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The mechanism of hemolysis in glucose 6-phosphate de-
hydrogenase (G6PD) deficiency is oxidative damage; in par-
oxysmal nocturnal hemoglobinuria (PNH), instead, red blood
cells (RBCs) lyse when attacked by activated complement.
The exquisite susceptibility of PNH RBCs to activated
complement,1,2 resulting from lack of the complement regu-
lators CD55 and CD59 on PNH cells, is the main mechanism of
intravascular hemolysis and anemia in PNH.3,4 Intravascular
hemolysis and its clinical consequences are effectively con-
trolled by monoclonal antibodies (eg, eculizumab, rav-
ulizumab) targeting complement C5.5-7 G6PD-deficient RBCs,
being hypersusceptible to oxidative damage, undergo acute
hemolysis when an exogenous trigger is applied.8,9 It has been
suggested that oxidative damage could play a role in PNH as
well,10,11 although it is susceptibility to complement-mediated
lysis that dominates the picture. PNH is a very rare disease;
however, G6PD deficiency is a relatively common X-linked
genetic abnormality that in some countries may affect up to
30% of the population.9

We were prompted to investigate the interaction between
complement activation and oxidative damage by a patient with
PNH who was also G6PD-deficient. This patient, a 40-year-old
woman from Sardinia, Italy, presented with increasing throm-
bocytopenia (platelets dropping from 100 to 40 3 109/L), mild
granulocytopenia, and anemia; initially, the patient had no signs
of hemolysis, and a flow cytometry analysis from another lab-
oratory did not report any glycosylphosphatidylinositol-negative
(PNH) cells. Two years later, she developed florid hemolytic
PNH, with falling hemoglobin levels, lactate dehydrogenase up
to 5 3 upper limit of normal, high reticulocytosis, and 59% PNH
granulocytes. Over the following 6months, the PNH granulocyte
population increased to 95%; gradual expansion of the PNH
populations was associated with reversal of thrombocytopenia
and neutropenia but with the payload of increasing intravascular
hemolysis. The course of this patient illustrates well the evolution
from aplastic anemia to PNH, probably the rule rather than the
exception in the natural history of PNH.12 Six months after
the PNH diagnosis, the patient needed RBC transfusions,
and eculizumab was started at standard dosage. Lactate
dehydrogenase levels promptly returned to normal, but

reticulocytes did not (steadily above 250 3 109/L), and over
6 years, the packed RBC transfusion requirement was ;10 units
per year. PNH RBCs rose steadily from 20% (before eculizumab)
to 86% on eculizumab. In addition, as in almost all patients on
eculizumab,13 PNH RBCs became bound with complement C3
fragments, and their fraction rose to 57%. Thus, the patient had a
minor response to eculizumab14 despite no evidence of bone
marrow failure.

A peripheral blood smear (in steady state on eculizumab)
revealed RBC morphology (Figure 1A) reminiscent of oxidative
damage as seen in G6PD-deficient patients during a hemo-
lytic attack. RBC G6PD activity was 50% of normal (5 IU/g
hemoglobin). From DNA analysis, the patient was heterozy-
gous for G6PD Mediterranean (G6PD-Med),15 the most
common variant in Sardinia (Figure 1B). Women heterozygous
for a mutant G6PD are epigenetic mosaics, as they have cells
that express either the wild-type or the mutant G6PD tran-
script. PNH cells derive from a single hematopoietic stem cell
with a somatic mutation in the X-linked PIGA gene16; thus, the
clonal progeny of that cell is expected to express a single type
of G6PD transcript. Indeed, restriction enzyme analysis of
the G6PD complementary DNA from the PNH granulocytes
and monocytes exhibited only the G6PD-Med transcript
(Figure 1C). This indicates that the patient’s PIGA mutation (a
frameshift 930T deletion in exon 4 causing a stop at aa329)
must have occurred in a hematopoietic stem cell in which the
active X chromosome carried the G6PD-Med allele. Because
almost all granulocytes/monocytes and a very large fraction of
RBCs in this patient were PNH, most of her blood cells were
G6PD-deficient, just like in a hemizygous G6PD-Med male
subject. Thus, in this patient, a large proportion of the RBCs
has both the PNH abnormality and the G6PD deficiency; we
hypothesized that her poor response to eculizumab might
result from this unique interaction.

To test this hypothesis, we measured reactive oxygen species
(ROS) in normal RBCs and in RBCs made PNH-like by blocking
CD55 and CD59 with specific antibodies.17 RBCs were collected
from 8 G6PD-deficient male subjects (G6PD-Med hemizygotes)
and 11 healthy control subjects after signed informed consent
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was provided (according to an institutional review board–
approved protocol). Two percent RBC suspensions were
prepared in pooled ABO-compatible sera with or without
eculizumab (400 mg/mL); complement was activated by mild
acidification.18

