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PNH: total recall



Blood 1951; 6 (6): 270-284

Strübing P.   Lecture for habilitation as Dozent in Greifswald, Pomerania, Germany.
Deutche Med. Wehnschr. 1882; 8:1-17 Paroxysmale Haemoglobinurie. 

« After his discharge from the military service in 1876, the patient observed 
that his urine sometimes looked dark brown or black.

This color change only showed itself in the morning in the urine, passed after getting up and by noon.
Fatigue, abdominal pain »

Enneking J. Haemoglobinuria paroxysmalis nocturia
Klin Wochenschr. 1928;  7:2045.



N Engl J Med 1937; 217(6): 915-7 « It was suspected 
that the change 

of the acid-base equilibrium 
during the night

was related 
to the increased hemoglobinuria 

during sleep. »
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during sleep. »
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« The mechanism
is that of abnormal red blood cells

hemolysed in presence 
of human complement,

the susceptibility to cell lysis
varying with the degree of acidity of the serum »



PNH in a 26-years old Nigerian woman,
died of amebic colitis.

Patient’s red cells:
mosaicism with respect to G6PDH.

(A and B variants).
Red cells bearing PNH abnormality:

only the B variant.

1: G6PDH type A, control
2: Type B, control
3: Patient’s whole hemolysate
4: Patient’s PNH cells  



Proc. Natl. Acad. Sci. 1983; 80:5066-70.

D.A.F.: Decay Accelerating Factor; CD 55
PNHCtrl



FEBS Lett. 1990; 261(1):142-6. 

M.I.R.L.: Membrane Inhibitor of Reactive Lysis,  CD 59

PNH

Ctrl

Proc. Natl. Acad. Sci. 1983; 80:5066-70.

D.A.F.: Decay Accelerating Factor; CD 55
PNHCtrl



J. Exp. Med. 1985; 162:75-92.

Variable DAF deficiency
in erythrocytes, 

but also in 
platelets,

PMN, monocytes, lymphocytes

« Additional support
for the 

clonal origin of PNH cells,
derived from an

abnormal bone marrow progenitor »



Lectin Pathway
Carbohydrates

Classic Pathway
Immune complexes

Alternative Pathway
C3 tickover

D.A.F.
CD 55

M.I.R.L.
CD 59

Blood Rev 2021; Apr 30:100834.

CD 55:
accelerate the decay 
of cell-surface bound C3 and C5 convertases;

CD 59: inhibits pore formation
of MAC; membrane attack complex



Nature 1985; 318(6041):62-4. 

1976: M.G. Low and coll. purify a novel phospholipase
from Bacillus cereus

that acts upon phosphatidylinositol;
It releases alkaline phosphatase from tissues

THY-1: 
CD 90

* Phosphatidylinositol

*
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Nature 1985; 318(6041):62-4. 

Glycosylphosphatidylinositol-
anchored proteins

GPI-APs

Abnormal PNH cells are deficient in GPI-APs
Complement defense proteins

Decay Accelerating Factor DAF, CD55
Membrane Inhibitor of Reactive Lysis MIRL, CD59
C8 Binding Protein, HRF

Ecto-enzymes
Acetylcholinesterase, erythrocytes
Alkaline phosphatase, leukocytes
5’-ectonucleotidase, lymphocytes

Receptors
Fcg receptor III, CD16b
Urokinase receptor, u-PAR, CD87
Folate receptor
Endotoxin binding receptor CD14
Immunologic contact receptors

LFA-3: CD58 , all cells
BLAST-1: CD48, lymphocytes
CAMPATH-1: CDw52, lymphocytes 

Other proteins
JMW-bearing protein, erythrocytes
CD24, a P-selectin ligand, lymphocytes
Granulocyte-specific activation Ag CD66
Granulocyte-specific activation Ag CD67

THY-1: 
CD 90

* Phosphatidylinositol

*

1976: M.G. Low and coll. purify a novel phospholipase
from Bacillus cereus

that acts upon phosphatidylinositol;
It releases alkaline phosphatase from tissues



