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 Dendritic cells

Innate lymphocytes
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 MZB/B1 cells

Lymphocytes
 B cells
 CD4+ T cells
 CD8+ T cells
 

Barriers

Destruction of foreign  
material

Removal of targeted  or 
foreign material; antigen 
presentation

Eliminators and 
amplifiers of 
inflammation

Targeting, Killing and 
Regulation
 



Constituents of the Immune System

No prior exposure required (*memory)
Ancient immune system (evolved before adaptive immunity)
Receptors encoded in germline
Recognize structures that are shared by classes of microbes

Dranoff et al 2004

& ILCs

FAST      SLOW

SELF vs. NON-SELF discrimination



What non-self patterns are detected 
during Listeria infection?

Will discuss at the end…



Part I: Molecules –
how they recognize 

& protect
• Plasma proteins
– Pentraxins (CRP, SAA, etc.)
– Collectins & Ficolins
– Complement

• Pattern recognition 
receptors
– TLRs
– NLRs
– RLRs
– DNA sensors
– CLRs
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• Circulating inactive serine protease enzymes
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Initiation

Classical: C1q binds IgG/IgM 
+ antigen à activates C1s
MBL: Collectin/Ficolin bind 
carbohydrates à MASPs
Alternative: lack of self à
spontaneous hydrolysis C3

Microbial
surface
antigen

C1q

C1r2s2

IgM antibody

s r

H

H

H

H

Mannose
on microbe
surface

Mannose-binding
lectin

MASP1

MASP2

N-acetylglucosamine
on bacterial cell wall

Ficolin

MASP1

MASP2

Microbe Host



Name 3 diseases primarily a result 
of dysregulated complement activity

Under-activity?
Over-activity?



Complement Kills
• Hereditary Angioedema (HAE)

– C1INH deficiency
– Non-pitting edema

• Paroxysmal Nocturnal 
Hemoglobinuria (PNH)

§ CD59 or CD55 (DAF) deficiency
§ Intravascular RBC lysis

• Hemolytic Uremic Syndrome
– CD46, Factor H/I deficiency (“atypical 

HUS”) 
– Most common cause of pediatric renal 

failure (all forms HUS)

• What is eculizumab and how does 
it work?



Complement pathway inhibitors
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RESPONSES����!�SECOND�#�A�RECEPTOR�HAS�BEEN�IDENTIFIED��#�,�	�THAT�
ALSO�FACILITATES�#�AMEDIATED�SIGNALING�IN�A�VARIETY�OF�CELL�TYPES����
#�B�RECRUITS�THE�TERMINAL�COMPLEMENT�COMPONENTS�#���#���#��AND�
#��TO�FORM�#�B��OR�THE�TERMINAL�COMPLEMENT�COMPLEX��4##	�ON�
THE�SURFACE�OF�CELLS��4HE�GENERATION�OF�THE�4##�AT�SUBLYTIC�CONCENTRA
TIONS�STIMULATES�THE�RELEASE�OF�MANY�OF�THE�SAME�PROINFLAMMATORY�
MOLECULES�DESCRIBED�FOR�#�A��-OST�IMPORTANTLY��UNIMPEDED�ASSEMBLY�
OF�THE�4##�ON�THE�CELL�SURFACE�RESULTS�IN�CELL�LYSIS��$EPOSITION�OF�4##�
ON�ERYTHROCYTES�RESULTS�IN�THE�DESTRUCTION�OF�THESE�CELLS�IN�HEMOLYTIC�
DISEASES�SUCH�AS�0.(������

4HE�IMPORTANCE�OF�TERMINAL�COMPLEMENT�COMPONENTS�IN�IMMU
NITY�IS�DEMONSTRATED�BY�INDIVIDUALS�WITH�GENETIC�DEFICIENCIES�OF�#���
#���#���#��OR�#���WHO�SHOW�AN�INCREASED�INCIDENCE�OF�INFECTIONS�WITH�
.��MENINGITIDIS��A�BACTERIUM�THAT�CAN�CAUSE�MENINGITIS���6ACCINES�
AGAINST� .�� MENINGITIDIS� ARE� RECOMMENDED� FOR� TERMINAL� COMPLE
MENTnDEFICIENT�INDIVIDUALS��ALTHOUGH�BREAKTHROUGH�INFECTIONS�HAVE�
BEEN�REPORTED����)NTERESTINGLY��.��MENINGITIDIS�INFECTIONS�IN�TERMINAL�
COMPLEMENTnDEFICIENT�PEOPLE�ARE�TYPICALLY�LESS�SEVERE�THAN�IN�NORMAL�
INDIVIDUALS��POSSIBLY�DUE� TO� THE� LACK�OF�4##MEDIATED�ENDOTOXIN�
RELEASE�FROM�THE�BACTERIA���

4ARGETED�BLOCKADE�OF�THE�COMPLEMENT�CASCADE�AT�#���)N�THE�RATIONAL�
DESIGN�OF�A� THERAPEUTIC�COMPLEMENT� INHIBITOR��#�� IS�AN�ATTRACTIVE�
TARGET���"ECAUSE�#��IS�COMMON�TO�ALL�PATHWAYS�OF�COMPLEMENT�ACTI
VATION��BLOCKADE�AT�THIS�POINT�STOPS�THE�PROGRESSION�OF�THE�CASCADE�
REGARDLESS�OF�THE�STIMULI��)N�ADDITION��PREVENTION�OF�#��CLEAVAGE�EFFEC
TIVELY�BLOCKS� THE�GENERATION�OF� THE�POTENT�PROINFLAMMATORY�MOL
ECULE�#�A�AND�THE�CELL�LYTIC�4##��)MPORTANTLY��#��BLOCKADE�PRESERVES�
THE�CRITICAL�IMMUNOPROTECTIVE�AND�IMMUNOREGULATORY�FUNCTIONS�OF�
UPSTREAM�COMPONENTS�THAT�CULMINATE�IN�#�BMEDIATED�OPSONIZATION�
AND�IMMUNE�COMPLEX�CLEARANCE�

$EVELOPMENT�OF�ECULIZUMAB
4O�GENERATE�POTENT�INHIBITORS�OF�COMPLEMENT�
COMPONENT�#���PANELS�OF�MURINE�ANTIHUMAN�
#�� MONOCLONAL� ANTIBODIES� WERE� GENERATED�
AND�INITIALLY�SCREENED�FOR�THE�ABILITY�TO�INHIBIT�
4##MEDIATED� LYSIS� OF� ANTIBODYSENSITIZED�
CHICKEN�ERYTHROCYTES�BY�HUMAN�COMPLEMENT�
IN� A� STANDARD� HEMOLYTIC� ASSAY���� 4HE� MOST�
POTENT�CANDIDATES�WERE�CLONED�AND�PURIFIED��
AND�FUNCTIONAL�ACTIVITY�WAS�FURTHER�CHARACTER
IZED�TO�IDENTIFY�ANTI#��ANTIBODIES�THAT�COULD�
ALSO�EFFECTIVELY�BLOCK�THE�GENERATION�OF�#�A��/F�
^�������HYBRIDOMAS�SCREENED��ONE�MONOCLO
NAL�ANTIBODY��M!B	��DESIGNATED�MURINE��'����
�M�'����M!B	��WAS�IDENTIFIED�THAT�EFFECTIVELY�
BLOCKED�BOTH�4##MEDIATED�HEMOLYSIS� AND�
THE�GENERATION�OF�#�A��AT�A�������MOLAR�RATIO�
OF�ANTIBODY�TO�#���-URINE��'����M!B�BIND
ING�TO�HUMAN�#��MAPPED�TO�THE�.TERMINAL�
REGION�OF�THE�ALPHA�CHAIN�

%NGINEERING�� 4O� REDUCE� THE� POTENTIAL� FOR�
IMMUNOGENICITY��WE�CLONED�AND�GRAFTED� THE�
COMPLEMENTARITYDETERMINING� REGIONS� OF�
M�'���� M!B� INTO� HUMAN� HEAVY� AND� LIGHT�
CHAIN�ANTIBODY�FRAMEWORKS��&IG���	�������4HE�
HUMAN�HEAVYCHAIN�FRAMEWORK�WAS�DERIVED�
FROM�THE�(��#�(�ANTIBODY�VARIABLE�REGION����
WHICH�CONTAINED�NO�AMINO�ACID�CHANGES�RELA
TIVE� TO� THE� ORIGINAL� GERMLINE� SEQUENCE�� 4HE�

HUMAN� LIGHTCHAIN� FRAMEWORK� WAS� DERIVED� FROM� THE� )���� ANTIBODY�
VARIABLE�REGION����WHICH�CONTAINED�ONLY�ONE�AMINO�ACID�CHANGE�FROM�
THE�ORIGINAL�GERMLINE�SEQUENCE��THE�GERMLINE�AMINO�ACID�RESIDUE�WAS�
RESTORED�AT�THIS�POSITION��4HE�USE�OF�PURELY�GERMLINE�FRAMEWORK�ACCEP
TOR�SEQUENCES�SHOULD�FURTHER�MINIMIZE�POTENTIAL�IMMUNOGENICITY�OF�THE�
HUMANIZED�ANTIBODY��BECAUSE�THE�IMMUNE�SYSTEM�OF�EVERY�INDIVIDUAL�
SHOULD�BE�TOLERANT�TO�THESE�SEQUENCES�

