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ABSTRACT

Background

Patients with paroxysmal nocturnal hemoglobinuria harbor clonal glycosylphosphatidylinosi-
tol-anchor deficient cells arising from a multipotent hematopoietic stem cell acquiring a PIG-A
mutation. Many patients with aplastic anemia and myelodysplastic syndromes also harbor
small populations of glycosylphosphatidylinositol-anchor deficient cells. Patients with aplastic
anemia often evolve into paroxysmal nocturnal hemoglobinuria; however, myelodysplastic
syndromes seldom evolve into paroxysmal nocturnal hemoglobinuria. Here, we investigate the
origin and clonality of small glycosylphosphatidylinositol-anchor deficient cell populations in
aplastic anemia and myelodysplastic syndromes.

Design and Methods

We used peripheral blood flow cytometry to identify glycosylphosphatidylinositol-anchor defi-
cient blood cells, a proaerolysin-resistant colony forming cell assay to select glycosylphos-
phatidylinositol-anchor deficient progenitor cells, a novel T-lymphocyte enrichment culture
assay with proaerolysin selection to expand glycosylphosphatidylinositol-anchor deficient T
lymphocytes, and PIG-A gene sequencing assays to identify and analyze PIG-A mutations in
patients with aplastic anemia and myelodysplastic syndromes.

Results

Twelve of 15 aplastic anemia patients were found to harbor a small population of glycosylphos-
phatidylinositol-anchor deficient granulocytes; 11 of them were found to harbor a small popu-
lation of glycosylphosphatidylinositol-anchor deficient erythrocytes, 10 patients were detected
to harbor glycosylphosphatidylinositol-anchor deficient T lymphocytes, and 3 of them were
detected only after T-lymphocyte enrichment in proaerolysin selection. PIG-A mutation analy-
ses on 3 patients showed that all of them harbored a matching PIG-A mutation between CFU-
GM and enriched T lymphocytes. Two of 26 myelodysplastic syndromes were found to harbor
small populations of glycosylphosphatidylinositol-anchor deficient granulocytes and erythro-
cytes transiently. Bone marrow derived CD34" cells from 4 patients grew proaerolysin-resistant
colony forming cells bearing PIG-A mutations. No glycosylphosphatidylinositol-anchor defi-
cient T lymphocytes were detected in myelodysplastic syndrome patients.

Conclusions

In contrast to aplastic anemia and paroxysmal nocturnal hemoglobinuria, where PIG-A muta-
tions arise from multipotent hematopoietic stem cells, glycosylphosphatidylinositol-anchor
deficient cells in myelodysplastic syndromes appear to arise from more committed progenitors.
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Introduction

Myelodysplastic syndromes (MDS)," acquired aplastic
anemia (AA),” and paroxysmal nocturnal hemoglobinuria
(PNH)® are closely related hematopoietic stem cell (HSC)
diseases. MDS is a heterogeneous group of clonal,
acquired HSC disorders with ineffective hematopoiesis.
AA may be inherited or acquired but most adult cases are
caused by an immune mediated attack of HSC that leads
to bone marrow failure.*” PNH is caused by somatic PIG-
A gene mutations that arise from a multipotent HSC. The
PIG-A gene product is required for the first step in glyco-
sylphosphatidylinositol (GPI) biosynthesis. GPI is an
important glycolipid anchor that tethers a multitude of
different membrane proteins to the cell surface. Thus,
PNH cells have a deficiency of all GPI-anchored proteins.
GPI-anchored proteins serve as the receptor for
proaerolysin, an enterotoxin secreted by aeromonas
hydrophila,® and this explains why GPI anchor deficient
cells are resistant to this pathogenic, channel-forming
toxin. A fluorescent variant of proaerolysin (FLAER) is
commonly used as a diagnostic assay for PNH.®
However, not all GPl-anchor protein deficient
proaerolysin resistant cells harbor P/G-A mutations.
Recent studies on lymphocytic cell lines, and even human
embryonic stem cells, have shown that GPI anchor defi-
ciency can result from transcriptional silencing of other
genes involved in GPI anchor biosynthesis.”"’ Therefore,
GPl-anchor protein deficiency is not always due to PIG-A
mutations. The only way to be certain is to perform a
DNA sequence analysis of the cells with GPI anchor pro-
tein deficiency.

