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Activation of Complement by Bacteria Leads to Bacterial  Lysis 
or Opsonization  

METHODS 

RESULTS 

 Patient 
ID 

Age,  
Gender 

Blood 
type 

Erythrocyte 
 clone size  

Type II/III (%) 

Granulocyte  
Clone size 

(%) 

LDH 
(U/L) 

Hemoglobin 
(g/dL) 

Direct  
Coombs  

C3 

Direct  
Coombs 

IgG 

Absolute 
reticulocyte 
count (K/cu 

mm) 

Start of 
 Eculizumab  

use 

A  52, F B 3.1/88 99 293 9.8 Pos Neg 288.3 3/2011 
B 58, M O 1/98 99 301 11.3 Pos Neg 311.7 8/2005 
D 39, M O 21/23 31 210 11.5 N/A N/A 155.4 2/2014 
E 23, F O 25/13 95 2015 8.8 N/A N/A 320.8 N/A 

PNH blood samples  obtained following informed consent.  N/A: not available; Pos: positive; Neg: negative  

• The complement system is an enzymatic cascade of more than 30 
proteins that is activated via the classical pathway (CP), lectin 
pathway (LP), or alternative pathway (AP) upon recognition of  
molecular patterns that are present on the surface of pathogens.  

• Activation of complement leads to the generation of biologically 
active fragments that play a critical role in host defense. 
Complement fragments opsonize pathogens, recruit and activate 
inflammatory cells at the site of complement activation and act as 
the nidus for assembly of the lytic membrane attack complex on 
the surface of pathogens. 

• Complement activation is a well-coordinated physiological 
response that is highly regulated by various fluid-phase as well as 
membrane-bound regulatory proteins to prevent host tissue 
damage.  Loss of membrane-bound complement regulatory 
proteins CD55 and CD59 in paroxysmal nocturnal hemoglobinuria 
(PNH) leads to hemolysis of PNH erythrocytes. 

• Hemolysis in PNH is chronic due to continuous alternative pathway 
(AP) activation through tick-over, but brisk hemolysis (paroxysm) 
can occur during a “triggering” event such as infection.  While the 
mechanism(s) by which infections cause paroxysm are unclear, one 
possible explanation is that PNH red blood cells (RBCs) may be 
subject to bystander lysis as a direct result of pathogen-dependent 
complement activation.  This hypothesis however has not been 
formally tested and is based largely on studies performed under 
non-physiological serum conditions.  

Bystander Hemolysis Induced by Yeast Does Not Occur under 
Physiological Serum Conditions or When Direct Contact between 

Yeast and PNH Erythrocytes Is Prevented 

Evaluation of Mechanisms of Paroxysm in Paroxysmal Nocturnal 
Hemoglobinuria: “Bystander Hemolysis” vs. Perturbation of Soluble Regulators 
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Fig. 4 Pathogen viability 
Serum-susceptible strains  

Fig. 5 Complement deposition on pathogens  
 Serum-resistant strains  
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NHS: normal human sera; HiNHS: heat inactivated NHS; all tests were done with 80% NHS in GVB++ buffer 

Experiments with Bacteria  
10 µL PNH erythrocytes (5×108 /mL in GVB++) and 10 µL 
bacteria in logarithmic growth phase (5×107 /mL in GVB++) 
were added to 80 µL ABO blood group compatible normal 
human serum (NHS). Reactions were incubated at 37°C for 
1 h and supernatants and cell pellets were separated by 
differential centrifugation.  Absorbance of supernatants 
was measured at 405 nm. Erythrocytes and/or bacteria 
recovered from pellets were labeled with FITC-conjugated  
anti-C4d or anti-C3c antibody and cell surface 
fluorescence was examined by flow cytometry.  PNH 
erythrocytes were identified by flow cytometry with 
allophycocyanin-conjugated anti-CD59 antibody (Fig. 2). 
Bacteria: Streptococcus pneumoniae, Streptococcus 
pyogenes, Staphylococcus aureus, Haemophilus influenzae 
type b strain Eagan, Pseudomonas aeruginosa, Escherichia 
coli, Neisseria meningitidis A and Neisseria meningitidis B.  
Experiments with Yeast 
Assays were performed in GVB++ buffer with 
Saccharomyces cerevisiae (≤ 5×106 CFU/mL),  erythrocytes 
from PNH patient B (5×107/mL), and 2% to 80% NHS 
and/or CFH-depleted NHS supplemented in some 
experiments with purified CFH or NHS.  Transwell 
permeable barriers were used in some reactions to 
separate fluid-phase activation by yeast  from solid-phase 
activation on erythrocyte surfaces (Fig. 3). 

• Accordingly, using normal human sera, PNH erythrocytes, and a panel of clinically relevant bacterial strains, we 
undertook the studies herein to evaluate whether activation of complement by pathogens leads to enhanced 
hemolysis and/or complement fragment deposition on  PNH erythrocytes.  Moreover, we also investigated the 
mechanism of the bystander lysis induced by Saccharomyces cerevisiae (yeast). 

• We found no evidence that PNH erythrocytes are susceptible to pathogen-induced bystander lysis under 
physiological serum conditions.  Instead, we found that a subtle change in complement factor H (CFH) 
concentration can lead to hemolysis of PNH erythrocytes and furthermore, that this hemolysis is caused by AP 
dysregulation as demonstrated by inhibition by a monoclonal antibody against complement factor D (CFD). 
 

