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Paroxysmal nocturnal hemoglobinuria (PNH) is a rare, clonal, complement-mediated hemolytic anemia with protean
manifestations. PNH can present as a hemolytic anemia, a form of bone marrow failure, a thrombophilia, or any
combination of the above. Terminal complement inhibition is highly effective for treating intravascular hemolysis from
PNHand virtually eliminates the risk of thrombosis, but is not effective for treating bonemarrow failure. Here, I present
a variety of clinical vignettes that highlight the clinical heterogeneity of PNH and the attributes and limitations of the 2
US Food and Drug Administration–approved C5 inhibitors (eculizumab and ravulizumab) to treat PNH. I review the
concept of pharmacokinetic and pharmacodynamic breakthrough hemolysis and briefly discuss new complement in-
hibitors upstream of C5 that are in clinical development. Last, I discuss the rare indications for bone marrow trans-
plantation in patients with PNH. (Blood. 2021;137(10):1304-1309)

Introduction
Paroxysmal nocturnal hemoglobinuria (PNH) is a complement-
driven hemolytic anemia resulting from the clonal expansion
of stem cells harboring a somatic PIGA mutation.1,2 The
PIGA gene product is required for the biosynthesis of
glycosylphosphatidylinositol (GPI) anchors, a glycolipid moiety
that attaches numerous proteins to the cell surface.3 PNH blood
cells have a deficiency of all GPI-anchored proteins. The ab-
sence of CD55 and CD59, both GPI-anchored complement
regulators leads to complement-driven erythrocyte lysis and a
marked predisposition for venous and arterial thrombosis.

PIGA mutations alone are not are not sufficient for clonal ex-
pansion in PNH.4,5 GPI-anchor protein deficiency on stem cells
leads to a conditional survival advantage of PNH stem cells
compared with normal stem cells in the setting of autoimmunity.
This explains why PNH frequently evolves from acquired aplastic
anemia (an autoimmune disease that targets hematopoietic
stem/progenitor cells). PNH is not associated with inherited
forms of aplastic anemia such as dykeratosis congenita, Fanconi
anemia, or Schwachman-Diamond syndrome.6 Thus, immuno-
logic escape, alone or in combination with other somatic mu-
tations, allows for the clonal expansion PNH blood cells.4 Mutations
associated with clonal hematopoiesis such as JAK2V617F and
CALR have also been found in patients with PNH, which explains
how patients without a history of acquired aplastic anemia
sometimes develop PNH.7-9

Complement inhibitors that target terminal complement are the
treatment of choice for PNH.10-13 Themedian survival for patients
with PNH before 2007 was 15 to 20 years; thrombosis was the
leading cause of death.14-16 In 2007, eculizumab, a monoclonal
antibody that blocks terminal complement at C5, changed the
natural history of PNH.17 There are now several new complement
inhibitors that inhibit complement at C5 and upstream of C5, but
thus far only eculizumab and ravulizumab are approved by the

US Food and Drug Administration (FDA) and the European
Medicines Agency for the treatment of PNH. With appropriate
treatment, survival of patients with PNH now matches that of
aged-matched controls.18,19

Here, I present 4 clinical vignettes that are representative of my
clinical practice based on the biology of the disease, clinical
experience, and evidence-based medicine.