4HE�USE�OF�ANTIBODIES�AS�THERAPEUTICS�IN�SOME�CLINICAL�SETTINGS�IS�COM
PLICATED�BY�EFFECTOR�FUNCTIONS�OF�SUCH�ANTIBODIES�THAT�SERVE�TO�ACTIVATE�
COMPLEMENT�AND�OR� TO�BIND� TO�ANTIBODY�RECEPTORS� �&C�RECEPTORS	�ON�
INFLAMMATORY�CELLS�AFTER�THEY�HAVE�ENGAGED�THEIR�TARGET��4O�REDUCE�THE�
POTENTIAL�FOR�ECULIZUMAB�TO�ELICIT�PROINFLAMMATORY�RESPONSES��WE�REPLACED�
THE�HEAVYCHAIN�CONSTANT�REGION�OF�THE�PARENTAL�ANTIBODY�WITH�COMPO
NENTS�OF�BOTH�HUMAN�)G'��AND�)G'��CONSTANT�REGIONS��&IG���	����4HE�
HUMAN�)G'��ANTIBODY�ISOTYPE�DOES�NOT�BIND�&C�RECEPTORS�������WHEREAS�
THE�HUMAN�)G'��ISOTYPE�DOES�NOT�ACTIVATE�THE�COMPLEMENT�CASCADE�������
4HE�)G'��)G'��HYBRID�CONSTANT�REGION�OF�ECULIZUMAB�INCLUDES�THE�#(��
AND�HINGE�REGIONS�OF�HUMAN�)G'��FUSED�TO�THE�#(��AND�#(��REGIONS�
OF�HUMAN�)G'���AND�LACKS�THE�ABILITY�TO�BIND�&C�RECEPTOR�AND�TO�ACTI
VATE�COMPLEMENT����4O�AVOID�THE�GENERATION�OF�AN�ANTIGENIC�SITE�DURING�
THE�FUSION��WE�USED�A�RESTRICTION�ENDONUCLEASE�CLEAVAGE�SITE�COMMON�
TO�BOTH�)G'��AND�)G'��TO�JOIN�THE�TWO�CONSTANT�REGIONS��)NDEED��A�TOTAL�
OF����AMINO�ACIDS�FLANKING�THE�FUSION�SITE�ARE�IDENTICAL�BETWEEN�)G'���
AND�)G'��

"INDING�CHARACTERISTICS��4HE�HUMANIZED�MONOCLONAL�ANTIBODY�ECU
LIZUMAB� MAINTAINED� ITS� ABILITY� TO� BLOCK� THE� CLEAVAGE� OF� #�� DURING�
COMPLEMENT�ACTIVATION�AS�THE�ANTIBODY�POTENTLY�INHIBITED�BOTH�THE�GEN
ERATION�OF�#�A�AND�#�B�nMEDIATED�HUMAN�SERUM�HEMOLYTIC�ACTIVITY����
%CULIZUMAB�IS�HIGHLY�SPECIESRESTRICTED��WITH�MINIMAL�ACTIVITY�AGAINST�
ANY�OTHER�PRIMATE�OR�MAMMALIAN�#���.O�NONSPECIFIC�OR�UNEXPECTED�
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&IGURE����4ARGETED�BLOCKADE�OF�COMPLEMENT�PROTEIN�#���4HE�COMPLEMENT�CASCADE�CAN�BE�ACTIVATED�
VIA�THE�CLASSICAL��LECTIN�AND�ALTERNATIVE�PATHWAYS��4HE�PROXIMAL�COMPONENTS�OF�COMPLEMENT��PROTEINS�
UPSTREAM�OF�#�	�ARE�ESSENTIAL�FOR�MICROBIAL�OPSONIZATION�AND�IMMUNE�COMPLEX�CLEARANCE��!LL�PATHWAYS�
OF�COMPLEMENT�ACTIVATION�CONVERGE�AT�THE�CLEAVAGE�OF�THE�TERMINAL�COMPLEMENT�PROTEIN�#��LEADING�TO�
THE�GENERATION�OF�MOLECULES�WITH�PROINFLAMMATORY�AND�CELL�LYTIC�PROPERTIES��4ARGETED�BLOCKADE�AT�#��
WITH�ECULIZUMAB�THEREFORE�PREVENTS�THE�DELETERIOUS�PROPERTIES�OF�TERMINAL�COMPLEMENT�ACTIVATION�WHILE�
PRESERVING�THE�IMMUNOPROTECTIVE�AND�IMMUNOREGULATORY�FUNCTIONS�OF�PROXIMAL�COMPLEMENT��-�/��
MICROORGANISMS��4##��TERMINAL�COMPLEMENT�COMPLEX�

0%230%#4 )6%
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BINDING�OF�ECULIZUMAB�TO�ANY�HUMAN�TISSUE�
EXAMINED� IN� A� TISSUE� CROSSREACTIVITY� STUDY�
WAS� OBSERVED�� )N� ADDITION�� THE� AFFINITY� OF�
ECULIZUMAB�FOR�HUMAN�#���+D�������P-	�IS�
SIMILAR�TO�THAT�OF�THE�PARENTAL�M�'���M!B��
INDICATING�THAT�THE�BINDING�PROPERTIES�OF�THE�
ANTIBODY�WERE�NOT�COMPROMISED�DURING�THE�
HUMANIZATION�PROCESS�

4HE�ECULIZUMAB�PHARMACOKINETIC�PROFILE�WAS�
ANALYZED�USING�A�ONECOMPARTMENTAL�MODEL��
7HEN�ADMINISTERED�BY� INTRAVENOUS� INFUSION��
ECULIZUMAB�HAS�A�HALFLIFE�OF�����Ò����H��AND�ITS�
DISTRIBUTION�APPEARS�TO�BE�PRIMARILY�LIMITED�TO�
THE�VASCULAR�SPACE��%CULIZUMAB�SERUM�CONCEN
TRATIONS�APPEAR�TO�REACH�STEADY�STATE�AFTER�^���
DAYS��!T�STEADY�STATE��THE�ECULIZUMAB�ACCUMU
LATION�RATIO��2ACC	�WAS�CALCULATED�TO�BE��������
WHICH�IS�INDICATIVE�OF�MINIMAL�ACCUMULATION�
OVER�TIME��0HARMACODYNAMIC�ACTIVITY�CORRELATES�
DIRECTLY�WITH�ECULIZUMAB�SERUM�CONCENTRATIONS�
AND�MAINTENANCE�OF�TROUGH�LEVELS�ABOVE����MG�
ML�RESULTS�IN�ESSENTIALLY�COMPLETE�BLOCKADE�OF�
HEMOLYTIC�ACTIVITY�IN�VIVO���

0RECLINICAL�DEVELOPMENT��"ECAUSE�OF�THE�SPE
CIESRESTRICTED�NATURE�OF�ECULIZUMAB��PHARMA
COLOGICAL�ACTIVITIES�IN�VIVO�WERE�EXPLORED�WITH�A�
SURROGATE�ANTIMOUSE�#��ANTIBODY��""���	�THAT�
DEMONSTRATED�TERMINAL�COMPLEMENTnINHIBITORY�
ACTIVITY�COMPARABLE�TO�THAT�OF�ECULIZUMAB��!S�NO�ADEQUATE�MOUSE�MODELS�
OF�0.(�EXIST��IN�VIVO�STUDIES�TARGETING�OTHER�THERAPEUTIC�INDICATIONS�WITH�
POTENTIAL�INVOLVEMENT�OF�TERMINAL�COMPLEMENT�ACTIVATION�WERE�USED��)N�
A�COLLAGENINDUCED�MODEL�OF�ARTHRITIS��""����WAS�SHOWN�TO�PREVENT�THE�
ONSET�OF�DISEASE�AND�TO�IMPROVE�THE�COURSE�OF�PREVIOUSLY�ESTABLISHED�DIS
EASE����4REATMENT�WITH�""����ALSO�RESULTED�IN�AN�IMPROVEMENT�IN�RENAL�
DISEASE�AND�IN�DRAMATIC�PROLONGATION�OF�SURVIVAL�IN�A�LUPUSLIKE�AUTO
IMMUNE�MODEL����4HESE�MODELS�PROVIDED�SUBSTANTIAL�EVIDENCE�THAT�A�
FUNCTIONALLY�BLOCKING�ANTI#��ANTIBODY�COULD�EFFECTIVELY�AND�CONSISTENTLY�
BLOCK�TERMINAL�COMPLEMENT�ACTIVATION�LEADING�TO�A�REDUCTION�IN�TERMINAL�
COMPLEMENTMEDIATED�PROINFLAMMATORY�SEQUELAE��4HE�SURROGATE�""����
ANTIBODY�WAS�ALSO�USED�IN�MOUSE�TOXICITY�STUDIES�IN�WHICH�NO�COMPOUND
RELATED�MORTALITIES�OR�SIGNIFICANT�ABNORMALITIES�WERE�OBSERVED�

%ARLY�CLINICAL�DEVELOPMENT�� )NITIAL�HUMAN�CLINICAL� STUDIES�OF�ECULI
ZUMAB��AND�A�SINGLECHAIN�ANTIBODY�VARIANT�OF�ECULIZUMAB�CALLED�PEX
ELIZUMAB��WERE�PERFORMED�IN�INDIVIDUALS�WITH�RHEUMATOID�ARTHRITIS�AND�
SYSTEMIC�LUPUS�ERYTHEMATOSUS������AND�IN�INDIVIDUALS�WITH�CORONARY�
ARTERY�BYPASS�GRAFT�SURGERY�AND�MYOCARDIAL�INFARCTION��RESPECTIVELY�������
4HE�INITIAL�ECULIZUMAB�STUDIES�SERVED�TWO�PURPOSES��TO�DETERMINE�A�
DOSING�SCHEDULE�FOR�FUTURE�TRIALS�AND�TO�ESTABLISH�INITIAL�SAFETY�OF�TERMI
NAL�COMPLEMENT�INHIBITION�IN�HUMANS��0ARTICIPANTS�RECEIVED�A�SINGLE�
DOSE�OF�ECULIZUMAB�RANGING�FROM�����MG�KG�TO���MG�KG��ALL�DOSES�WERE�
OBSERVED�TO�BE�SAFE�AND�WELLTOLERATED��4HE���MG�KG�DOSE��^����MG�
TOTAL	�PROVIDED�COMPLETE�COMPLEMENT�BLOCKADE�FOR��n���DAYS��3TUDIES�
EXPLORING�MULTIPLE�CHRONIC�DOSE�REGIMENS�WITH�ECULIZUMAB�WERE�ALSO�
PERFORMED�IN�INDIVIDUALS�WITH�MEMBRANOUS�NEPHRITIS�AND�RHEUMATOID�
ARTHRITIS������

0.(�A�DISEASE�IN�SEARCH�OF�A�COMPLEMENT�INHIBITOR
%TIOLOGY�OF�0.(��0.(�IS�A�RARE�FORM�OF�HEMOLYTIC�ANEMIA�WITH�AN�ESTI
MATED�INCIDENCE�OF�����CASES�PER�MILLION�PER�YEAR�AND�A�PREVALENCE�OF�

�����CASES�PER�MILLION����4HE�DISEASE�IS�MANIFEST�BY�AN�ACQUIRED�GENETIC�
DEFICIENCY�OF�ENDOGENOUS�COMPLEMENT� INHIBITORS�ON� THE� SURFACE�OF�
BLOOD�CELLS��THESE�CELLS�ARE�REFERRED�TO�AS�THE�0.(�CLONE�S	��0.(�CLONES�
ARE�DEFICIENT�IN�PROTEINS�THAT�ARE�NORMALLY�LINKED�TO�THE�CELL�SURFACE�
BY� A� GLYCOSYLPHOSPHATIDYLINOSITOL� �'0)	ANCHOR�� 4HE� INABILITY� OF�
CELLS�TO�ATTACH�PROTEINS�THROUGH�THIS�LIPID�MOIETY�IS�CAUSED�BY�SOMATIC�
MUTATIONS�OCCURRING�IN�THE�8LINKED�GENE��PHOSPHATIDYLINOSITOL�GLY
CANnCOMPLEMENTATION�CLASS�!��0)'!	��n����A�CRITICAL�MOLECULE�IN�THE�
'0)ANCHORING�PATHWAY�

)N�INDIVIDUALS�WITH�0.(��CELLS�DEFICIENT�IN�'0)ANCHORED�PROTEINS�
EXIST�IN�ALL�BLOOD�LINEAGES�INCLUDING�ERYTHROID��MYELOID�AND�LYMPHOID�
CELLS��4HESE�0.(�CELLS�ARE�CLONAL�AND�HARBOR�MATCHING�0)'!�MUTATIONS�
INDICATING�THAT�THE�MUTATIONS�OCCUR�IN�MULTIPOTENT�HEMATOPOIETIC�STEM�
CELLS�������'RANULOCYTES�FROM�THE�BLOOD�OF�HEALTHY�CONTROLS�ALSO�POS
SESS�0)'!�MUTATIONS�AT�AN�EXCEEDINGLY�LOW�FREQUENCY��^��IN�������	��
SUGGESTING�THAT�RANDOM�MUTATIONS�IN�THIS�GENE�ARE�IMPORTANT�IN�THE�
PATHOGENESIS�OF�0.(����4HUS��IT�HAS�BEEN�HYPOTHESIZED�THAT�THE�DEVEL
OPMENT�OF�0.(�REQUIRES�TWO�INDEPENDENT�EVENTS�TO�OCCUR��HEMATO
POIETIC�STEM�CELLS�MUST�ACQUIRE�A�0)'!�MUTATION�AND�AN�IMMUNE�ATTACK�
THAT�PREFERENTIALLY�TARGETS�NORMAL�STEM�CELLS�MUST�BE�PRESENT�������4HIS�
PROPOSAL�PRESUMES�THAT�THE�BONE�MARROW�INSULT�TARGETS�A�'0)ANCHORED�
PROTEIN�ON�THE�HEMATOPOIETIC�STEM�CELL��THEREBY�PROVIDING�A�SURVIVAL�
ADVANTAGE�TO�'0)ANCHORINGnDEFICIENT�STEM�CELLS��THAT�IS��CELLS�POSSESS
ING�A�0)'!�MUTATION	��)T�SHOULD�BE�NOTED�HOWEVER�THAT�0)'!�MUTATIONS�
CHARACTERIZED�IN�HEALTHY�CONTROLS�APPEAR�TO�OCCUR�IN�MORE�DIFFERENTI
ATED�COLONYFORMING�CELLS�RATHER�THAN�MULTIPOTENT�HEMATOPOIETIC�STEM�
CELLS����4HESE�COLONYFORMING�CELLS�WOULD�NOT�HAVE�SELFRENEWAL�CAPACITY�
AND�THEREFORE�WOULD�NOT�BE�PROPAGATED�BEYOND�THEIR�TERMINALLY�DIF
FERENTIATED�PROGENY�

4HERE�IS�CLINICAL�EVIDENCE�TO�SUPPORT�A�SURVIVAL�ADVANTAGE�OF�0)'!�
MUTATED�HEMATOPOIETIC�STEM�CELL�CLONES�OVER�NORMAL�STEM�CELLS�IN�DAM
AGED�BONE�MARROW��4HE�M!B�ALEMTUZUMAB��#AMPATH	�IS�USED�TO�TREAT�
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&IGURE����%NGINEERING�OF�ECULIZUMAB�TO�REDUCE�IMMUNOGENICITY�AND�ELIMINATE�EFFECTOR�FUNCTIONS��4O�
MINIMIZE�IMMUNOGENICITY��WE�GRAFTED�MURINE�COMPLEMENTARITYDETERMINING�REGIONS�INTO�HUMAN�HEAVY�
AND�LIGHT�CHAIN�GERMLINE�ANTIBODY�FRAMEWORK�SEQUENCES��!DDITIONALLY��HUMAN�)G'��AND�)G'��HEAVY�
CHAIN�SEQUENCES�WERE�COMBINED�TO�FORM�A�HYBRID�CONSTANT�REGION�THAT�IS�UNABLE�TO�BIND�&C�RECEPTORS�
OR�TO�ACTIVATE�THE�COMPLEMENT�CASCADE��%CULIZUMAB�EXHIBITS�HIGH�AFFINITY�FOR�HUMAN�#���EFFECTIVELY�
BLOCKING�ITS�CLEAVAGE�AND�DOWNSTREAM�PROINFLAMMATORY�AND�CELL�LYTIC�PROPERTIES�

0%230%#4 )6%

Zipfel et al Frontiers Immunology 2019 

• Soliris (eculizumab) = Recombinant humanized monoclonal antibody directed against 
C5 ® prevents production of terminal complement components
– 2007: Approved for PNH.
– 2010: Most expensive drug in the world (~$410,000/yr).
– 2011: Approved for aHUS

• Avacopan = C5a receptor inhibitor à reduce PMN chemoattraction & activation
– 2021: Trialed for ANCA-associated vasculitis

• Berinert, Cinryze = C1-INH replacement therapy
– Hereditary angioedema

• Transplant rejection, IgA nephropathy, glomerulonephritis, Lupus nephritis, ischemic 
reperfusion injury, membranous nephropathy…



How do cells recognize invasion?
Pattern recognition receptors distinguish 
self from non-self
• Detect pathogen directly

– Pathogen Associated Molecular Patterns 
(PAMPs) 
• Conserved, foreign structures 
• Composition & location
• LPS, Flagellin, CpG, dsRNA

• Detect damage microbes inflict
– Damage Associated Molecular Patterns 

(DAMPs) 
• When cells die they release or expose molecules 

not normally seen
• Uric acid crystals, ATP, Alarmins (IL-33, HMGB1)

– Loss of normal self molecules
• Sialic acid

NOTE: Not all cells express the 
same repertoire of PRRs



PRRs survey different cellular 
compartments

1. TLR (Toll-like Receptors) - PAMPs   
extracellular or phagocytosed 

2. CLR (C-type Lectins) –
Carbohydrates/glucans

3. NLR (NOD-like Receptors) –
Cytosolic PAMPs & DAMPs

4. RLR (RIG-I-like Receptors) –
Cytosolic Viral RNA

5. CDS (Cytosolic DNA Sensors) –
Cytosolic nucleotides

Bacterial cell
wall lipid

Bacterial 
peptidoglycan

Viral RNA

Microbial DNA

TLR

Lectin

NLR

RLR

CDS

TLR

Endosomal
Cytosolic

Extracellular

Microbial 
DNA,RNA

Plasma
membrane

Fungal polysaccharide

Endosomal
membrane

Macrophage, dendritic cell, epithelial cell, etc.



Toll-like Receptors (TLRs): specificity 

• 13 TLRs humans/mice
• Germ-line encoded
• PAMPs from bacteria, 

viruses & fungi
• Lipids, lipoproteins 

and nucleic acids
• Specificities are 

subject to natural 
selection by 
infectious organisms

• Different sets of TLRs 
are expressed on 
different cells

Gram+

Virus

Gram-

Self DNA



Pro-inflammatory cytokine induction
Changes in surface molecules

Anti-viral state
IFNs

TLRs use two 
signaling 
pathways

MyD88 à NF-kb

TRIF à IRFs

Liu et al Trends Molec. Med. 2007



TLRs & Disease
• Mutations in TLR3 à HSV encephalitis
• Mutations in MyD88 à invasive bacterial infections

Clinical uses:
• Numerous TLR agonists and antagonists under development 

for cancer, vaccines (more in lecture 2), autoimmunity, etc.
• TLR ligands = vaccine adjuvants

– CpG
– MPL (Monophosphoryl Lipid A)

• Aldara (an imidazoquinoline) = TLR7 agonist in clinical use 
topically for warts and pre-cancerous lesions in skin

• Excessive TLR4 triggering à septic shock
– TLR4 antagonists in Phase III trials



NOD-like receptors 
(NLRs) 

• Cytosolic PRRs
• Triggered by numerous stimuli

– Membrane disruption
– Cytosolic PAMPs
– DAMPs

• “Backup detection system”
• Activate inflammasomes…

Krishnaswamy et al Trends Immunol. 2012Mariathasan et al, Nat Rev Immunol 2007



Inflammasomes: primary 
mechanism of regulating 
release of IL-1b & IL-18, 

PyroptosisNLR/ALR

ASC

Caspase-1 
and -11

Fink et al. Infect Immun, 2005
Cellular and Molecular Immunology

Gasdermin



Autoinflammatory 
diseases

• Gout 
– Uric acid crystals
– IL-1 pathology

• Periodic Fever 
Syndromes
– Nlrp3

• Crohn’s Disease
– NOD2
– Mixed type disease

Mariathasan et al, Nat Rev Immunol 2007

Gout
Cyropyrinopathies

Immunodeficiency

Crohn’s



RLRs: cytosolic dsRNA
• RIG-I, LGP2 & MDA5

– dsRNA is an obligatory replication intermediate for RNA viruses
– dsRNA with  exposed triphosphate @ 5’ end (capped on human mRNA)
– RNA-DNA heteroduplex, Long dsRNA, Blunt end short dsRNA

• DExD/H-box family helicases: CARD & helicase domains
– DNA & RNA sensing
– DDX3, DDX60

• MAVS
– Signaling

CARD
CARD

Goubau et al Immunity 2013



MDA-5

dsRNAdsRNA

TLR7, TLR8, TLR9 TLR3

5’P-RNA dsDNA
DNARNA

RIG-I DAI,
others

IFN-α, IFN-β

Microbial
product
(PAMP)

Pattern
recognition

receptor

Transcription
factor

Nucleus

Virally
infected cell

Virus

Replication

CytosolEndosome

Autophagy

Nucleic acid
“leakage”

IRF1 IRF3

IRF7

Cytosolic DNA Sensors (CDS)

• DNA in cytosol à RNAPolIII 
à dsRNA à RLRs

• ALRs (Aim2, IFI16)
– dsDNA

• DAI
– dsDNA

• DDX41, DHX9, DDX36…
• cGAS 

– dsDNA
• All induce type 1 IFN!