In PNH, the majority of granulocytes are GPl-anchor
protein deficient and are clonally derived from a multipo-
tent hematopoietic stem cell that harbors a PIG-A muta-
tion." Interestingly, small populations of PNH-like granu-
locytes can be found in up to 50% of patients with MDS
(usually 0.01-5% PNH granulocytes)” and AA (usually
0.1-10% PNH granulocytes).”'* PIG-A mutant blood cells
(~0.002%) can also been found in healthy control sub-
jects.”™ In contrast to PNH, most PIG-A mutations in
healthy controls are transient and arise from colony form-
ing cells that have no self-renewal capacity and no ability
to differentiate into T lymphocytes.'*"

It is important to understand the relevance of small
populations of PNH-like cells in AA and MDS. It is
known that AA patients often, though not always, trans-
form into classic PNH, but MDS patients seldom evolve
into classic PNH."*”" Furthermore, the presence of a small
PNH-like clone in AA and MDS has been reported in
some, but not all studies, to predict for responsiveness to
immunosuppressive therapy.”” Based upon these obser-
vations, the most recent guidelines from the NCCN sug-
gest that testing for a PNH clone should be part of the
evaluation in MDS patients.** The purpose of this study is
to gain insight into the relevance of small PNH popula-
tions in AA and MDS by studying the level of
hematopoiesis where PIG-A mutations arise. Our find-
ings suggest that PIG-A mutations in AA and PNH arise
from a multipotent hematopoietic stem cell; however,
PIG-A mutations in MDS appear to be transient and arise
from more differentiated hematopoietic cells with less
self-renewal capacity.

Design and Methods

Patient selection

All patients in this study were evaluated at the Sidney
Kimmel Comprehensive Cancer Center at Johns Hopkins
University School of Medicine between July 2009 and
December 2011. Acquired aplastic anemia was diagnosed
as per clinical criteria.** Myelodysplastic syndrome (MDS)
was diagnosed as per WHO criteria.” The bone marrow
aspiration and biopsy samples were evaluated by
hematopathologists at Johns Hopkins Hospital. The
venous peripheral blood and bone marrow aspiration for
experiment use were drawn into heparin-containing tubes
after informed consent as approved by the Joint Committee
on Clinical Investigation of the Johns Hopkins Hospital.

Isolation of mononuclear cells and CD34" cells

Bone marrow cells were obtained from posterior iliac
crest aspirations and peripheral blood cells were obtained
from peripheral venous phlebotomies. The mononuclear
cells were recovered by Ficoll/Hypaque (density<1.077)
centrifugation. To collect purified CD34" cells, mononuclear
cells were washed twice in phosphate-buffered saline (PBS;
Cellgro; Mediatech, Manassas, VA, USA) incubated with
anti-CD34 microbeads and processed through a magnet-
activated cell sorting (MACS) separation column according
to the manufacturer’s instructions (Miltenyi Biotech,
Auburn, CA, USA).

Further details about selection of proaerolysin-resistant
CFCs, flow cytometry analysis of peripheral blood PNH
cells, PNH T-lymphocyte enrichment culture and PIG-A
gene sequencing assay are available in the Omnline
Supplementary Appendix.

Statistical analysis

Fisher’s exact test was used to evaluate the significance of the
prevalence difference in harboring GPI-anchor deficient T lympho-
cytes between MDS patients and AA patients.

Results

Origin of PIG-A mutations in aplastic anemia

PIG-A mutations in PNH arise from a multipotent
hematopoietic stem cell and involve all lineages, including T
lymphocytes. In order to determine whether the small pop-
ulation of PIG-A mutant cells (PNH cells) in patients with
AA also arise from a multipotent hematopoietic stem cell,
we screened 15 patients with newly diagnosed or previous-
ly treated AA for the presence of PNH cells in the peripheral
blood using standard flow cytometry analysis. Patients’
characteristics are described in Table 1. A PNH granulocyte
population (median 4.9%, range 0.1-46%) was found in 12
of 15 patients (80%). Out of these 12 patients, 11 were
found to have a small population of PNH erythrocytes in
their peripheral blood that did not express CD59 on their
membranes. The median size of PNH erythrocytes was
1.0% (range 0.1-13%). Since T lymphocytes can be expand-
ed in culture, even in patients with AA, we hypothesized
that if PIG-A mutations in AA arise from a multipotent
hematopoietic stem cell, then proaerolysin selection should
allow for the enrichment and expansion of PIG-A mutant T
lymphocytes. To test this hypothesis, we screened 13 of