GPI-AP synthesis: very complex; 3 parts:
* biosynthesis
* protein attachment to GPI
* GPI-AP remodellng

Whole process: 15 stages;
26 genes > 15 enzymes;

22 phosphatidylinositol glycan (PIG) genes (A):
biosynthesis and polypeptide chain attachment to GPI,
endoplasmic reticulum ER

4 post-GPI attachment to protein (PGAP) genes (B):
GPI modifications,
ER-Golgi-Plasma membrane transport

Open Biol. 2020; 10(3):190290

(A) (B)

(B)

Com Biol 2021; 4(1):777



Nat Rev Dis Primers 2017; 3:17028

J Exp Med 1993; 177(2):517-21



Nat Rev Dis Primers 2017; 3:17028

J Exp Med 1993; 177(2):517-21

Cell 1993; 73(4):703-11



PIGA (Phosphatidylinositol Glycan Anchor biosynthesis class A gene):
X-linked gene (Xp22.2)
Only one allele is functional; 

in men: (X,Y)
in women: (X,X) but X inactivation (lyonization)

A single somatic mutation is sufficient to cause GPI-AP deficiency

Germ-line PIGA mutations:
Loss-of-function mutations: thought embryonic lethal.
Hypomorphic PIGA mutations: X-linked form of the multiple congenital anomalies-hypotonia-seizure syndrome 2 (MIM 300818)

Severe intellectual disability, dysmorphic facial features, seizures, early death.
Most conspicuous on granulocytes
Red cells: little or no GPI anchor deficiency and no haemolysis

Mary F. Lyon



J Clin Invest 2019; 129(12):5123-36

Describe two types of patients 
in whom PNH results from 

biallelic mutations of PIGT on chromosome 20
and of PLGB on chromosome 15

(germ-line mutation in one allele + somatic mutation in the other)

Typical PNH 
+  

prominent autoinflammatory features,
urticaria, arthralgia

including recurrent attacks of aseptic meningitidis
(free GPI stimulates the inflamasome)

PLGT acts in attachment 
of GPI to proteins



Successful creation 
of PNH mouse 

and PNH rhesus macaque models

Detection of GPI-APs deficient cells
with shorter lifespans

and inceased sensitivity
to complement-activated haemolysis

in vitro

NO clinical manifestations
such as 

haemolysis
and/or thrombosis

Suggests that the PIG-A mutation
is one of the several conditions

required for PNH,
but it alone is not enough to cause PNH



41 patients with newly diagnosed PNH
WES, 178 myeloid cancer-related genes

10 most frequently mutated genes:
PIGA, BCORL1, RUNX1T1, MAP3K4, CSMD1, 
NOTCH1, FANCD2, PEG2, DIS3, SETBP1.

Associations: 
PIGA: larger PNH clones, female sex.
BCORL1: younger age
RUNX1T1: larger PNH clones, lower Hb levels, higher bilirubin
SRRD: visceral thrombosis (regulation heme synthesis)
EGR4: myocardial infarction (zinc finger transcription factor)



Diagnosis: flow cytometry

1- Anti-GPI-APs mAbs

RBC analysis using CD235a (Glycophorin A)
for gating

Type I: normal
Type II: partial deficiency
Type III: total deficiency



Diagnosis: flow cytometry

Aerolysin:
specific ligand for the GPI molecule on white blood cells.

Use of flurescent Aerolysin for diagnosis,
FLAER: highly effective,

suitable indicator of GPI-deficient leucocytes in PNH.

J Biol Chem 1998; 273(4):2355-60. 

1- Anti-GPI-APs mAbs

Am J Clin Pathol  2000 ; 114(3):459-66. 

2- Aeromonas hydrophila toxin: Aerolysin

WBC analysis 
using CD15 as the gating marker for neutrophils (D) 
and CD64 as the gating marker for monocytes (F).



