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with standard-dose AraC consolidation and 62% with high-dose
AraC consolidation. As the AML201 study included patients with
core-binding factor AML (28% of the total population), and the
patients in that study were selected according to the pre-defined
inclusion and exclusion criteria, it is remarkable that a comparable
survival rate was achieved in our patients. The active use of
allogeneic HCT not only in patients with a related donor but also
in those without a related donor likely contributed to the
favorable overall outcome of our patients.

In contrast to the results of meta-analysis studies of the
prospective donor vs no-donor comparison,®*° our patients with
and without a related donor had comparable OS. Similar results
were obtained if the outcome was compared in terms of RFS
(data not shown). The most likely explanations for this result is
that up to 41% of our patients without a related donor
proceeded to unrelated HCT during CR1, and that OS after
allogeneic HCT in CR1 did not differ between patients with and
without a related donor. NRM is a major obstacle to the success
of unrelated HCT. Early studies showed less satisfactory results
with unrelated HCT because of a high incidence of NRM.'>4
However, according to more recent data, comparable outcomes
have been reported for related and unrelated HCT in AML
patients.”> '8 In our study, the cumulative incidence of NRM in
patients undergoing unrelated HCT was significantly higher than
that in those undergoing related HCT (21% vs 13%, P=0.022),
but the NRM rate of 21% with unrelated HCT appears to be
within the acceptable range. The benefits of unrelated HCT may
be increased by reducing NRM with the aid of stricter matching
between donor and patient, increasing the use of reduced-
intensity conditioning, and applying better supportive care.
Recently, several groups have conducted prospective donor vs
no-donor studies for AML patients with high-risk features by
expanding the type of donor to include unrelated donors,'®2'
Notably, despite a limited number of patients in each study, they
showed significantly superior OS in patients with a donor, as well
as comparable OS in patients undergoing related and unrelated
HCT."®™?" These prospective studies also support the usefulness
of unrelated HCT in younger AML patients with non-favorable
cytogenetics. Although our multivariate analysis showed that the
degree to which allogeneic HCT had favorably affected outcome
was less marked in patients without a related donor compared
with those with a related donor, unrelated HCT could be
considered a reasonable treatment option if a related donor is
not available.

When our data are interpreted, it should be remembered that
this study was an observational study, not an interventional
study. The decision of whether or not to proceed to allogeneic
HCT could be confounded by multiple factors, and early
relapse, for example, did not seem to be a main cause for not
having undergone allogeneic HCT during CR1 in our study.
Adjusting for known confounding factors by using a multivariate
analysis cannot guarantee that biases are removed. Thus, the
results presented here need to be interpreted cautiously.
Although we acknowledge such a limitation, our data showed
that related donor availability did not significantly affect OS in
younger patients with cytogenetically non-favorable AML. We
consider this was because 41% of the patients without a
related donor underwent unrelated HCT during CR1, and the
outcome after transplantation was comparable between related
and unrelated HCT. These results show the usefulness of
unrelated HCT in this patient population when they do not have
a related donor. The extensive use of unrelated HCT for such
patients may minimize the potential disadvantage of lacking a
related donor.
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ABSTRACT

Mutation of the phosphatidylinositol N-acetylglucosaminyl-
transferase subunit A (PIG-A) gene in hematopoietic stem
cells (HSCs) results in the loss of glycosylphosphatidylinosi-
tol-anchored proteins (GPI-APs) on HSCs, but minimally
affects their development, and thus can be used as a clonal
maker of HSCs. We analyzed GPI-APs expression on six
major lineage cells in a total of 574 patients with bone mar-
row (BM) failure in which microenvironment itself is
thought to be unaffected, including aplastic anemia (AA) or
myelodysplastic syndrome (MDS). GPI-APs-deficient (GPI-
APs™) cells were detected in 250 patients. Whereas the GPI-
APs™ cells were seen in all six lineages in a majority of
patients who had higher proportion ({dbmtequ]l3%) of GPI-
APs™ cells, they were detected in only limited lineages in
92.9% of cases in the lower proportion (<3%) group. In all

250 cases, the same lineages of GPI-APs™ cells were detected
even after 6-18-month intervals, indicating that the GPI-
APs™ cells reflect hematopoiesis maintained by a self-renew-
ing HSC in most of cases. The frequency of clones with lim-
ited lineages seen in mild cases of AA was similar to that in
severe cases, and clones with limited lineages were seen even
in two health volunteer cases. These results strongly suggest

~most individual HSCs produce only restricted lineages even

in a steady state. While this restriction could reflect hetero-
geneity in the developmental potential of HSCs, we propose
an alternative model in which the BM microenvironment is
mosaic in supporting commitment of progenitors toward dis-
tinct lineages. Our computer simulation based on this model
successfully recapitulated the observed clinical data. STEm
CEeLLS 2013,31:536-546
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~ INTRODUCTION

To sustain hematopoiesis, hematopoietic stem cells (HSCs)
must, on the one hand, replenish themselves by self-renewal
and on the other hand produce differentiating progenitor cells.
It is also known that most HSCs remain dormant and are only
rarely and randomly activated. It has been estimated that each
human possesses a total of 10* HSCs, and that ~400 HSCs

actively contribute to hematopoiesis, replicating once per year
[1, 2]. However, the actual dynamics of hematopoiesis by
HSCs remains uncertain. For example, it is unclear how long
an individual HSC maintains hematopoiesis and whether all
major lineage cells are produced from a single HSC. These
issues have been difficult to address due to the lack of appro-
priate experimental systems, regardless of animal species.