these 15 AA patients for GPl-anchor protein deficient T
lymphocytes using FLAER staining and standard flow
cytometry analyses. We identified 7 patients with a small
population of PNH T lymphocytes (median PNH T-lym-
phocyte size: 0.3%, range 0.1-8.9%). The proportion of
PNH T Iymphocytes grew significantly after culturing
mononuclear cells in a T-lymphocyte enrichment culture
system under proaerolysin selection (Table 1, Figures 1 and
2). Interestingly, 3 patients (A2, A6 and A8) appeared to
have no detectable PNH T lymphocytes by standard flow
cytometry; however, after culturing their peripheral
mononuclear cells in this T-lymphocyte enrichment assay,
GPl-anchor protein deficient T lymphocytes were easily
detected (Table 1 and Figure 2). The viability of the
proaerolysin enriched T lymphocytes was higher than 87 %
by trypan blue staining. Of 3 AA patients with no
detectable PNH cells in both granulocytes and erythrocytes
(A13, A14 and A15), none had detectable PNH T lympho-
cytes, even after culturing their cells in proaerolysin (Table
1 and Figure 2).

To further explore the origin and clonality of PIG-A muta-
tions in AA patients harboring a small population of PNH
granulocytes, CD34" cells harvested from bone marrows of
patients Al, A2 and A3 were plated in proaerolysin-con-
taining semisolid methylcellulose culture as described in the
Online Supplementary Appendix. Simultaneously, mononu-
clear cells collected from peripheral blood were cultured in
the above-mentioned T-lymphocyte proaerolysin enrich-
ment culture system. P/G-A gene sequencing and mutation
studies on genomic DNA extracted from both proaerolysin-
resistant CFC-GMs (2 from A1, 3 each from A2 and A3) and
proaerolysin-resistant T lymphocyte colonies (2 from Al, 3
each from A2 and A3) demonstrated matching PIG-A muta-
tions in the myeloid and lymphoid lineages in each patient
(Figure 1 and Table 2). These data indicate that the PIG-A

Table 1. Patients’ characteristics.

PIG-A mutations in MDS and AA e

mutations in these AA patients arose in a common multipo-
tent precursor.

Origin of PIG-A mutations in myelodysplastic syndromes
We next sought to determine whether PIG-A mutations
in MDS also arise from a multipotent hematopoietic stem
cell. 'We wused standard flow cytometry analysis,
proaerolysin-resistant semisolid methylcellulose CFC cul-
ture assay, T-lymphocyte enrichment culture assay under
proaerolysin selection, and PIG-A gene mutation sequenc-
ing assays to study 26 MDS patients (25 of the 26 had low-
grade MDS). Patients’ characteristics are described in Table
3. Using peripheral blood flow cytometry analysis, 2
patients (M1 and M2; 7.69%) were identified as bearing a
small PNH granulocyte population (3.2% and 1.3%, respec-
tively). However, using proaerolysin-resistant semisolid
methylcellulose CFC culture assay, 4 patients (M1, M2, M3
and M4) were observed to grow proaerolysin-resistant
CFCs from their bone marrow derived CD34- cells. Patients
M1 and M2 grew single proaerolysin resistant CFU-GM
with a PIG-A mutational frequency of 0.027% and 0.035%,
respectively, patient M3 grew a single proaerolysin resistant
BFU-E with a PIG-A mutational frequency of 0.092%, and
patient M4 grew 3 proaerolysin resistant CFCs (2 BFU-E
and 1 CFU-E) with a PIG-A mutation frequency of 0.259%.
PIG-A gene mutational analysis using DNA extracted from
proaerolysin resistant CFCs identified a single base deletion
mutation in exon 2 for M1, which caused a frame shift and
premature termination of translation, and substitution
mutations for M2, M3 and M4 in exons 2 and 5 (Table 4 and
Figure 3). Interestingly, the presence of small populations of
PNH granulocytes, initially observed in patients M1 and
M2, were transient. Those populations of PNH granulo-
cytes were not detected at subsequent follow up (Table 5
and Figure 4). Patient M1’s PNH granulocyte population

ID Age/ BM CD3& AA Karyotype Previous Frequency of  Percentage of Percentage of  Percentage of  Percentage of
sex cellularity cells severity treatment proaerolysin  FLAER negative ~ FLAER negative FLAER negative CD59 negative
(%) resistant CFC (%) granulocyte (%) T cell (%) T cells after RBC (%)
proarolysin
enrichment (%)