Diagnosis: flow cytometry

2- Aeromonas hydrophila toxin: Aerolysin

Com Biol 2021; 4(1):777

Aerolysin recognizes 
the second mannone (*) without modification

*

1- Anti-GPI-APs mAbs



PNH heterogeneity 
• 3 main categories

– Classical PNH
• Haemolytic, thrombotic
• No evidence of bone marrow deficiency

– PNH in other bone marrow diseases
• Haemolytic, thrombotic
• Evidence of bone marrow deficiency 

– Aplastic anemia, myelodysplasia,…

– Subclinical PNH
• No evidence of haemolysis or thrombosis
• Small PNH clones 

– < 10% PNH granulocytes
– Commonly detected                                        

with another bone marrow disorder

• 3 main clinical manifestations
– Anemia

• Intravascular haemolysis
– Extravascular on C5 inhibitors

• Iron deficiency, bone marrow failure if…
– Thrombosis

• Any site, uncommon sites
– Smooth muscle dystonia

• Abdominal pain, oesophageal spasms, 
dysphagia, erectile dysfunction

– Other
• Fatigue +++
• Chronic kidney disease
• Pulmonary hypertension



3,938 peripheral blood samples
submitted for FMC testing,
24 laboratories in Spain,

one reference centre in Brazil

Incidence of positive cases:

Based on consensus medical indications: 14%

Aplastic anemia: 44%
Bonne marrow failure syndrome: 33%
Myelodysplastic syndromes: 10%

Haemoglobinuria: 48%
Intravascular haemolytic anemia: 19%
Unexplained cytopenia: 09%

Unexplained thrombosis:
+ nonhaemolytic anemia 

and/or other cytopenia: 14% 
without cytopenia: 00.4%

Current medical indications: highly efficient;
Improved screening algorithm are needed for patients presenting with thrombosis and normal blood cell counts

Cytometry part B (Clinical Cytometry) 2017; 92B:361



Canada, Western Ontario
Cross-sectional study

Venous thromboembolism VTE
N=388

Thromb Res 2015; 135(6):1107

Only one patient had a detectable PNH clone in the neutrophil population
and no detectable erythrocyte clone…

Screening for PNH clones among patients with VTE:
better reserved for patients with signs of haemolysis. 



THROMBOSIS IN PNH
The most common, most feared complication of PNH



Blood 2013; 121(25):4985

Mortality:
Thrombosis: most common cause (40%-65%)
Poor survival if thrombotic complications (8 years’ RR: 10)
Thrombosis at presentation: 40% survival rate at 4 years

Incidence:
Thrombotic event during the course of the disease: 30%-45%
Thrombosis preceding the diagnosis of PNH: 20% of patients
After diagnosis: visceral thrombosis at a median of 5 years (0-24)

Before the complement inhibitors era:

Blood 2003; 102(10):3587

163 patients
VTE

Thrombosis: impact of PNH clone size



4,439 patients, baseline, 
not eculizumab-treated

2,701: GPI-AP-deficient granulocyte clone size data

Mean age at onset: 40 years, at baseline: 45 years.

Ann Hematol 2020; 99(7):1505-1514

%

Major adverse vascular events * Thrombotic events **

*  venous and arterial thrombosis, atherothrombosis, amputation, gangrene
** venous and arterial thrombosis

Significant correlation with clone size
Larger GPI-deficient granulocyte clone size: higher disease burden

Substantial proportion of patients with smaller clone size have a vascular event/thrombotic history



Br J Haematol 2020; 189(5):954

Single-centre study over 25 years, 1,081 PNH patients

Thrombosis: rare at presentation

2.9% (n=31)



Br J Haematol 2020; 189(5):954

Single-centre study over 25 years, 1,081 PNH patients

20             40                                                80.           100
Thrombosis: large PNH neutrophil clones



Br J Haematol 2020; 189(5):954

Single-centre study over 25 years, 1,081 PNH patients

PNH Type II 
cells

Type III 
cells

Haemolytic 9.4% 26.9%
Haemotytic/thrombotic 18.2% 16.3%

Thrombotic 21.9% 12.3%

Thrombosis: higher rate of type II, lower rate of type III cells;
confirmed with the immature (CD71+: transferin receptor) RBC



Haematologica 2019; 104(3):e94
First case series of patients with PNH

who experieced thrombosis
with low levels of haemolysis
(LDH < 2 x upper limit of normal)

high PNH WBC proportion
and

low PNH RBC proportion

WBC and platelets:
a more pivotal role

than previously thought?