Patient 1: PNH presenting with
thrombosis in a 45-year-old woman
This 45-year-old woman with no medical history presented with
3 weeks of intermittent, crampy, right upper quadrant abdom-
inal pain, fatigue, dyspnea, and pleuritic chest pain. An ab-
dominal ultrasound raised the possibility of acalculous cholecystitis,
so the patient was admitted to the hospital where a computed
tomography (CT) scan was done, revealing a right-sided pul-
monary embolism. Lower extremity dopplers did not reveal any
deep venous thrombi, and a Tech–hepatobiliary iminodiacetic
acid scan was normal; however, a CT scan of the abdomen
revealed hepatic and splenic vein thrombosis with extensive
collaterals. She denied gross hemoglobinuria, difficulty swal-
lowing, or headache. Her medical history was unremarkable
other than preeclampsia with her second pregnancy. She was on
no regular medications and had no family history of thrombosis.
Intravenous heparin was administered, and she was transitioned
to warfarin with a goal international normalized ratio of 2.0 to
3.0. A complete blood count revealed a leukocyte count of
3.7 3 109/L, a hemoglobin of 7.7 g/dL, and a platelet count of
1023 109/L. She presented with an absolute reticulocyte count
of 181 000 mm3 and a lactate dehydrogenase (LDH) level of
647 IU/L (reference range, 119-226). PNH flow cytometry
revealed an absence of GPI-anchored proteins on 60% of her
erythrocytes, 88%of hermonocytes, and 94%of her granulocytes,
establishing the diagnosis of PNH. She was vaccinated against
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Neisseriameningitides and started on eculizumab. Following the
standard eculizumab introduction period (600 mg intravenously,
weekly), she wasmaintained on 900mg intravenously (biweekly).
Her dyspnea and abdominal pain resolved, and her warfarin was
discontinued after 3 months of anticoagulation. Repeat blood
counts revealed a hemoglobin level of 9.7 g/dL, 7.0% reticu-
locytes, and an LDH of 271 IU/L.

Comments about patient 1
This patient illustrates the devastating complement-dependent
thrombophilia associated with PNH. It also highlights that not all
patients with PNH present with hemoglobinuria.20 The diagnosis
was established by documenting the presence of a hemolytic
anemia in conjunction with severe deficiency of GPI-anchored
protein on multiple cell lineages by flow cytometry.21,22 Throm-
bosis in PNH is more common in patients with large PNH clones
(.50% PNH granulocytes) but may occur in patients with smaller
clones.15 Before 2007, the year eculizumab was approved,
thrombosis was the leading cause of death in patients with
PNH.16,23 PNH-associated thrombosis is predominantly venous,
but arterial thrombosis is also reported. The abdominal veins
(hepatic, portal, splenic, mesenteric) are the most commons
sites; other common venous sites include cerebral and dermal
vein thrombosis.

The mechanism of thrombosis in PNH is multifactorial.20 In-
travascular hemolysis and activation of PNH platelets have been
proposed as contributing factors. The involvement of signaling
pathways that depend on the activation of complement C5 is
suggested by the observation that eculizumab therapy can
substantially reduce the number of thrombotic events.19,24 C5
activation promotes coagulation via various mechanisms25; in
turn, coagulation factors can also activate the complement cas-
cade.26 However, it is now clear, based on laboratory and clinical
evidence, that complement is the major driver of thrombosis in
PNH.27,28

Anticoagulation with heparin or low-molecular-weight heparin is
still the first action to take in the setting of an acute thrombotic
event. Direct oral anticoagulants are likely equivalent but have
not been well studied in PNH. Eculizumab or ravulizumab
should be started as soon as possible to prevent further
thrombosis because anticoagulation alone is insufficient for
long-term control.24 I now consider ravulizumab the treatment
of choice for PNH. It targets the same C5 epitope as eculi-
zumab and has been shown to be noninferior in head-to-head
clinical trials.12,13,29 The major advantage is that ravulizumab’s
terminal half-life is 4 times that of eculizumab, and it can be
administered intravenously every 8 weeks after the 2-week
induction phase. I consider untreated PNH a provoking fac-
tor, and do not feel patients with PNH need indefinite anti-
coagulation; however, some hematologists recommend indefinite
anticoagulation. I usually overlap anticoagulation and complement
inhibition for 3 to 6 months as long as there are no other pro-
voking factors. I discontinue anticoagulation if thrombotic
symptoms are resolved and the patient is well controlled (LDH
,1.53 the upper limit of normal) on a complement inhibitor30,31;
however, discussion with the patient is advised given the paucity
of data concerning the risks vs benefit of this recommendation.

