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COMPLEMENT: HEAT LABILE BUT NOT RESISTANT TO THERAPEUTICS

• Several targets

• Several indications

Adapted from Schmidt CQ & Smith RJH. Immunol Rev. 2023
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COMPLEMENT SYSTEM – FUNCTIONS

Out of balance: 



COMPLEMENT CASCADE: OUT OF CONTROL IN PNH

Mannes M et al. Blood 2021

Schmidt CQ et al. Blood 2022 



COMPLEMENT CASCADE: OUT OF CONTROL IN PNH

Classical & Lectin Pathway

Specific recognition of 

PAMPs & DAMPs

C4b2a

CP/LP convertase

Alternative Pathway

early AP convertase

C3

C3b

C3a

C4

activated enzyme 

complexes

C2

C4a, C2b

C3C3(H2O)

spontaneous

hydrolysis

FB, FD

Ba, FD

iC3b,

C3dg
C3bFB, FD

AP convertase

Ba, FD

C3bBb ± P

AP

amplification 

loop

C3b
(± C4b)

Terminal Pathway

C5

C5 priming

Primed C5*

C5a

C5b

C6

C7

C8

C9

MAC

Inflammatory

densely 

deposited

C3(H2O)Bb

Complement 

regulators

CD59

CD55

CR1

C4BP

CD55

CR1

Factor HFactor I

+ Factor H

+ MCP

+ CR1

PNH

MCP (= CD46) 

CR1  (= CD35)



Classical & Lectin Pathway

Specific recognition of 

PAMPs & DAMPs

C4b2a

CP/LP convertase

Alternative Pathway

early AP convertase

C3

C3b

C3a

C4

activated enzyme 

complexes

C2

C4a, C2b

C3C3(H2O)

spontaneous

hydrolysis

FB, FD

Ba, FD

iC3b,

C3dg
C3bFB, FD

AP convertase

Ba, FD

C3bBb ± P

AP

amplification 

loop

C3b
(± C4b)

Terminal Pathway

C5

C5 priming

Primed C5*

C5a

C5b

C6

C7

C8

C9

MAC
densely 

deposited

C3(H2O)Bb

PNH & ANTI-C5 THERAPY

C5 

inhibitor

Therapeutic targeting 

of terminal pathway 

C5 ‘normalises’ life 

expectancy 

Mannes M et al. Blood 2021

Schmidt CQ et al. Blood 2022 



> ‘life transforming therapy’ approved for 

• paroxysmal nocturnal haemoglobinuria (PNH) 

• atypical haemolytic uraemic syndrome (aHUS) 

• generalised myasthenia gravis (gMG)

• Neuromyelitis optica spectrum disorders (NMOSD)

> cost of therapy: about 400 000 Euro per annum  

> risk of meningococcal infection (despites vaccination)

> not all patients benefit fully (e.g. for some PNH patients 

transfusion dependency remains) 

reviewed in Schmidt CQ et al. Eur J Immunol. 2024

THE FIRST COMPLEMENT INHIBITOR: ECULIZUMAB TARGETING C5
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Antibodies

TIME COURSE OF APPROVED ANTI-C5 COMPLEMENT THERAPEUTICS:



RAVULIZUMAB

• 2 amino acid changes

• monoclonal humanized antibody based on Eculzumab

• 4 amino acids changed for improved FcRn cycling

Lee JW, Kulasekararaj AG. Expert Opin Biol Ther. 2020 

• 2 amino acid changes



RAVULIZUMAB

• monoclonal humanized antibody based on Eculizumab

• 4 amino acids changed for improved FcRn cycling

Lee JW, Kulasekararaj AG. Expert Opin Biol Ther. 2020 



RAVULIZUMAB VS. ECULIZUMAB DOSING IN PNH

Stern RM, et al. Ther Adv Hematol. 2019



301 study (Ecu or Ravu) 302 study (switch from Ecu to Ravu)

Ecu:

Ravu:

Ecu:

Ravu:

RAVULIZUMAB VS. ECULIZUMAB IN PNH: 301 & 302 STUDY

Measurement of free C5 in patient blood

Lee JW, Kulasekararaj 

AG. Expert Opin Biol 

Ther. 2020 
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TIME COURSE OF APPROVED ANTI-C5 COMPLEMENT THERAPEUTICS:

extravascular 

hemolysis  

described 

(Risitano et al 2009)
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TIME COURSE OF APPROVED ANTI-C5 COMPLEMENT THERAPEUTICS:

…the unexpected 

always happens …



RESIDUAL AP C5 ACTIVITY – LITERATURE EXAMPLES IN/EX VIVO 



• there are two versions of breakthrough events under 

Eculizumab therapy: pharmacokinetic & pharmacodynamic

WHAT WE DO NOT EXACTLY UNDERSTAND – ONE EXAMPLE 

Harder MJ et al Front Immunol. (2019) 10:1639



Pharmacodynamic 

breakthrough of 

C5 inhibitors
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RESIDUAL AP C5 ACTIVITY – LITERATURE EXAMPLES IN VITRO 



From: Nunn MA et al J Immunol. (2005) 174(4):2084-91

From: Blom AM et al Clin Exp Immunol. (2014) 178(1):142-53.

AP

CP

Coversin Ecu

From: Jore MM et al Nat Struct Mol Biol. (2016) 23(5):378-386

1% serum

10% serum

• Similar, residual C5 

activity effects seen also 

by other laboratories

RESIDUAL AP C5 ACTIVITY – LITERATURE EXAMPLES IN VITRO 
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STRUCTURAL KNOWLEDGE ABOUT C5 & ITS ACTIVATION IS PATCHY



> Sera from different PNH patients have different levels of residual haemolysis
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> C5 double inhibition efficiently & completely inhibits C5 activation

How severe can 

this residual C5 

activity get?

Harder MJ et al Blood. 2017 129:970-980; Schatz-Jakobsen JA et al J Immunol. (2016) 197(1):337-344.; Jore MM et al Nat Struct Mol Biol. (2016) 23(5):378-386

AP RABBIT-RBC ASSAY IN SERUM OF PNH-PATIENTS ON ECU
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CORRELATING STRENGTH OF C-ACTIVATION WITH RESIDUAL C5 ACTIVITY
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“pharmacodynamic breakthrough”

➢ depends on the strength of complement activation 

(C3b density)

eculizumab [µM]

CORRELATING STRENGTH OF C-ACTIVATION WITH RESIDUAL C5 ACTIVITY



Molecular mechanism of 

activating the Complement 

component C5 and implication 

for its inhibition



How is C5 activated?

What is the molecular arrangement of the C5 convertase?

What implications do these questions have on Complement inhibition?

TEXTBOOK KNOWLEDGE, QUESTIONS AND HYPOTHESIS



• Fluid phase: >> next to no C5 activation 

• High C3b density (on a surface) needed for C5 activation 

→ Is a fluid phase convertase really sufficient?

→ Is this convertase then bi- or trimolecular?

REQUIREMENTS FOR C5 ACTIVATION

Berends et al. BMC Biology. 2015: 13:93



Harder MJ et al BLOOD (2017) 129(8):970-980

C5 BINDING TO C3B ON ERYTHROCYTES
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HEMOLYSIS POSSIBLE WITH FLUID PHASE CONVERTASE?

Mannes M et al. Blood. 2021. 137:443-455



PBS
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30 min, 37 °C
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10 min, RT
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HEMOLYSIS POSSIBLE WITH FLUID PHASE CONVERTASE?

Mannes M et al. Blood. 2021. 137:443-455



non-opsonized cells
C3b-opsonized cells

→ Fluid phase convertase is sufficient for lysis

→ High C3b density cause lysis without convertase activity

No
convertase!!!!

HEMOLYSIS POSSIBLE WITH FLUID PHASE CONVERTASE?

