirming	
   a	
  

strong	
   effect	
   of	
   the	
   capsule	
   in	
   protecting	
   GBS	
   bacteria	
   from	
  Complement-­‐mediated	
  

phagocytic	
  killing.	
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Figure	
   2.	
   Opsonophagocytic	
   killing	
   of	
   type	
   III	
   GBS	
   in	
   the	
   absence	
   and	
   presence	
   of	
  
serum.	
  Panel	
   A:	
  Opsonophagocytosis	
   of	
   COH1	
   and	
   its	
   acapsular	
  mutant	
   in	
   the	
   absence	
   or	
  

presence	
  of	
  decreasing	
  serum	
  dilutions	
  (0.25	
  -­‐	
  0.08	
  -­‐	
  0.025	
  µg/ml	
  of	
  PSIII-­‐specific	
  IgG).	
  Green	
  

bars	
   represent	
   GBS	
   killing	
   in	
   the	
   presence	
   of	
   serum	
   and	
  Complement;	
   grey	
   bars	
   represent	
  

killing	
   in	
   the	
  absence	
  of	
   serum	
  (NS)	
  and	
   in	
   the	
  presence	
  of	
  Complement,	
  while	
  yellow	
  bars	
  

show	
  GBS	
   killing	
   in	
   the	
   absence	
   of	
   Complement	
   (NC)	
   and	
   in	
   presence	
   of	
   PSIII-­‐specific	
   IgG.	
  

Panel	
   B:	
   Opsonophagocytosis	
   experiment	
   conducted	
   on	
   COH1	
   acapsular	
   mutant	
   in	
   the	
  

absence	
  of	
  immune	
  sera	
  and	
  decreasing	
  concentrations	
  of	
  human	
  Complement	
  (5%-­‐0.007%).	
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Set-­‐up	
  of	
  C3b	
  deposition	
  experiments	
  on	
  a	
  highly	
  encapsulated	
  GBS	
  type	
  III	
  strain	
  

To	
  better	
  dissect	
   the	
  role	
  of	
   the	
  capsule	
   in	
  protecting	
  GBS	
   from	
  Complement	
  

attack,	
   we	
   assessed	
   C3b	
   deposition	
   on	
   wild	
   type	
   and	
   unencapsulated	
   COH1.	
   C3b	
  

deposition	
   on	
   bacterial	
   surface	
   represents	
   the	
   fundamental	
   step	
   for	
   Complement-­‐

mediated	
  phagocytic	
  killing.	
  	
  

We	
  first	
  analyzed	
  the	
  growth	
  curves	
  of	
  GBS	
  COH1	
  highly	
  encapsulated	
  type	
  III	
  

strain	
  and	
  of	
  its	
  acapsular	
  mutant	
  (Fig	
  3A).	
  The	
  two	
  curves	
  were	
  comparable	
  as	
  they	
  

showed	
   similar	
   slopes	
   in	
   the	
   exponential	
   part,	
   although	
   the	
   wild	
   type	
   strain	
  

recovered	
  from	
  the	
  stationary	
  phase	
  more	
  quickly	
  than	
  the	
  acapsular	
  mutant.	
  Indeed,	
  

COH1	
  reached	
  the	
  stationary	
  phase	
  at	
  OD600	
  2,	
  and	
  its	
  acapsular	
  mutant	
  at	
  OD600	
  1.7.	
  	
  

We	
  subsequently	
  performed	
  C3b	
  deposition	
  experiments	
  on	
  COH1	
  grown	
  until	
  

early,	
  mid-­‐	
  and	
  late	
  exponential	
  phases	
  	
  (OD600	
  0.3,	
  0.6	
  and	
  1	
  respectively).	
  Bacteria	
  

were	
   first	
   incubated	
  with	
   serial	
   dilutions	
   of	
   a	
   rabbit	
   PSIII-­‐specific	
   serum	
   and	
  with	
  

20%	
   Baby	
   Rabbit	
   Serum	
   (Cederlane)	
   as	
   Complement	
   source.	
   C3b	
   deposition	
   was	
  

revealed	
  as	
  described	
   in	
   the	
  Materials	
  and	
  Methods	
  section.	
  As	
  shown	
   in	
   the	
  upper	
  

panels	
  of	
  Figure	
  3B,	
  the	
  deposition	
  signal	
  in	
  the	
  presence	
  of	
  serum	
  was	
  detectable	
  in	
  

all	
   the	
   tested	
   growth	
   points	
   with	
   no	
   significant	
   differences.	
   No	
   Complement	
  

deposition	
  was	
  observed	
  on	
  serotype	
  III	
  COH1	
  strain	
  in	
  the	
  absence	
  of	
  specific	
  serum	
  

(bottom	
  panels	
  Figure	
  3B).	
  OD600	
  0.6	
  was	
  selected	
  for	
  further	
  experiments.	
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Figure	
  3.	
  Growth	
  curves	
  and	
  C3b	
  deposition	
  on	
  COH1	
  at	
  different	
  time	
  points.	
  Panel	
  A:	
  
Growth	
   curves	
   of	
   COH1	
   and	
   COH1	
   ΔcpsE.	
   Bacteria	
   were	
   grown	
   in	
   THB,	
   at	
   37°C,	
   static	
  

conditions.	
  The	
  dotted	
  lines	
  correspond	
  to	
  the	
  growth	
  points	
  considered	
  for	
  C3b	
  deposition	
  

experiments.	
  Panel	
  B:	
  C3b	
  deposition	
  on	
  COH1	
  at	
  different	
  growth	
  points.	
  Upper	
  panels	
  show	
  

C3b	
  deposition	
  on	
  bacteria	
  incubated	
  with	
  serial	
  dilutions	
  of	
  PSIII-­‐specific	
  rabbit	
  serum	
  and	
  

stained	
  with	
  an	
  anti-­‐C3b	
  FITC-­‐labeled	
  secondary	
  antibody.	
  Lower	
  panels	
  show	
  the	
  negative	
  

controls	
  in	
  which	
  no	
  IgG	
  source	
  was	
  added.	
  Sera	
  dilutions:	
  red	
  1:30;	
  blue	
  1:90;	
  green	
  1:270;	
  

orange	
  1:810.	
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C3b	
  deposition	
  on	
  GBS	
  COH1	
  and	
  its	
  isogenic	
  acapsular	
  mutant	
  in	
  the	
  absence	
  or	
  

presence	
  of	
  CPS	
  III-­‐specific	
  antibodies	
  

The	
   highly	
   encapsulated	
   type	
   III	
   COH1	
   strain	
   and	
   its	
   non-­‐encapsulated	
  

isogenic	
   mutant	
   ΔcpsE	
   grown	
   at	
   mid-­‐exponential	
   phase	
   were	
   then	
   tested	
   for	
   C3b	
  

deposition	
   using	
   heat-­‐inactivated	
   human	
   sera.	
   The	
   sera	
   selected	
   for	
   these	
  

experiments	
   belonged	
   to	
   individuals	
   previously	
   exposed	
   to	
   type	
   III	
   GBS	
   and	
  

contained	
  high	
  (20	
  µg/ml)	
  or	
  low	
  (1	
  µg/ml)	
  IgG	
  titer	
  against	
  CPS-­‐III	
  (78).	
  	
  

Bacteria	
  were	
   incubated	
   in	
   presence	
   or	
   absence	
   of	
   heat	
   incativated	
   immune	
  

sera	
  and	
  20%	
  non-­‐immune	
  serum	
  as	
  complete	
  Human	
  Complement	
  source	
  (HC).	
  As	
  

shown	
  in	
  Figure	
  4,	
   in	
  the	
  absence	
  of	
  specific	
  IgG,	
  C3b	
  deposition	
  on	
  COH1	
  was	
  very	
  

low.	
   Conversely,	
   the	
   acapsular	
   mutant	
   was	
   highly	
   susceptible	
   to	
   Complement	
  

deposition.	
  In	
  the	
  presence	
  of	
  PSIII-­‐specific	
  antibodies,	
  the	
  levels	
  of	
  C3b	
  deposition	
  on	
  

the	
   acapsular	
   mutant	
   were	
   higher	
   than	
   the	
   wild	
   type	
   strain	
   and	
   similar	
   to	
   those	
  

observed	
  in	
  the	
  absence	
  of	
  antibodies.	
  Moreover	
  the	
  deposition	
  signals	
  were	
  higher	
  in	
  

the	
   1	
  µg/ml	
   samples	
   compared	
   to	
   the	
   20	
  µg/ml	
   ones,	
   suggesting	
   a	
   possible	
   steric	
  

hindrance	
  in	
  presence	
  of	
  high	
  amount	
  of	
  anti	
  PSIII	
  antibodies.	
  

These	
   results	
   led	
   us	
   to	
   conclude	
   that	
   the	
   highly	
   encapsulated	
   strain	
   was	
  

resistant	
   to	
  C3b	
  deposition	
   in	
   the	
  absence	
  of	
  specific	
   IgG,	
  while	
   the	
  unencapsulated	
  

strain	
   was	
   highly	
   susceptible,	
   confirming	
   the	
   importance	
   of	
   the	
   capsule	
   for	
   GBS	
  

Complement	
  evasion.	
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Figure	
   4.	
   C3b	
   deposition	
   on	
   COH1	
   and	
   its	
   acapsular	
   isogenic	
   mutant	
   strain.	
   C3b	
  

deposition	
  on	
  bacteria	
  incubated	
  with	
  or	
  without	
  different	
  PSIII-­‐specific	
  amounts	
  of	
  IgG	
  (20	
  

µg/ml;	
  1	
  µg/ml)	
  and	
  with	
  20%	
  Normal	
  Human	
  Complement	
  (NHC).	
  C3b	
  on	
  bacterial	
  surface	
  

was	
   revealed	
  with	
   a	
   FITC-­‐labeled	
   anti-­‐C3b	
   antibody	
   and	
   the	
   deposition	
   signal	
   detected	
   by	
  

Flow	
  Cytometry.	
  The	
  graph	
  shows	
  the	
  Geometric	
  Mean	
  of	
  the	
  FITC	
  fluorescence.	
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Depletion	
  of	
  Complement	
  Factors	
  affects	
  C3b	
  deposition	
  	
  

To	
   gain	
   information	
   on	
   the	
   contribution	
   of	
   the	
   Classical	
   and	
   Alternative	
  

Pathways	
   on	
   GBS	
   Complement	
   susceptibility,	
   we	
   tested	
   COH1	
   and	
   its	
   acapsular	
  

mutant	
   for	
   C3b	
   deposition	
   using	
   C1q-­‐	
   and	
   Factor	
   B-­‐depleted	
   Complement	
   sources.	
  

The	
   two	
   strains	
   were	
   incubated	
   with	
   or	
   without	
   human	
   serum	
   containing	
   low	
   (1	
  

µg/ml)	
  PSIII	
  specific	
  IgG	
  concentrations.	
  	
  

Regarding	
   the	
   encapsulated	
   strain	
   (Fig.	
   5A),	
   the	
   absence	
   of	
   C1q	
   totally	
  

abolished	
   deposition.	
   C3b	
   binding	
   was	
   restored	
   upon	
   addition	
   of	
   C1q.	
   Also	
   in	
   this	
  

case,	
  the	
  presence	
  of	
  antibodies	
  resulted	
  in	
  higher	
  C3b	
  deposition	
  compared	
  to	
  the	
  No	
  

Serum	
   control.	
   Conversely,	
   the	
   absence	
   of	
   Factor	
   B	
   only	
   partially	
   lowered	
   the	
  

deposition	
   signal	
   on	
   COH1.	
   Deposition	
   occurred	
   both	
   in	
   presence	
   or	
   absence	
   of	
  

serum,	
  suggesting	
  that	
  this	
  Complement	
  source	
  contained	
  GBS-­‐specific	
  antibodies.	
  	
  

Concerning	
   the	
   acapsular	
   mutant,	
   the	
   absence	
   of	
   C1q	
   completely	
   abolished	
  

deposition	
  in	
  the	
  absence	
  and	
  presence	
  of	
  the	
  IgG	
  sources	
  (Fig.	
  5B).	
  Deposition	
  was	
  

restored	
  by	
  adding	
  C1q,	
  while	
  the	
  absence	
  of	
  Factor	
  B	
  did	
  not	
  have	
  any	
  effect.	
  	
  

Overall,	
   these	
   data	
   led	
   to	
   the	
   conclusion	
   that	
   the	
   Capsular	
   polysaccharide	
  

inhibits	
  the	
  activation	
  of	
  the	
  Classical	
  Pathway	
  on	
  serotype	
  III	
  GBS	
  COH1.	
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Figure	
   5.	
   C3b	
   deposition	
   on	
   COH1	
   and	
   COH1	
   ΔcpsE	
   strains	
   with	
   factors-­‐depleted	
  

Complement	
  sources.	
  COH1	
  (Panel	
  A)	
  and	
  COH1	
  ΔcpsE	
  (Panel	
  B)	
  bacteria	
  were	
  incubated	
  

with	
  or	
  without	
  sera	
  displaying	
  low	
  IgG	
  titer	
  against	
  PSIII	
  and	
  with	
  20%	
  human	
  Complement	
  

depleted	
  and	
  restored	
  of	
  C1q	
  and	
  Factor	
  B	
  (fB).	
  C3b	
  on	
  bacterial	
  surface	
  was	
  revealed	
  with	
  a	
  

FITC-­‐labeled	
   anti-­‐C3b	
   antibody	
   and	
   the	
  deposition	
   signal	
   detected	
  by	
  Flow	
  Cytometry.	
  The	
  

graph	
  shows	
  the	
  Geometric	
  Mean	
  of	
  the	
  FITC	
  fluorescence.	
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C1q	
  binding	
  to	
  GBS	
  surface	
  in	
  the	
  presence	
  of	
  a	
  low	
  anti-­‐PSIII	
  specific	
  IgG	
  titer	
  

serum	
  

To	
   further	
   investigate	
   the	
   possible	
   activity	
   of	
   C1q,	
   C1q	
   binding	
   experiments	
  

were	
  performed	
  both	
  on	
  wild	
  type	
  COH1	
  and	
  its	
  acapsular	
  isogenic	
  mutant.	
  Bacteria	
  

were	
   first	
   incubated	
   with	
   heat-­‐inactivated	
   human	
   serum	
   (contanining	
   1	
   µg/ml	
   of	
  

PSIII-­‐specific	
   antibodies)	
   or	
   without	
   serum	
   and	
   subsequently	
   added	
   200	
   µg/ml	
   of	
  

C1q	
   (Calbiochem).	
   The	
   fluorescence	
   signal	
   indicative	
   of	
   C1q	
   binding	
   was	
   detected	
  

through	
  the	
  use	
  of	
  a	
  Phycoeritrin-­‐labeled	
  monoclonal	
  antibody	
  against	
  C1q.	
  

As	
   shown	
   in	
  Figure	
  6,	
   C1q	
  binding	
   to	
  COH1	
  did	
  not	
   occur	
   in	
   the	
   absence	
  of	
  

specific	
  serum,	
  and	
  was	
  low	
  in	
  the	
  presence	
  of	
  IgG.	
  Regarding	
  the	
  acapsular	
  mutant,	
  

C1q	
  binding	
  occurred	
  only	
  in	
  presence	
  of	
  human	
  serum.	
  	