Patient 2: a 44-year-old man with
classical PNH
This 44-year-old man presents with a chief complaint of bright
red hemoglobinuria, fatigue, chest pain, dyspnea on exertion,
and difficulty swallowing liquids and solids after mowing his lawn
on a hot summer day. Complete blood count reveals a he-
moglobin of 6.7 g/dL, leukocytes of 3.8 3 109/L, platelets of
98 3 109/L, and an absolute reticulocyte count of 287 000 mm3.
LDH level is 2800 IU/L. A direct antiglobulin test is negative. He
reports reddish-dark urine in themorning most days of the week,
a dull backache, and transient impotence. He had required
6 units of packed red cells in the past month to maintain a
hemoglobin greater than 7.5 g/dL. PNH flow cytometry reveals
18% PNH erythrocytes, 85% PNH granulocytes, and 87% PNH
monocytes. Eculizumab is administered. Following induction, he
is maintained on eculizumab 900 mg every 2 weeks but con-
tinuing to require 1 to 2 units of packed red cells every 4 to
6 weeks. His LDH decreases to 302 IU/L during his induction
phase. He notes that his urine often turns dark and that many of
his PNH symptoms (impotence and fatigue) return the day or two
before his next infusion. LDH immediately before his most recent
infusion was 732 IU/L. He is switched to intravenous ravulizumab
and maintained on a dose of 3300 mg (weight, 87 kg) every
8 weeks. His breakthrough PNH flares stop, and he has been
transfusion independent for 3 months but still reports mild fa-
tigue and dyspnea on exertion. A complete blood count (CBC)
before his infusion last week reveals a hemoglobin of 9.4 g/dL,
an absolute reticulocyte count of 265 000 mm3, and a platelet
count of 107 3 109/L. His LDH level is 291 IU/L. A direct anti-
globulin test is positive for C3d but negative for IgG.

Comments about patient 2
Patient 2 has PNH with relatively well-preserved bone marrow
function, a large PNH clone, and signs and symptoms of in-
travascular hemolysis. Smooth muscle dystonia is common in
PNH. Intravascular hemolysis leads to high levels of free hemoglobin
in the plasma, often 10 times that seen in hemoglobinopathies.32,33

Free hemoglobin scavenges nitric oxide preventing the normal
relaxation of smooth muscle leading to abdominal/back pain,
esophageal spasm, difficulty swallowing food and liquids, and
erectile dysfunction in males. Some patients even describe
transient ischemic attack symptoms during severe hemolytic
attacks from vasoconstriction of vessels in the central nervous
system. These vascular symptoms often resolve within hours
after administration of eculizumab or ravulizumab. It also ex-
plains why headache (caused by vasodilation of cerebral blood
vessels) is so common after the first dose of these medications
but is not prominent with subsequent doses or when comple-
ment inhibition is used for non-PNH indications (eg, atypical
hemolytic uremic syndrome or myasthenia gravis).

Patient 2 is experiencing breakthrough hemolysis on eculizu-
mab, which is defined as a return of PNH symptoms (hemo-
globinuria, abdominal pain, or other classical PNH symptoms) in
association with a rise in LDH (defined as LDH $2 times the
upper limit of normal (ULN) after prior LDH reduction to ,1.53
ULN on therapy).29 Ravulizumab is noninferior to eculizumab.12,13

Breakthrough hemolysis from C5 inhibition is either pharma-
cokinetic or pharmacodynamic (Figure 1).34 Pharmacokinetic
breakthrough results from suboptimal C5 inhibition (free C5
$0.5 mg/mL) because of inadequate drug levels. Pharmacokinetic
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breakthrough tends to occur regularly and usually 10 days or
more after the last dose of drug, as is happening with patient 3.
Pharmacodynamic breakthrough occurs despite adequate drug
levels. Under strong complement activation (third trimester
pregnancy, infection, major surgery etc) PNH red cells densely
coated with C3b can cause C5 to adopt a C5b-like conformation
that is not inhibited by eculizumab or ravulizumab.35 In the 2
largest clinical trials of ravulizumab, no breakthrough hemolysis
was associated with elevations in free C5 levels (pharmacokinetic
breakthrough).29 Pharmacokinetic breakthrough hemolysis was
less frequent with ravulizumab compared with eculizumab.
There was no difference in pharmacodynamics breakthrough
between the 2 drugs. Pharmacokinetic breakthrough responds
to increasing the dose of eculizumab or shortening the interval in

between doses; switching to ravulizumab is also effective and
more convenient for the patient.