Al 66/M  Hypo 0.09 vsAA 46, XX normal none 1.07 3.5 0.1 92.5 14

A2 28F  Hypo 0.02 sAA 46, XX normal HiCy 0.88 38 0 993 1

A3 49F  Hypo 0.05 nsAA 46, XX normal none 1.33 3.7 1.07 99.7 1.7

A 24F  Hypo 0.02 sAA 46, XX normal none 2.38 5 0.15 74.3 0.9

A5 75M  Hypo N/D sAA  46,XYnormal  ATG/CsA N/D 17 8.9 78.2 4.6

A6 62M  Hypo N/D sAA 46, XY normal none N/D 2.6 0 41.7 0

A7 68F  Hypo 0.12 sAA 46, XX normal HiCy ND 47 1.8 874 0.1

A8 52F  Hypo 0.02 sAA 46, XX normal HiCy ND 0.1 0 55.7 0.1

A9 5TM  Hypo 0.03 vsAA 46, XY normal none ND 11 0.3 ND 1

Al0 25F  Hypo 0.04 sAA 46, XX normal HiCy 1.86 23 0.14 N/D 0.8

All 26/F  Hypo 0.04 sAA 46, XX normal HiCy ND 38 ND ND 13

A12 51/F  Hypo 0.02 nsAA 46, XX normal None 3.46 46 N/D ND 11

Al3 73M  Hypo 0.08 nsAA 46, XYnormal None <0.37 0 0 0 0

Al4 66/F  Hypo 0.02 sAA 46, XXnormal  ATG/CsA N/D 0 0 0 0

Al5 20M  Hypo 0.26 vsAA 46, XY normal HiCy ND 0 0 0 0

N/D: not done; Hypo: hypocellularity; ATG/CsA: antithymocyte globulin/cyclosporine A; HiCy: high-dose cyclophosphamide. vsAA, sAA, and nsAA: very-severe aplastic anemia, severe aplastic

anemia, and non-severe aplastic anemia.
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became undetectable after four months of supportive care
and patient M2’s PNH granulocyte population disappeared
two months after 5-azacitidine therapy, even though they
were not in MDS remission. Furthermore, patient M3,
whose bone marrow CD34" cells initially grew a single
proaerolysin-resistant BFU-E on semisolid methylcellulose
culture, persistently showed PNH phenotype negative in all
lineages during five months of observation. Thus, the PIG-
A mutant cells in MDS patients appear transient.

We were unable to detect GPI-anchor protein deficient T
lymphocytes using either standard flow cytometry analysis
or T-lymphocyte enrichment culture assay in any of the 26
MDS patients, including M1, M2, M3 and M4 (Table 3 and
Figure 2). Since there were no matching mutations and there
were no detectable PIG-A mutations in their T lymphocytes,
the data suggest that the PIG-A mutations in MDS may have
arisen from CFC rather than a multipotent HSC.

Fisher’s exact test was used to evaluate the significance of
the prevalence difference in harboring GPI-anchor deficient
T lymphocytes between these 2 groups of patients and
demonstrated a significant difference in harboring GPI-
anchor deficient T cells (P=0.001) between AA and MDS.

Discussion

The documentation of small populations of GPl-anchor
deficient granulocytes by flow cytometry has led to consid-
erable confusion about diagnosis and prognosis in bone
marrow failure disorders. Both AA and MDS patients har-
boring a small population of PNH cells could fit in either
category 2 or 3 of the IPIG classification depending on
whether they have clinical or laboratory evidence of hemol-
ysis.” In this study, we used peripheral blood flow cytome-
try, proaerolysin selection of bone marrow derived CFC, a
novel proaerolysin-selection T-lymphocyte enrichment
assay, and PIG-A DNA sequencing to determine the rele-
vance of small populations of GPI-anchor deficient cells in
AA and MDS. We found that PIG-A mutations in AA are
common, arise from multipotent HSC, and can be readily
detected in T lymphocytes. In contrast, PIG-A mutations in
MDS are less common, are transient, are not readily detect-
ed in T lymphocytes, and appear to arise from more differ-
entiated and committed progenitor cells such as CFCs.