  	
  

The	
   observed	
   C1q	
   binding	
   to	
   COH1	
  ΔcpsE	
   in	
   the	
   presence	
   of	
   human	
   serum	
  

suggests	
  that	
  this	
  serum	
  contained	
  IgG	
  directed	
  to	
  GBS	
  proteins	
  in	
  addition	
  to	
  the	
  anti	
  

capsular	
  antibodies.	
  The	
  assay	
  sensitivity	
  did	
  not	
  allow	
  to	
  detect	
  any	
  C1q	
  binding	
  in	
  

absence	
  of	
  antibodies.	
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Figure	
  6.	
  C1q	
  binding	
  on	
  COH1	
  and	
   its	
  acapsular	
   isogenic	
  mutant	
   strain.	
   GBS	
  bacteria	
  

were	
  incubated	
  with	
  or	
  without	
  heat-­‐inactivated	
  human	
  serum	
  (1	
  µg/ml	
  of	
  PSIII-­‐specific	
  IgG)	
  

and	
   with	
   200	
   µg/ml	
   of	
   C1q.	
   Binding	
   was	
   revealed	
   with	
   an	
   anti-­‐C1q	
   monoclonal	
   antibody	
  

labeled	
  with	
  Phycoerithrin	
  and	
  fluorescence	
  was	
  analyzed	
  by	
  Flow	
  Cytometry.	
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Evaluation	
  of	
  the	
  role	
  of	
  the	
  Sialic	
  acid	
  in	
  GBS	
  Complement	
  evasion	
  strategies	
  

Our	
  data	
  provided	
  evidence	
   about	
   the	
   role	
   of	
   the	
   capsular	
  polysaccharide	
   in	
  

the	
  prevention	
  of	
  C3b	
  deposition	
  on	
  GBS.	
  Nevertheless,	
   in	
  order	
   to	
  better	
  elucidate	
  

the	
  the	
  contribution	
  of	
  Sialic	
  acid	
  in	
  the	
  modulation	
  of	
  the	
  Complement	
  cascade,	
  we	
  

performed	
  C3b	
  deposition	
  experiments	
  in	
  the	
  absence	
  of	
  a	
  GBS-­‐specific	
  IgG	
  source	
  on	
  

GBS	
  COH1	
  previously	
  treated	
  with	
  Neuraminidase,	
  a	
  glycoside	
  hydrolase	
  that	
  cleaves	
  

the	
   glycosidic	
   linkages	
   of	
   neuraminic	
   acids	
   (i.e.	
   Sialic	
   acid),	
   and	
   compared	
   it	
   to	
   the	
  

untreated	
  control.	
  	
  

The	
   results	
   obtained	
   for	
   C3b	
   deposition	
   on	
   COH1	
   (Fig.	
   5A)	
  were	
   consistent	
  

with	
  the	
  ones	
  deriving	
  from	
  previous	
  experiments,	
  in	
  which	
  the	
  deposition	
  signal	
  was	
  

abolished	
  in	
  the	
  absence	
  of	
  C1q	
  and	
  Factor	
  B.	
  Moreover	
  in	
  the	
  presence	
  of	
  complete	
  

Complement	
   source	
   (C1q-­‐	
   and	
   Factor	
   B-­‐restored	
   conditions),	
   deposition	
   was	
  

detectable	
  (Fig.	
  7).	
  Regarding	
  the	
  Neuraminidase	
  Treated	
  strain,	
  the	
  absence	
  of	
  C1q	
  

and	
   Factor	
   B	
   abolished	
   C3b	
   binding,	
   while	
   after	
   addition	
   of	
   Complement	
   effectors	
  

deposition	
   levels	
   were	
   higher	
   compared	
   to	
   wild	
   type	
   COH1,	
   and	
   similar	
   to	
   those	
  

observed	
  for	
  the	
  acapsular	
  mutant	
  	
  (Fig.	
  5B).	
  

Previous	
  work	
  from	
  Fearon	
  et	
  al.	
  (54)	
  demonstrated	
  that	
  Sialic	
  acid	
  is	
  able	
  to	
  

interfere	
   with	
   the	
   Complement	
   cascade.	
   They	
   hypothesized	
   that	
   this	
   inhibitory	
  

activity	
  was	
  due	
  to	
  the	
  interaction	
  with	
  Factor	
  H	
  (fH),	
  and	
  to	
  the	
  ability	
  to	
  control	
  the	
  

Complement	
  cascade	
  activation	
  by	
  inhibiting	
  the	
  Alternative	
  Pathway.	
  However	
  these	
  

results	
  provided	
  evidence	
  on	
  the	
  role	
  of	
  Sialic	
  acid	
   in	
   interfering	
  with	
  not	
  only	
  with	
  

Alternative,	
  but	
  also	
  with	
  the	
  Classical	
  Pathway	
  by	
  the	
  prevention	
  of	
  C3b	
  binding.	
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Figure	
  7.	
  C3b	
  deposition	
  on	
  COH1	
  and	
  its	
  Neuraminidase	
  Treated	
  control.	
  Type	
  III	
  COH1	
  

strain	
  and	
  its	
  Neuraminidase	
  Treated	
  control	
  were	
  tested	
  for	
  C3b	
  deposition	
  in	
  the	
  absence	
  

of	
  GBS-­‐specific	
  IgG.	
  Bacteria	
  were	
  incubated	
  with	
  factors-­‐depleted	
  Complement	
  sources	
  and	
  

with	
  their	
  restored	
  controls.	
  C3b	
  on	
  bacterial	
  surface	
  was	
  revealed	
  with	
  a	
  FITC-­‐labeled	
  anti-­‐

C3b	
   antibody	
   and	
   the	
   deposition	
   signal	
   detected	
   by	
   Flow	
  Cytometry.	
   The	
   graph	
   shows	
   the	
  

Geometric	
  Mean	
  of	
  the	
  FITC	
  fluorescence.	
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Contribution	
  of	
  the	
  Alternative	
  Pathway	
  to	
  C3b	
  deposition	
  

To	
  further	
  investigate	
  the	
  role	
  of	
  the	
  capsular	
  polysaccharide	
  and	
  its	
  Sialic	
  acid	
  

component	
   in	
   protecting	
   COH1	
   from	
   Complement	
   deposition	
   via	
   the	
   Classical	
   and	
  

Alternative	
   pathways,	
   C3b	
   deposition	
   experiments	
   in	
   the	
   absence	
   of	
   specific	
  

antibodies	
  were	
  performed	
  on	
  COH1	
  ΔcpsE	
  and	
  Neuraminidase	
  treated	
  strains,	
  with	
  

or	
  without	
  Calcium	
  and	
  Magnesium.	
  In	
  fact,	
  the	
  Classical	
  and	
  Lectin	
  pathways	
  require	
  

Calcium	
   and	
   Magnesium	
   to	
   enable	
   the	
   formation	
   and	
   functionality	
   of	
   their	
   C3	
  

convertases	
  (30,	
  84).	
  

As	
  shown	
  in	
  Figure	
  8,	
  the	
  absence	
  of	
  Calcium	
  and	
  Magnesium	
  totally	
  abolished	
  

the	
  C3b	
  deposition	
  signals	
  both	
  for	
  COH1	
  ΔcpsE	
  and	
  Neuraminidase	
  treated	
  strains	
  in	
  

all	
  tested	
  conditions.	
  	
  	
  

In	
  the	
  control	
  tests	
  performed	
  in	
  presence	
  of	
  Calcium	
  and	
  Magnesium,	
  the	
  data	
  

matched	
  those	
  presented	
  in	
  Figures	
  5B	
  and	
  7.	
  In	
  particular	
  C3b	
  deposition	
  occurred	
  

both	
   for	
   COH1	
   ΔcpsE	
   and	
   Neuraminidase	
   treated	
   strains	
   when	
   using	
   Complement	
  

sources	
   containing	
   both	
   C1q	
   and	
   Factor	
   B.	
   When	
   C1q	
   was	
   lacking,	
   no	
   deposition	
  

occurred	
  on	
  either	
  strain,	
  while	
   in	
  the	
  absence	
  of	
  Factor	
  B	
  deposition	
  was	
  observed	
  

only	
  for	
  the	
  acapsular	
  mutant.	
  	
  

The	
   above	
   experiments	
   confirmed	
   that	
   the	
   Sialic	
   acid	
   containing	
   type	
   III	
  

capsular	
   polysaccharide	
   protects	
   GBS	
   COH1	
   from	
   Complement	
   deposition	
   both	
   via	
  

the	
  Classical	
  and	
  Alternative	
  Pathways	
  by	
  the	
  prevention	
  of	
  C3b	
  binding.	
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Figure	
   8.	
   C3b	
  deposition	
   on	
   COH1	
  ΔcpsE	
   and	
   on	
   the	
  Neuraminidase	
  Treated	
   control.	
  

Unencapsulated	
   (Panel	
   A)	
   and	
   Neuraminidase	
   Treated	
   COH1	
   (Panel	
   B)	
   bacteria	
   were	
  

incubated	
  with	
  C1q-­‐	
  or	
  Factor	
  B-­‐depleted	
  Complement	
  sources	
  in	
  the	
  absence	
  or	
  presence	
  of	
  

Calcium	
  and	
  Magnesium.	
  C1q-­‐	
  and	
  Factor	
  B-­‐restored	
  controls	
  were	
  also	
  set.	
  The	
  experiments	
  

were	
  performed	
   in	
   the	
   absence	
  of	
   PSIII	
   specific	
   IgG.	
   C3b	
  on	
  bacterial	
   surface	
  was	
   revealed	
  

with	
  a	
  FITC-­‐labeled	
  anti-­‐C3b	
  antibody	
  and	
  the	
  deposition	
  signal	
  detected	
  by	
  Flow	
  Cytometry.	
  

The	
  graph	
  shows	
  the	
  Geometric	
  Mean	
  of	
  the	
  FITC	
  fluorescence.	
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Discussion	
  

	
  

There	
   is	
   compelling	
   evidence	
   that	
   the	
   GBS	
   capsule	
   inhibits	
   C3b	
   deposition	
  

through	
   its	
   glycosidic	
   components,	
   among	
  which	
   the	
  Sialic	
   acid	
   is	
   the	
  most	
   studied	
  

(74,	
  76).	
  This	
  work	
  was	
  focused	
  on	
  the	
  role	
  of	
  capsular	
  polysaccharide	
  in	
  protecting	
  

GBS	
   from	
   Complement	
   attack.	
   The	
   followed	
   approach	
   was	
   based	
   on	
  

opsonophagocytic	
  killing	
  and	
  C3b	
  deposition	
  experiments	
  with	
  the	
  aim	
  of	
  elucidating	
  

the	
   relative	
   role	
   of	
   the	
   Classical	
   and	
   Alternative	
   Pathways	
   in	
   initiating	
   GBS	
  

Complement-­‐mediated	
   clearance.	
   The	
   experiments	
  were	
   conducted	
   using	
   complete	
  

and	
  C1q-­‐	
  or	
  Factor	
  B-­‐depleted	
  human	
  Complement	
  sources	
  and	
  buffers	
  containing	
  or	
  

devoid	
   of	
   Calcium	
   and	
   Magnesium.	
   For	
   our	
   experiments	
   we	
   used	
   the	
   COH1strain	
  

belonging	
   to	
   the	
   highly	
   relevant	
  GBS	
   serotype	
   III,	
   its	
   unencapsulated	
  mutant	
   COH1	
  

ΔcpsE	
  and	
  Neuraminidase	
  Treated	
  wild	
  type	
  COH1.	
  	
  

Our	
   results	
  highlight	
  a	
   striking	
   susceptibility	
  of	
   the	
  GBS	
  acapsular	
  mutant	
   to	
  

Complement-­‐mediated	
  phagocytic	
  killing,	
  even	
   in	
  the	
  absence	
  of	
  specific	
  antibodies,	
  

compared	
   to	
   the	
  wild	
   type	
  strain.	
  Conversely	
  wild	
   type	
  bacteria	
  were	
  only	
  killed	
   in	
  

presence	
  of	
  GBS-­‐specific	
  IgG.	
  

Complement	
   susceptibility	
   of	
   the	
   COH1	
  ΔcpsE	
   strain	
   was	
   confirmed	
   by	
   C3b	
  

deposition	
  experiments,	
  with	
  much	
  higher	
  signals	
  compared	
  to	
  the	
  wild	
  type.	
  Again,	
  

C3b	
  deposition	
  on	
  the	
  acapsular	
  strain	
  took	
  place	
  regardless	
  of	
  the	
  presence	
  of	
  an	
  IgG	
  

source.	
   An	
   important	
   role	
   of	
   Sialic	
   acid	
   in	
   protecting	
   GBS	
   bacteria	
   from	
   C3b	
  

deposition	
  was	
  underlined	
   in	
  C3b	
  deposition	
  experiments	
  using	
   the	
  Neuraminidase	
  

Treated	
  COH1.	
  

It	
   has	
   been	
   hypothesized	
   that	
   the	
   protective	
   effect	
   of	
   the	
   capsular	
  

polysaccharide	
   and	
   its	
   Sialic	
   acid	
  moiety	
   is	
  mainly	
   associated	
  with	
   an	
   interference	
  

with	
   the	
   Alternative	
   Pathway	
   by	
   Factor	
   H	
   hijacking	
   (76).	
  Moreover,	
   recent	
   studies	
  

underlined	
   the	
   involvement	
   of	
   the	
   Lectin	
   Pathway	
   in	
   the	
   innate	
   immune	
   response	
  

against	
  this	
  microorganism	
  (81).	
  It	
  has	
  also	
  been	
  reported	
  that	
  GBS	
  defences	
  against	
  

Complement	
  can	
  be	
  counteracted	
  by	
  a	
  high	
  concentration	
  of	
  anti-­‐capsule	
  antibodies	
  

via	
  the	
  Alternative	
  Pathway	
  (76).	
  

Conversely	
   to	
  what	
  has	
  been	
  previously	
  stated,	
  our	
  results	
  showed	
   that	
  only	
  

the	
  absence	
  of	
  C1q	
  abolished	
  C3b	
  deposition	
  on	
  unencapsulated	
  COH1,	
  suggesting	
  the	
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relevance	
   of	
   the	
   Classical	
   Pathway	
   as	
   initiator	
   of	
   the	
   Complement	
   cascade.	
   C1q	
  

binding	
   experiments	
   did	
   not	
   provide	
   direct	
   evidence	
   of	
   C1q	
   deposition	
   on	
   COH1	
  

ΔcpsE	
  and	
  we	
  hypothesize	
  that	
  this	
  could	
  be	
  due	
  to	
  a	
   lower	
  sensitivity	
  of	
   this	
  assay	
  

compared	
  to	
  the	
  highly	
  amplified	
  C3b	
  deposition.	
  Conversely,	
  the	
  absence	
  of	
  Factor	
  B	
  

never	
   prevented	
   C3b	
   deposition	
   on	
   COH1	
   ΔcpsE,	
   either	
   with	
   or	
   without	
   IgG.	
  

Therefore	
   the	
  Alternative	
  Pathway	
  does	
  not	
  seem	
  to	
  play	
  a	
  central	
  role	
   in	
   initiating	
  

Complement	
  attack	
  on	
  this	
  acapsular	
  strain.	
  

