Activation of the Immune Response

Local infection,
penetration of epithelium

Local infection
of tissues

Lymphatic spread

Adaptive immunity

macrophage tissue
dendritic cell

..ﬂ

Protection against infection

Wound healing induced
Antimicrobial proteins and peptides,
phagocytes, and complement destroy

invading microorganisms

Complement activation
Dendritic cells migrate to lymph nodes
Phagocyte action
NK cells activated

Cytokines and chemokines produced

Pathogens trapped and/or
phagocytosed in lymphoid tissue
Adaptive immunity initiated
by migrating dendritic cells

Infection cleared by specific antibody,
T cell-dependent macrophage
activation and/or cytotoxic T cells




Specific Defenses Against Specific Pathogens

Extracellular Intracellular
Interstitial spaces, Epithelial . .
blood, lymph s Cytoplasmic Vesicular
Site of
infection
&
LA Qe
0|0 | 0 \ 0 2
Organisms Viruses Neisseria Viruses Mycqbgcterium spp.
Bacteria gonorrhoeae Chlamydia spp. Yers_/nla pestis
Protozoa Streptococcus Rickettsia spp. Legionella '
Fungi pneumoniae Protozoa pneumophila
Worms Vibrio cholerae Cryptococcus
Helicobacter neoformans
pylori Leishmania spp.
Candida albicans
Worms
Protective Complement Antimicrobial NK cells T cell-dependent
immunity Phagocytosis peptides Cytotoxic T cells and NK cell-
Antibodies Antibodies, dependent
especially IgA macrophage
activation




Course of Immune Activation

Recognition by
J‘> preformed, non- Removal of

specific and broadly infectious agent

specific effectors

Innate immunity
(immediate: Infection
0-4 hours) k




Complement

* 1890 by Jules Bordet - “A heat labile
component of normal plasma that
augmented the opsonization and killing of
bacterial by antibodies”

* An activity that “complement” the action of
antibodies



Innate Immune System

Z

gugers Cellular
(fluid)
Antimicrobial
enzymes and Macrophages
peptides Granulocytes

Complement NK cells

Cytokines




Extracellular Pathogens Activate Complement

Extracellular
Interstitial spaces, Epithelial
blood, lymph surfaces
Site of
infection
O ‘ O ‘ O ‘ O
Organisms Viruses Neisseria
Bacteria gonorrhoeae
Protozoa Streptococcus
Fungi pneumoniae
Worms Vibrio cholerae
Helicobacter
pylori
Candida albicans
Worms
Protective Complement Antimicrobial
immunity Phagocytosis peptides
Antibodies Antibodies,
especially IgA




Outline

« Complement pathways
« Classical pathway
* Lectin pathway
« Alternative pathway

« Effector functions
« Complement mediated phagocytosis
 Complement mediated inflammatory response
« Complement mediated pathogen clearance

« Regulation of complement




Stages of Complement Activation

Stages of complement action

Pattern-recognition trigger
N~

v
Protease cascade amplification/C3 convertase

-
v

Inflammation

Phagocytosis

Membrane attack




Overview of Complement Cascade

Antigen:antibody Lectin binding to Pathogen surfaces
complexes pathogen surfaces
L J
min
v

Complement activation

Jc =y oL

Y 2 Y i

Recruitment of
inflammatory and
immunocompetent cells

Opsonization Killing
of pathogens of pathogens

Figure 2-24 Immunobiology, 7ed. (© Garland Science 2008)



Outline

* Lectin pathway

« Classical pathway

« Alternative pathway

Effector functions

« Complement mediated phagocytosis
 Complement mediated inflammatory response
« Complement mediated pathogen clearance
Regulation of complement
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Mannonse-binding Lectin Receptor

N-linked glycoproteins of yeasts contain many terminal mannose residues,
whereas glycoproteins of vertebrates have terminal sialic acid residues