 All test pathogens activate complement (CP, LP, and/or AP) on their surfaces, as shown by 
killing  (Fig. 4) or complement fragment deposition (Fig. 5)  

% Hemolysis of PNH Erythrocytes 

 Patient 
ID 

NHS No bug  E. coli  
H. 

influenzae 
S. 

pyogenes  
S. 

pneumonia 
S. 

aureus 
P. 

aeruginosa 
Men. A Men. B 

A individual 28 32 26 29 31 33 32 ND ND 
B pooled 1 2 1 1 1 1 1 ND ND 

B individual 14 12 12 12 14 12 10 0* 0* 

D pooled 0 0 0 0 0 1 1.5 0* 0* 

E pooled  0 ND 0 1 0 ND ND ND ND 

Normal pooled 2 1 1 2 2 1 1 ND ND 
NHS: normal human serum; Men. A and Men. B: N. meningitidis A and N. meningitidis B; ND: not done; Test reactions included NHS (80%), PNH 
erythrocytes and pathogens as indicated in GVB++ buffer and were incubated for 1 hr at 37°C.  *assayed with individual NHS from different donors. 

Table 1: PNH patient hematologic characteristics 

Table 2 PNH erythrocyte hemolysis in the presence of bacteria 

 PNH erythrocytes 
show no increase in 
complement-
mediated lysis (Table 
2) or C3 fragment 
deposition (Fig. 6) 
when co-incubated 
with bacteria under 
conditions that allow 
activation of 
complement CP, LP, 
and AP, despite 
bacterial input 
counts far greater 
than reported in 
sepsis   
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PNH Erythrocytes Show No Increase in Complement-Mediated 
Hemolysis or Opsonization When Co-incubated with Bacteria  
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Fig. 6 Complement C3 fragment deposition 
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Fig. 1 Model of complement activation 
on PNH erythrocytes and pathogens  

C3c deposition NHS + EDTA 

Fig. 7 Co-incubation of PNH erythrocytes with varying serum concentrations and varying yeast input (CFU) 

Blockade of Hemolysis Induced by Lowering CFH Concentration or 
with  CFD Inhibition 
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 Unlike bacteria (previous section), yeast can induce bystander hemolysis as previously reported. 
 Yeast induced PNH erythrocyte hemolysis only at lower serum concentrations (2% and 20%) and at 

yeast densities much greater than reported for fungal sepsis (Fig. 7) 
 At physiologic conditions closer to in vivo (80% serum and lower yeast densities), no hemolysis  was 

induced by yeast (Fig. 7) 
 Yeast-induced hemolysis under non-physiological conditions can be corrected by addition of CFH (Fig. 8) 
 Physical separation of yeast and PNH erythrocytes prevented yeast-induced hemolysis (Fig. 9) 

Fig. 8 Co-incubation of PNH erythrocytes & 
yeast with increasing concentration of CFH 

Fig. 9 Co-incubation of PNH erythrocytes 
& yeast with and without direct contact 

 Reductions in CFH 
concentration by as 
little as 30% led to 
50% hemolysis of 
PNH erythrocytes  
(Fig. 10) 

 AP blockade with a 
monoclonal anti-CFD 
antibody fully 
inhibited hemolysis 
of PNH erythrocytes 
induced by 50% 
reduction in CFH 
concentration (Fig. 
11) 

Fig. 10 PNH erythrocyte hemolysis 
induced by reduction  of CFH  

CFU: Colony Formation Unit 
NHS: normal human sera 
HiNHS: heat inactivated NHS 
DC: direct contact  
All tests were done with 
erythrocytes from Patient B 
in GVB++ buffer 

Assays performed with erythrocytes from Patient B 
and 80% total serum (indicated mixtures of NHS and 
CFD-depleted NHS) in GVB++ buffer 

Fig. 11 Inhibition of PNH erythrocyte 
hemolysis by CFD inhibition 

CONCLUSIONS 
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CFU: Colony Formation Unit 
NHS: normal human serum 
HiNHS: heat inactivated NHS  
All tests were done with 
erythrocytes from Patient B 
in GVB++ buffer 

Assays performed with erythrocytes from Patient B 
and 80% total serum (equal parts NHS and CFD-
depleted NHS) in GVB++ buffer 

Fig. 2 Experiments with Bacteria  

BACKGROUND 

Fig. 3 Experiments to separate fluid-phase 
activation from solid-phase activation by yeast 
on erythrocyte surfaces  
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 Bystander hemolysis of PNH erythrocytes is not induced by a panel of bacterial strains despite evident 
complement activation on  the bacterial  surfaces. 

 Bystander hemolysis of PNH erythrocytes induced by yeast is an artifact as it occurs only with 
artificially low serum concentrations and high yeast densities. 

o Bystander hemolysis requires direct contact between yeast and PNH erythrocytes, indicating that 
hemolysis is not elicited by activation products in the fluid phase.  

o Bystander hemolysis is readily suppressed by exogenous CFH, suggesting that this hemolysis in 
reduced serum concentrations may depend on the resulting dilution of soluble negative regulators. 

 Subtle reductions in CFH concentration are sufficient to elicit PNH erythrocyte hemolysis, suggesting 
that perturbation of soluble regulators during infection in vivo is a likely mechanism for “paroxysms” 

 Lastly, AP inhibition could protect PNH erythrocytes from lysis during “paroxysm”, indicating potential 
therapeutic utility of AP inhibitors. 