Blood 2013; 121(25):4985

Haematologica 2018; 103(1):9

Thrombotic events:

venous origin 85%
arterial origin 15%

more than one site 20%

may occur at any site
DVT, PE, in situ pulmonary thrombosis
Myocardial infarction, stroke



Blood 2013; 121(25):4985

Haematologica 2018; 103(1):9

Thrombotic events:
increased incidence of thrombosis at atypical sites

Hepatic veins:
Budd-Chiari syndrome

Mesenteric vessels
occlusion

Portal vein
occlusion

Cerebral vein
thrombosis

Cerebral venous sinus
thrombosis



Br J Haematol 2015; 171(3):296

Br J Haematol 2007; 137(4):271

Purpura fulminans-like lesions



Br J Haematol 2015; 171(3):296

Br J Haematol 2007; 137(4):271

Purpura fulminans-like lesions



Int J Hematol 2016; 103(6):649.

PNH cases 
with a median follow-up period > 60 months 

published after 2000

Patients with thrombotic events TE:
Asian: higher proportion of arterial thrombosis

Western: higher proportion of abdominal venous thrombosis



Hematology 2018; 23(8):558

Kidney injury in PNH:

underdiagnosed
poorly investigated clinical feature

affects a significant portion of patients
to be early screened and recognised

Acute kidney injury AKI 
or

chronic kidney disease CKD.

Up to 65% of PNH patients: CKD (stages 1-5).
Renal insuficiency (CKD stages 3-5): 20% of the patients. 

Renal failure a a cause of death: 8-18%;
8-fold increase in mortality risk.



Aust N Z J Obstet Gynaecol 19094; 34(12):104

Review, pre-eculizumab era



Int J Lab Hematol 2019; 41(3):424 

Potential gene mutations associated with thrombosis?

13 PNH patients:
CD59-neg granulocytes, whole exome sequencing;

then 22 PNH patients:
expression of targeted gene mutations 

Thrombotic PNH:

decreased BMPR2
bone morphogenic protein receptor 2

gatekeeper to protect endothelial cells
from increased TGFb responses

decreased THBD
thrombomodulin

maintains intravascular patency
decreased ITGA2B

integrin subunit a2b CD41
adhesion, cell-surface mediated signalling

increased THBS1
thrombospondin 1

platelet-vessel wall interractions
correlated with D-dimers and su-PAR levels)



Eur J Hematol 2018; 101(1):3

Expert advisory committee of PNH experts
from North America, Europe and Japan;

Delphi methodology.



Proposed mechanisms of thrombosis in PNH



Thrombotic state in PNH:

Complex,
Multifaceted,

Relative contribution of each mechanism difficult to  quantify,
Subject to continued research,

But therapeutic C5 inhibition lowers the thrombotic risk.



Thrombotic state in PNH:

Interactions between the complement system, platelets and coagulation
Coagulation activation

Prothrombotic feedback mechanisms
Platelet activation

Platelet-derived microparticles and residual activated platelets 
Haemolysis

Free haemloglobin and endothelial dysfunction
Reactive oxygen species

Neutrophils and monocytes; netosis;
Leukocyte micoparticles

Extracellular DNA, nucleosomes, histones;
Nitric oxyde depletion
Fibrin clot structure
Impaired fibrinolysis

Wow! My cat also wants to play.



The multiple factors thought to contribute to the prothombotic state in PNH and interactions

Haematologica 2018; 103(1):9

Granulocytes

Platelets

Haemolysis



Blood 2013; 121(25):4985

C5a activates FII, FX, FXI, plasminogen;
their derived serine proteases 
in turn activate complement.

Thrombin above all acts as a C5a convertase;
thrombin and C5 convertase
enhance the terminal complement pathway

Thrombomodulin, C4b-BP and C1-inhibitor
both regulate the 2 systems.

Complement and coagulation systems:
common ancestral genes,

strong interactions.