GPl-anchor deficient cells in AA have previously been
shown to be caused by PIG-A mutations.” The persistence
of GPI-anchor deficient blood cells in AA and their poten-
tial to expand and to lead to classic PNH has been docu-
mented for years.”"****" Therefore, we hypothesized that
minor PNH populations in AA arise from a multipotent
HSC. Furthermore, since T lymphocytes are readily
expanded in AA patients, we hypothesized that
proaerolysin enrichment of peripheral blood T lympho-
cytes may be a highly sensitive and specific surrogate assay
to demonstrate that PIG-A mutations are derived from
multipotent HSC. Indeed, of the 8 AA patients bearing
PNH granulocytes that we assayed using our T-lymphocyte
enrichment culture, all of them showed enrichment of PNH
T lymphocytes under proaerolysin selection (Figure 2).
Interestingly, GPI-anchor deficient T lymphocytes were
detected via standard flow cytometry in just 5 of these 8
patients without proaerolysin enrichment (Table 1). PIG-A
DNA sequencing of the proaerolysin resistant T lympho-
cytes confirmed that they had identical mutations to
proaerolysin resistant bone marrow derived CFC (Figure 1

and Table 2). Therefore, GPl-anchor deficient cells in
patients with AA, similar to PNH patients, arise from mul-
tipotent HSC. Preferential immune attack on normal HSC
that spares the PIG-A mutant HSC is the most attractive
hypothesis to explain the close relationship between AA
and PNH.** However, other hypotheses such as secondary
mutations,* resistance to apoptosis®® or even neutral evo-
lution have been proposed.” Regardless of the mechanism,
our data suggest that PIG-A mutations arise from a multi-
potent HSC in both PNH and AA. We were unable to
detect GPI-anchor deficient T lymphocytes or CFC using
proaerolysin selective enrichment in any of the 3 patients
(A13, Al4, and A15) who had no detectable GPl-anchor
deficient granulocytes (Figure 2). Whether or not these
patients are less likely to develop PNH over time will
require a prospective study and the proaerolysin T-lympho-
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Figure 1. PIG-A mutations in AA arise from a multipotent HSC.
Peripheral blood flow cytometry for PNH in a representative patient
(A1) with AA. (A) Granulocytes stained with PE conjugated anti-
CD15 and FLAER. (B) Erythrocytes stained with PE-conjugated anti-
glycophorin and FITC-conjugated anti-CD59. (C) T lymphocytes
stained with PE conjugated anti-CD3 and FLAER. (D) T lymphocytes
stained with PE conjugated anti-CD3 and FLAER after 14 days cul-
turing in a T-lymphocyte enrichment medium with proaerolysin
selection. (E) PIG-A gene DNA sequencing analysis of a myeloid CFU-
G and a T-lymphocyte colony, both grown under proaerolysin selec-
tion, showed that they both had a substitution mutation of C to T at
549bp of Exon 2. DNA was extracted from individual proaerolysin
resistant CFC and T-cell colony and was PCR amplified and
sequenced for PIG-A mutation analysis.
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Figure 2. T-lymphocyte enrichment assay under proaerolysin selection. Only AA patients harboring a small population of PNH cells in their
peripheral blood showed enrichment of PNH T lymphocytes (P=0.00016). (A) Percentage change of GPI-AP deficient T cells before (Day 0)
and after (Day 14) T-lymphocyte enrichment under proaerolysin selection in 4 MDS patients (M1, M2, M3 and M4) whose bone marrow
CD34" cells were detected to grow proaerolysin-resistant CFCs. Patient M1 and M2 harbored small populations of GPI-AP deficient granu-
locytes and erythrocytes but patient M3 and M4 did not harbor either. (B) Percentage change of GPI-AP deficient T-lymphocytes before (Day
0) and after (Day 14) T-lymphocyte enrichment under proaerolysin selection in 8 AA patients (A1 - A8) harboring a small population of GPI-
AP deficient granulocytes and erythrocytes. (C) Percentage change of GPI-AP deficient T lymphocytes before (Day O) and after (Day 14) T-
lymphocyte enrichment under proaerolysin selection in 3 AA patients (A13 - A15) not harboring a small population of GPI-AP deficient gran-
ulocytes or erythrocytes. The images below were taken on Day 14 of the culture with 20x amplification. The red dash circle below (B) demon-
strates a colony of GPI-AP deficient cells in various stages of T lymphocytopoiesis.

cyte enrichment culture may be particularly useful for this.