Pharmacokinetic breakthrough hemolysis abated after ravulizumab,
but patient 2, like virtually all patients treated with eculizumab
and ravulizumab, continues to experience extravascular hemo-
lysis and a mild to moderate anemia. PNH red cells are deficient
in CD59, which inhibits formation of the membrane attack
complex. They are also deficient in CD55, which inhibits the C3
andC5 convertases. Ravulizumab binds to C5 and inhibits the C5
convertase (C3bBbC3b×P) from cleaving C5 into C5a and C5b. It
inhibits complement upstream of CD59 and decreases in-
travascular hemolysis by preventing formation of the membrane
attack complex.36 CD55 is upstream of C5. Patients with PNH on
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Figure 1. Mechanisms of hemolysis in PNH. (A) Loss of CD55 and CD59 on PNH red cells leaves them vulnerable to complement-mediated intravascular hemolysis. (B) PNH red
cells from patients with PNH treated with C5 inhibition (eculizumab or ravulizumab) often become coated with C3 fragments that serve as opsonins and lead to extravascular
hemolysis in the spleen and liver. C5 inhibition compensates for the loss of CD59 and prevents intravascular hemolysis; however, CD55, upstream to C5 is important for accelerating
decay of the C3 convertase. The lack of CD55 from PNH red cells leads to the accumulation of C3b and its processed forms iC3b and C3dg. (C) Pharmacokinetic intravascular
hemolysis caused by insufficient drug dosing allows free C5 levels to rise. (D) Pharmacodynamic intravascular hemolysis. Complement amplifying conditions (pregnancy, infection,
major surgery) can result in excess C3b accumulation on PNH red cells that leads to a conformational change in C5 and decrease the binding of eculizumab or ravulizumab to C5,
resulting in breakthrough hemolysis even in the absence of a rise in free C5.
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ravulizumab accumulate C3 fragments on the PNH erythrocytes,
and these patients have varying degrees of extravascular he-
molysis (Figure 1).37 This explains why patient 2 has a positive
direct antiglobulin test with C3d only. Newer complement in-
hibitors that work upstream of CD55 are in clinical development.

Patient 3: 25-year-old pregnant woman
with PNH
A 25 year-old, gravida 2, para 1, woman presents at 33 weeks of
pregnancy with fatigue, a single episode of “cola-colored”
hemoglobinuria. Three days before admission, her hemoglo-
bin was 9.9 g/dL, LDH level was 820 IU/L, haptoglobin level was
,10 mg/dL, and absolute reticulocyte count was 185 000 mm3.
Leukocyte count and differential are normal, and platelets are
112 3 109/L. Peripheral smear reveals a normochromic, nor-
mocytic anemia with polychromasia. No schistocytes are pre-
sent. Direct antiglobulin test is negative. The day of admission,
her hemoglobin is now 7.8 g/dL, and LDH level is 1740 IU/L.
Total bilirubin is 4.8 mg/dL with a direct bilirubin of 0.8 mg/dL.
Renal function and electrolytes are within normal limits, although
some of her results are reported as hemolyzed. She has mild
dyspnea on exertion and reports difficulty in swallowing her
prenatal vitamins. She has no chest pain, cough, or hemoptysis.
Pulse is 95 beats per minute, respirations are 16 breaths per
minute, blood pressure is 110/68mmHg, and her temperature is
36.6°C. She is pale and has scleral icterus. The remainder of her
examination is normal other than an appropriate gravid uterus.
Peripheral blood flow cytometry reveals 56% PNH granulocytes,
55% PNHmonocytes, and 13% PNH red cells. She takes prenatal
vitamins but no other regular medications. She has no allergies.
The next day, eculizumab 600 mg is administered intravenously.
She is also started on enoxaparin 40 mg subcutaneously daily
and amoxicillin/clavulanate 500/125 mg by mouth every
12 hours 3 14 days, and she is vaccinated against Neisseria A
and B. Two days later, her hemoglobinuria and dysphagia re-
solve, and her fatigue and dyspnea improve. A week later her
hemoglobin is 8.9 g/dL, LDH level is 278 IU/L, absolute re-
ticulocyte count is 197 000 mm3, and total bilirubin is 2.6 mg/dL.
She is induced at 39 weeks and delivers a healthy boy weighing 7
pounds and 2 ounces. She is planning on switching to ravulizumab
once she finishes breast feeding.