Transform viral DNA into RLR ligands
Recognize long DNA structures
Enzymatically  produce CDS ligands to recruit 
multiple pathways



STING (stimulator of type I IFN genes)  
pathway

cGAS = DNA dependent 
cyclase (enzyme) àcGAMP
à STING à IFNs

STING/cGAS important 
checkpoint in transformation 
and cancer immunity

Decout et al Nat Rev Imm. 2021



What non-self patterns are detected 
during Listeria infection?

Intracellular Gram+ flagellated bacteria
– Extracellular à Phagocytose à Escape into cytosol
– TLR2 (PGN)
– NOD1/NOD2 (cytosolic PGN)
– TLR5 (flagellin)
– Nlrp3 (LLO)
– cGAS & RIG-I (bacterial nucleic acids)
à PRRs can recognize the same pathogen without 
recognizing the same PAMP



Production of
Type I IFN

IFNs induce expression
of enzymes that

block viral replication
Type I IFN

IFN
receptor

Uninfected
cell

Virus-infected
cell

PKR   2’,5’-oligo A
synthetase

Activation
by dsRNA

Activation
by dsDNA

Oligo A

RNAase L

EIF2α

Mx GTPases

Activation,
multimerization

Inhibition of viral
gene expression and

virion assembly

Activation
of RNAase

Degradation
of viral RNA

Phosphorylation
of translation
initiation factor

Inhibition of viral
protein synthesis

P

Antiviral
state

Anti-viral
state

• Induced by a/b IFN
– 100s ISGs = IFN 

stimulated genes
– Enhances MHCI 

antigen 
presentation

– Blocks viral entry
– Blocks viral 

propagation

OAS



CDS & Disease
• Autoimmune disease

– PRR-promoted adaptive immune dysregulation (often with 
autoantibodies)

– Example: TLR7 & Lupus

• Autoinflammatory disease
– Sterile innate cell-driven inflammation without significant adaptive 

immune dysregulation
– Example: NLR-mediated IL-1 over-production 

• Hyperactivation of CDS associated with an overlap category: 
Type 1 Interferonopathies (enhanced Type 1 IFNs)
– Aicardi-Goutieres Syndrome
– SAVI (STING-associated vasculopathy with onset in infancy) 

• Autoinflammation and Autoimmunity
Sharma et al J.Immunol 2015 & Bousfiha et al.  JCImmunol. 2018



How do we treat autoimmune 
diseases? How do we diagnose?

How do we treat autoinflammatory 
diseases? How do we diagnose?

Autoimmunity ≠ Autoinflammatory
T/B cell mediated vs. innate inflammation (cytokines, 

granulocyte activity, etc.)



Questions to ponder…

• How does the innate immune system 
recognize Helminths? Allergens? Transplanted 
organs? Self tissue?

• Do PRRs recognize/respond to commensal 
bacteria?





Questions?



Discussion & Break



Innate Immunity: 
(II) Cells

Stephanie Eisenbarth, M.D., Ph.D.

Center for Human 
Immunobiology

Division of  Allergy & 
Immunology



Part II: Cells (aka the Sentinels)

• Granulocytes
– Neutrophil, Eosinophil, Basophil, Mast cell

• Monocytes/macrophages
• Dendritic cells
• Innate lymphoid cells

CCL19



Myeloid Cells
• Recognize microbes

– PRRs
– Complement coating
– Antibody coating

• Ingest & destroy 
microbes

• Kill infected/injured 
cells

• Regulate tissue 
homeostasis

• Antigen presentation
– Help T cells



What about these cells?
• Function with T 

cells and B cells
– Some require 

antibody as a 
“receptor”

– Can also use PRRs
• What do they fight?

– Ectoparasites/large 
pathogens

– Allergens!!?!
• How do they fight?

– Digest
– Expel/flush



Two pathways for macrophage development

During inflammatory reactions 

Tissue-resident macrophages 

Further reading: Epelman et al Immunity 2014)



Macrophages respond to conditions in 
the tissue to regulate homeostasis and 

pathogen clearance

Funes et al Immunology 2018

Alternatively 
Activated Mac 
(AAM) or
“M2”

Classical or 
Inflammatory 
Mac or
“M1”



First 
responders 

recruit

• Where would this response happen?
• What does endothelial activation 

cause?