To	
   further	
   characterize	
   the	
   role	
   of	
   Sialic	
   acid	
   in	
   GBS	
   Complement	
   evasion,	
  

COH1	
   strain	
   was	
   treated	
   with	
   Neuraminidase,	
   in	
   order	
   to	
   remove	
   the	
   N-­‐

acetylneuraminic	
  acid	
  (Neu5Ac)	
  moieties	
  on	
  its	
  capsular	
  polysaccharide. Our	
  results	
  

confirmed	
   high	
   C3b	
   deposition	
   on	
   this	
   strain	
   in	
   the	
   presence	
   of	
   complete	
   Human	
  

Complement.	
   Complement	
   attack	
   was	
   totally	
   abolished	
   if	
   C1q	
   or	
   Factor	
   B	
   were	
  

absent,	
  suggesting	
  a	
  role	
  of	
  Sialic	
  acid	
  in	
  protecting	
  GBS	
  against	
  both	
  the	
  Classical	
  and	
  

Alternative	
  Pathways.	
  

The	
   absence	
   of	
   Calcium	
   and	
   Magnesium	
   affected	
   antibody-­‐independent	
  

deposition	
  on	
   the	
  unencapsulated	
  and	
  Neuraminidase	
  Treated	
  strains,	
   confirming	
  a	
  

key	
   role	
   of	
   the	
   capsule	
   and	
   it	
   Sialic	
   acid	
   compoment	
   in	
   protecting	
   GBS	
   from	
   C3b	
  

deposition	
  via	
  the	
  Classical	
  pathway.	
  

Overall,	
   these	
   results	
   highlight	
   a	
   relevant	
  Complement	
   inhibitory	
   activity	
   for	
  

capsular	
   Sialic	
   acid.	
   It	
   was	
   recently	
   demonstrated	
   that	
   the	
   capacity	
   of	
   C1q	
   to	
   bind	
  

antibodies	
  is	
  influenced	
  by	
  the	
  glycosilation	
  levels	
  of	
  the	
  Fc	
  portion	
  (85).	
  The	
  higher	
  

susceptibility	
   of	
   Neuraminidase	
   Treated	
   COH1	
   to	
   C3b	
   deposition	
   in	
   the	
   absence	
   of	
  

antibodies,	
   could	
   be	
   explained	
   by	
   the	
   fact	
   that	
   C1q	
   is	
   able	
   to	
   directly	
   bind	
   to	
   the	
  

surface	
  of	
  bacteria,	
  thus	
  activating	
  the	
  Complement	
  cascade.	
  

In	
   summary,	
   we	
   conclude	
   that	
   the	
   capsule	
   strongly	
   inihibits	
   Complement	
  

activation	
   by	
   the	
   Classical	
   Pathway	
   and	
   the	
   following	
   cascade	
   amplification	
   by	
   the	
  

Alternative	
   Pathway.	
   Further	
   experiments	
   aimed	
   at	
   investigating	
   the	
   role	
   of	
   the	
  

Lectin	
   Pathway	
   are	
   still	
   needed.	
   This	
   will	
   provide	
   a	
   complete	
   overview	
   on	
   the	
  

susceptibility	
  of	
  GBS	
  to	
  Complement	
  attack.	
  

This	
  work	
  could	
  serve	
  as	
  a	
  model	
  to	
  better	
  elucidate	
  the	
  role	
  of	
  the	
  capsule	
  in	
  

other	
  GBS	
  serotypes,	
  whose	
  response	
  to	
  Complement	
  attack	
  could	
  be	
  different	
  on	
  the	
  

basis	
   of	
   the	
   different	
   capsule	
   composition.	
   Having	
   a	
   clear	
   picture	
   of	
   how	
   the	
  



	
   	
  

55	
  
	
  

Complement	
  acts	
  on	
  GBS	
  will	
  help	
  identifying	
  new	
  tools	
  to	
  counteract	
  infections	
  both	
  

in	
  newborns	
  and	
  adults.	
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Chapter	
  II:	
  	
  

	
  

	
  

	
  

	
  

Complement	
  Inhibitory	
  Protein	
  (CIP)	
  
from	
  Streptococcus	
  agalactiae	
  at	
  the	
  
interface	
  between	
  innate	
  and	
  acquired	
  

immune	
  response	
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Background	
  and	
  Aim	
  of	
  the	
  Study	
  

	
  

Group	
   B	
   Streptococcus	
   is	
   endowed	
   with	
   a	
   number	
   of	
   virulence	
   factors	
   that	
  

facilitate	
   the	
   interactions	
   with	
   multiple	
   targets,	
   to	
   penetrate	
   host	
   barriers	
   and	
   to	
  

counteract	
   innate	
   immune	
   responses.	
   Complement	
   effectors	
   serve	
   as	
   first	
   line	
   of	
  

defense	
   against	
   GBS	
   infections,	
   promoting	
   phagocytic	
   killing	
   by	
   neutrophils	
   and	
  

macrophages	
   (86).	
   Therefore,	
   the	
   pathogen	
   has	
   evolved	
   several	
   mechanisms	
   to	
  

counteract	
  Complement	
  activation	
  in	
  order	
  to	
  colonize	
  and	
  invade	
  its	
  host. Since the	
  

C3b	
   deposition	
   on	
   the	
   bacterial	
   surface	
   is	
   the	
   first	
   fundamental	
   step	
   of	
   the	
  

Complement	
  cascade	
  which	
  engages	
  all	
  the	
  three	
  pathways,	
  GBS	
  has	
  evolved	
  several	
  

mechanisms	
   to	
   counteract	
   this	
   event.	
   GBS	
   primarly	
   acts	
   by	
   preventing	
   either	
   the	
  

initiation	
  of	
  the	
  Complement	
  Cascade,	
  or	
  the	
  formation	
  of	
  the	
  C3	
  convertases	
  (C4b2a	
  

for	
   the	
  Classical	
  and	
  Lectin	
  Pathways	
  and	
  C3bBb	
   for	
   the	
  Alternative	
  Pathway)	
  (87).	
  

One	
   such	
   example	
   is	
   the	
   β protein,	
   which	
   promotes	
   the	
   decay	
   of	
   the	
   Alternative	
  

Pathway	
  by	
  hijacking	
  Factor	
  H	
  (59).	
  

In	
  addition	
  to	
  the	
  well-­‐known	
  GBS	
  Cell	
  Wall	
  Anchored	
  (CWA)	
  proteins,	
  some	
  

GBS	
  isolates	
  express	
  a	
  recently	
  identified	
  small	
  secreted	
  virulence	
  determinant	
  that	
  is	
  

able	
   to	
   modulate	
   C3	
   convertase	
   formation.	
   This	
   protein,	
   named	
   Complement	
  

Interfering	
  Protein	
  (CIP),	
  is	
  a	
  153-­‐residues,	
  15	
  kDa	
  polypeptide	
  encoded	
  in	
  a	
  phage-­‐

derived	
  region,	
  which	
  is	
  located	
  in	
  close	
  proximity	
  to	
  recombination	
  hot	
  spots	
  and	
  to	
  

other	
  hypothetical	
  CWA	
  proteins	
  of	
  unknown	
  function	
  (70).	
  The	
  corresponding	
  gene	
  

was	
   first	
   annotated	
   as	
   san_2130	
   (now	
   COH1_1804)	
   in	
   the	
   genome	
   sequence	
   of	
   the	
  

GBS	
  serotype	
  III	
  ST-­‐17	
  COH1	
  strain	
  and	
  has	
  been	
  detected	
  both	
  in	
  human	
  and	
  bovine	
  

isolates.	
   Interestingly,	
   a	
   subset	
   of	
   strains	
   from	
   another	
   human	
   streptococcal	
  

pathogen,	
   the	
   group	
   A	
   Streptococcus	
   (GAS),	
   expresses	
   a	
   protein	
   displaying	
   46%	
  

identity	
   with	
   CIP.	
   The	
   GBS	
   cip	
   gene	
   and	
   its	
   GAS	
   homolog	
   are	
   present	
   in	
   a	
   similar	
  

phage-­‐derived	
  genomic	
  region	
  named	
  RD2	
  that	
  was	
  acquired	
  by	
  horizontal	
   transfer	
  

and	
   is	
   integrated	
   into	
  a	
   tRNA	
  gene	
   flanked	
  by	
  direct	
   repeats	
   (70),	
   suggesting	
   inter-­‐

species	
  lateral	
  transfer.	
  

Pietrocola	
   and	
   coworkers	
   demonstrated	
   that	
   CIP	
   was	
   able	
   to	
   interact	
   with	
  

both	
   C4	
   and	
   C4b	
   Complement	
   factors,	
   inhibiting	
   the	
   Classical	
   and	
   Lectin	
   Pathways	
  

(70).	
  The	
  formation	
  of	
  the	
  C4b2a	
  convertase	
  was	
  indeed	
  prevented	
  by	
  CIP,	
  while	
  the	
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Alternative	
   Pathway	
   convertase	
   (C3bBb)	
   formation	
   was	
   not	
   affected.	
   Sequence	
  

analysis	
   revealed	
   that	
   CIP	
   shares	
   a	
   low	
   identity	
   (~15%)	
   with	
   the	
   Extracellular	
  

Adherence	
   Protein	
   (Eap)	
   from	
   Staphylococcus	
   aureus,	
   a	
   protein	
   that	
   has	
   ability	
   to	
  

interact	
   with	
   C4	
   and	
   C4b	
   Complement	
   effectors	
   (71).	
   Despite	
   the	
   sequence	
   and	
  

functional	
  similarities	
  between	
  the	
  two	
  proteins,	
  recent	
  work	
  demonstrated	
  that	
  CIP	
  

and	
  Eap	
  do	
  not	
  compete	
  for	
  C4b	
  binding,	
  which	
  indicates	
  that	
  they	
  do	
  not	
  bind	
  to	
  the	
  

same	
  site	
  on	
  the	
  C4b	
  ligand	
  (72).	
  

CIP	
   also	
   presents	
   partial	
   homology	
   with	
   the	
   C-­‐terminal	
   region	
   of	
  

staphylococcal	
   Extracellular	
   fibrinogen	
   binding	
   protein	
   (Efb),	
   with	
   the	
   Efb-­‐

homologous	
   protein	
   (Ehp)	
   and	
   with	
   the	
   domain	
   IV	
   of	
   Staphylococcal	
   binding	
   IgG	
  

protein	
   (Sbi)	
   (~12%	
   identity	
   and	
   ~18%	
   similarity	
   with	
   all	
   of	
   them).	
   These	
   three	
  

proteins	
   are	
   incapable	
   of	
   binding	
   C4	
   ligands,	
   but	
   can	
   interact	
   with	
   the	
   C3	
   central	
  

component	
  of	
  Complement	
  and	
   its	
   fragments	
  C3b,	
   iC3b,	
  C3dg	
  and	
  C3d	
   (87,	
  89,	
  90).	
  

Moreover	
  Efb	
  and	
  Ehp	
  exert	
  an	
  inhibitory	
  function	
  on	
  the	
  Alternative	
  Pathway,	
  as	
  the	
  

interaction	
  with	
  C3b	
  prevents	
  the	
  formation	
  of	
  the	
  C3bBb	
  convertase	
  (88).	
  	
  

The	
   Complement	
   system	
   is	
   not	
   only	
   a	
   means	
   through	
   which	
   bacterial	
  

infections	
   are	
   controlled,	
   but	
   also	
   a	
   critical	
   step	
   of	
   the	
   immune	
   response	
   that	
   can	
  

connect	
   innate	
   and	
   adaptive	
   immunity.	
   C3b	
   tags	
  Gram	
  positive	
  microorganisms	
   for	
  

phagocytosis,	
   and	
   its	
   degradation	
   by	
   Factor	
   I	
   and	
   other	
   proteases	
   leads	
   to	
   the	
  

formation	
   of	
   smaller	
   fragments	
   that	
   act	
   as	
   mediators	
   of	
   the	
   immune	
   response.	
   In	
  

particular	
  C3d,	
   the	
   last	
  C3b	
  degradation	
   fragment,	
   is	
   a	
   small	
  35	
  kDa	
  protein	
   that	
   is	
  

able	
   to	
   interact	
   with	
   Complement	
   Receptor	
   2	
   (CR2,	
   also	
   known	
   as	
   CD21)	
   on	
   the	
  

surface	
  of	
  B	
  cells.	
  CR2/CD21,	
  together	
  with	
  CD19	
  and	
  CD81,	
  constitutes	
  the	
  B	
  cell	
  co-­‐

receptor	
   complex.	
   C3d-­‐opsonized	
   bacteria	
   are	
   simultaneously	
   bound	
   by	
   the	
  

CR2/CD21	
  receptor	
  and	
  by	
  the	
  antigen-­‐specific	
  B	
  Cell	
  Receptor	
  (BCR).	
  The	
  crosslink	
  

between	
   the	
   two	
   membrane	
   receptors	
   triggers	
   a	
   signaling	
   cascade	
   via	
   the	
  

intracellular	
   domains	
   of	
   BCR	
   and	
   CD19	
   component.	
   This	
   leads	
   to	
   enhanced	
   B	
   cell	
  

activation,	
   proliferation	
   and	
   actin	
   rearrangements	
   (36).	
   Therefore	
   C3d	
   acts	
   as	
   a	
  

molecular	
  adjuvant	
  for	
  the	
  B	
  cell	
  response.	
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The	
  present	
  study	
  was	
  aimed	
  at	
  functionally	
  and	
  biochemically	
  characterizing	
  

CIP	
  interaction	
  with	
  C3	
  and	
  its	
  subfragments	
  C3b	
  and	
  C3d.	
  The	
  effect	
  of	
  CIP	
  on	
  C3d-­‐

CR2/CD21	
  binding	
  both	
  in	
  vitro	
  and	
  ex	
  vivo	
  was	
  studied	
  by	
  determining	
  whether	
  CIP	
  

could	
   interfere	
   with	
   the	
   CD21-­‐mediated	
   stimulation	
   of	
   B	
   cells	
   (monitoring	
   the	
  

intracellular	
  signaling	
  pathways).	
  Finally	
  the	
  possible	
  CIP	
  binding	
  region	
  for	
  C3d	
  was	
  

studied	
   by	
   Hydrogen-­‐Deuterium	
   Exchange-­‐Mass	
   Spectrometry	
   analysis.	
   In	
   this	
  

respect,	
   our	
   study	
   could	
   represent	
   a	
   valuable	
   contribution	
   to	
   both	
   the	
  

characterization	
  of	
  molecular	
  Complement	
  evasion	
  mechanisms	
  and	
  the	
  development	
  

of	
  CIP-­‐based	
  therapeutics.	
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Materials	
  and	
  Methods	
  

	
  

Antibodies	
  and	
  reagents	
  

C3,	
   C3b	
   and	
  C3d	
  were	
   purchased	
   from	
  Merck	
   (Darmstadt,	
   Germany).	
   Rabbit	
  

polyclonal	
   antibody	
   against	
   C3	
  was	
   provided	
   by	
  Abcam	
   (Cambridge,	
  MA,	
   USA)	
   and	
  	
  

C3-­‐depleted	
  human	
   serum	
  was	
  purchased	
   from	
  Sigma	
   (Saint	
   Louis,	
  Missouri,	
  USA).	
  