Mannes M et al. Blood. 2021. 137:443-455



high density C3b surface

= ‘C5conf’

very high density C3b surface

HYPOTHETICAL C5 CONFORMATION MODEL 

Mannes M et al. Blood. 2021. 137:443-455



Vogt W et al Immunology. 1978 Jan;34(1):29-40

1. C5 can be cleaved (activated) only when in addition to the enzyme-

generating components C3b is present on a solid surface

3. A special configuration of surface-fixed C3b prepares or modulates 

the substrate C5 to make it accessible for cleavage by (fluid) C3 

convertases

2. Newly discovered property of surface-bound C3b: C3b is capable of 

reversibly binding C5

C5 BINDING TO C3B – CONCLUSIONS & LITERATURE



Mannes M et al. Blood. 2021. 137:443-455

SPR experiment with chip assembled convertases C3bBb:
 

IS THE C5 CONVERTASE A TRIMOLECULAR COMPLEX OF C3bBb3b?

C3bBb

CMD chip



1. Strong complement activation (high C3b densities) 

overrides the terminal pathway inhibition by eculizumab or 

other stoichiometric C5 inhibitors 

3. The more powerful complement is activated, the less 

effective is terminal pathway inhibition by diverse anti-C5 

agents = pharmacodynamic breakthrough

2. These C5 inhibitors reduce but do not abolish terminal 

complement activity (unless two orthogonal C5 inhibitors)

SUMMARY POINTS PHARMACODYNAMIC BREAKTHROUGH OF C5



Bimolecular (fluid phase) convertase is sufficient for C5 

conversion after priming on a C3b opsonized surface

IMPLICATIONS FOR THE COMPLEMENT CASCADE
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PD breakthrough 

unraveled
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Schmidt CQ et al. Immunol Rev. 2023

Antibodies

Peptide

‘EVOLUTION’ OF APPROVED COMPLEMENT THERAPEUTICS:

C5i >>> C3i 

Can these remaining 

problems be 

addressed by C3 

inhibitors?



Other Complement inhibitors to 

overcome the short-coming of 

the C5 inhibiting approach



Lamers C et al. Trends in Pharmacological Sciences, 2022

• PEGCETACOPLAN: Two compstatin Cp05 moieties are bridged by a 40 kDa polyethylene 

   glycol (PEG)

C3 PEPTIDE INHIBITORS : COMPSTATIN FAMILY



• Comstatins: Mode of action:

compstatin

C3bBb

C3
C3bBb

+

C3b C3bBb

++

C3a

C3C3bBbC3

APL-2

C3 PEPTIDE INHIBITORS : COMPSTATIN FAMILY

compstatin

C3c

Janssen BJC et al. J Biol Chem. 2007 

compstatin

C3b



Hillmen P. et al. N Engl J Med 2021

PEGASUS 

phase 3 clinical trial

PNH & C3 INHIBITION BY PEGCETACOPLAN VS. ECU



2021: 2022:

NEW GENERATION OF COMPLEMENT THERAPEUTICS: A PROXIMAL INHIBITOR



BREAKTHROUGH HAEMOLYSIS WITH PROXIMAL INHIBITORS

• Could it be pharmacokinetic BTH (PK-BTH)?

• Could it be pharmacodynamic BTH (PD-BTH)?

➢ MAC-mediated erythrocyte lysis despite 

excess of C3 inhibitor over C3



Can there be a C5 convertase without C3b?



COMPLEMENT CASCADE UNDER C3 INHIBITION (1)
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Mannes M et al. Blood. 2021



AP:
CP:

human rat

C5 ACTIVATION WITHOUT C3 (1)



Sahu A et al J Immunol. 1996

AP

CP serum < 1%

serum = 5%

COMPSTATINS: C3 INHIBITING CYCLIC PEPTIDES – THE BEGINNINGS



How does it work?

Yes, there can be ‘a C5 convertase’ without C3b!



Mannes M et al. Blood. 2021
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EFFECT OF C3 BLOCKAGE DURING STRONG AP / CP ACTIVATION



+ C5 double inhibition
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• AP: complete C3 inhibition

• CP: residual C3 deposition

Mannes M et al. Blood. 2021



C4b BINDS C5 IN A SIMILAR MANNER TO C3b

SPR experiment with chip immobilised C3b or C4b:
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C4b

Mannes M et al. Blood. 2021



COMPLEMENT CASCADE UNDER C3 INHIBITION (2)
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C3 BYPASS IN PRECLINICAL MODELS – ‘HISTORIC REPORTS’



C3 BYPASS IN PRECLINICAL MODELS – ‘HISTORIC REPORTS’

Detection of C5 activation products in C3 knockout or C3-depleted animals: 

(often attributed to extrinsic pathway activation)

Huber-Lang M, Sarma JV, Zetoune FS, et al. 