Comments about patient 3
Managing PNH and pregnancy is challenging because com-
plement activation increases during pregnancy, especially after
20 weeks.38,39 Close collaboration between hematology and
obstetrics is essential. Historically, morbidity and mortality were
high for mother and fetus, such that pregnancy for patients with
PNH was discouraged.40,41 Maternal mortality approached 20%,
mainly because of thromboembolic events, and fetal mortality
approached 9%, largely because of premature births. Com-
plement inhibition has made pregnancy less risky for patients
with PNH. Eculizumab is currently the drug of choice for preg-
nant patients with PNH; it does not cross the placenta at doses
high enough to affect complement activation and is not excreted
into breast milk.42 Thus, any potential risk of eculizumab in
pregnant patients with PNH seems far outweighed by the
benefits. The International PNH registry reported data from 75
pregnancies in 61 women with PNH on eculizumab. There were
no maternal deaths and 3 (4%) fetal deaths. A total of 25 babies

were breastfed, and in 10 cases, the breast milk was examined
for the presence of eculizumab; none was detected.43 Given the
structural similarities, ravulizumab is also likely to be safe in
pregnancy, but there is very little clinical experience with this
drug in pregnancy. Breakthrough hemolysis, especially beyond
the second trimester, is common. Themechanism can be caused
by both pharmacokinetic and pharmacodynamic breakthrough.
Thus, up to 50% of patients required increased dosing. In the
PNH registry study, the dose of eculizumab was increased or the
interval between dosing was decreased in 23 of the pregnancies.
The patient in the vignette manifested with PNH late in her third
trimester of pregnancy, likely related to the increased terminal
complement activation typical of the third trimester of preg-
nancy. Thromboembolic prophylaxis during pregnancy for pa-
tients with PNH is not well studied. I administer prophylactic
enoxaparin (40 mg daily, subcutaneously) at the start of the
second trimester and continue for at least 8 weeks after delivery.
When therapy needs to be started urgently (pregnancy,
thrombosis, massive hemolysis), I vaccinate the patient against
Neisseria and treat with prophylactic antibiotics for 2 weeks.