First, when RBCs were exposed to sera in which complement had
been heat inactivated, ROS levels were similar in non-PNH
(hereinafter “non-PNH” indicates RBCs not treated with anti-
CD55 and -CD59 antibodies) and in PNH-like RBCs from
control subjects and from G6PD-deficient male subjects
(Figure 2A). ROS levels did not increase when non-PNH RBCs
were exposed to activated complement, whereas, in the same
condtions, all PNH-like RBCs were lysed. As expected, ROS
levels were higher in G6PD-deficient RBCs; however, even in
these cells, complement activation per se produced no in-
crease in ROS levels. We next assayed ROS accumulated over
24 hours in complement-activated sera in which C5 was
blocked by eculizumab. With G6PD-normal RBCs from healthy
control subjects, there was no difference in ROS levels, re-
gardless of whether the RBCs were non-PNH or PNH-like
(Figure 2B). On the other hand, in similar conditions, ROS
levels were significantly higher in PNH-like RBCs compared
with non-PNH RBCs from G6PD-deficient male subjects
(P , .008; Figure 2B). Thus, complement activation on the sur-
face of PNH-like RBCs results in high levels of ROS when RBCs,
being G6PD-deficient, are defective in antioxidant defense;
this excess of ROS can only be seen when C5 is blocked, be-
cause otherwise the PNH RBCs would be lysed by activated
complement.

These findings strongly support our hypothesis that the poor
response to eculizumab in our patient results from a unique
interaction, within the same RBC, between the acquired PNH

abnormality and her inherited G6PD deficiency. The precise
mechanism is not yet clear. However, with C5 blockade, com-
plement activation causes binding of C3 fragments to the sur-
face of PNHRBCs both in vivo13 and in vitro.18 Upon complement
activation in the presence of eculizumab, PNH-like G6PD-
deficient RBCs become C3 bound, just as G6PD-normal RBCs
(supplemental Figure 1). Moreover, C3 fragments on gran-
ulocytes elicit ROS formation19,20; thus, it is not unlikely that C3
fragments elicit ROS formation also on RBCs.

This interaction was not previously observed in 2 other patients
with PNH and G6PD deficiency for different reasons. In 1 pa-
tient,21 who was on eculizumab, the very large population of
PNH cells expressed the wild-type G6PD allele; the other patient
was not on eculizumab.22 This interaction, which we have ob-
served in vivo and validated in vitro, is novel and has pharma-
cogenetic implications. G6PD deficiency as such has only a mild
impact on the clinical expression of PNH, as complement acti-
vation causes hemolysis of PNH RBCs regardless of their G6PD
status (supplemental Figure 2A). Paradoxically, when the in-
travascular hemolysis of PNH RBCs is prevented by C5 blockade,
activation of the proximal complement pathway results in oxi-
dative damage; G6PD-deficient PNH RBCs are unable to cope
with this damage, with consequent extravascular hemolysis
(supplemental Figure 2B). This may be relevant in parts of the
world where G6PD deficiency is common,9 and G6PD-deficient
patients with PNH may become candidates for agents, currently
under development,14,23 that target inhibition of C3 rather
than C5.

The genetic polymorphism of G6PD was key to understanding
the clonal origin of PNH cells.24 Fifty years later, we find that
G6PD deficiency may influence the pathophysiology of PNH.
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Figure 1. Hematologic andmolecular studies. (A) Peripheral blood smear (May-Grünwald-Giemsa). At lowmagnification (3100), anisocytosis and spherocytes are conspicuous
(i). At high magnification (31000), one sees spherocytes (ii), macrocytes (iii), hemighost (iv), and a nucleated red cell (v). (B) Restriction analysis of genomic DNA for
G6PD-Med variant (Exon 6; 563 C.T; 188Ser.Phe).25 After MboII digestion of an amplicon including exons 6, intron 6, and exon 7, the restriction fragments expected
from wild-type (WT) G6PD (377 bp) and from mutant G6PD-Med allele (277 bp) are indicated. Controls (WT, heterozygote, and hemizygote) and patient samples are
shown; the patient is heterozygous for G6PD-Med. MW, molecular-weight size marker 100 bp DNA ladder; the brighter band is 500 bp. (C) Complementary DNA
restriction analysis of G6PD transcripts. Granulocytes (polymorphonuclear neutrophils [PMN]) were isolated by using the double-density centrifugation method;
monocytes (Mø) were obtained by using an adherence technique from peripheral blood mononuclear cells. At the time of sampling, 99% of granulocytes and 97% of
monocytes were PNH. Normal (non-PNH) lymphocytes (L) were obtained after monocyte-depletion of peripheral bloodmononuclear cells. G6PD complementary DNA
obtained from the selected blood cell populations was amplified, and an amplicon comprising exons 4 to 7 was digested withMboII. The restriction fragments relevant
for the identification of normal (246 bp) and mutantG6PD-Med (147 bp) transcripts are indicated (the 208 bp fragment arises from either transcripts). The patient’s PNH
granulocytes and monocytes expressed only the G6PD-Med transcript. The patient’s normal (non-PNH) lymphocytes also expressed predominantely the G6PD-Med
transcript, suggesting that in this patient, X inactivation in hematopoietic cells had been highly skewed toward G6PD deficiency, regardless of PNH. MW, molecular-
weight size marker 100 bp DNA ladder; the upper band is 500 bp.
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