Yeasts Vertebrates

— Asn |— —{Asn |— —{Asn |—

@ glucose © mannose [N-acetylglucosamine < sialic acid Ogalactose A fucose




Mannose-Binding Lectin Recognizes
Carbohydrate Patterns on Bacterial Surfaces

collagen
helices

collagen
helices

a-helical
coiled coils

a-helical
/_ coiled coils

carbohydrate recognition domains fibrinogen domains




Activation of the Lectin Pathway

One molecule of C4b2a can cleave
up to 1000 molecules of C3 to C3b.
Many G3b molecules bind to the
microbial surface

Activated MASP-2 associated with C4b then binds C2, which is C4h2a is an active C3 convertase
MBL or ficolin cleaves C4 to C4a cleaved by MASP-2 to C2a, with cleaving C3 to C3a and C3b, which
and C4b, which binds to the which it forms the C4b2a binds to the microbial surface or to
microbial surface complex, and C2b the convertase itself
V O
Cda c2 (O}
/ C3 C3a

|| #
MASP-—2 Gl ’
" 4

LN [N
2 )

el s & o

Cab C4b2a C4b2a

~J

C4b2a3b é’ C’C%
"
2 N

MASP-2 of MBL cleaves C4 and C2
C3 convertase is composed of C4b and C2a
C2a is the active protease cleaving C3 into C3a and C3b



Outline

« Classical pathway

« Alternative pathway

Effector functions

« Complement mediated phagocytosis
 Complement mediated inflammatory response
« Complement mediated pathogen clearance
Regulation of complement
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C1 Is the First Protein Activated
in the Classical Pathway

collagen
region

Modified from Sharp, TH., et al.: Proc. Natl. Acad. Sci. USA 2019, 116:11900—11905.



Proteins of the classical pathway of complement activation

Native Active Function of the active form
component form
C1q Binds directly to pathogen surfaces or indirectly to antibody bound
C to pathogens, thus allowing autoactivation of C1r
(C1q: Clr Cleaves C1s to active protease
C1r,:C1s,)
Cls Cleaves C4 and C2
Cab Covalently binds to pathogen and opsonizes it.
ca Binds C2 for cleavage by C1s
C4a Peptide mediator of inflammation (weak activity)
23 Active enzyme of classical pathway C3/C5 convertase:
. cleaves C3 and C5
C2b Inactive small fragment
C3b Binds to pathogen surface and acts as opsonin.
Initiates amplification via the alternative pathway.
C3 Binds C5 for cleavage by C2a
C3a Peptide mediator of inflammation (intermediate activity)




Outline

« Alternative pathway

Effector functions

« Complement mediated phagocytosis
 Complement mediated inflammatory response
« Complement mediated pathogen clearance
Regulation of complement
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Alternative Pathway Can Amplify
Classical and Lectin Pathways

C3b deposited by classical or
lectin pathway C3 convertase

C3b binds factor B
MASP-3 cleaves pro-factor D

Bound factor B is cleaved
by plasma protease factor D
into Ba and Bb

G3bBb complex is a G3
convertase, cleaving many
C3 molecules to C3a and C3b

Cﬁsab

I7

factor B MASP-3

03, ... :




Alternative Pathway

factor B factor D

CS,

L~

&

C3(H20)

OBa

> C3(H;0) 'g
e

C’csb

. C3a

factor B ao

/ \

factor D

P P




Alternative Pathway

Pathogens lack complement-regulatory
proteins. Binding of properdin stabilizes
the C3bBb complex

-
Properdin

Bb
P (2
C3bBb

Pathogen surface
N

v
C3bBb complex is a C3 convertase
and deposits many molecules
of C3b on the pathogen surface

o (PP
(ycf(’\)

