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Abstract

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired bone marrow disorder caused by
expansion of a clone of hematopoietic cells lacking glycosylphosphatidylinositol (GPI)-anchored
membrane proteins. Multiple lines of evidence suggest immune attack on normal hematopoietic
stem cells provides a selective growth advantage to PNH clones. Recently, frequent loss of HLA
alleles associated with copy number-neutral loss of heterozygosity in chromosome 6p
(CN-6pLOH) in aplastic anemia (AA) patients was reported, suggesting that AA hematopoiesis
“escaped” from immune attack by loss of HLA alleles. We report here the first case of CN-6pLOH
in a Japanese PNH patient only in GPI-anchored protein positive (59%) granulocytes but not in
GPl-anchored protein negative (41%) granulocytes. CN-6pLOH resulted in loss of the alleles
A*02:06-DRB1* 15:01-DQB1*06:02, which have been reported to be dominant in Japanese PNH
patients. Our patient had maintained nearly normal blood count for several years. Our case
supports the hypothesis that a hostile immune environment drives selection of resistant
hematopoietic cell clones, and indicates that clonal evolution may occur also in normal phenotype
(non-PNH) cells in some cases.
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Paroxysmal nocturnal hemoglobinuria (PNH) is a rare, life-threatening bone marrow failure
syndrome which is characterized by three major features: intravascular hemolytic anemia,
bone marrow failure, and thrombosis (1). PNH is an acquired clonal disorder of the
hematopoietic stem cell (HSC) caused by a somatic mutation of the X-linked
phosphatidylinositol glycan class A (PIGA) gene in one or a few hematopoietic stem cells
(2). Even healthy individuals were reported to have very small number of PNH cells (3). The
mechanism of clonal expansion of PNH cells is not understood, but the close association
between PNH and aplastic anemia (AA) suggests that immune-mediated attack to
hematopoietic stem cells underlies the pathogenesis of the association. Multiple evidences
have accumulated to support the model of PNH clone expansion based on autoimmunity.
PNH clones were less sensitive to NK and T cell killing due to a lack of expression of stress-
inducible GPl-anchored proteins ULBP1 and ULBP2 in vitro and with patients granulocytes
(4, 5), and inefficient T lymphocyte response was observed to GPI (=) cells in vitro and in
mouse models (6). Recently, frequent loss of HLA alleles associated with copy number-
neutral loss of heterozygosity of the 6p arms (CN-6pLOH) in AA patients was reported (7).
Here we report the first case of a PNH patient with CN-6pLOH in GPI (+) granulocytes but
not in GPI (=) granulocytes.

Patient and Method

A 33-year-old male presented to hospital for mild thrombocytopenia (130 x 10%/1), and PNH
was diagnosed by flow cytometry (1). The patient has not been treated for 2 years and 6
months due to lack of symptoms of anemia or thrombosis, though he had experienced
hematuria several times a year since the diagnosis. PNH clone sizes were 49.0% and 22.0%
in granulocytes and red blood cells at diagnosis, and were 45.2% and 28.5% respectively
twelve months after the diagnosis. The LDH remained elevated since diagnosis (500 — 600
U/I). At the time of Array Comparative Genomic Hybridization (aCGH) analysis, twenty-
four months after the diagnosis, the proportions of GPI-negative cells were 40.9%, 25.7%,
and 4.7% in granulocytes, red blood cells, and T cells. Blood count included leukocyte 3.7 x
109/1, (38.8% neutrophils, 48.0% lymphocytes, 8.7% monocytes, 0.8% eosinophils, 0.5%
basophils), hemoglobin 14.4 g/dl, MCV 101.9 fl, platelets 113 x 1091, and reticulocyte
count 112 x 10%/1. The LDH was elevated at 620 U/l (normal range up to 229 U/1). Informed
consent was obtained from the patient in accordance with the protocols approved by the
Institutional Review Boards of Osaka University Hospital. Red blood cells were analyzed
for GPI negativity with anti CD55 and anti CD59 antibodies in a CD235 positive population.
Peripheral blood granulocytes (CD11b+7AAD-) and T cells (CD3+7AAD-) were separated
into GPI (+) and GPI (-) cells by Flaer (Pinewood Scientific Services, BC, Canada) staining
positivity or negativity. After sorting, each cell population of granulocytes was subjected to
DNA extraction with the Ql1Aamp DNA Blood Mini kit or the QlAamp DNA Micro kit
(QIAGEN, Hilden, Germany). High-resolution genome-wide DNA copy number analysis
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was performed with both GPI (+) and GPI (=) granulocytes using the CytoScan®HD Array
(Affymetrix, CA, USA). Sample processing was performed at Coriell Genotyping and
Microarray Center, Coriell Institute for Medical Research (NJ, USA). The data was analyzed
with Affymetrix Chromosome Analysis Suite (CHAS). For the analysis of clonal lesions,
loss of heterozygosity (LOH) was called when the size was more than 25Mb and involved
telomere (8). Alleles at HLA-A, -B, -DRB1, -DQB1, and -DPBL1 loci were identified by PCR
and sequence-specific oligonucleotide probes (PCR-SSOP) method using the WAKFlow
HLA Typing kit (Wakunaga Phamaceutical Co., Ltd., Hiroshima, Japan) at the HLA
Foundation Laboratory (Kyoto, Japan), as described previously (9). Briefly, target DNA was
PCR-amplified with 5’-biotin-labeled primers that are highly specific to sequences of HLA
genes. Amplified DNA was denatured and hybridized to locus-specific probes conjugated to
microbeads labeled with streptavidin-phycoerythrin. The fluorescent intensity of
phycoerhythrin on each coded oligobead was measured by the Luminex® 100 system
(Luminex, TX, USA). The data analysis was performed using the WAKFlow® Typing
Software (Wakunaga Phamaceutical Co., Ltd.). The haplotype of 6 loci was inferred based
on the data of haplotype frequencies of a Japanese population (701 families; n=2,972)
estimated by direct counting method. The data is available at the web site of the HLA
Foundation Laboratory (http://hla.or.jp/haplo/haplonavi.php?type=haplo&lang=en).