The relevance of small PNH-like populations in MDS is
more controversial. Several groups have reported the pres-
ence of small PNH-like populations in patients with MDS.
However, these studies have not routinely performed serial
analysis of the PNH populations, neither have they deter-
mined whether the mutations occur in multiple lineages,
nor performed PIG-A gene sequencing studies on the GPI-
anchor deficient cells. Furthermore, the threshold for
detecting PNH cells in MDS has varied from 0.003% to
0.01%. We chose a cut off of 0.01% PNH granulocytes on
our flow cytometric screening assay since we and others
have shown that healthy controls have roughly 0.002%
PNH granulocytes that arise from mutated CFC."'"® Thus,
0.01% granulocytes represent an expansion of greater than
1 logarithm. Several small studies have suggested that har-
boring PNH cells in AA and MDS might be a predictor for
response to immunosuppressive therapy.”**** However,
a multivariate analysis on MDS patients by Sloand et al.
demonstrated that finding PNH-like cells was not associat-
ed with a response to immunosuppressive therapy or with
a survival advantage.” These divergent conclusions may be
due to differences in cohort composition and the difficulty
in discriminating aplastic anemia and hypocellular MDS.
Our data support the findings of Sloand ez al. and may help
to explain why the presence of PNH-like cells in MDS
patients is not associated with a greater likelihood of

Table 2. PIG-A gene analysis of proaerolysin resistant clones in 3 AA patients
harboring small population of PNH cells.

Patient ID/ Clone Exon Position Mutation Consequence
clone ID type ()]

Aln CFU-GM 4 1005 Substitution: Ato T~ Asp—Iso
A122 CFU-GM 4 1005 Substitution:Ato T~ Asp—Iso
Al3 T-cell 4 1005 Substitution:Ato T~ Asp—Iso
Al/4 T-cell 4 1005 Substitution:Ato T~ Asp—Iso
nn CFU-GM 2 549 Substitution: Cto T~ Ser—Phe
A2/2 CFU-GM 2 549 Substitution: Cto T~ Ser—Phe
N CFU-GM 2 549 Substitution: Cto T~ Ser—Phe
A2/4 T-cell 2 549 Substitution: Cto T ~ Ser—Phe
A2/5 T-cell 2 549 Substitution: Cto T ~ Ser—Phe
A2/6 T-cell 2 549 Substitution: Cto T~ Ser—Phe
A3 CFU-GM 2 T76,777,718 Deletion: GTC frame shift
A3R2 CFU-GM 2 776,777,778 Deletion: GTC frame shift
A3 CFU-GM 2 T76,777,718 Deletion: GTC frame shift
A3/4 T-cell 2 TI6,771,778 Deletion: GTC frame shift
A3/5 T-cell 2 176,777,778 Deletion: GTC frame shift
A3/6 T-cell 2 TI6,7T1,778 Deletion: GTC frame shift