Patient 4: a symptomaticPNHclone in the
setting of acquired severe aplastic anemia
A 27-year-old previously healthy man presents with 3 weeks of
increasing fatigue, easy bruising, and dyspnea when climbing
stairs. Leukocytes are 1.9 3 109/L, with 8% neutrophils and 92%
lymphocytes. Hemoglobin is 7.2 g/dL with an absolute re-
ticulocyte count of 36 500 mm3. Platelet count is 123 109/L. The
bone marrow is less than 10% cellular with absent megakaryo-
cytes and no increase in blasts. Cytogenetics are normal. An
employment physical CBC 3.5 years ago revealed a normal CBC.
PNH flow cytometry reveals 12% PNH granulocytes, 11% PNH
monocytes, and 1% PNH erythrocytes. Fanconi screen is neg-
ative, and flow-fish telomere examination reveals telomere
length in the lymphocytes that are in the 25th percentile for age.
HLA typing reveals that he shares a haplotype with his healthy
ABO-compatible, 23-year-old healthy sister. His parents are
both 55 years old and healthy. Two weeks later, he is being
evaluated for allogeneic bone marrow transplant (BMT) from his
sister and reports multiple bouts of nausea and anorexia with
7/10 left-sided abdominal pain with guarding. A CT scan of the
abdomen with contrast reveals a normal appendix, liver, and
spleen. There are no masses. Small bowel thickening and a small
amount of free fluid posterior to the bladder are noted. His
D-dimer is 3.7. His LDH is 340 IU/L, and repeat PNH flow
cytometry now reveals 31% PNH granuloctyes and 37% PNH
monocytes. He remains deeply pancytopenic and requires twice
weekly platelet infusions and weekly red cells. He is started on
eculizumab 600 mg weekly with amoxicillin for Neisseria pro-
phylaxis. His abdominal pain resolves several hours after his first
eculizumab infusion. One day after his second dose of eculi-
zumab, he starts his BMT conditioning regimen of antithymocyte
globulin and cyclophosphamide. Eculizumab is discontinued,
and the patient becomes transfusion independent with 100%
donor chimerism 30 days after BMT. He is off immunosup-
pression in complete remission without graft-versus-host disease
1 year after BMT.
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Comments about patient 4
Small clinically silent PNH clones are found in up to 70% of adults
and 10% of children with acquired aplastic anemia. It is im-
portant to screen all aplastic anemia for the presence of PNH
cells. First, it helps exclude the inherited forms of bone marrow
failure (ie, Fanconi anemia, dyskeratosis congenita) as PNH is
almost never associated with inherited forms of bone marrow
failure.6 Second, some patients (patient 4) can present with an
overlap syndrome of PNH and aplastic anemia. In these cases,
definitive therapy is directed at the aplastic anemia, but in rare
cases, as above, the PNH clone also needs to be addressed. This
patient meets criteria for severe aplastic anemia; thus, allogeneic
BMT is indicated and has the potential to eradicate both the
aplastic anemia and the PNH clone.44,45 Eculizumab was ad-
ministered in this case to treat the potentially life-threatening
thrombosis. The abdominal pain, elevated D-dimer, and small
bowel thickening suggest microvascular thrombosis. Eculizumab
is useful as a “bridge” therapy to prevent further pain and
thrombosis until transplant.44 Because long-term complement in-
hibition is not needed after successful transplantation, eculizumab
is a reasonable choice. I typically continue the drug until admin-
istration of the conditioning regimen. The C5 inhibition does not
adversely affect outcomes of BMT. Transplant-related mortality
using modern bone marrow transplant regimens is low for severe
aplastic anemia; however, registry data from 1978 through 2007
suggest that thromboembolism in aplastic anemia patients with a
PNH clone predicts for higher transplant-related mortality.46

Final considerations and future directions
Eculizumab and ravulizumab are presently the only FDA-
approved drugs for the treatment of PNH. Thrombosis, severe
anemia, or PNH symptoms (chronic fatigue, pain, dyspnea) are
strong indications for initiating therapy. Terminal complement
inhibition increases the risk for Neisseria infection; thus, all
patients should be vaccinated against Neisseria.47 Even with
vaccination, the risk of acquiring a Neisseria infection is .1000-
fold that of healthy controls, with an absolute risk up to 0.5% per
year.48,49 For that reason, I recommend penicillin prophylaxis
(500mg twice a day) in addition to vaccination for all patients less
than 45 years old. Ravulizumab is my treatment of choice for
patients with PNH requiring indefinite therapy given its more
convenient dosing, lower cost, and more reliable C5 blockade.

Next-generation complement inhibitors
for PNH
Eculizumab and ravulizumab prevent intravascular hemolysis
and prevent thrombosis (the leading cause of death) in the
natural history of PNH; however, there is room for improvement.
More than 50% of patients with PNH on C5 inhibitors have mild
to moderate symptoms from PNH, and up to 20% still need
occasional transfusions. The most common reason for continued
anemia is extravascular hemolysis (patient 2). New complement
inhibitors50 are being developed to treat PNH, and several may
become FDA approved in the next year or two. Pegcetacoplan is
a C3 inhibitor that is administered subcutaneously, twice weekly,
and is capable of blocking both intravascular and extravascular
hemolysis. The drug is being compared head-to-head with
eculizumab in a phase 3 clinical trial. Danicopan is another
promising drug that blocks the alternative pathway of com-
plement by inhibiting complement factor D.51 Danicopan is
administered orally, raises hemoglobin levels, and eliminates the
need for blood transfusion in transfusion-dependent patients
with PNH on eculizumab.
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