Soluble	
   CR2/CD21	
   for	
   ELISA	
   assays	
  were	
   purchased	
   from	
  Sino	
  Biologicals	
   (Wayne,	
  

PA,	
   Stati	
   Uniti).	
   The	
   monoclonal	
   antibody	
   against	
   C3d	
   was	
   purchased	
   from	
  

ThermoFisher	
  (Waltham,	
  Massachusetts,	
  USA).	
  Biotinylated	
  C3d	
  was	
  created	
  with	
  the	
  

Biotin	
   Type	
   A	
   Conjugation	
   Kit	
   (Abcam,	
   Cambridge,	
   MA,	
   USA),	
   Streptavidin	
   was	
  

purchased	
  from	
  Sigma	
  (Saint	
  Louis,	
  Missouri,	
  MO,	
  USA)	
  and	
  Biotinylated	
  anti-­‐Human-­‐

IgM	
  was	
  provided	
  by	
  BioLegend	
  (San	
  Diego,	
  California,	
  CA,	
  USA).	
  	
  

Cell	
  cultures	
  and	
  media	
  

Raji	
   Cells	
   (ATCC,	
   Manassas,	
   Virginia,	
   USA)	
   were	
   cultured	
   in	
   RPMI	
  

(ThermoFisher,	
   Waltham,	
   Massachusetts,	
   USA)	
   supplemented	
   with	
   10%	
   Fetal	
   Calf	
  

Serum	
   (GE	
   Healthcare,	
   Buckinghamshire,	
   UK)	
   and	
   Pen/Strep	
   (Sigma,	
   Saint	
   Louis,	
  

Missouri,	
   USA).	
   B	
   cells	
   were	
   isolated	
   from	
   human	
   PBMCs	
   (MAT	
   Biotech	
   B.V.,	
   The	
  

Netherlands)	
   using	
   the	
   Human	
   B	
   Cell	
   Purification	
   Kit	
   II,	
   following	
   manufacturer’s	
  

instructions	
  (Miltelnyi	
  Biotec,	
  Germany).	
  	
  

Western	
  blot	
  analysis	
  of	
  C3	
  binding	
  to	
  CIP	
  	
  

Affinity-­‐purified	
  His-­‐tagged	
  CIP	
  was	
  subjected	
  to	
  12.5%	
  SDS-­‐PAGE	
  (5	
  μg/lane),	
  

electro-­‐blotted	
  onto	
  a	
  nitrocellulose	
  membrane,	
  and	
  incubated	
  with	
  1%	
  (v/v)	
  normal	
  

or	
  C3-­‐depleted	
  human	
  serum	
  (Sigma,	
  Saint	
  Louis,	
  Missouri,	
  USA).	
  The	
  membrane	
  was	
  

probed	
   with	
   goat	
   anti-­‐C3	
   serum	
   (Complement	
   Technology,	
   Texas,	
   USA)	
   and	
   HRP-­‐

conjugated	
  mouse	
  anti-­‐goat	
  Abs	
  (Dako,	
  Glostrup,	
  Denmark).	
  	
  

C3	
  and	
  its	
  C3b	
  and	
  C3d	
  fragments	
  (Merck,	
  Darmstadt,	
  Germany)	
  were	
  loaded	
  

onto	
  a	
  12.5%	
  SDS-­‐PAGE	
  gel	
  and	
  electro-­‐blotted.	
  The	
  membrane	
  was	
  overlaid	
  with	
  CIP	
  

diluted	
  to	
  1	
  µg/ml	
  in	
  PBS-­‐Milk	
  3%	
  -­‐Tween	
  20	
  0.05%	
  followed	
  by	
  primary	
  rabbit	
  anti-­‐

CIP	
  antiserum	
  and	
  then	
  a	
  goat	
  HRP-­‐conjugated	
  anti-­‐rabbit	
  Abs	
  (1:1000).	
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Nunc	
  MaxiSorp	
  Microtiter	
  plates	
   (ThermoFisher,	
  USA)	
  were	
  coated	
  with	
  100	
  

ng	
  of	
  C3,	
  C3b	
  or	
  C3d	
  and	
  incubated	
  overnight	
  at	
  4°C	
  in	
  50	
  mM	
  carbonate	
  buffer	
  (pH	
  

9.5).	
   The	
  wells	
   were	
  washed	
   three	
   times	
  with	
   PBS	
   supplemented	
  with	
   0.1%	
   (v/v)	
  

Tween	
  20	
  (PBST),	
  blocked	
  with	
  2%	
  (w/v)	
  Bovine	
  Serum	
  Albumin	
  (BSA)	
  in	
  PBST	
  	
  for	
  

1	
  h	
  at	
  22°C,	
  and	
  probed	
  with	
  increasing	
  concentrations	
  of	
  CIP,	
  followed	
  by	
  incubation	
  

with	
  rabbit	
  anti-­‐CIP	
  Ab	
  (1:1000),	
  and	
  then	
  with	
  a	
  HRP-­‐conjugated	
  goat	
  anti-­‐rabbit	
  IgG	
  

(1:1000).	
  The	
  signal	
  was	
  revealed	
  by	
  HRP	
  enzymatic	
  activity.	
  To	
  calculate	
  the	
  relative	
  

affinity	
  association	
  constant	
  (KA)	
  of	
  CIP	
  for	
  C3,	
  C3b	
  and	
  C3d	
  human	
  ligands,	
  the	
  data	
  

were	
  fitted	
  using	
  the	
  following	
  equation:	
  A	
  =	
  Amax	
  [L]KA/(1	
  +	
  KA[L]),	
  where	
  [L]	
  is	
  the	
  

molar	
   concentration	
   of	
   ligand.	
   The	
   reported	
   dissociation	
   constants	
   (KD)	
   were	
  

calculated	
  as	
  reciprocals	
  of	
  the	
  KA	
  values.	
  The	
  assays	
  were	
  performed	
  at	
  least	
  2	
  times	
  

for	
  each	
  protein,	
  and	
  the	
  KD	
  values	
  obtained	
  were	
  reproducible	
  in	
  all	
  cases.	
  

For	
  ELISA	
  detection	
  of	
  C3d/CIP	
  and	
  C3d/CD21	
  complexes,	
  250	
  ng	
  of	
  C3d	
  were	
  

surface	
   coated	
   onto	
   microtiter	
   plates	
   and	
   CIP	
   or	
   CD21	
   were	
   diluted	
   in	
   a	
   buffer	
  

containing	
   increasing	
   NaCl	
   concentrations,	
   and	
   added	
   to	
   the	
   wells.	
   The	
   complex	
  

formation	
   was	
   revealed	
   through	
   rabbit	
   anti-­‐CIP	
   or	
   anti-­‐CD21	
   serum	
   (1:1000)	
   and	
  

goat	
  anti-­‐rabbit-­‐HRP.	
  

ELISA	
  for	
  CIP	
  interaction	
  with	
  C3,	
  C3b	
  and	
  C3d	
  Complement	
  factors	
  

Nunc	
   MaxiSorp	
   Microtiter	
   plates	
   (ThermoFisher,	
   Waltham,	
   Massachusetts,	
  

USA)	
  were	
  coated	
  with	
  100	
  ng	
  of	
  C3,	
  C3b	
  and	
  C3d	
  and	
  incubated	
  overnight	
  at	
  4°C	
  in	
  

50	
   mM	
   carbonate	
   buffer	
   (pH	
   9.5).	
   The	
   wells	
   were	
   washed	
   three	
   times	
   with	
   PBS	
  

supplemented	
  with	
  0.1%	
  (v/v)	
  Tween	
  20	
  (PBST),	
  blocked	
  with	
  2%	
  BSA	
  in	
  PBST	
  for	
  1	
  

h	
  at	
  22°C,	
  and	
  probed	
  with	
  increasing	
  concentrations	
  of	
  CIP,	
   followed	
  by	
  incubation	
  

with	
  rabbit	
  anti-­‐CIP	
  Ab	
  (1:1000),	
  HRP-­‐conjugated	
  goat	
  anti-­‐rabbit	
   IgG	
  (1:1000)	
  and	
  

detection	
  of	
  HRP	
  enzymatic	
  activity.	
  

To	
   assess	
   the	
   inhibitory	
   effect	
   of	
   NaCl	
   on	
   the	
   formation	
   of	
   C3d/CIP	
   and	
  

C3d/CD21	
  complexes,	
  250	
  ng	
  of	
  C3d	
  were	
  surface	
  coated	
  onto	
  a	
  microtiter	
  plate	
  and	
  

CIP	
  diluted	
   in	
  a	
  buffer	
   containing	
   increasing	
  NaCl	
   concentrations,	
  was	
  added	
   to	
   the	
  

wells.	
  The	
  complex	
  formation	
  was	
  revealed	
  through	
  a	
  rabbit	
  anti-­‐CIP	
  serum	
  (1:1000)	
  

and	
  detection	
  of	
  goat	
  anti-­‐rabbit-­‐HRP	
  enzymatic	
  activity.	
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SPR	
  analysis	
  of	
  CIP	
  binding	
  to	
  C3d	
  

The	
   affinity	
   of	
   the	
   interaction	
   between	
   CIP	
   and	
   C3d	
   was	
   evaluated	
   using	
   a	
  

BIAcore	
  X100	
  instrument	
  (GE	
  LifeSciences).	
  Human	
  C3d	
  was	
  covalently	
  immobilized	
  

on	
  a	
  dextran	
  matrix	
  CM5	
  sensor	
  chip	
  surface	
  by	
  using	
  a	
  C3d	
  solution	
  (30	
  µg/ml	
  in	
  50	
  

mM	
   sodium	
   acetate	
   buffer	
   [pH	
   5])	
   diluted	
   1:1	
   with	
   N-­‐hydroxysuccinimide	
   and	
   N-­‐

ethyl-­‐N9-­‐(3-­‐dimethylaminopropyl)carbodiimide	
   hydrochloride.	
   The	
   excess	
   of	
   active	
  

groups	
   on	
   the	
   dextran	
   matrix	
   was	
   blocked	
   using	
   1	
   M	
   ethanolamine	
   (pH	
   8.5).	
   On	
  

another	
  flow	
  cell,	
  the	
  dextran	
  matrix	
  was	
  treated	
  as	
  described	
  above	
  but	
  without	
  any	
  

ligand	
  to	
  provide	
  an	
  uncoated	
  reference	
  flow	
  cell.	
  The	
  running	
  buffer	
  used	
  was	
  PBS	
  

containing	
   0.005%	
   (v/v)	
   Tween	
   20.	
   A	
   two-­‐fold	
   linear	
   dilution	
   series	
   (5	
   μM	
   up	
   to	
  

0.0390	
  μM)	
  of	
  CIP	
  in	
  running	
  buffer	
  were	
  passed	
  over	
  the	
  ligand	
  at	
  the	
  flow	
  rate	
  of	
  45	
  

ml/min	
   and	
   all	
   the	
   sensorgrams	
  were	
   recorded	
   at	
   22°C.	
   Surface	
   regeneration	
   was	
  

achieved	
  by	
  injecting	
  a	
  solution	
  of	
  25	
  mM	
  NaOH.	
  Association	
  and	
  dissociation	
  kinetics	
  

parameters	
  (Ka	
  and	
  Kd)	
  and	
  the	
  equilibrium	
  dissociation	
  constant	
  KD	
  were	
  estimated	
  

with	
   a	
   1:1	
   interaction	
   model	
   (Langmuir	
   model)	
   by	
   nonlinear	
   fitting,	
   using	
  

BIAevaluation	
  1.0	
  software.	
  

ELISA:	
  Dose-­‐dependent	
  inhibition	
  of	
  CIP	
  binding	
  to	
  CR2/CD21	
  	
  

Microtiter	
   wells	
   were	
   coated	
   with	
   100	
   ng	
   of	
   CR2/CD21	
   and	
   incubated	
  

overnight	
  at	
  4°C	
   in	
  50	
  mM	
  carbonate	
  buffer	
  (pH	
  9.5).	
  The	
  wells	
  were	
  washed	
  three	
  

times	
  with	
  PBS	
   supplemented	
  with	
  0.1%	
  (v/v)	
  Tween	
  20	
   (PBST),	
  blocked	
  with	
  2%	
  

BSA	
  in	
  PBST	
  for	
  1	
  h	
  at	
  22°C,	
  and	
  then	
  probed	
  with	
  C3d	
  (100	
  ng/well)	
  preincubated	
  

with	
   serial	
   dilutions	
   of	
   CIP	
   in	
   PBS,	
   followed	
   by	
   incubation	
   with	
   anti-­‐C3	
   goat	
  

polyclonal	
  Ab	
  (1:2000	
   -­‐	
  Complement	
  Technology,	
  Texas	
   ,	
  USA)	
  and	
  HRP-­‐conjugated	
  

rabbit	
   anti-­‐goat	
   IgG	
   (1:1000	
   –	
   Dako,	
   Glostrup,	
   Denmark)	
   and	
   detection	
   of	
   HRP	
  

enzymatic	
  activity.	
  

	
   	
   Competitive	
  ELISA ��� 
Microtiter	
   wells	
   were	
   coated	
   with	
   100	
   ng	
   of	
   soluble	
   CR2/CD21	
   (Sino	
  

Biologicals,	
   Wayne,	
   PA,	
   USA)	
   and	
   incubated	
   overnight	
   at	
   4°C	
   in	
   50	
   mM	
   carbonate	
  

buffer	
   (pH	
   9.5).	
   The	
   wells	
   were	
   washed	
   three	
   times	
   with	
  PBST,	
   blocked	
   with	
   2%	
  

(w/v)	
   BSA	
   in	
   PBST	
   for	
   1	
   h	
   at	
   22°C,	
   and	
   then	
   probed	
  with	
   C3d	
   (100	
   ng/well)	
   pre-­‐
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incubated	
  with	
  serial	
  dilutions	
  of	
  CIP	
  in	
  PBS,	
  followed	
  by	
  incubation	
  with	
  anti-­‐C3	
  goat	
  

polyclonal	
   Ab	
  (1:2000,	
   Complement	
   Technology	
   Texas,	
   USA)	
   and	
   then	
   HRP-­‐

conjugated	
   rabbit	
   anti-­‐goat	
   IgG	
   (1:1000,	
   Dako,	
   Glostrup,	
   Denmark).	
   Binding	
   of	
   the	
  

secondary	
  antibody	
  was	
  revealed	
  by	
  HRP	
  enzymatic	
  activity.	
  	
  	
  

Flow	
  Cytometry	
  analysis	
  of	
  C3d	
  interaction	
  with	
  CR2/CD21	
  on	
  Raji	
  and	
  on	
  

purified	
  human	
  B	
  cells	
  

C3d	
   biotinylation	
  was	
   performed	
   through	
   the	
   Biotin	
   Type	
  A	
   Conjugation	
  Kit	
  

and	
   subsequently	
   dialized	
   to	
   get	
   rid	
   of	
   excess	
   biotin.	
   Biotinylated	
   C3d	
   (bC3d)	
  was	
  

incubated	
  with	
  streptavidin	
  for	
  30’	
  at	
  37°C;	
  the	
  bC3d-­‐SA	
  complex	
  was	
  subsequently	
  

incubated	
  with	
  His-­‐Tag	
  purified	
  CIP	
  diluted	
  to	
  1,	
  3,	
  6,	
  or	
  9	
  µM	
  and	
  left	
  for	
  30’	
  at	
  37°C.	
  

