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Abstract

Bone marrow failure has been regarded as one of the triad of clinical manifestations of paroxysmal nocturnal
hemoglobinuria (PNH), and PNH in turn has been described as a late clonal disease evolving in patients recovering
from aplastic anemia. Better understanding of the pathophysiology of both diseases and improved tests for cell
surface glycosylphosphatidylinositol (GPI)-linked proteins has radically altered this view. Flow cytometry of gran-
ulocytes shows evidence of an expanded PNH clone in a large proportion of marrow failure patients at the time of
presentation: in our large NIH series, about 1/3 of over 200 aplastic anemia cases and almost 20% of more than
100 myelodysplasia cases. Clonal PNH expansion (rather than bone marrow failure) is strongly linked to the
histocompatability antigen HLA.-DR2 in all clinical varieties of the disease, suggesting an immune component to its
pathophysiology. An extrinsic mechanism of clonal expansion is also more consistent with knock-out mouse models
and culture experiments with primary cells and cell lines, which have failed to demonstrate an intrinsic proliferative
advantage for PNH cells. DNA chip analysis of multiple paired normal and PIG-A mutant cell lines and lym-
phoblastoid cells do not show any consistent differences in levels of gene expression. In aplastic anemia/PNH there
is surprisingly limited utilization of the V-beta chain of the T cell receptor, and patients’ dominant T cell clones,
which are functionally inhibitory of autologous hematopoiesis, use identical CDR3 regions for antigen binding.
Phenotypically normal cells from PNH patients proliferate more poorly in culture than do the same patient's PNH
cells, and the normal cells are damaged as a result of apoptosis and overexpress Fas. Differences in protein deg-
radation might play a dual role in pathophysiology, as GPI-linked proteins lacking an anchor would be predicted to
be processed by the proteasome machinery and displayed in a class I H.A. context, in contrast to the normal
pathway of cell surface membrane recycling, lysosomal degradation, and presentation by class II HLA. The strong
relationship between a chronic, organ-specific immune destructive process and the expansion of a single mutant stem
cell clone remains frustratingly enigmatic but likely to be the result of interesting biologic processes, with mecha-
nisms that potentially can be extended to the role of inflammation in producing premalignant syndromes.

1. Introduction sure to acidified serum was utilized to formulate the
diagnostic Ham test, the clinical signs of the disease

Paroxysmal nocturnal hemoglobinuria (PNH) came to  were broadened and PNH was more fully characterized
medical attention because of its unusual symptom of by a classic triad of hemolysis, venous thrombosis, and
pigment loss in the urine [1]. “Intermittent hematinuria”  marrow failure. Indeed, thrombotic disease, which is
was later recognized as due to the destruction of red often in unusual anatomical locations, recurrent, and
cells in the circulation, and the unusual intravascular  resistant to therapy, is the major cause of death among
hemolysis shown to be secondary to the susceptibility of =~ Western patients. In contrast, pancytopenia predominates
red cells to a non-antibody component of perturbed as a manifestation of PNH in Asian countries. PNH is
serum preparations. When in vitro hemolysis on expo-  closely related to the disease aplastic anemia, in which
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immune-mediated hematopoietic cell destruction results
in empty bone marrow [2]: historically, patients with
aplastic anemia have appeared to evolve to PNH, with
evidence of hemolysis combined with a positive Ham
test appearing months or years after successful treatment
with immunosuppresive drugs [2].

The somatic genetic defect in PNH and its bioche-
mical consequence of defective presentation of proteins
linked to the cell surface by a glycosylphosphatidylino-
sitol (GPI) anchor have now been fully characterized.
Historically, the mechanism of red cell lysis by treated
sera was known to be activation of the alternative
pathway of complement [3]; the erythrocyte defect was
identified functionally as an inability to inactivate com-
plement on the cell surface, in turn due to a deficit in
specific membrane proteins (decay accelerating factor
[DAF or CDS55] and membrane inhibitor of reactive
lysis [MIRL or CDS59]). It was puzzling that not only
these proteins but a wide variety of others, including
leucocyte alkaline phosphatase and erythrocyte acetylcho-
linesterase, were absent from the PNH cell surface. Ulti-
mately, demonstration of the enzymatic release of alka-
line phosphatase by a specific phospholipase led to the
identification of the common structural feature of a
highly diverse group of missing proteins--a distinctive
biochemical linkage to the cell membrane, the (GPI)
anchor. Preformed GPI is attached covalently to proteins
that bear the appropriate carboxyl sequence and links
them to the plasma membrane through the phosphati-
dylinositol moiety. GPI-anchored proteins also appear to
cluster on the cell surface in biophysically distinctive,
detergent-insoluble regions, termed rafts. There are al-
most 100 different GPI-anchored mammalian cell pro-
teins, including enzymes, adhesion molecules, receptors,
and blood group antigens [4] The GPI anchor is evo-
lutionarily conserved, and most parasite proteins use this
linkage [5], and the biosynthesis of the GPI anchor was
determined first for trypanosomes and later in deficient
mammalian cell lines [6]. The genetic defect in PNH,
discovered by expression cloning and then phenotypic
correction of mutant cell lines, was localized to the
PIG-A (phosphatidylinositol glycan-class A) gene [7];
PIG-A encodes a protein required for the transfer of
N-acetylglucosamine to phosphatidylinositol, an early
step in the synthesis of the anchor [3]. Immortalized
cell lines from PNH patients all belong to the class A
complementation group; the most frequent P/G-A altera-
tions are small deletions that create stop codons or
frameshifts, followed by missense mutations and small
insertions.