Opsonization, activation of
terminal complement components




Proteins of the alternative pathway of complement activation

Native Active .
component fragments LG
c3 C3b Binds to pathogen surface; binds B for cleavage by D;
C3bBb is a C3 convertase and C3b,Bb is a C5 convertase
Ba Small fragment of B, unknown function
Factor B (B)
Bh Bb is the active enzyme of the C3 convertase C3bBb and
the C5 convertase C3b,Bb
Plasma serine protease, cleaves B when it is bound to C3b
FaglorD () D to Ba and Bb
, Plasma protein that binds to bacterial surfaces and stabilizes
Properdin () P the C3bBb convertase




Overview of Complement Cascade

LECTIN PATHWAY CLASSICAL PATHWAY ALTERNATIVE PATHWAY

Mannose-binding lectin (MBL) and ficolins Clqi ; ; C3 undergoes spontaneous hydrolysis to
. . q interacts with pathogen surface or with A 3
recognize and bind carbohydrates on EnlibodicsibolndtoE iiace C3(H,0) to initiate eve_ntualldeposmon of
pathogen surface C3 convertase on microbial surfaces

factor D factor B
7 0 v
Cir o5 | | amo i

C3bBb

ficolin MBL

Pathogen

surface
< = < = < =
MBL/ficolin, MASPs C1q, C1r, Cls ]EactOf g
2 . o
C2 c2 b
U T 1 ] )

JC

All pathways generate a C3 convertase, which
cleaves C3, leaving C3b bound to the
microbial surface and releasing C3a

(:303 (0 y
Dl
o

C3b(’<’




C3, Center of the Complement Pathway

B chaln o chaln

thioester eﬂa

bond

g =
il

C3 convertase
(C4b2a)

pathogen
%
O




Question

* What are the three pathways of
complement activation?

 \What is common between all three
pathways?



Outline

Effector functions

« Complement mediated phagocytosis
 Complement mediated inflammatory response
« Complement mediated pathogen clearance
Regulation of complement
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Overview of Complement Cascade Components

All pathways generate a C3 convertase, which
cleaves C3, leaving C3b bound to the
microbial surface and releasing C3a

’CB , O

= |nfected tissue ¢

X X
@ C3a @
o @
/—\
Pesn > o
J 1
e 2 C oL
v W b 4
C3a and C5a recruit phagocytic cells to the Phagocytes with receptors for C3b engulf and All pathogens generate a C5 convertase that
site of infection and promote inflammation destroy the pathogen leads to formation of a membrane-attack
complex (MAC), which disrupts cell
membranes
P Phagocyte

complement

receptors




Formation of the C5 Convertase

Classical C5 convertase

C3b binds to both C4b2a and C3bBb,
forming the active C5 convertases
C4b2a3b and C3b2Bb

C4b, C2a, C3b

Bb C3b
-

C4b2a3b C3b,Bb

N
v
C5 binds to the C3b component of the
C5 convertase enzyme

£ £

C4b2a3b C3b,Bb

=~

v
C5 is cleaved by C2a or Bb to form
C5b and C5a

Cha .

Alternative C5 convertase
C3b, factor Bb, C3b




Immune Mediators Activate Phagocytosis
After C3b Binding to CR1

C3b

Cha I I

receptor

CR1

@©  Macrophage O




Outline

 Complement mediated inflammatory response
 Complement mediated pathogen clearance
Regulation of complement
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C3a, C5a, C4a Induce Local Inflammatory Responses

Small complement-cleavage products
act on blood vessels to increase vascular
permeability and cell-adhesion molecules

v v
Increased permeability allows increased Migration of macrophages, neutrophils, and
fluid leakage from blood vessels and lymphocytes is increased. Microbicidal
extravasation of immunoglobulin and activity of macrophages and neutrophils is
complement molecules also increased

"A IOy
o
> %A@%%QM

' 4

complement
components




Systemic release of small complement fragments
can lead to anaphylactic shock

* Low blood pressure

« Abnormal heart rhythm (arrhythmia)

* Rapid pulse

« Skin that is blue from lack of oxygen
* Mental confusion

+ Swelling (angioedema) in the throat that may
be severe enough to block the airway