Fib3	
  was	
  used	
  at	
  9	
  µM	
  as	
  negative	
  control.	
  The	
  complex	
  was	
  then	
  added	
  to	
  Raji	
  Cells	
  

(5x105/sample)	
   and	
   the	
  mixture	
  was	
   left	
   15	
  minutes	
   at	
   37°C.	
  Bound	
  C3d	
  was	
   then	
  

stained	
  with	
   a	
  monoclonal	
  mouse	
   anti-­‐C3d	
   (1:100)	
   and	
   revealed	
  with	
   a	
   PE-­‐labeled	
  

anti-­‐mouse	
  secondary	
  antibody	
  (Jackson	
  Immunologicals,	
  West	
  Grove,	
  Pennsylvania,	
  

USA).	
  Both	
  incubations	
  were	
  left	
  for	
  10	
  minutes	
  at	
  37°C	
  and	
  two	
  washes	
  in	
  PBS-­‐FCS	
  

1%	
   were	
   performed	
   after	
   each	
   incubation.	
   Cells	
   were	
   fixed	
   with	
   Cytofix	
   (BD	
  

Biosciences,	
   Franklin	
   Lakes,	
   New	
   Jersey,	
   USA)	
   for	
   20	
   minutes	
   at	
   4°C	
   and	
   then	
  

analysed	
   at	
   CANTOII	
   Flow	
   Cytometer	
   through	
   BD	
   FACSDIVA	
   Software	
   (BD	
  

Biosciences).	
  	
  

The	
  Geometric	
  Mean	
  of	
  the	
  peaks	
  was	
  calculated	
  through	
  the	
  FlowJo	
  Software	
  

(BD	
   Biosciences).	
   The	
   signal	
   obtained	
   from	
   the	
   samples	
   with	
   no	
   CIP	
   added,	
   were	
  

considered	
  as	
  the	
  100%	
  of	
  C3d	
  bound	
  to	
  CR2/CD21	
  on	
  Raji.	
  The	
  other	
  signals	
  were	
  

normalized	
  over	
  the	
  100%.	
  The	
  graph	
  shows	
  the	
  residual	
  C3d	
  binding,	
  which	
  derives	
  

from	
   the	
   Mean	
   Fluorescence	
   Intensity	
   values	
   of	
   the	
   peaks	
   analyzed	
   at	
   the	
   FlowJo	
  

Software.	
  This	
  experiment	
  represents	
  the	
  mean	
  of	
  three	
  independent	
  experiments.	
  

The	
  same	
  protocol	
  was	
  used	
   to	
  assess	
  C3d-­‐CR2	
   inhibition	
  on	
  B	
  cells	
  purified	
  

from	
  human	
  PBMCs.	
  	
  

Calcium	
  Mobilization	
  on	
  Raji	
  cells	
  

Raji	
   B	
   cells	
   (1x106/ml)	
   were	
   incubated	
   with	
   Fura	
   Red	
   (Molecular	
   Probes,	
  

ThermoFisher)	
  in	
  PBS-­‐EDTA	
  2mM	
  at	
  37°C	
  for	
  40	
  min	
  and	
  then	
  washed	
  twice	
  in	
  PBS-­‐
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EDTA	
  2	
  mM.	
  The	
  stimulus	
  was	
  formed	
  by	
  incubating	
  for	
  30’	
  at	
  37°C	
  the	
  biotinylated	
  

C3d	
  0.1	
  µM,	
  Streptavidin	
  1	
  µM	
  and	
  the	
  Biotinylated	
  anti-­‐human-­‐IgM	
  0.2	
  µM.	
  To	
  assess	
  

the	
  inhibition	
  of	
  intracellular	
  signalling,	
  increasing	
  CIP	
  concentrations	
  (0.5,	
  5,	
  20	
  µM)	
  

were	
  preincubated	
  with	
  biotinylated	
  C3d	
  prior	
  to	
  stimulus	
  formation.	
  Fib3	
  at	
  20	
  µM	
  

was	
  used	
  as	
  negative	
  control.	
  Each	
  signaling	
  measurement	
  was	
  performed	
  with	
  500	
  

µl	
   of	
   cells	
   (5x105/sample)	
   at	
   LSRII	
   Flow	
   Cytometer	
   (BD	
   Biosciences).	
   After	
  

establishing	
  a	
  baseline	
   for	
  60	
  seconds,	
  Raji	
   cells	
  were	
  stimulated	
  by	
   the	
  addition	
  of	
  

the	
   preformed	
   stimuli	
   (100	
  µl).	
   Changes	
   in	
   Fura	
   Red	
   fluorescence	
   emissions	
   were	
  

recorded	
   using	
   an	
   LSRII	
   (BD	
   Bioscience).	
   Data	
   were	
   analysed	
   through	
   the	
   FlowJo	
  

software	
  and	
  plotted	
  as	
  function	
  of	
  time	
  and	
  Fura	
  Red	
  emission	
  ratio.	
  

Hydrogen	
  Deuterium	
  Exchange-­‐Mass	
  Spectrometry	
  (HdX-­‐MS)	
  

Sample	
   preparation,	
   digestion	
   and	
   separation	
   for	
   HDX-­‐MS	
   analysis	
   was	
  

performed	
  as	
  previously	
  described	
  (89).	
  The	
  CIP-­‐C3d	
  complex	
  was	
  formed	
  by	
  adding	
  

45	
   pmol	
   of	
   CIP	
   and	
   C3d	
   (molar	
   ratio	
   of	
   1:1),	
   incubated	
   for	
   30	
   min	
   at	
   room	
  

temperature	
  and	
  then	
  for	
  10	
  min	
  on	
  ice.	
  The	
  deuteration	
  was	
  initiated	
  by	
  diluting	
  the	
  

sample	
  with	
  deuterated	
  PBS	
  and	
  performed	
  on	
   ice,	
  as	
  previously	
  described	
  (89).	
  At	
  

different	
  times	
  of	
  deuteration,	
  samples	
  were	
  removed	
  for	
  quenching	
  and	
  dissociation	
  

of	
  the	
  protein/protein	
  complex	
  and	
  immediately	
  frozen	
  in	
  liquid	
  nitrogen.	
  A	
  control	
  

experiment	
  without	
  C3d	
  was	
  performed	
  using	
  the	
  same	
  conditions.	
  	
  

Labeled	
   samples	
   were	
   thawed	
   rapidly	
   to	
   0°C	
   and	
   injected	
   into	
   a	
   Waters	
  

nanoACQUITY	
   ultra-­‐performance	
   liquid	
   chromatographic	
   system	
   with	
   HDX	
  

technology.	
   Samples	
   were	
   digested	
   online	
   using	
   a	
   Poroszyme	
   Immobilized	
   Pepsin	
  

Cartridge	
   (ThermoFisher)	
   and	
   the	
   generated	
   peptides	
   were	
   trapped,	
   concentrated,	
  

desalted	
   and	
   separated	
   on	
   a	
   reverse-­‐phase	
   ACQUITY	
   UPLC	
   BEH	
   C18,	
   1.7	
   μm,	
  

1.0x100mm	
  (Waters,	
  Milford,	
  Massachusetts,	
  USA).	
  	
  

Mass	
  spectra	
  were	
  acquired	
  in	
  resolution	
  mode	
  (m/z	
  100–2,000)	
  on	
  a	
  Waters	
  

Synapt-­‐G2	
  mass	
   spectrometer	
  equipped	
  with	
  a	
   standard	
  ESI	
   source.	
  The	
   identity	
  of	
  

each	
   peptide	
   was	
   confirmed	
   by	
   mass	
   spectrometry	
   elevated	
   energy	
   MSE,	
   as	
  

previously	
  reported	
  (89).	
  Data	
  were	
  processed	
  using	
  Protein	
  Lynx	
  Global	
  Server	
  2.5	
  

(Waters,	
   Milford,	
   Massachusetts,	
   USA),	
   and	
   each	
   fragmentation	
   spectrum	
   was	
  

inspected	
   manually	
   to	
   confirm	
   the	
   assignment.	
   The	
   DynamX	
   software	
   (Waters,	
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Milford,	
   Massachusetts,	
   USA)	
   was	
   used	
   to	
   select	
   the	
   peptides	
   considered	
   for	
   the	
  

analysis	
  and	
  to	
  extract	
  the	
  centroid	
  mass	
  of	
  each	
  of	
  them	
  and	
  for	
  each	
  charge	
  state	
  as	
  

a	
   function	
   of	
   the	
   labeling	
   time.	
   Only	
   the	
   peptic	
   peptides	
   present	
   in	
   at	
   least	
   four	
  

repeated	
  digestions	
  of	
  the	
  unlabeled	
  proteins	
  were	
  considered	
  for	
  the	
  analysis.	
  

Sequence	
  alignment	
  and	
  statistical	
  analysis	
  

Sequences	
  of	
  Efb-­‐C	
  and	
  Sbi	
  were	
  downloaded	
   from	
  UniProtKB	
  and	
  sequence	
  

alignment	
  was	
  performed	
  using	
  Geneious	
   software	
   (Biomatters	
  Ltd,	
  Auckland,	
  New	
  

Zealand)	
  setting	
  BLOSUM62	
  Matrix	
   to	
  calculate	
  sequence	
   identities	
  and	
  similarities.	
  

Statistical	
   analysis	
   was	
   performed	
   using	
   GraphPad	
   Prism	
   Software	
   (La	
   Jolla,	
  

California,	
  USA).	
  

Results 

 

The	
  GBS	
  CIP	
  protein	
  interacts	
  with	
  C3	
  and	
  its	
  C3b	
  and	
  C3d	
  fragments	
  

We	
   first	
   investigated	
   whether	
   CIP	
   showed	
   a	
   binding	
   capacity	
   towards	
   C3	
  

present	
  in	
  human	
  serum	
  by	
  Far	
  Western	
  blot	
  assays.	
  A	
  Histidine-­‐tagged	
  recombinant	
  

form	
  of	
  CIP	
  was	
  highly	
  purified	
  from	
  E.	
  coli,	
  analysed	
  by	
  SDS-­‐PAGE	
  (Figure	
  1A)	
  and	
  

electro-­‐blotted	
  onto	
  nitrocellulose	
  membranes.	
  The	
  membranes	
  were	
  incubated	
  with	
  

normal	
  or	
  C3-­‐depleted	
  human	
  serum	
  before	
  immunostaining	
  with	
  a	
  polyclonal	
  anti-­‐

C3	
  antibody	
   (Figure	
  1B,	
   lanes	
  1	
   and	
  2	
   respectively).	
  A	
   single	
  protein	
  band	
  with	
   an	
  

apparent	
  molecular	
  weight	
  of	
  15	
  kDa	
  in	
  agreement	
  with	
  the	
  monomeric	
  form	
  of	
  CIP	
  

was	
  revealed	
  on	
  the	
  membrane	
  incubated	
  with	
  normal	
  serum,	
  whereas	
  no	
  signal	
  was	
  

detected	
  in	
  the	
  absence	
  of	
  C3,	
  evidencing	
  a	
  specific	
  interaction	
  between	
  CIP	
  and	
  C3.	
  

Dose-­‐dependent	
   saturable	
   interactions	
   between	
   CIP	
   and	
   C3,	
   C3b	
   or	
   C3d	
  

ligands	
  were	
  confirmed	
  by	
  ELISA.	
   In	
   these	
  experiments,	
  surface-­‐coated	
  C3,	
  C3b	
  and	
  

C3d	
   were	
   overlaid	
   with	
   increasing	
   concentrations	
   of	
   purified	
   CIP,	
   followed	
   by	
  

incubation	
   with	
   anti-­‐CIP	
   mouse	
   serum	
   and	
   HRP-­‐conjugated	
   secondary	
   antibody	
  

(Figure	
  2).	
  Apparent	
  KD	
  values	
  of	
  94.65	
  ±	
  0.0074	
  nM,	
  98.05	
  ±	
  0.0010	
  nM	
  and	
  92.06	
  ±	
  

0.0076	
  nM	
  were	
  estimated	
  for	
  C3,	
  C3b	
  and	
  C3d	
  respectively.	
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We	
  previously	
  demonstrated	
   that	
  CIP	
   can	
  bind	
  C4b	
  with	
  a	
   similar	
   affinity	
   to	
  

the	
   one	
   here	
   obtained	
   for	
   C3	
   and	
   its	
   subfragments	
   (70).	
   Therefore,	
   we	
   sought	
   to	
  

investigate	
   by	
   competitive	
   ELISA	
   whether	
   CIP	
   binding	
   to	
   its	
   C4b	
   and	
   C3b	
   ligands	
  

could	
  occur	
  at	
  different	
  sites	
  of	
  the	
  GBS	
  protein.	
  	
  

Surface-­‐coated	
  C3b	
  or	
  C4b	
  were	
  overlaid	
  with	
  purified	
  CIP	
   in	
   the	
  absence	
  or	
  

presence	
  of	
  equimolar	
  concentrations	
  of	
  soluble	
  C4b	
  or	
  C3b,	
  followed	
  by	
  incubation	
  

with	
   anti-­‐CIP	
   mouse	
   serum	
   and	
   HRP-­‐conjugated	
   secondary	
   antibody.	
   As	
   shown	
   in	
  

Figure	
  3A,	
   soluble	
  C4b	
   inhibited	
  binding	
  of	
  CIP	
   to	
   immobilized	
  C4b	
  but	
  not	
   to	
  C3b.	
  

Further,	
  soluble	
  C3b	
  inhibited	
  binding	
  of	
  CIP	
  to	
  immobilized	
  C3b	
  but	
  not	
  to	
  C4b	
  (Fig.	
  

3B).	
  The	
  above	
  data	
  suggest	
  that	
  the	
  double	
  binding	
  capacity	
  of	
  CIP	
  towards	
  C4	
  and	
  

C3	
  ligands	
  relies	
  on	
  two	
  independent	
  interaction	
  sites.	
  	
  

	
  

	
  

	
  

	
  
	
  

	
  

Figure	
  1:	
  Far	
  Western	
  blot	
  analysis	
  revealing	
  the	
   interaction	
  between	
  CIP	
  and	
  

C3,	
  C3b,	
  C3d.	
  Panel	
  A:	
  SDS-­‐PAGE	
  analysis	
  of	
  affinity-­‐purified	
  His-­‐tagged	
  CIP	
  used	
  in	
  

this	
   study.	
   Panel	
   B:	
   CIP	
   was	
   subjected	
   to	
   SDS-­‐PAGE,	
   electro-­‐blotted	
   onto	
   a	
  

nitrocellulose	
  membrane	
  and	
  incubated	
  with	
  normal	
  (lane	
  1)	
  or	
  C3-­‐depleted	
  human	
  

serum	
  (lane	
  2);	
   the	
  membrane	
  was	
  probed	
  with	
  anti-­‐C3	
  serum	
  and	
  HRP-­‐conjugated	
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secondary	
  antibody.	
  Panel	
  C:	
  C3,	
  C3b	
  and	
  C3d	
   (lanes	
  1-­‐3	
   respectively)	
  were	
   loaded	
  

onto	
  a	
  SDS-­‐PAGE	
  and	
  the	
  electro-­‐blotted	
  membrane	
  was	
  overlaid	
  with	
  CIP	
  followed	
  

by	
  a	
  primary	
  anti-­‐CIP	
  serum	
  and	
  then	
  a	
  HRP-­‐conjugated	
  secondary	
  antibody	
  to	
  reveal	
  

the	
   CIP	
   binding.	
   The	
   expected	
  molecular	
  weight	
   of	
   C3	
  α,	
   C3	
  β,	
   C3b α’,	
   and	
  C3d	
   are	
  

indicated	
  on	
  the	
  right.	
  