PNH is a hematologic disease, and to date PIG-A
gene mutations have only been described in hema-
topoietic cells. The cellular clonal origin of PNH was
first inferred from G6PD enzyme analysis of circulating
red cells in informative heterozygous females, and by
implication all defective erythrocytes, leucocytes, and
platelets originated from a single hematopoietic pro-
genitor [8]. Indeed, in PNH patients GPI-anchored pro-
teins are missing from variable proportions of erythro-
cytes, granulocytes, platelets, and some lymphocytes,

consistent with the activity of an aberrant hematopoietic
stem cell clone. Because of the X chromosome location
of PIG-A, a mutation is dominant at the cellular level
due to Lyonization in women and hemizygosity in men.

2. PNH/Aplastic Anemia

Analysis of GPI-anchored proteins by flow cytometry
is both more accurate and sensitive than the Ham test,
and examination of granulocytes allows study of even
heavily transfused patients. From its first application in
aplastic anemia [9], flow cytometry has revealed an
expanded PNH clone in a very high proportion of
patients; in the most recent analysis of our large series
of over 200 cases, PNH was present in almost half
[10]. Expansion of GPI-anchored protein-negative cells is
almost always apparent at the time of diagnosis of
aplastic anemia, and thus PNH is only unusually a
“late” clonal event, as was incorrectly inferred from
Ham test results. Indeed, about the same number of
patients acquire a clone as showed spontaneous dis-
appearance of aberrant cells. Furthermore, PNH clonal
expansion is also associated with the myelodysplastic
syndromes: present in 18% of 120 of our NIH patients
(mainly referred at early FAB stages for the diagnosis
and treatment of pancytopenia, rather than progression to
leukemia) [10].

Flow cytometric testing indicates that marrow failure
and PNH clonal expansion frequently coexist. Functional
studies also show similarity between these syndromes.
Aplastic anemia is characterized by a markedly dimin-
ished proliferative capacity of the marrow, as assayed in
a variety of in vitro culture systems, including assays in
semisolid medium for myeloid (CFU-GM), erythroid
(BFU-E, CFU-E), megakyaryocytic (CFUMeg), and mul-
tipotential (CFUGEMM) progenitor cells; primitive pro-
genitors (LTC-IC), and CD34 cell growth in long term
bone marrow cultures. Although the morphology of the
marrow in PNH is often relatively cellular, especially
demonstrating erythroid hyperplasia, results in colony
assays are similar to those observed in overt aplastic
anemia [11-13]. Thus patients with PNH have evidence
of a functional defect in blood cell production with
other marrow failure syndromes.

3. Pathophysiology of PNH Clonal Expansion

Can the genetics of PIG-4 explain the pathophys-
iology of PNH? Does acquisition of the somatic muta-
tion inexorably lead to clonal expansion? In the simplest
model, PIG-A deficiency would confer on mutant cells
an intrinsic growth or survival advantage. Clinical obser-
vations and most experimental data do not support this
hypothesis. PNH as a disease does not behave like a
leukemia and in most patients the proportion of PNH
cells is stable over years and their differentiation pro-
ceeds along the usual lineage pathways. PNH is a rare
disease, but normal individuals harbor tiny PNH clones:
very small numbers, 20-60/million, of GPI-anchored protein-
deficient, PIG-A- granulocytes were detected after re-
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peated cell sorting of blood of healthy volunteers [14].
In chimeric knock-out mice, PIG-A- cells also constitute
a minor, static fraction of the marrow or -circulating
hematopoietic compartments [15-17]. PIG-A- and normal
cells in general behave similarly in paired tissue culture
assays. One group reported a major difference between
PIG-A- cells and controls in susceptibility to apoptosis
[18], but this finding has not been reproduced in other
laboratories [19] (including our unpublished data; granu-
locytes from patients with a variety of marrow failure
syndromes, including PNH, have been described as
globally resistant to apoptosis [20].) Additionally, there
is no known molecular mechanism for GPI-anchored
proteins to influence apoptotic cell death. Marrow cells
from some PNH patients showed superior survival in
SCID mice [20], although the normal cells in these
experiments showed unusually poor persistence, and the
mice retained some immunological function. In our
recent analysis of the transcriptome of paired normal
and PNH cells, including cell lines (K562, Ramos) and
immortalized lymphoblastoid cells derived from patients,
using DNA chip technology to detect differences in
gene expression, there were remarkably few differences
(our unpublished data). These results suggest that the
PIG-A mutation is not associated with major changes in
the cell’s program for growth, differentiation, or death
[21].