* Fluid in the lungs (pulmonary edema)
+  Wheezing

+ Swelling of the eyes or face

* Hives

* Weakness

Signs and symptoms of

Anaphylaxis
Swelling of the conjunctiva Central nervous system
LR N - lightheadedness
i 2 .
\ 2 - loss of consciousness
Runny nose —& 0 - confusion
/ - headache
Swelling of lips, ) - anxiety
tongue and/or throat
Respiratory

- shortness of breath
- wheezes or stridor

- hoarseness

- pain with swallowing
- cough

Heart and vasculature ——
- fast or slow heart rate
- low blood pressure

Skin | o
- hives b
- itchiness , e ) Gastrointestinal
- flushing Y s - crampy abdominal
( > *"‘"I/"E:: pain
. - diarrhea
Pelvic pain TR - vomiting
i L3
\ R 7N A Loss of
_A 3 ‘i’(’ bladder control

Mikael Haggstrém


http://commons.wikimedia.org/wiki/User:Mikael_H%C3%A4ggstr%C3%B6m

Outline

 Complement mediated pathogen clearance
Regulation of complement
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Assembly of the Membrane Attack Complex

v T

N i) [N
05b67
b ‘ I complex “lz> 1«> 1/>
lipid bilayer
| RN S RN

Pathogen




Question

 \What are the effector functions of the
complement pathway?



Outline

Mannose-binding lectin

Complement pathways
Classical pathway
Lectin pathway
Alternative pathway

Complement mediated phagocytosis

Complement mediated inflammatory response

Complement mediated pathogen clearance
Regulation of complement
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Inhibition of Initiation

Stages at which complement activity is regulated

C1q binding to antigen:antibody C1 inhibitor (C1INH) dissociates C1r and
complexes activates C1r and C1s C1s from the active C1 complex
C C1INH
: Im INH Cls M
Cir

microbe




Inhibition at C3 Convertase

Stages at which complement activity is regulated

C4b2a is the active

DAF, C4BP, and CR1 displace C2a from
the C4b2a complex. C4b bound by C4BP,

C3 convertase '
: ' MCP, or CR1 is cleaved by a soluble
GeavingiGa o Goa and Gt protease | to inactive forms C4d and C4c
o ©

@ ® C3a




Inhibition at C5 Convertase

Stages at which complement activity is regulated

The C5 convertases cleave

C5 to C5a and C5b

CR1 and H displace C3b. CR1 and H act
as cofactors in the cleavage of C3b by |

C5

.‘
®o
C4b2a3b X

Cha

C4b2a CR1 iC3b




Inhibition at Membrane Attack Complex

Stages at which complement activity is regulated

The terminal components of complement CD59 prevents final assembly
form a membrane pore— of the membrane-attack complex
the membrane-attack complex at the C8 to C9 stage
] Cg]
J\> CD59
y
/{///_ \
C8 G C9
C5h678




Regulatory proteins of the classical and alternative pathways

Soluble factors regulating complement

Ligand/ . . :
S f def
Name Binding factor Action Pathology if defective
iy C1r, C1s (C1); ; :
C1 inhibitor Binds and deactivates : :
(C1INH) MASP-2 C1r. C1s, and MASP-2 Hereditary angiodema
(MBL)
e _ Displaces C2a from C4b
G4-binding protein Cab cofactor for C4b cleavage
(C4BP) by factor |
CPN1 C3a, Coa Inactivates C3a and C5a Recurrent angioedema
(Carboxypeptidase N) ’
Displaces Bb from C3b, Age-related macular
Factor H C3b cofactor for C3b cleavage | degeneration, atypical
by factor | hemolytic uremic syndrome
| C3b, C4b Serine protease, Low C3 levels, atypical

cleaves C3b and C4b

hemolytic uremic syndrome




Regulatory proteins of the classical and alternative pathways

Membrane-bound factors regulating complement

Ligand/ 4 : !
Name BindinatEctor Action Pathology if defective
, Inhibits activation of Increased susceptibiity to