 

	
  

	
  

	
  

Figure	
   2:	
   Dose-­‐dependent	
   binding	
   of	
   CIP	
   to	
   surface-­‐coated	
   C3,	
   C3b	
   and	
   C3d.	
  

Microtiter	
  wells	
  were	
  coated	
  with	
  100	
  ng	
  of	
  Complement	
  factors	
  and	
  incubated	
  with	
  

increasing	
  concentrations	
  of	
  CIP;	
  bound	
  protein	
  was	
  detected	
  by	
  anti-­‐CIP	
  polyclonal	
  

serum,	
  followed	
  by	
  HRP-­‐conjugated	
  secondary	
  antibody.	
  	
  

	
  

	
  

	
  

	
  

	
  



	
   	
  

68	
  
	
  

	
  

	
  

	
  

Figure	
   3.	
   Competitive	
   inhibition	
   of	
   CIP	
   interaction	
   with	
   C3b	
   and	
   C4b.	
   Panel	
  

A:100 ���ng of C3b were coated on a 96-well plate and overlaid with 0.6 µM of CIP 

preincubated with equimolar ���amounts of C3b or C4b, followed by incubation with anti-CIP 

polyclonal IgG and then anti-mouse HRP-conjugated antibody. Panel B shows a similar 

experiment in which 100 ng of C4b were immobilized and overlaid with 0.6 µM of CIP 

preincubated with equimolar amounts of C4b or C3b. ��� 
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Biochemical	
  characterization	
  of	
  the	
  interaction	
  between	
  CIP	
  and	
  C3d	
  

The	
   stoichiometry	
   of	
   the	
   interaction	
   between	
   CIP	
   and	
   C3d,	
   the	
   smallest	
  

fragment	
  of	
  C3,	
  was	
  investigated	
  by	
  Size-­‐Exclusion	
  Chromatography.	
  	
  When	
  C3d	
  and	
  

CIP	
  were	
  loaded	
  separately	
  onto	
  the	
  column	
  two	
  peaks	
  corresponding	
  to	
  34	
  and	
  15	
  

kDa	
  monomers	
  were	
  detected.	
  After	
  co-­‐incubation	
  of	
  equimolar	
  concentrations	
  of	
  CIP	
  

with	
  C3d,	
  one	
  peak	
  of	
  approximately	
  50	
  kDa,	
  the	
  estimated	
  molecular	
  weight	
  of	
  the	
  

C3d/CIP	
   complex,	
   was	
   eluted	
   from	
   the	
   solution	
   suggesting	
   a	
   binding	
   ratio	
   of	
   1:1	
  

between	
  the	
  two	
  proteins	
  (Figure	
  4A).	
  

Surface	
  Plasmon	
  Resonance	
  (SPR)	
  analysis	
  of	
  the	
  interaction	
  between	
  CIP	
  and	
  

C3d	
   confirmed	
  a	
   concentration	
  dependent	
  binding	
   closely	
   fitting	
   to	
   a	
   Langmuir	
  1:1	
  

kinetic	
   model	
   (Figure	
   4B).	
   Purified	
   C3d	
   was	
   immobilized	
   onto	
   the	
   surface	
   of	
   a	
  

dextran	
  chip,	
  and	
  CIP	
  was	
  added	
  in	
  concentrations	
  ranging	
  from	
  0.039	
  to	
  5	
  μM.	
  The	
  

GBS	
  protein	
  bound	
  to	
  C3d	
  in	
  a	
  dose-­‐dependent	
  manner,	
  with	
  a	
  measured	
  apparent	
  KD	
  

of	
  7.9	
  ±	
  0.62	
  x	
  10-­‐8	
  M	
  (Kon	
  1.08	
  +/-­‐0.25	
  x	
  104	
  M-­‐1s-­‐1,	
  Koff	
  8.5	
  +/-­‐0.46	
  x	
  10-­‐4	
  s-­‐1).	
  	
  

The	
   interaction	
   between	
   C3d	
   and	
   CR2/CD21	
   is	
   known	
   to	
   be	
   ionic	
   strength–

dependent	
   (90).	
  Co-­‐crystal	
   structural	
  analysis	
  highlighted	
  essential	
   salt	
  bridges	
  and	
  

hydrogen	
   bond	
   interactions	
   between	
   positively	
   charged	
   residues	
   in	
   the	
   surface	
  

patches	
  of	
  CR2/CD21	
  SCR	
  1	
  and	
  2	
  domains	
  and	
  a	
  C3d	
  concave	
  acidic	
  pocket	
  (91).	
  	
  

CIP	
   is	
   a	
   highly	
   positively	
   charged	
   protein	
   with	
   20	
   Lysin	
   and	
   8	
   Arginine	
  

residues	
  out	
  of	
  153	
  and	
  an	
  isolectric	
  point	
  of	
  9.62.	
  We	
  investigated	
  the	
  effect	
  of	
  ionic	
  

strength	
  on	
   the	
   interaction	
  between	
  CIP	
  and	
  C3d.	
  As	
  shown	
   in	
  Figure	
  5,	
  binding	
  of	
  

surface-­‐coated	
   C3d	
   to	
   both	
   soluble	
   CR2/CD21	
   and	
   CIP	
   was	
   inhibited	
   at	
   increasing	
  

NaCl	
   concentrations.	
   These	
   results	
   suggested	
   that	
   CIP	
   positively	
   charged	
   residues	
  

could	
   interact	
  with	
   the	
  acidic	
  pocket	
  of	
  C3d,	
   as	
  previously	
  observed	
   for	
  CR2/CD21,	
  

Efb	
  and	
  its	
  C-­‐terminal	
  Efb-­‐C	
  fragment,	
  as	
  well	
  as	
  Sbi.	
  	
  

Recent	
  structural	
  studies	
  revealed	
  that	
  the	
  staphylococcal	
  proteins	
  Efb-­‐C	
  and	
  

the	
  domain	
   IV	
  of	
  Sbi	
  are	
   folded	
   in	
  a	
   three-­‐helix-­‐bundle	
  conformation	
  and	
   identified	
  

the	
   residues	
   directly	
   involved	
   in	
   the	
   interaction	
   with	
   C3d	
   (92).	
   The	
   Circular	
  

Dichroism	
   spectrum	
   of	
   CIP	
   in	
   the	
   far-­‐UV	
   indicated	
   a	
   prevalence	
   of	
   alpha	
   helix	
  

secondary	
   structure,	
   with	
   a	
   maximum	
   positive	
   molar	
   ellipticity	
   at	
   around	
   7800	
  

degxcm2xdmol-­‐1	
   and	
   a	
   maximum	
   negative	
   molar	
   ellipticity	
   at	
   around	
   -­‐4500	
  

degxcm2xdmol-­‐1	
  (Figure	
  6).	
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Figure	
   4.	
   Analysis	
   of	
   the	
   interaction	
   between	
   CIP	
   and	
   C3d	
   by	
   Size	
   Exclusion	
  

Chromatography	
  and	
  by	
  Surface	
  Plasmon	
  Resonance.	
  Panel	
  A:	
  CIP	
  and	
  C3d	
  were	
  loaded	
  

separately	
   or	
  mixed	
   in	
   equimolar	
   concentration	
   onto	
   a	
   A	
   Superdex	
   column;	
   the	
  molecular	
  

weight	
   of	
   eluted	
   peaks	
  was	
   determined	
   from	
   a	
   calibration	
   curve.	
  Panel	
   B:	
   Two-­‐fold	
   linear	
  

dilution	
  series	
  (0.039–5	
  μM)	
  of	
  CIP	
  were	
  injected	
  over	
  the	
  C3d	
  surface	
  (250	
  response	
  units)	
  

of	
   a	
   CM5	
   sensor	
   chip.	
   The	
   obtained	
   sensorgrams	
   were	
   normalised	
   versus	
   the	
   response	
  

obtained	
   when	
   the	
   recombinant	
   GBS	
   protein	
   was	
   flowed	
   over	
   uncoated	
   chips.	
   Each	
  

sensorgram	
  was	
  evaluated	
  using	
   the	
  BIA	
  3.0	
  software	
  provided	
  with	
   the	
  system.	
  The	
  panel	
  

shows	
  one	
  representative	
  of	
  three	
  experiments	
  where	
  the	
  start	
  and	
  the	
  end	
  of	
   injection	
  are	
  

indicated	
  by	
  arrows.	
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Figure	
   5.	
   Ionic	
   strenght	
   dependent	
   interaction	
   of	
   CIP	
   with	
   C3d	
   assessed	
   by	
   ELISA.	
  

Microtiter	
  wells	
  were	
  coated	
  with	
  250	
  ng	
  of	
  C3d.	
  The	
  wells	
  were	
  probed	
  with	
  CIP	
  or	
  CD21	
  

diluted	
  in	
  a	
  buffer	
  containing	
  increasing	
  concentrations	
  of	
  NaCl	
  (0-­‐2.5	
  M).	
  Complex	
  formation	
  

was	
   revealed	
   through	
   anti-­‐CIP	
   or	
   anti-­‐CD21	
   polyclonal	
   IgG,	
   followed	
   by	
   HRP-­‐conjugated	
  

secondary	
  antibody.	
  The	
  100%	
  binding	
  corresponds	
  to	
  the	
  interaction	
  between	
  CIP	
  and	
  C3d	
  

in	
  the	
  absence	
  of	
  NaCl.	
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Figure	
   6.	
   CIP	
   secondary	
   structure	
   prediction	
   through	
   Circular	
   Dichroism	
   analysis.	
  

Secondary	
   structure	
   prediction	
   revealed	
   a	
   high	
   proportion	
   of	
   α-­‐helices	
   distributed	
  

throughout	
  the	
  protein;	
  far-­‐UV	
  CD	
  spectra	
  of	
  the	
  protein	
  showed	
  double	
  minima	
  at	
  222	
  and	
  

208	
  nm	
  and	
  a	
  single	
  maximum	
  at	
  193	
  nm.	
  The	
  deconvolution	
  of	
  the	
  CD	
  spectra	
  by	
  using	
  three	
  

independent	
  procedures	
  showed	
  that	
  the	
  protein	
  is	
  mainly	
  composed	
  of	
  α-­‐helices	
  (46	
  %)	
  and	
  

the	
  remaining	
  part	
  of	
  	
  β-­‐sheets	
  (36%)	
  and	
  	
  random	
  coil	
  (18%)	
  structures.	
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Mapping	
  of	
  the	
  CIP	
  peptide	
  involved	
  C3d	
  binding	
  	
  

The	
   C3d	
   binding	
   region	
   on	
   the	
   CIP	
   protein	
   was	
   investigated	
   by	
   Hydrogen	
  

Deuterium	
  Exchange-­‐Mass	
  Spectrometry	
   (HDx-­‐MS).	
   In	
   this	
   type	
  of	
  experiments,	
   the	
  

interface	
   between	
   the	
   binding	
   partners	
   can	
   occlude	
   solvent	
   accessibility,	
   therefore	
  

reducing	
   deuterium	
   exchange	
   rate	
   of	
   the	
   backbone	
   amide	
   hydrogens.	
   After	
   pepsin	
  

digestion	
   of	
   the	
   protein	
   of	
   interest,	
   the	
   resulting	
   peptides	
   are	
   compared	
   for	
   their	
  

masses	
   and	
   a	
   consistent	
   mass	
   shift	
   of	
   1	
   Da	
   is	
   considered	
   the	
   threshold	
   for	
   a	
  

significant	
  exchange	
  of	
  one	
  deuterium	
  atom	
  (94).	
  	
  

The	
   CIP	
   protein	
  was	
   incubated	
   alone	
   or	
   in	
   presence	
   of	
   C3d	
   in	
   a	
   deuterated	
  

solution	
   for	
   different	
   periods	
   of	
   time.	
   Eleven	
   CIP	
   peptides,	
   corresponding	
   to	
   76%	
  

coverage	
   of	
   the	
  mature	
   protein,	
   were	
   generated	
   from	
   subsequent	
   pepsin	
   digestion	
  

(Figure	
  7A).	
  Deuterium	
   incorporation	
   in	
   the	
   recovered	
  peptides	
  was	
  monitored	
  by	
  

Mass	
   Spectrometry.	
   As	
   shown	
   in	
   Figure	
   7B	
   a	
   consistent	
   difference	
   of	
   1	
   Da	
   in	
  

deuterium	
  uptake	
  was	
  detected	
  for	
  fragment	
  96-­‐127.	
  No	
  differences	
  in	
  exchange	
  ratio	
  

were	
   detected	
   for	
   any	
   of	
   the	
   remaining	
   peptides,	
   including	
   those	
   partially	
  

overlapping	
  with	
  the	
  region	
  96-­‐127,	
  and	
  starting	
  from	
  amino	
  acid	
  96	
  up	
  to	
  121.	
  The	
  

data	
  suggested	
  that	
  the	
  CIP	
  aminoacid/s	
  involved	
  in	
  the	
  C3d	
  interaction	
  were	
  located	
  

in	
  the	
  stretch	
  between	
  residues	
  122	
  to	
  127	
  that	
  contains	
  an	
  Arginine	
  residue	
  (R123).	
  

Of	
   note,	
   as	
   shown	
   in	
   Figure	
   8,	
   the	
   R123	
   included	
   in	
   this	
   CIP	
   region	
   was	
  

separated	
  by	
   6	
   residues	
   from	
  an	
  Asparagine	
   (N130).	
   The	
   two	
   residues	
   align	
   to	
   the	
  

R131	
  and	
  N138	
  present	
  on	
  the	
  alpha	
  helix	
  2	
  of	
   the	
  staphylococcal	
  Efb/Efb-­‐C	
  and	
  to	
  

R231	
   and	
   N238	
   of	
   Sbi-­‐IV,	
   for	
   which	
   a	
   direct	
   involvement	
   in	
   C3d	
   binding	
   was	
  

previously	
  demonstrated	
  by	
  co-­‐crystalization	
  and	
  mutagenesis	
  experiments	
  (92,	
  94).	
  