CFU-GM: Colony Forming Unit-Granulocyte, Macrophage from semisolid methylcellulose culture
under proaerolysin selection; T-cell: Flymphocyte colony collected from Tlymphocyte enrichment
culture under proaerolysin selection.
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responding to immunosuppressive therapy or with a sur-  throcytes, and a single proaerolysin resistant CFC that con-
vival advantage. In our study, we recruited patients with a  tained a P/G-A mutation simultaneously in 2 of these
strict diagnosis of MDS and most of them suffered low- patients (M1 and M2). We also detected 2 other patients
grade MDS; only one MDS patient (monosomy 7) had a (M3 and M4) growing proaerolysin resistant BFU-E/CFU-E
hypocellular bone marrow (Table 3). We found that GPI-  without detectable PNH phenotype positive cells from their
anchor deficient blood cells occur in just 7.69% of those peripheral blood. Interestingly, the PIG-A gene mutation
patients (95% CI 0.95-25.13%), which is in agreement with ~ frequency in MDS patients (median mf=0.0635%; range
Wang et al. who performed sensitive PNH flow cytometry — 0.027-0.259%) was 10 to 100-fold higher than healthy con-
on 110 MDS patients and found that just 12% (8% of those  trols. The reason for this is unclear but could be due to
with <5% blasts) had a small PNH population.” We detect-  reduced cell number or possibly genomic instability result-
ed small populations of PNH granulocytes and PNH ery-  ing from either MDS or treatment for MDS.
Table 3. Characteristics of 26 MDS patients.
ID Age/ BM Type* BM blast Karyotype Frequency of  Percentage Percentage Percentage of Percentage
sex cellularity (%) BM proaerolysin of FLAER  of FLAER  FLAER negative of CD59
resistant CFC (%) negative negative T cells after ~ negative
granulocyte T cell (%) proaerolysin RBC (%)
(%) enrichment (%)
Ml 63M  hyper RA 5 46,XY; normal observation CFC-MG: 0.035 3.2 0 0 0.05
M2 6YM hyper RAEB-2 10 46XY;normal 5-azacitidine CFC-MG: 0.027 1.3 0 0 1.4
M3 67/M  hyper RA 2 46,XY;normal observation BFU-E:0.092 0 0 0 0
M4 87/M  hyper RT 3 46,XY;normal 5-azacitidine BFU-E /CFU-E 0.259 0 0 0 0
M5  63/F  hyper RA 1 46,XY: normal  Bexarotene/GM-CSF <0.031% 0 0 0 0
M6 6%M  hyper RAMD 4 46,XY; normal  Bexarotene/GM-CSF <0.108% 0 0 0 0
M7 59M  hyper  MDS-U 1 46XY;normal Lenalidomide <0.211% 0 0 0 0
M8 T75M  hyper RARS 3 46,XY; normal  Bexarotene/GM-CSF <0.096% 0 0 0 0
M9  66/M  hyper RA 5 46,XY; normal Lenalidomide <0.037% 0 0 0 0
MI10 81/F  hyper RARS 2 46,XY; normal observation <0.02% 0 0 0 0
MIT 61/M  hyper RCMD <5 46, XYnormal 5-azacitidine <0.26% 0 0 0 0
M12 67/F hyper  Del(5q) 4 46XXder(5) observation <0.030% 0 0 0 0
(q13g33)
MI3 79M  hyper RA 3 46 XY+l der(1;16)  S5-azacitidine <0.020% 0 0 0 0
(q10:p10)
MI4 85F hyper  RCMD 4 46 XXder(16) 5-azacytidine <0.036% 0 0 0 0
t(1;16) (q21;q12.1)
MI5 6%M  hyper  RAEB-1 5 47 XX;del(T) observation <0.133% 0 0 0 0
(q21.2), +21(20)
MI16 T74F  hyper RA 2 46, XX; 5-azacitidine <0.024% 0 0 0 0
del (20)(ql1.2)
MI7 8M hyper  RARS 4 £H5X-Y G-CSF and <0.031% 0 0 0 0
Darbepoetin Alfa
MI18 63M hyper  RCMD 2 46 XY;del(5) observation <0.117% 0 0 0 0
(922¢31).t(5:6)
(432,923)
MI19 49%M  hyper RA 4 46 XY; Lenalidomide <0.36% 0 0 0 0
del(20) (q11.2)
M20 66/M normal Del(5q) 2 46 XY;t(2,11) Darbepoetin Alfa <0.022% 0 0 0 0
(p21,423),del(5)
(q13,g33)
M21 78M normal RA 1 £5X-Y G-CSF and <0.052% 0 0 0 0
Darbepoetin Alfa
M22 60/F  hypo RA 5 45XX; -7 observation <0.049% 0 0 0
M23 63/M  hyper RARS 0 47XY+mar(2) Transfusion ND 0 0 0
/46,XY(18) dependent
M24 82/M  hyper RA 0 46,XY; normal 5-azacitidine ND 0 0 0 0
M25 55M  hyper ~ RCMD 0 46,XY,del (20) 5-azacitidine ND 0 0 0 0
(q12)(18)
M26 59/M variable RCMD <5 45-46XY;-7,-5q,-20q  5-azacitidine ND 0 0 0 0
*2008 World Health Organization (WHO) MDS classification.”” Hyper: hypercellularity; N/D: not done.
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The GPI-anchor deficient blood cells in patients M1 and
M2 were transient. Furthermore, all 4 patients growing
proaerolysin resistant CFU-GM, BFU-E and CFU-E never
had detectable GPI-anchor deficient T lymphocytes (Table
3 and Figure 2). We were unable to demonstrate whether
the GPl-anchor deficient peripheral blood cells and the
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proaerolysin resistant CFC had matching PIG-A mutations
due to the paucity of cells and the fact that the GPI-anchor
deficient cells were not detected at follow up during serial
analysis (Table 5 and Figure 4). However, PIG-A mutation
analysis on 3 CFCs (2 BFU-Es and 1 CFU-E) growing from
M4’s bone marrow derived CD34" cells indicated that these
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Figure 3. PNH cell analysis in a patient (M1) with MDS.
(A) Erythrocytes stained with PE conjugated anti-gly-
I cophorin A and FITC conjugated anti-CD59. (B)
Granulocytes stained with PE conjugated anti-CD15 and
FLAER. (C) T lymphocytes stained with PE conjugated

ATAATATATG CATGG TAT C TGACT TTTI

ACCCAAATATGGGAGGCGTGGAAA

anti-CD3 and FLAER. (D) T lymphocytes stained with PE
conjugated anti-CD3 and FLAER after 14 days culturing