SiE C3b, IC3b alternative pathway blood-borne infections
Complement Cofactor for factor I;
receptor 1 C3b, C4b displaces Bb from C3b,
(CR1, CD35) and C2a from C4b
Decay-accelerating Displaces Bb and C2a
factor C3 convertase | from C3b and C4b Eg:rc])éyé?&?rm?gturnal
(DAF, CD55) respectively
Membrane cofactor : :
of proteolysis C3b, C4b Cofactor for factor | ﬁg?r']?glshﬁg]rg%téc
(MCP, CD46) y

: e : Paroxysmal nocturnal
Protectin (CD59) C8 Inhibits MAC formation hemoglobinuria




What is not true regarding to complement regulation?

* A) Sequential activation of zymogens

* B) Complement components are quickly
inactivated unless they bind to pathogen
surface.

* C) Positive regulatory proteins
* D) Negative regulatory proteins
* E) None of the above



Complement Assists in Clearance of Pathogens

nntigen—antibudg cormple: pathogen

surface

Classical Alternative
pathway pathway

F 3
Cda CZa CSa

“w S

Promotion of inflammatory

response
releasze of attraction of
hi=tarnine phagocytes

"'\-l_

http://media-2.web.britannica.com/eb-media/03/20903-004-379E4AF3.gif



Overview of the Complement System

Classical Pathway Lectin Pathway
Ag-Ab complexes
and others (e.g. CRP) Hlm::lsl,_.::ﬂﬁ::: ;?;;:?DHI

Alternative Pathway

SIGN-R1—|C1g| —= Cig
bacterial dextran Cir_Cis|F— CidNH—{|MBL, MASPs Spontanecus and
receptor (CPS) / foreign surfaces, e.g. LPS
l [C3H70)
H"‘ Factor B
crx — C4bC2 l
CPN Fector H + 1 [C3(Hz0)B]
Factor | — i
Factor B
g: . } actor D
"|-:J|::u-*.rd|||f ;
MCP = @ -J"EPH C3b3bBb MCP

CR1 Ch.convertase \ / CRi

i C5h Terminal Membrane
CB+CT+CB+CA |Attack Complex

) Anaphylatoxin - — CPH T T
Copy right- i CD5S
Riedemann i C. uslern

http://www.inflarx.com/images/complement-1.jpg



Case studies

Deficiency of C8 complement component

47



Deficiency of the C8 Complement Component

Patient:
« Female student
« Cough and diarrhea
« Stiff neck, confusion
« Decreased blood pressure, increased pulse and respiratory rate, fever
* Reddish-purple rash, red throat, enlarged tonsils
» Elevated WBC count in CSF (cerebrospinal fluid)
» Cultures positive for meningococcus

Treatment
« |V antibiotics for bacterial meningitis
 Alleviation of symptoms

Follow-up
+ History of meningitis, w/ CSF infection
* Defective CH, test (test for the complement-mediated hemolysis)
« Lack of C8

Treatment
* Meningococcal vaccine

48



Deficiency of the C8 Complement Component

What is wrong with the patient?

« Failure of the formation of the membrane-attack complex

- Neisseria meningitides infection is preferentially cleared through
the attack-complex pathway

49



Deficiency of the C8 Complement Component

C8 binds to the

10-16 molecules

lipid bilayer

complexn

0

C5b67 complexes €9 molecules bind

C5b binds C6 Ekidia mamivane ; compl.ex and to the complex of C9 bind to

and C7 5 inserts into the % form a pore

via C7 and polymerize "
cell membrane in the membrane
v Sl @ I ”
i) [N
C5b67
CSb‘ 0 e

Pathogen

Membrane lesions—end on (rings)

Membrane lesion—side on (tubes)

Schematic representation
of the membrane-attack

complex‘pore’

10nm
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