Figure	
   8	
   also	
   highlights	
   additional	
   aminoacid	
   identities/similarities	
   between	
   the	
  

three	
  C-­‐terminal	
   region	
  of	
   the	
   three	
  C3d	
  binding	
  proteins.	
  This	
  analysis	
  highlighted	
  

10%	
  and	
  12%	
  identities	
  and	
  15%	
  and	
  20%	
  similarity	
  between	
  CIP	
  and	
  Efb-­‐C	
  or	
  Sbi	
  

respectively.	
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Figure	
  7.	
  HDx-­‐MS	
  analysis	
  of	
  CIP	
  interaction	
  with	
  C3d.	
  Panel	
  A:	
  Peptide	
  coverage	
  of	
   the	
  

CIP	
  protein:	
   each	
  blue	
   line	
   represents	
   a	
   peptide	
   analyzed	
   in	
   the	
  HDx	
   experiment.	
  Panel	
  B:	
  

Deuterium	
   uptake	
   over	
   20 minutes	
   of	
   the	
   peptide	
   96-­‐127	
   in	
   the	
   absence	
   (red	
   curve)	
   or	
  

presence	
  (blue	
  curve)	
  of	
  C3d.	
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Figure	
   8.	
   Sequence	
   alignment	
   among	
   the	
   C-­‐terminal	
   regions	
   of	
   three	
   bacterial	
   C3d-­‐

binding	
   proteins.	
   Partial	
   amino	
   acid	
   sequence	
   comparison	
   between	
   Efb-­‐C,	
   Sbi-­‐IV	
   (from	
   S.	
  

aureus	
   USA300	
   and	
   NCTC	
   8325	
   strains	
   respectively)	
   and	
   CIP	
   (from	
   GBS	
   COH1)	
   Identical	
  

aminoacids	
  among	
  the	
  three	
  proteins	
  are	
  indicated	
  in	
  yellow;	
  identical	
  aminoacids	
  shared	
  by	
  

Efb-­‐C	
   and	
  CIP	
   are	
   in	
   green,	
   by	
   Sbi	
   and	
  CIP	
   in	
   light	
   blue	
   and	
  by	
  Efb-­‐C	
   and	
   Sbi	
   	
   in	
   gray;	
   red	
  

aminoacids	
  outline	
  the	
  key	
  residues	
  for	
  C3d	
  binding	
  on	
  Efb-­‐C	
  and	
  Sbi,	
  while	
  the	
  red	
  numbers	
  

indicate	
  their	
  position	
  The	
  alpha	
  helices	
  of	
  Efb-­‐C	
  and	
  Sbi	
  are	
  indicated	
  by	
  the	
  blue	
  lines;	
  the	
  

green	
   line	
  on	
  CIP	
  covers	
  the	
   fragments	
  detected	
   in	
  the	
  HdX	
  experiment.	
  The	
  alignment	
  was	
  

performed	
  by	
  Geneious	
  software.	
  

	
  

CIP	
  interaction	
  with	
  C3d	
  inhibits	
  the	
  formation	
  of	
  C3d-­‐CR2/CD21	
  complexes	
  

As	
  previously	
  reported,	
  CIP	
   inhibits	
   the	
   formation	
  of	
   the	
  C4b2a	
  Classical	
  and	
  

Lectin	
   C3	
   convertase,	
   but	
   not	
   the	
   C3bBb	
   Alternative	
   pathway	
   convertase	
   (70).	
  We	
  

hypothesized	
   that	
   the	
   interaction	
   between	
   CIP	
   and	
   C3d	
   could	
   interfere	
   with	
   the	
  

formation	
   of	
   the	
   C3d-­‐CR2/CD21	
   complex	
   and	
   reduce	
   the	
   kinetics	
   of	
   antibody-­‐

mediated	
  B	
  cell	
  intracellular	
  signaling,	
  as	
  already	
  observed	
  for	
  the	
  staphylococcal	
  Efb	
  

(95).	
  	
  

To	
   investigate	
   the	
   capacity	
   of	
   CIP	
   to	
   interfere	
   with	
   the	
   interaction	
   between	
  

C3d	
  and	
  CR2/CD21,	
  we	
  performed	
  a	
  competitive	
  ELISA	
  experiment	
  where	
  C3d	
  was	
  

pre-­‐incubated	
  with	
  increasing	
  concentrations	
  of	
  CIP	
  and	
  overlaid	
  on	
  microtiter	
  plates	
  

coated	
   with	
   CR2/CD21,	
   followed	
   by	
   polyclonal	
   anti-­‐C3	
   and	
   secondary	
   antibody	
  

incubation.	
   The	
   GBS	
   fibrinogen	
   binding	
   protein	
   Fib3	
   (96)	
   was	
   used	
   as	
   negative	
  

control.	
   As	
   shown	
   in	
   Figure	
   9,	
   CIP	
   inhibited	
   the	
   C3d-­‐CD21	
   interaction	
   in	
   a	
   dose-­‐

dependent	
  manner,	
  while	
  no	
   inhibition	
  was	
  observed	
   for	
  Fib3	
   tested	
  at	
   the	
  highest	
  

CIP	
  concentration.	
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Figure	
  9.	
  ELISA	
  competitive	
  experiments	
  showing	
  that	
  CIP	
  inhibits	
  the	
  formation	
  of	
  the	
  

C3d-­‐CR2/CD21	
  complex.	
  Microtiter	
  wells	
  were	
  coated	
  with	
  100	
  ng	
  of	
  CR2/CD21.	
  The	
  wells	
  

were	
  probed	
  with	
  C3d	
  preincubated	
  with	
  or	
  without	
  increasing	
  concentrations	
  of	
  CIP	
  or	
  the	
  

highest	
  concentration	
  of	
  Fib3	
  protein,	
  followed	
  by	
  anti-­‐C3	
  polyclonal	
  Ab	
  and	
  HRP-­‐conjugated	
  

secondary	
   antibody	
   to	
   detect	
   enzymatic	
   activity.	
   Data	
   are	
   expressed	
   as	
   percent	
   of	
   the	
  

absorbance	
  values	
  detected	
  in	
  the	
  absence	
  of	
  competitor	
  (CIP	
  0	
  µM).	
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CIP	
  inhibits	
  the	
  formation	
  of	
  the	
  C3d-­‐CR2/CD21	
  complex	
  on	
  B	
  cells	
  

We	
   subsequently	
   investigated	
   whether	
   CIP	
   could	
   inhibit	
   the	
   interaction	
  

between	
   soluble	
   C3d	
   and	
   CR2/CD21	
   present	
   on	
   the	
   B	
   cell	
   surface.	
   It	
   has	
   been	
  

previously	
   reported	
   that	
   C3d	
   multimers	
   can	
   bind	
   to	
   CR2/CD21	
   on	
   the	
   Raji	
  

immortalized	
  B	
  cell	
  line	
  (95,	
  97).	
  

Flow	
   cytometry	
   experiments	
   confirmed	
   binding	
   of	
   biotinylated	
   C3d	
   pre-­‐

incubated	
  with	
  Streptavidin	
   (C3d-­‐Biotin-­‐SA)	
   to	
  Raji	
  B	
   cells	
   (data	
  not	
   shown).	
  Then,	
  

increasing	
  concentrations	
  of	
  CIP	
  were	
  pre-­‐incubated	
  with	
  the	
  C3d-­‐Biotin-­‐SA	
  complex	
  

before	
   adding	
   the	
   mixture	
   to	
   Raji	
   cells	
   followed	
   by	
   Flow	
   cytometry.	
   As	
   shown	
   in	
  

Figure	
  10A,	
  the	
  presence	
  of	
  CIP	
  interfered	
  with	
  C3d	
  binding	
  to	
  the	
  B	
  cells	
  in	
  a	
  dose-­‐

dependent	
   manner.	
   Conversely,	
   no	
   inhibition	
   was	
   observed	
   using	
   the	
   highest	
  

concentration	
  of	
  the	
  negative	
  control	
  Fib3.	
  	
  

CIP	
  inhibition	
  of	
  C3d	
  binding	
  was	
  also	
  confirmed	
  in	
  a	
  similar	
  experiment	
  using	
  

B	
   cells	
   enriched	
   from	
   human	
   PBMCs,	
   as	
   evidenced	
   by	
   the	
   dose	
   dependent	
   shift	
   in	
  

fluorescence	
  in	
  the	
  corresponding	
  flow	
  cytometry	
  histograms	
  (Figure	
  10B). 
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Figure	
   10.	
   Flow	
   Cytometry	
   analysis	
   of	
   C3d	
   interaction	
   with	
   B	
   cells	
   in	
   presence	
   or	
  

absence	
  of	
  CIP.	
  Panel	
  A:	
  Biotinylated	
  C3d	
  was	
  pre	
  incubated	
  with	
  Streptavidin	
  and	
  then	
  with	
  

1-­‐9	
   µM	
   of	
   CIP,	
   9	
   µM	
   of	
   Fib3	
   or	
   buffer	
   alone.	
   Each	
  mixture	
   was	
   added	
   to	
   Raji	
   B	
   cells	
   and	
  

treated	
   as	
   described.	
   Binding	
   of	
   the	
   biotinylated	
   C3d-­‐SA	
   complex	
   to	
   cells	
   was	
   revealed	
   by	
  

Flow	
   Cytometry	
   using	
   a	
   C3d-­‐specific	
   monoclonal	
   antibody	
   and	
   PE-­‐labeled	
   secondary	
  

antibody.	
  Mean	
  Fluorescence	
  Intensity	
  (MFI)	
  values	
  of	
  the	
  peaks	
  were	
  analyzed	
  by	
  the	
  FlowJo	
  

Software.	
   The	
   graph	
   shows	
   the	
   percent	
   residual	
   MFI	
   values	
   in	
   presence	
   of	
   competitor	
  

compared	
  to	
  buffer	
  alone	
  derived	
  from	
  4	
  independent	
  experiments.	
  Panel	
  B:	
  Flow	
  Cytometry	
  

analysis	
  of	
  C3d	
  binding	
  to	
  enriched	
  B	
  cells	
  from	
  human	
  PBMCs	
  in	
  presence	
  or	
  absence	
  of	
  1.5	
  

µM	
  or	
  9	
  µM	
  CIP	
  or	
  9	
  µM	
  of	
  Fib3;	
  experimental	
  conditions	
  as	
  in	
  panel	
  A.	
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CIP	
  inhibits	
  B	
  cell	
  intracellular	
  signaling	
  	
  

The	
   implications	
  of	
  CIP-­‐C3d	
   interaction	
  on	
  B	
  cell	
   intracellular	
  signaling	
  were	
  

investigated	
   in	
   experiments	
  where	
   C3d-­‐Biotin-­‐SA	
   and	
   Biotinylated	
   anti-­‐human	
   IgM	
  

were	
  combined	
  to	
   trigger	
   intracellular	
  Calcium	
  increase,	
  as	
  depicted	
   in	
   the	
  diagram	
  

shown	
  in	
  Figure	
  11A.	
  	
  

Before	
   the	
   addition	
   of	
   stimuli,	
   Raji	
   B	
   cells	
   were	
   treated	
   with	
   Fura	
   Red,	
   a	
  

fluorophore	
  that	
  changes	
  its	
  emission	
  wavelength	
  when	
  bound	
  to	
  Calcium.	
  Changes	
  in	
  

cellular	
  fluorescence	
  at	
  different	
  time	
  points	
  were	
  recorded	
  by	
  Flow	
  cytometry.	
  The	
  

acquisition	
  of	
  fluorescent	
  cells	
  incubated	
  with	
  Biotin-­‐anti-­‐human-­‐IgM	
  only	
  was	
  used	
  

as	
  sub-­‐stimulatory	
  baseline.	
  	
  

To	
  assess	
  inhibition,	
  intracellular	
  signaling	
  was	
  triggered	
  in	
  the	
  absence	
  or	
  in	
  

presence	
   of	
   increasing	
   concentrations	
   of	
   CIP	
   and	
   in	
   the	
   presence	
   of	
   the	
   highest	
  

concentration	
   of	
   Fib3.	
   As	
   shown	
   in	
   Figure	
   11B,	
   the	
   CIP	
   protein	
   decreased	
  

intracellular	
   Calcium	
   release	
   in	
   a	
   dose-­‐dependent	
   manner	
   and	
   the	
   signal	
   was	
  

completely	
   abolished	
   at	
   20	
   µM	
   CIP	
   concentrations	
   (Fig	
   11A).	
   Conversely,	
  

fluorescence	
  was	
  not	
  affected	
  by	
  the	
  presence	
  of	
  Fib3	
  (Fig.	
  11C).	
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Figure	
   11.	
   Flow	
   Cytometry	
   analysis	
   of	
   B	
   cell	
   intracellular	
   calcium	
   mobilization	
   in	
  

presence	
  or	
  absence	
  of	
  CIP.	
  Panel	
  A:	
  Diagram	
  representation	
  of	
  the	
  stimulus	
  that	
  triggers	
  

intracellular	
  Calcium	
  increase	
  (blue	
  box);	
  biotinylated	
  anti-­‐human-­‐IgM	
  antibody	
  (red	
  box)	
   is	
  

used	
   to	
   measure	
   the	
   substimulatory	
   baseline	
   prior	
   to	
   each	
   experiment.	
   The	
   stimulus	
   is	
  

designed	
   to	
   cross-­‐link	
   the	
  BCR	
   to	
   CR2/CD21.	
  Panel	
  B-­‐C:	
   Raji	
   cells	
  were	
   preincubated	
  with	
  

Fura	
  Red	
  followed	
  by	
  the	
  stimulus	
  (see	
  Panel	
  A).	
  0.5-­‐20	
  µM	
  of	
  CIP	
  (Panel	
  B)	
  or	
  20	
  µM	
  of	
  Fib3	
  

(Panel	
  C)	
  were	
  preincubated	
  with	
  C3d-­‐Biotin-­‐SA	
  to	
  assess	
  their	
   inhibition	
  effect;	
  changes	
   in	
  

cellular	
   fluorescence	
  were	
  monitored	
  during	
  540	
  seconds	
  and	
  analyzed	
  by	
  Flow	
  Cytometry.	
  

One	
  representative	
  of	
  three	
  performed	
  experiments	
  is	
  shown.	
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Discussion	
  

	
  

The	
   GBS	
   CIP	
   protein	
  was	
   first	
   identified	
   as	
   a	
   virulence	
   factor	
   secreted	
   by	
   Group	
   B	
  

Streptococcus,	
  showing	
  a	
  capacity	
  to	
  bind	
  the	
  Complement	
  proteins	
  C4	
  and	
  C4b	
  and	
  to	
  

block	
   the	
   deposition	
   of	
   C3b	
   on	
   the	
   bacterial	
   surface	
   via	
   the	
   Lectin	
   and	
   Classical	
  

Pathways	
  (70).	
  The	
  present	
  study	
  identified	
  as	
  new	
  ligands	
  for	
  the	
  CIP	
  protein	
  the	
  C3	
  

central	
  Complement	
  component	
  and	
   its	
   thioester	
  containing	
  effector	
   fragments	
  C3b	
  

and	
  C3d,	
  and	
  revealed	
  new	
  Complement	
  evasion	
  mechanisms	
  for	
  this	
  GBS	
  protein.	
  	
  

By	
   sequence	
  homology	
  comparisons	
  with	
  Staphylococcal	
   secreted	
  virulence	
   factors,	
  

CIP	
   appeared	
   as	
   a	
   protein	
   chimera	
   showing	
   partial	
   similarity	
   to	
   the	
   C4	
   binding	
  

protein	
   Eap	
   from	
   S.	
   aureus	
   in	
   its	
   N-­‐terminal	
   region,	
   and	
   to	
   the	
   C3b/C3d	
   binding	
  

proteins	
  Efb	
  and	
  Sbi	
  in	
  its	
  C-­‐terminal	
  region	
  (70)	
  (Fig.	
  8).	
  The	
  CIP	
  C4	
  and	
  C3	
  binding	
  

sites	
  appeared	
  to	
  be	
  independent	
  based	
  on	
  competition	
  experiments.	
  	