210- .CTACCCAAATATGGGAGGCGTGGAAAG in a Tlymphocyte enrichment medium with proaerolysin
selection. (E) PIG-A DNA sequencing analysis of a single
myeloid CFU-G grown under proaerolysin selection inden-
tified a deletion mutation of “T” at 210 bp of exon 2,
which caused a frameshift mutation, and a premature
translation termination in the middle of exon 2.
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Figure 4. PNH-like cells in patient M2 were transient: initially 1.4% M2’s RBCs and 1.3% of M2’s granulocytes were GPI-AP deficient (panel
1); however, those GPI-AP deficient cells were undetectable two months later (panel 2). Panels 1 and 2 from left to right: erythrocytes, gran-
ulocytes, T lymphocytes, and T lymphocytes from T-cell enrichment culture under proaerolysin selection.
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Table 4. PIG-A mutations in MDS do not arise from a multipotent HSC
and are transient. PIG-A gene mutation analysis of proaerolysin resist-
ant CFCs in 4 MDS patients (M1, M2, M3 and M4).

Patient ID Clone type Exon Position Mutation Consequence
(bp)
Ml CFU-G 2 210 Deletion: T Frameshift
& premature
termination
M2 CFU-G 2 774 Substitution:  Arg—Gly
AtoG

M3 BFU-E 2 648  Substitution: ~ Ser—Asp
GtoA

M4 BFU-E 5 1259 Substitution: ~ Glu—Gln
GtoC

BFU-E 2 193 Substitution:  Cys—Trp
CtoG

CFU-E 2 648  Substitution: ~ Ser—Asp
GtoA

proaerolysin resistant cells were heterogeneous and arose
from different stem/progenitors (Table 4). The sensitivity of
our proaerolysin enrichment assay on CFC (~0.02%) is less
in MDS than in healthy controls (~0.001%) due to the fact
that CFC formation, especially BFU-E formation, is
markedly reduced in MDS patients. However, all patients
bearing flow cytometry detectable peripheral PNH cells
grew GPl-anchor deficient CFCs. Furthermore, since T
lymphocytes can be readily expanded from MDS patients,
the sensitivity of this assay would not be expected to differ
significantly. A Fisher’s exact test comparing these 2 patient
groups (MDS/PNH and AA/PNH) demonstrated a signifi-
cant prevalence discrimination in harboring GPI-anchor
deficient T cells between them (P=0.001). Taken together,
these data suggest that small populations of GPI-anchor
deficient cells (granulocytes and erythrocytes) do occur in
MDS patients; however, similar to PIG-A mutations in
bone marrows from healthy controls, most of these muta-
tions seem to arise from CFC rather than HSC. An alterna-
tive interpretation of these data are that P/G-A mutations in
MDS stem cells are unable to differentiate down the lym-
phoid lineage, or that small PIG-A mutant T lymphocytes
exist in MDS but are below the level of detection of our
assay. Our experiments can not definitively differentiate
between these possibilities; however, the heterogeneity of

Table 5. Transient PNH cells in MDS patient (M1).

Time BM  Karyotype Frequency of PNH PNHT

(months) Blast (%) proaerolysin  granulocytes lymphocyte
resistant CFC (%) (%) ()

0 5 46 XY 0.035 3.2 0

4 7 46,XY <0.027 0 0

6 4 46, XY <0.031 0 0

PIG-A mutations in patient M4 and the transience of the
PIG-A mutations, coupled with the fact that MDS seldom,
if ever, evolves into PNH, suggest that those small popula-
tions of PIG-A mutant cells in MDS arise from cells more
differentiated than a multipotent HSC. Classic PNH
patients may evolve into MDS or even acute leukemia.
These patients often (but not always) have a hypocellular
marrow and a large PNH clone. Given that the GPI-AP defi-
cient cells in classic PNH virtually always arise from a mul-
tipotent HSC-acquired PIG-A mutation, we would expect
the PIG-A mutant cells in these patients to originate from a
mutipotent HSC.

In summary, small populations of GPl-anchor deficient
granulocytes in AA are similar to those in classic PNH in
that they arise from a multipotent HSC. In contrast, small
populations of GPl-anchor deficient granulocytes in MDS
may be similar to those found in healthy controls in that
they arise from CFC. Thus, GPl-anchor protein deficiency
should be interpreted with caution in the setting of MDS,
even when more than one lineage is involved. Our novel
proaerolysin selection T-cell enrichment assay may be help-
ful in distinguishing between AA and MDS, and may also
be useful in determining which AA patients are most at risk
for progressing to PNH, though this will need to be con-
firmed in prospective studies.
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