In a second model, the PIG-A defect must be com-
bined with some extrinsic factor to promote clonal ex-
pansion. Patients often harbor multiple clones with dif-
ferent PIG-A mutations [22], consistent with their emer-
gence under selective pressure. Lymphocytes of PNH
phenotype and PIG-A genotype appeared in lymphoma
patients treated with Campath-1, a monoclonal antibody
that coincidentally recognizes a GPIl-anchored protein
[21]. The frequent association of PNH with aplastic
anemia first suggested that the hypocellular marrow
milieu might be such a permissive environment [23;24].
However, while PNH clones are present in a very large
proportion of aplastic anemia patients, PNH does not
occur after chemotherapy or radiation-induced aplasia,
following stem cell transplant, or in constitutional Fan-
coni anemia [25]. The presence of PNH does appear to
correlate in particular with immunologically mediated
marrow failure, and in our experience serves as a posi-
tive predictor of response to immunosuppresive therapy
in aplastic anemia and myelodysplasia [26]. Furthermore,
the presence of PNH clonal expansion, not aplastic
anemia, is strongly associated with the HLA-DR2 class
I histocompatability locus [26].

In most patients with acquired aplastic anemia, the
underlying pathophysiology appears to be immune-
mediated [27]. In vitro inhibition of hematopoiesis by
lymphocytes or T cells was an early clue to this me-
chanism [28]; many of the patients tested probably also
had expanded PNH clones, and T cell suppression of
erythroid cultures also has been described for one PNH
patient without marrow aplasia [29]. Patients with aplas-
tic anemia frequently show evidence of lymphocyte acti-
vation, especially of cytotoxic T cells, which over-

express type I cytokines like interferon- and tumor ne-
crosis factor which in turn induce Fas-mediated apo-
ptosis in hematopoietic target cells [27]. While the anti-
gens that trigger autoimmunity are unknown, fine analy-
sis of the T cell receptor repertoire has suggested that
the immune response is indeed antigen driven in both
aplastic anemia [30] and PNH [31]. In our recent study
of patients with PNH/aplasia, we found not only
surprisingly limited utilization of the V beta chain of
the T cell receptor, but that among different patients'
the dominant (CD4) T cell clones used an identical
CDR3 region for antigen binding; this CDR3 was first
isolated from one patient's marrow and shown to
specifically inhibit autologous hematopoiesis [32].

One possible mechanism for clonal expansion in PNH
is escape from immune surveillance, as a number of
mammalian GPI-anchored proteins are ligands for T cell
receptors, including CD58 and CD59 (for CD2), or
serve immune functions, as do CDI14 and the Fc¢ III
receptor; the absence of such a molecule might result in
a global failure of PNH cells to be recognized by the
immune system (immune escape is a proposed role of
protozoan GPI-anchored proteins like variable surface
glycoprotein of trypanosomes). For one inhibitory T cell
clone derived from an aplastic anemia patient, anti-
CD59 antibody appeared to block cytotoxicity against
lymphoblastoid cell targets [33]. We described a GPI-
anchor protein-deficient Ramos cell line that was
extremely resistant to natural killer cell lysis, but the
PIG-A gene in these cells was normal [34]. Recently,
an interesting mechanism was described for proin-
flammatory cytokine production after heat shock protein
stimulation through CD14 [35]. Nevertheless, extensive
efforts in several laboratories to determine general dif-
ferences between normal and PIG-A- target cells in a
wide variety of immunologic assays have been negative
[36] (and others largely unreported). Finally, most
clinical data do not show changes that might be pre-
dicted in either the presence or size of the PNH clone,
before and after immunosuppresive therapy, or on hema-
tologic recovery and at recurrence of pancytopenia; in
most cases, the proportion of GPI-anchored protein-
deficient cells remains relatively constant over time [10].