  

The	
   interaction	
  between	
  Efb	
  or	
  Sbi	
  with	
  C3	
   induces	
  conformational	
   changes	
   in	
  C3b	
  

that	
   abolish	
   the	
   C3bBb	
   convertase	
   function	
   blocking	
   downstream	
   activation	
   events	
  

(94,	
  98).	
  Moreover,	
  Sbi	
  was	
  shown	
  to	
  form	
  a	
  tripartite	
  complex	
  with	
  C3b	
  and	
  Factor	
  H	
  

that	
  contributes	
  to	
  its	
  inhibitory	
  effect	
  towards	
  the	
  Complement	
  Alternative	
  Pathway	
  

(98).	
  A	
  similar	
  role	
  of	
  the	
  GBS	
  CIP	
  protein	
  in	
  preventing	
  the	
  formation/activation	
  of	
  

the	
  C3bBb	
  convertase	
   could	
  have	
  been	
  expected	
  based	
  on	
   its	
  C3b	
  binding	
   capacity,	
  

but	
   was	
   excluded	
   in	
   our	
   previous	
   investigations	
   (70).	
   The	
   molecular	
   basis	
   for	
   the	
  

different	
  modulatory	
  capacity	
  towards	
  the	
  Alternative	
  Pathway	
  between	
  CIP	
  and	
  the	
  

Efb	
   and	
   Sbi	
   staphylococcal	
   proteins	
   will	
   deserve	
   further	
   investigations.	
   Here	
   we	
  

focused	
  our	
  attention	
  on	
   the	
   interaction	
  with	
  C3d,	
   the	
   last	
  degradation	
   fragment	
  of	
  

C3,	
   possibly	
   containing	
   the	
   complete	
   CIP	
   binding	
   site.	
   A	
   saturable	
   univalent	
  

interaction	
  between	
  CIP	
  and	
  C3d	
  was	
  demonstrated	
  by	
  coupling	
  ligand	
  and	
  receptor	
  

in	
   solid	
   phase	
   supports	
   and	
   by	
   size	
   exclusion	
   chromatography.	
   SPR	
   experiments	
  

confirmed	
  an	
   intrinsic	
  affinity	
  between	
  CIP	
  and	
  C3d	
   in	
   the	
  order	
  of	
  0.1	
  µM,	
  slightly	
  

superior	
  to	
  the	
  KD	
  measured	
  for	
  the	
  staphylococcal	
  Sbi	
  (92)	
  and	
  lower	
  than	
  the	
  one	
  

reported	
  for	
  Efb	
  (99).	
  	
  	
  

Besides	
  playing	
  a	
  key	
  role	
  in	
  innate	
  immune	
  surveillance,	
  the	
  Complement	
  system	
  is	
  

implicated	
  in	
  the	
  engagement	
  of	
  adaptive	
  responses	
  (31),	
  and	
  several	
  in	
  vivo	
  studies	
  

support	
  a	
  role	
  for	
  Complement	
  Receptors	
  (CRs)	
  in	
  the	
  acquisition	
  of	
  target	
  antigens	
  



	
   	
  

82	
  
	
  

(100).	
  In	
  particular,	
  the	
  C3d/C3dg	
  physiological	
  degradation	
  products	
  of	
  C3	
  enhance	
  

B	
   cell	
   signaling	
   by	
   simultaneously	
   binding	
   the	
   antigen-­‐B	
   cell	
   receptor	
   complex	
   and	
  

the	
   co-­‐receptor	
   complex	
   formed	
   by	
   CR2/CD21,	
   CD19	
   and	
   CD81.	
   This	
   receptor	
   co-­‐

ligation	
  has	
  a	
  profound	
  molecular	
  adjuvant	
  effect	
  that	
  lowers	
  the	
  threshold	
  of	
  antigen	
  

required	
   for	
   B	
   cell	
   activation	
   by	
   more	
   than	
   one	
   thousand	
   fold	
   (101).	
   The	
   C3d-­‐

dependent	
   crosslink	
   also	
   directs	
   B	
   cells	
   towards	
   their	
   T	
   cell	
   boundary,	
  where	
   they	
  

further	
   differentiate	
   through	
   clonal	
   expansion,	
   somatic	
   hypermutation,	
   affinity	
  

maturation	
  and	
  immunoglobulin	
  class	
  switch	
  recombination	
  (102).	
  Furthermore,	
  the	
  

retention	
  of	
  C3d-­‐opsonized	
  antigens	
  through	
  CR2/CD21	
  on	
  Follicular	
  Dendritic	
  Cells	
  

(FDCs)	
   in	
   the	
   lymph	
  node	
   is	
   essential	
   for	
   the	
   generation	
   of	
   high	
   affinity	
   antibodies	
  

and	
  memory	
  B	
  cells	
  (103).	
  	
  

Here	
  we	
  show	
  that	
  binding	
  of	
  CIP	
  to	
  C3d	
  prevents	
  the	
  interaction	
  of	
  this	
  protein	
  with	
  

the	
  CR2/CD21	
  B	
  cell	
  receptor	
  both	
  in	
  vitro	
  and	
  ex	
  vivo	
  and	
  that	
  this	
  interference	
  effect	
  

results	
   in	
   decreased	
   intracellular	
   signaling,	
   as	
  measured	
   by	
   lower	
   Calcium	
   release.	
  

Therefore,	
   the	
   data	
   point	
   towards	
   a	
   new	
   role	
   for	
   the	
   CIP	
   protein	
   in	
   counteracting	
  

adaptive	
   immunity	
  by	
  modulating	
   the	
   activity	
  of	
   the	
  C3d	
  Complement	
   effector,	
   and	
  

may	
   represent	
   a	
  new	
  example	
  of	
   the	
   co-­‐evolution	
  between	
   the	
  GBS	
  microorganism	
  

and	
  its	
  human	
  host.	
  	
  

The	
  CIP	
   concentrations	
  used	
   in	
  our	
  experiments	
  were	
   in	
   the	
   range	
  of	
   the	
  0.1	
   to	
  10 

µM,	
  and	
  equimolar	
  	
  amounts	
  of	
  CIP	
  and	
  C3d	
  were	
  used	
  for	
  analyzing	
  the	
  interaction	
  

between	
   the	
   two	
   proteins	
   by	
   Size	
   Exclusion	
  Chromatography.	
   An	
   approximate	
  

quantification	
  of	
  CIP	
  by	
  dot	
  blot	
  in	
  the	
  supernatant	
  of	
  a	
  GBS	
  neonatal	
  	
  strain	
  grown	
  in	
  

vitro	
  to	
  stationary	
  phase	
   in	
  parallel	
   to	
  recombinant	
  CIP,	
   indicated	
  concentrations	
  of	
  

about	
   	
  0.3-­‐0.5	
  µM	
  (data	
  not	
  shown).	
  This	
  value	
  could	
  represent	
  an	
  underestimation,	
  

as	
   CIP	
   is	
   able	
   to	
   bind	
   to	
   the	
   bacterial	
   surface	
   (70)	
   not	
   allowing	
   a	
   reliable	
  

quantification	
   of	
   the	
   secreted	
   form.	
   We	
   previously	
   observed	
   that	
   	
  CIP	
   was	
  

differentially	
   expressed	
   in	
   different	
   growth	
   media	
   and	
   its	
   expression	
   might	
   be	
  

regulated	
  also	
  during	
  	
  infection,	
  making	
  difficult	
  to	
  draw	
  definite	
  conclusions	
  on	
  the	
  

physiological	
  relevance	
  of	
  concentrations	
  	
  measured	
  from	
  an	
  in	
  vitro	
  culture.	
  

Deep	
   genomics	
   studies	
   have	
   indicated	
   that	
   lateral	
   transfer	
   and	
   recombination	
   are	
  

strongly	
   implicated	
   in	
   the	
  evolution	
  of	
  GBS.	
   In	
  particular,	
  phage	
   insertions	
  generate	
  

inter-­‐strain	
   diversity	
   and	
   provide	
   the	
   pathogen	
  with	
   a	
   number	
   of	
   virulence	
   factors	
  

that	
  facilitate	
  its	
  survival	
  in	
  the	
  host	
  (104).	
  Of	
  note,	
  the	
  gene	
  coding	
  for	
  CIP	
  is	
  located	
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in	
   a	
   hot	
   spot	
   phage	
   insertion	
   region	
   of	
   about	
   20	
   kbp	
   (70)	
   also	
   containing	
   the	
  bspC	
  

locus	
  implicated	
  in	
  biofilm	
  formation	
  (105,	
  106).	
  Interestingly,	
  Group	
  A	
  Streptococcus	
  

isolates	
  belonging	
   to	
   serotypes	
   associated	
  with	
  maternal–fetal	
   urogenital	
   infections	
  

contain	
  a	
  similar	
  phage	
  insertion	
  that	
  also	
  encodes	
  a	
  secreted	
  protein	
  46%	
  identical	
  

to	
  CIP	
  (70),	
  suggesting	
  inter-­‐species	
  lateral	
  transfer.	
  

Co-­‐crystal	
   structural	
   analysis	
   highlighted	
   essential	
   salt	
   bridges	
   and	
   hydrogen	
   bond	
  

interactions	
   between	
   a	
   concave	
   acidic	
   pocket	
   from	
   C3d	
   and	
   positively	
   charged	
  

residues	
  in	
  the	
  surface	
  patches	
  of	
  CR2/CD21	
  SCR	
  1	
  and	
  2	
  domains	
  (91,	
  107).	
  A	
  similar	
  

type	
  of	
   interaction	
  between	
  C3d	
  and	
  cation	
  residues	
  present	
  on	
  the	
  alpha	
  helix	
  2	
  of	
  

the	
   staphylococcal	
   Efb	
   and	
   Sbi	
   was	
   demonstrated	
   by	
   co-­‐crystalization	
   and	
  

mutagenesis	
  experiments	
  (92,	
  94).	
  Secondary	
  structure	
  predictions	
  confirmed	
  by	
  CD	
  

analysis	
   indicate	
   that	
   the	
   C-­‐terminal	
   region	
   of	
   CIP	
   also	
   presents	
   an	
   alpha-­‐helical	
  

structure.	
  Interestingly,	
  HDx-­‐MS	
  led	
  to	
  the	
  identification	
  of	
  a	
  CIP	
  peptide	
  interacting	
  

with	
   C3d	
   that	
   contains	
   an	
   Arginine	
   (R123)	
   separated	
   by	
   six	
   residues	
   from	
   an	
  

Asparagine	
  (N130).	
  The	
  two	
  residues	
  perfectly	
  matched	
  the	
  R131	
  and	
  N138	
  present	
  

on	
   the	
  alpha	
  helix	
  2	
  of	
   the	
  staphylococcal	
  Efb/Efb-­‐C	
  and	
  the	
  R231	
  and	
  N238	
  of	
  Sbi.	
  

Unfortunately,	
  the	
  CIP	
  peptide	
  containing	
  the	
  N130	
  was	
  not	
  recovered	
  by	
  MS	
  possibly	
  

due	
  to	
  the	
  proximity	
  of	
  pepsin-­‐sensitive	
  residues.	
  Two	
  recombinant	
  	
  variants	
  of	
  CIP,	
  

the	
  first	
  containing	
  a	
  substitution	
  of	
  R123	
  with	
  an	
  Alanine	
  (A)	
  residue	
  and	
  the	
  second	
  

a	
   	
  double	
   mutant	
   R123	
   to	
   A	
   plus	
   N130	
   to	
   A,	
   were	
   expressed	
   in	
   E.	
   coli	
   to	
  

experimentally	
  confirm	
  their	
  role	
  in	
  	
  C3d	
  binding.	
  Despite	
  high	
  expression	
  levels,	
  the	
  

two	
  mutant	
  proteins	
  were	
  poorly	
  soluble	
  in	
  acqueous	
  buffer	
  and	
  quickly	
  precipitated. 

Future	
   co-­‐crystalization	
   and	
   mutagenesis	
   experiments	
   will	
   be	
   used	
   to	
   confirm	
   the	
  

amino	
  acid	
  residues	
  directly	
  involeved	
  in	
  the	
  interactions	
  between	
  CIP	
  and	
  C3d.	
  	
  

The	
   gastrointestinal	
   and	
   urogenital	
   GBS	
   colonization	
   sites	
   are	
   rich	
   in	
   Mucosal	
  

Associated	
  Lymphoid	
  Tissues	
  (MALT)	
  containing	
  high	
  numbers	
  of	
  B	
  cells,	
  where	
  CIP	
  

could	
  exert	
  its	
  immunomodulation	
  effect	
  (108).	
  	
  

Besides	
   having	
   an	
   important	
   role	
   as	
   ligand	
   of	
   CR2/CD21,	
   C3d	
   also	
   binds	
   the	
  

Complement	
  Receptor	
  3	
   (CD11b/CD18)	
   on	
  Dendritic	
   Cells	
   and	
  Macrophages	
   via	
   its	
  

Integrin	
  I	
  domain	
  (109).	
  A	
  possible	
  additional	
  effect	
  of	
  CIP	
  not	
  investigated	
  here	
  could	
  

be	
   the	
   prevention	
   of	
   the	
   interaction	
   between	
   C3d	
   and	
   CR3	
   on	
   these	
   antigen	
  

presenting	
  cells,	
  limiting	
  the	
  transport	
  of	
  GBS	
  antigens	
  to	
  the	
  Lymph	
  nodes	
  and	
  their	
  

presentation	
  to	
  resting	
  B	
  cells.	
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To	
  investigate	
  the	
  effect	
  of	
  CIP	
  on	
  GBS	
  virulence	
  in	
  vivo,	
  we	
  tried	
  to	
  obtain	
  an	
  isogenic	
  

cip	
  mutant	
  in	
  a	
  GBS	
  	
  neonatal	
  strain	
  but	
  were	
  unsuccessful.	
  Previous	
  experiments	
  had	
  

shown	
   that	
   GBS	
   survival	
   in	
   human	
  blood	
   	
  was	
   enhanced	
   after	
   preincubation	
   of	
   the	
  

bacteria	
   with	
   recombinant	
   CIP	
   (70).	
   It	
   is	
   tempting	
   to	
   speculate	
   that	
   the	
   	
  observed	
  

anti-­‐phagocytic	
   effect	
   of	
   CIP	
   could	
   rely	
   on	
   its	
   capacity	
   to	
   bind	
   both	
   C4b	
   and	
   C3.	
  

Indeed,	
  besides	
  	
  modulating	
  the	
  formation	
  of	
  C3b	
  via	
  the	
  classical/lectin	
  pathways	
  as	
  

previously	
   reported,	
   the	
   CIP	
   protein	
   	
  could	
   also	
   prevent	
   binding	
   of	
   complement	
  

labeled	
  bacteria	
  to	
  CR3	
  and	
  CR1/CD35	
  receptors	
  in	
  neutrophils.	
  	
  	
  

Finally,	
  it	
  has	
  been	
  postulated	
  that	
  differentiation	
  of	
  autoreactive	
  B	
  cells	
  could	
  also	
  

involve	
  co-­‐receptor	
  engagement	
  of	
  C3d	
  along	
  with	
  B	
  cell	
  receptor	
  binding	
  to	
  self-­‐

antigens	
  (31).	
  If	
  this	
  hypothesis	
  will	
  be	
  confirmed,	
  proteins	
  capable	
  of	
  interfering	
  

with	
  the	
  C3d-­‐CR2/CD21	
  interaction	
  like	
  CIP	
  or	
  their	
  derived	
  peptides	
  could	
  represent	
  

valuable	
  therapeutic	
  tools	
  for	
  the	
  modulation	
  of	
  aberrant	
  B	
  cell	
  responses	
  to	
  combat	
  

antibody-­‐mediated	
  autoimmune	
  disorders.	
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