Generation of C5a in the absence of C3: a new complement activation pathway. 

Nat. Med. 2006;12(6):682–687.

Ramos TN, Darley MM, Weckbach S, et al. 

The C5 convertase is not required for activation of the terminal complement pathway in murine 

experimental cerebral malaria.

J. Biol. Chem. 2012;287(29):24734–24738.

Auger JL, Haasken S, Binstadt BA. 

Autoantibody-mediated arthritis in the absence of C3 and activating Fcγ receptors: C5 is activated by 

the coagulation cascade. 

Arthritis Res. Ther. 2012;14(6):R269.
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CLINICAL MEANING OF C3 BYPASS: EXAMPLE AMY-101 IN SEVERE COVID-19

Skendros P et al. Sci Adv. 2022 



• good C3 inhibition

• some C5 inhibition

CLINICAL MEANING OF C3 BYPASS: EXAMPLE AMY-101 IN SEVERE COVID-19

Skendros P et al. Sci Adv. 2022 



• first indications that such bypass may exist in the clinic

CONCLUSIONS: C3 BYPASS ACTIVATION OF C5

• ‘historic’ preclinical models in C3-deficient animals reported 

data that are consistent with a C3 bypass activation of C5



• complete inhibition of AP-mediated C5 activation

potential implications for PD breakthrough events with 

proximal complement inhibitors in the clinic

CONCLUSIONS: STOICHIOMETRIC C3 INHIBITORS

• insufficient inhibition of CP-mediated C5 activation



Complement cascade: historic milestones

‘First’ description of PNH 



Complement cascade: historic milestones

Fodor (1887): Die faehigkeit des Bluts bakterien zu vernichten. Deutsch. Med. Wschr. 13, 745

Nuttall (1888): Experimente uber die bacterienfeindlichen Einfluesse des thierischen Korpers. Z. 

Hyg. Infectionskir. 4, 353.

Buchner (1889, 1891): Uber die nahere Natur der bakterientodtenden Substanz in Blutserum. Zbl. Bakt.

(Naturwiss.) 6, 561.  >>> “heat labile substance in blood” Alexine

Bordet (1895): Immune lysis by of two factors: a heatlabile lytic factor (similar to alexin) and a heat-  

   stable factor kills Vibrios; heat stable factor was termed sensitiser (antibody)

Bactericidal

activity in 

serum

Lachmann P. Mol Immunol. 2006;43:496–508 

Nesargikar PN, Spiller B, Chavez R. Eur J Microbiol Immunol (Bp). 2012;2:103–111

Hans Ernst August Buchner (1850 – 1902)

German bacteriologist (Munich)
https://en.wikipedia.org/wiki/Hans_Ernst_August_Buchner

Bordet & Ehrlich Immune lysis of erythrocytes by of two factors; Ehrlich coined ‘Complement’

(1898/1899):    



Complement cascade: historic milestones



C5 inhibitor

GRAPHICAL SUMMARY: UNEXPECTED RESULTS >>> NEW COMPLEMENT INSIGHTS

Mannes et al. Blood 2021 

Schmidt & Smith. Immunol Rev 2023.

Traditional mechanism: 

Trimolecular C5 convertases

C3bBb3b or

C4b2a3b
C5b C5aNative C5

+

Novel mechanism: 

Bimolecular C5 convertases 

& C5 priming Native C5 C5b C5a

+C3bBb or

C4b2a

Primed C5

In presence of C5 inhibitors: 

Conformational activation → 

C5conf 

In absence of functional C3 

& with strong CP/LP 

activation: C3 bypass

Native C5

+
Very high C3b/C4b
surface densities 
(under terminal 

pathway inhibition) Conformational activated C5 C5conf

Native C5 Primed C5

C3b
C5 inhibitor

C3b

C5 inhibitor

C4b2a

C5b C5a

+

C4b
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COMPLEMENT CASCADE UNDER C3 INHIBITION (2)
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(or absence of C3) & strong 

CP/LP activation: 
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Mannes M et al. Blood. 2021
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