Results and Discussion

The Affymetrix CytoScan® HD Array contains more than 2.4 million markers for copy
numbers and 750 thousand SNPs, enabling detection of high resolution copy number, LOH
detection, and breakpoint estimation across the genome. We employed the CytoScan®HD
Array for aCGH analysis of submicroscopic aberrations of genomes in three Japanese PNH
patients who had both GPI (+) and GPI (=) cells in granulocytes. Remarkably, CN-6pLOH
was detected in a GPI (+) granulocyte population, but not in a GPI (=) granulocyte
population, in a single patient (Fig. 1). Mosaicism was observed near the centromere of 6p,
suggesting there were at least two clones with CN-6pLOH in GPI (+) cells. Both of the CN-
LOH covered HLA class | and Il genes (6p21.2 — 6p25.3, and 6p11.2 — 6p25.3). HLA typing
of the patient by PCR-SSOP method was A*02:06, A*26:02, B*35:01, B*40:06, C*03:03,
C*08:01, DRB1*09:01, DRB1*15:01, DQB1*03:03, DQB1*06:02, DPB1*02:01,
DPB1*05:01. The haplotype of A*02:06-B*35:01-C*03:03-DRB1*15:01-DQB1* 06: 02-
DPB1*05:01 was lost in 80% — 90% of GPI (+) granulocytes, due to 6pLOH. High
frequency of CN-6pLOH in AA patients was reported by a Japanese group (7), and
particular alleles including HLA-A*02:06 were dominantly missing, suggesting 6pLOH
hematopoietic stem cells escape from the autoimmunity mediated by cytotoxic T cells
(CTLs) which recognize unknown autoantigens on class | HLA molecules. HLA alleles
A*02:06, DRB1*15:01, and DQB1*06:02 were reported to be frequent among Japanese
PNH patients (10, 11), suggesting an immunological mechanism underlies the expansion of
PNH clones. Autoimmune mechanisms have long been hypothesized for the expansion of
PNH clones, and accumulated evidences support the hypothesis in literatures. PNH clones
were reported to be less sensitive to NK and T cell killing (4, 5) or CD4+ T cells (6). GPI
itself was suggested to be an autoantigen recognized by GPI-specific T cells (12, 13). GPI
(+) granulocytes reflect purportedly “normal” hematopoiesis, but our previous studies
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showed frequent chromosomal abnormalities and apoptotic gene expression in this “normal”
population. Based on these observations, in this patient, 80% to 90% of GPI (+)
granulocytes were derived from clones that might have escaped immune attack by loss of
the haplotype and therefore able to maintain nearly normal hematopoiesis for several years.
The PNH clone in this patient propagated without loss of the alleles, supporting the
hypothesis that PNH clones are less susceptible to immune attack even when they express
autoantigens. HLA-restricted CTLs are supposed to play an important role in the clonal
selection of GPI (+) cells in our patient, but how the PNH cells in the same patient escaped
the attack is an open question. 6pLOH could also happen to the GPI (=) clone as a result of
mitotic recombination, but it is still to be clarified if additional CN-6pLOH endows GPI (=)
cells with comparative growth advantage under HLA-restricted immune attack. Clonal
evolution in both the GPI (+) and GPI (=) cells may have caused the balanced cohabitation
with nearly normal blood count. Further analysis would be necessary to examine if this
phenomenon is common in other PNH patients, and assessment of both clones in the patient
would be needed. In conclusion, our case supports the hypothesis that a hostile immune
environment drives selection of resistant hematopoietic cell clones, and indicates that clonal
evolution may occur also in normal phenotype (non-PNH) cells in some cases.
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Fig. 1.
Acquired CN-6pLOH in GPI (+) granulocytes but not in GPI (=) granulocytes. Upper panel

shows copy number status by log2 ratio: theoretically, the log 2 ratio of normal (copy
number-neutral) clones is log2 (2/2) = 0, and of single copy losses is log2 (1/2) = -1. Lower
panel shows allele frequency calculated as the difference between the signals of the A allele
minus B allele. A homozygous AA maps to approximately +1, and a homozygous BB allele
maps to approximately —1, with the heterozygote mapping to approximately 0. Single A and
B allele maps to 0.5 and —0.5 respectively. Copy number was neutral in 6p arm, but loss of
heterozygosity (disappearance of heterozygote signal) was observed with mosaicism near
the centromere.
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