Mechanisms of thrombosis in PNH:
Extremely complex
Far from being clear

Likely to be different from those of other thrombotic disorders



Mechanisms of thrombosis in PNH:
Extremely complex
Far from being clear

Likely to be different from those of other thrombotic disorders

Blood 2003; 102(10):3587
163 PNH patients

But an old drug can work! 



TREATMENT OF THROMBOSIS IN PNH



Pathophysiologic treatment of PNH 
reduces the incidence of thrombosis



Eculizumab (Soliris®):
humanised, first-in class, anti-C5 antibody

First human data: 2004



Blood 2007; 110(12):4123.

All the patients
from the 3 eculizumab PNH clinical studies

between 2002 and 2005
(N=195)

Thrombotic events:
before treatment:

14.3 events for 100 patient-years;
ontreatment:

1.07 events for 100 patient-years



Blood 2007; 110(12):4123.

All the patients
from the 3 eculizumab PNH clinical studies

between 2002 and 2005
(N=195)

Substantial improvement with eculizumab
even in patients with less severe disease:

lowest pretreatment LDH quartile:
from 10.8 to 2.9 events per 100 patient-years;

minimal pretreatment anemia
(0 or 1 transfusion per year):

from 4.9 to 0 events per 100 patient-years



To summarise:

PNH patients on eculizumab
have a 85% relative risk reduction 

of thrombotic events.

Blood 2013; 121(25):4985



Am J Hematol 2020;  95(8):944

Clot structure

Antithrombotic effect of eculizumab
in part associated with 

reductions 
in fibrinogen

and thrombin generation,
with downstream effets 

on clot stucture



Eculizumab and C5 inhibitors:
increase the risk of infection with Neisseria meningitidis

Drug Healthc Patient Saf  2020;12:207-215

Report database, 2010-2019

3559 person-years of eculizumab-exposed patients;

17 patients died 

with symptoms of meningococcal disease.

Related mortality rate:
13,000 to 114,000 times the mortality rate 
from meningococcal disease 
in the general population of Japan.



Eculizumab and C5 inhibitors:
increase the risk of infection with Neisseria meningitidis

vaccination against N. meningitidis is mandatory before treatment *
ciprofloxacin antibiotic prophylaxis for the first 2 weeks after starting
penicillin V prophylaxis if long-term prophylaxis depending on countries
extreme vigilance to the risk (cases in vaccinated patients)

absolue risk up to 0.5% per year

Drug Healthc Patient Saf  2020;12:207-215

Report database, 2010-2019
3559 person-years of eculizumab-exposed patients;
17 patients died 
with symptoms of meningococcal disease.

Related mortality rate:
13,000 to 114,000 times the mortality rate 
from meningococcal disease 
in the general population of Japan.

* Tetravalent vaccine against serotypes ACYW135 and serogroup B 
at least 2 weeks before treatment

IV within 25-45 min.
Shortening of the time interval to 12 days,
or increasing the dosse to 1,200 mg 
if signs of worsening hemolysis



Other anti-C5 antibodies

Ravulizumab: Ultomiris® Alexion
Terminal half-life 4 times the one of eculizumab:
IV every 8 weeks after the 2-week induction phase
Not inferior to eculizumab

Crovalimab: Hoffmann-La Roche and Chugai
Subcutanous, phase II Blood 2020;135(12):912.

Tesidolumab: Novartis Pharmaceutical
Pozelimab: Regeneron Pharmaceuticals

Eculizumab biosimilars (ABP959, Elizaria®)

Blood 2019; 133(6):540.
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IV every 8 weeks after the 2-week induction phase
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Crovalimab: Hoffmann-La Roche and Chugai
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Blood 2019; 133(6):540.

Novel anti-C5 agents:
better pharmacological properties, possibly allowing a deeper C5 inhibition;

may reduce the risk of pharmacokinetics breakthrough haemolysis;

transient autoimmune manifestations, due to drug-target-drug immune complexes

in patients switching from eculizumab to other C5 Abs targeting different C5 epitopes 



Management of acute thrombosis
in patients not on eculizumab before

Eculizumab, induction phase, 2 weeks;
Full dose anticoagulation: UFH or LMWH

DOACs: no data

Eculizumab or ravulizumab (crovalimab?),
maintenance phase
3 to 6 months, 
as long as there are no other provoking factor

Anticoagulation discontinued if no thrombotic symptom,
and LDH < 1.5 x ULN under a complement inhitor

Hematol Transfus Cell Ther 2021; 43(3):341.