In recently published work a major difference was
observed in cell culture of PNH patients’ marrows, but
as a deficiency among the “normal” cells rather than an
advantage for the PIG-A mutant cells: CD34 cells,
separated based on the presence or absence of CDS59,
were cultivated in the presence of growth factors; the
cells of PNH phenotype behaved normally, producing
several hundred thousand progeny, while CD34 cells of
normal phenotype (but from the PNH patients) showed
little growth. An inference from these results was that
the PNH cells had survived an in vivo injury sustained
by the normal progenitors. That this insult might indeed
be immunologic was suggested by the expression of Fas
on the normal but not on the GPI-anchor protein defi-
cient cells and concomitant sensitivity to Fas-ligand me-
diated apoptosis [37]. We have reproduced these results
in a larger number of patients: compared to CD34 cells
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of the PNH phenotype, normal cells form the patients'
bone marrow show lower cloning efficiency in semisolid
medium, increased CD95 expression, and frank evidence
of apoptosis mainly in the cells of normal phenotype as
determined by annexin V and caspase 3 staining [38].
Longer term culture of these marrow specimens suggest
that once dying cells have progressed through apoptosis,
the remaining viable cells of normal and PNH pheno-
type have similar growth and survival characteristics-
consistent with selective injury in vivo rather than an
intrinsic cellular difference.

Nevertheless, the character of the interaction of a
PIG-A- clone and either the normal hematopoietic
environment or the failed marrow milieuand indeed of
the cause and effect sequence of PNH and aplastic
anemiaremains frustratingly enigmatic. A general deficit
in effector recognition of a defective cellular target, as
for example due to decreased binding of costimulatory
molecules secondary to the GPI-anchor protein defi-
ciency, would explain the emergence of normally quies-
cent but now resistant PNH clones under conditions of
autoimmune attack. Howeverr, most experiments to di-
rectly test this possibility have been negative; never-
theless, the effect could be subtle and only manifest
under special in vivo circumstances. Also, dependence
of PNH cell expansion on the presence of immune
mediators is hard to reconcile with the stability of PNH
clones over time and despite changes in blood counts
and treatment. Alternatively, the mutated PNH cell
might have a more primary role in the development of
bone marrow failure. GPI-anchored proteins might serve
as antigens, either due to molecular mimicry with
exogenous peptides or subsequently involved as part of
the process of antigenic spread. Finally, the PNH clone
itself might induce autoimmunity. One possibility that
we are currently investigating is the consequence of a
global alteration in protein trafficking due to absence of
GPI anchors. Essentially, what is the fate of GPI-
anchorless proteins in the PNH cell? Under normal
circumstances, membrane-bound protein  degradation
should occur largely in lysosomes, leading to presen-
tation of peptides in the context of class II HLA. In
contrast, GPI-anchorless proteins in the PIG-A- cell
should be processed by the proteasome and their pep-
tides displayed via class I molecules. Published experi-
ments indicate that for chimeric genes transfected into
cell lines, constructs with defective carboxyl termini pro-
duced proteins which were retained in the endoplasmic
reticulum [39] and degraded via the proteasome [40]. A
model in which protein trafficking and degradation were
primary to the pathophysiology of PNH would provide a
role for both GPI-anchored protein antigenicity (incre-
ased or novel peptide presentation by class I MHC) and
a mechanism for escape (decreased class II display).
There may be other major, unanticipated consequences
of failed GPI anchor synthesis beyond deficient expres-
sion of certain membrane proteins.

In PNH, models and experiments will need to account
for a number of remaining puzzling questions, both
clinically relevant and of general biologic importance.

Biochemically, little is understood of the presumed spe-
cial function of the GPI-anchor the mammalian cell: in
altering the mobility of membrane proteins, in internal
signal transduction, in collaboration with other proteins
in rafts, and in cell-cell protein transfer, and even for
shedding from the cell surface (there is sufficient inac-
tive phospholipase C in plasma to release virtually all
GPI-anchor proteins from circulating cells). For stem
cell biology, why is there such a tiny proportion of
PIG-A- progeny in normal individuals; why do PIG-A-
clones persist for years, even decades, supplying the
entire blood production of a patient; and why do clones
appear to extinguish entirely in rare individuals? Clini-
cally, we need to account not only for the close rela-
tionship of a clonal, somatically acquired genetic dis-
order and immunologically mediated bone marrow fail-
ure, but also for evidence of generalized marrow depres-
sion in all forms of PNH, the multiplicity of clones in
disease, and the progression to refractory fatal throm-
bosis or aplastic anemia in many patients.
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