Phagolysosome

Killing of 
microbes by 
ROS, NO, and

lysosomal 
enzymes in 
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First responders 
clear pathogens 
and dead cells



Chronic Granulomatous Disease (CGD)

• Recurrent bacterial infection 
• Granulomas of skin, liver, lungs, lymph nodes observed
• Gene defect: 

– gp91 phox (X-Linked)
– p22 phox (Autosomal Recessive)
– p47 phox (Autosomal Recessive)
– p67 phox (Autosomal Recessive)

• Phagocytic cells ingest but do not kill 
bacteria due to failure to form 
oxygen radicals

What is wrong with this picture? à

Normal

CGD



IFNg and macrophage activation

Phagolysosome
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• Mendelian susceptibility to mycobacterial 
disease (MSMD) – Ifng-mediated protection 
(IL-12, Ifng, Stat1 defects)
– Failure of CD4+ T cells to activate macrophage 

killing of intracellular bacteria

T
IFNg

Bustamante et al Semin. Immuno. 2014

• TNF blockers might 
interfere with this 
process…

• Anti-IFNg 
autoantibodies can 
do the same



Questions?



Neutrophil NETs

• Neutrophil extracellular traps
• NETosis with cell death traps 

microbes 
– Extrusion of chromatin decorated 

with antimicrobial molecules 
(e.g., elastase, MPO)

– Suicidal vs. vital NETosis
– Limited other cells types can also 

engage this pathway
• Role in driving autoimmunity?

Kaplan et al, JI 2012

DNA



• Different from NKT cells
• Germline encoded 

receptors
• Kill cells that are missing 

“stop” signals
– Inhibitory receptors

• KIRs

• Kill cells that express  
foreign or stress signals
– Activating receptors 

• CLRs
• NKG2D
• FcgRIII (CD16)

• Infections
• Tumors

NK Cells (ILC1)



A. Abbas

Innate lymphoid cells 

ILCs make many of the 
same cytokines as T 
cells but lack TCRs

May contribute to 
early cytokine 

responses in host 
defense and 

inflammatory diseases



Questions?



DCs = translators between innate & adaptive immunity

DCs & the next phase of immunity
DCs survey for pathogens or host damage (via PRRs) and respond by 

processing antigens and providing “second signals”
T cell priming requires 2 signals to avoid anergy: antigen (constant) + 

co-stimulation (activated DC)



Why are DCs the most efficient APCs for 
initiating immune responses?

Will discuss in a few slides



DC and related subsets

Eisenbarth et al Nat Rev Immunol 2019

Immature vs mature DCs
Naïve vs activated DCs

DC3



DCs present antigen to CD4+ and CD8+ 
T cells through distinct pathways

Heath & Carbone, Nat Rev Imm 2001



PRR stimulation induces DC activation 
(“maturation”) 

Trombetta & Mellman, Annual Rev Imm 2005



The innate immune system provides second 
signals required for lymphocyte activation

2nd signals for B cells:
CR2/CD21: Activated C’ 
TLRs: PAMPs

2nd signals for T cells: 
CD28: B7 family members 

(CD80/B7.1, CD86/B7.2)
ICOS: ICOSL
OX40: OX40L
CD137: 4-1BBL

Inhibitory signals for T cells:
PD1: PDL1, PDL2
CTLA4: CD80, CD86

Abbas, Lichtman and Pillai. Cellular and Molecular Immunology, 7th edition, 2011     c Elsevier



Microbe enters through epithelium 
and is captured by dendritic cell
Dendritic cell ingests microbe and 
is activated to leave the epithelium
Dendritic cell carrying microbe 
migrates into lymphatic vessel
Dendritic cell with microbial 
antigen enters draining lymph node
Naïve T cells circulate through 
lymph nodes
T cells scan surface of dendritic 
cells for specific antigen
T cell that recognizes antigen is 
activated

Capture and presentation of antigens by dendritic cells

Courtesy of Abul

PRR activationà
• Ag processing/presentation on MHC
• Co-stimulatory molecule expression
• CCR7 expression à follow a gradient of 

CCL19/CCL21
• DCs then die (cellular timer)

Not illustrated: 
naïve T cells 
arrive via HEVs



Why are DCs the most efficient APCs for 
initiating immune responses?

• Receptors for capturing and reacting to microbes: Toll-like 
receptors, complement receptors, FcRs, etc.
• Unique to DCs?

• Express co-stimulatory molecules: signal 2 for T cells
• Unique to DCs?

• Location: at sites of microbe entry (epithelia) and ability 
to interact with NAÏVE T cells

• Why not activate naïve T cells in the skin/lung/gut?

• Macrophages, monocytes, B cells?
• Why would macrophages/monocytes express signal 1 & 2 in tissues?

• DC migration is a critical step in T cell priming
• How do DCs find the LN?



Innate instruction of adaptive 
immunity: implications

Once this principle was understood, 
the role of adjuvants could be explained
• HBV vaccine : subunit and adjuvant
• Adjuvare = to help
• Hundreds of different adjuvants

– CFA, Aluminum hydroxide, MF-59 (Squalene), TLR agonists, AS04 
(Alum+MPL)

Alum

2) Adjuvant

1) Antigen

Medzhitov, 2001



Discussion

• Would an INACTIVE influenza virus activate 
innateàadaptive?

• How is innate immune activation initiated to 
tumor or alloantigens?



Questions?

• Further reading
– Abbas, Lichtman & Pillai Cellular & Molecular 

Immunology
– Janeway’s Immunobiology