Management of acute thrombosis
in patients not on eculizumab before

Management of acute thrombosis
while on eculizumab

Eculizumab, induction phase, 2 weeks;
Full dose anticoagulation: UFH or LMWH

DOACs: no data

Eculizumab or ravulizumab (crovalimab?),
maintenance phase
3 to 6 months, 
as long as there are no other provoking factor

Anticoagulation discontinued if no thrombotic symptom,
and LDH < 1.5 x ULN under a complement inhitor

Immediate additional dose of C5 inhibitor
Eculizumab: increase the dose by 300 mg.

Full dose anticoagulation.

Hematol Transfus Cell Ther 2021; 43(3):341.



Recommendations for long-term thromboprophylaxis:

1- Granulocyte clone > 50% & no indication for eculizumab

2- Previous VTE & eculizumab not available

3- Pregnancy/puerperium in association with eculizumab

Exculizumab therapy recommended for patients  with a large PNH granulocyte clone 
who have disabling fatigue, thrombosis, red cell transfusion dependence due to haemolysis,
frequent pain paroxysms, renal insufficeincy, pulmonary hypzertension 
or other end-organ complication from disease.



Residual haemolysis in C5-inhibitor treated patients:

Intravascular haemolysis:

Pharmacokinetic: 
insufficient drug dosing

Pharmacodynamic: 
complement amplifying conditions 

(pregnancy, infection, major surgery)

Extravascular haemolysis:

Correct C5 inhibition;
excess C3b accumulation on cells: 

opsonised red cells; 
extravascular macrophages.

Rare inherited
C5 variants (Japan))



Next generation treatments:
proximal complement inhibitors targeting Factor B, Factor D, C3



• Factor B inhibitors
– LN023 Iptacopan (Novartis)

• small molecule, peros
– preserves increased meningococcal killing in vitro in vaccinated volunteers; ?

• Factor D inhibitors
– ACH4471 Danicopan (Achillion)

• small molecule, peros

• C3 inhibitors
– APL2 Pegcetacoplan (Apellis Pharmaceuticals) Empaveli®

• 15 AA cyclic peptide conjugated to PEG, subcutaneous
– AMY-101 Compstatin (Amyndas)

• peptide, subcutaneous



Phase III open-label RCT

Pegcetacoplan superior to eculizumab 
in improving hemoglobin 

and clinical and hematological outcomes
by providing broad hemolysis control,

ìncluding intravascular 
and extravascular 

hemolysis.

Thrombosis ???

N Engl J Med 2021; 384(11):1028. 



Blood 2021; 137(10):1304 

Br J Haematol 2021; Aug 5. doi: 10.1111/bjh.17753. 

Once added to anti-C5 therapies,
proximal complement inhibitors

effective in preventing 
C3-mediated extravascular haemolysis

Given their 
broader impairment 

of the complement cascade,
a broader vaccination schedule is likely

as well as possible antimicrobial prophylaxis

Induce a large increase of PNH erythrocytes:
novel condition; 

possible peculiar clinical course
and complications 

Impact on thrombosis? No data; to be cautiously followed…



Conclusion



• Thrombosis in PNH:
– After years of guilt on haemolysis (PNH v1.0),                                                

now increasing complexity, nothing final: do we really understand?
• PNH in thrombosis:

– think about it, then forget it, then finally look for it adequately
• No more thrombotic PNH:

– C5 inhibitors, first-in-line eculizumab: PNH v2.0;  infectious risk
– Antithrombotics: acute thrombosis, pregnancy, 

granulocyte clone > 50% + eculizumab not indicated,
previous VTE + eculizumab unavailable

• PNH v3.0
– The rise of proximal complement inhibitors: but impact on thrombosis, but…?
– Towards personalised treatments?
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