In the case of humans, however, we were led to consider
one “experiment of nature” that makes it possible to track the
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progeny of a HSC; that is, by detecting blood cells deficient
in glycosylphosphatidylinositol-anchored proteins (GPI-APs)
using flow cytometry. GPI-APs-deficient (GPI-APs™) blood
cells are rarely detectable in healthy individuals, but are a
common feature in paroxysmal nocturnal hemoglobinuria
(PNH) and are also frequently seen in patients with bone
marrow (BM) failure such as aplastic anemia (AA) or myelo-
dysplastic syndrome (MDS). These cells are known to be
derived from HSCs with a mutation in the phosphatidylinosi-
tol N-acetylglucosaminyltransferase subunit A (PIG-A) gene.
MDS cases harboring GPI-APs™ blood cells are characterized
by polyclonal hematopoiesis and good response to immuno-
suppressive therapy, and are therefore thought to be similar to
AA in their pathophysiology [3].

The PIG-A mutant HSCs used to be thought to have
greater proliferative capacity than normal HSCs because one
or a few PIG-A mutant clones sometimes account for a large
proportion of hematopoietic cells for long period in PNH
patients [4]. However, several reports instead indicate that the
mutant HSCs in most PNH patients have properties similar to
normal HSCs: for example, no growth advantage over
wild-type HSCs [5, 6], genetic stability and extremely low
incidence of secondary mutations [2, 7-9], and the rarity of
leukemic cell evolution of GPI-APs™ cells in PNH
patients [10].

We recently found that GPI-APs™ cells in patients with
AA and MDS frequently show various patterns in the propor-
tion of granulocytes and erythrocytes and that the individual
patterns of the two lineage combinations can persist for many
years. The percentage of GPI-APs™ cells in some patients
remained almost the same over 10 years even when the per-
centages were less than 1% [11]. In such stable cases, it is
quite likely that GPI-APs™ peripheral blood (PB) cells are
produced from HSC(s), and that the GPI-APs™ HSC itself as
well as its surrounding environment is largely normal, at least
during the observation period. Indeed, BM environment itself
in the patients to support hematopoiesis is thought to be
largely normal, since these cases are thought to be caused by
immune reaction against blood cells. It is also highly probable
that the whole GPI-APs™ cells in each patient represent a
clone, originating from a single HSC in which PIG-A
mutation occurred, since it is statistically rare that the PIG-A
mutation occurs twice in one patient. Although it is unclear
that such a clone is maintained by a single HSC or multiple
descendent HSCs, it can be said that the kinetics of GPI-
APs™ cells during stable period reflect the regular hematopoi-
etic events originally initiated by a single HSC. We then
thought that it could be very much informative if we extend
our analysis to cover various hematopoietic lineages in
addition to erythrocytes and granulocytes. We therefore deter-
mined the proportion of GPI-APs™ cells in six major lineages,
namely granulocytes (G), monocytes (M), erythrocytes (E), T
cells (T), Natural Killer cells (NK), and B cells (B), in PB
cells from BM failure patients using a highly sensitivity flow
cytometric analysis [12].

~ MATERIALS AND METHODS

Patients and Healthy Volunteers

The PB of 574 patients with various types of cytopenias was
examined for the presence of GPI-APs™ cells using high sensitiv-
ity flow cytometry. Their diagnoses included AA in 354 (39 with
very severe, 92 with severe, and 223 with nonsevere AA [13]),
MDS-refractory anemia (RA) defined by the french-american-brit-
ish (FAB) classification [14] in 207, and classic PNH in 13. The

www.StemCells.com

male to female ratio was 1:1.2 (261:313) and the median age was
57 years (range: 1-95 years). PB samples from 192 healthy indi-
viduals were also examined for the presence of GPI-APs™ cells
in all lineages of cells. All patients and healthy individuals
including next of kin on the behalf of minors/children participants
in our study provided their informed written consent before sam-
pling. This study protocol was approved by the ethics committee
of Kanazawa University Graduate School of Medical Science.

Monoclonal Antibodies

Monoclonal antibodies (mAbs) used for multicolor flow cytome-
try were anti-CDS59 labeled with FITC (P282E, IgG2a; Beckman
Coulter, Miami, FL, http://www.labome.com/product/Beckman-
Coulter-Inc/IM3457U.html), anti-CDSS5 labeled with FITC (IA10,
1gG2a; BD Pharmingen,http://www.bdbiosciences.com/external_
files/pm/doc/tds/human/live/web_enabled/33574X_555693.pdf),
anti-CDA48 labeled with FITC (J4-57, 1gG1; Beckman Coulter,
http://www.bionity.com/en/antibodies/beckman-1M1837U/cd48-
anti-human-klon-j4-57.html), anti-CD33 labeled with APC
(D3HL60.251, IgGl; Beckman Coulter, http://www.bionity.
com/en/antibodies/beckman-A70200/cd33-anti-human-klon-d3h160-
251.html), anti-CD19 labeled with APC-Cy7 (SJ25C1, IgG1l; BD
Pharmingen, http://www.bdbiosciences.com/external_files/pm/doc/
tds/human/live/web_enabled/557791.pdf), anti-CD335 labeled with
Phycoerythrin (BAB281, IgGl; Beckman Coulter, http://www.bc-cytome-
try. com/DataSheetPDF/IM3711_D.S.pdf), anti-CD3 labeled with
PerCPCyS5.5 (SK7, IgG1; BD Pharmingen, http://www.bdbiosciences.
com/documents/BD_PerCP-Cy5.5_and_PerCP.pdf), anti-CD11b/Mac-
1 labeled with PE (ICRF44, IgGl; BD Pharmingen, hitp://
www4.bdj.co.jp/ecat/txDetailedTable.jsp?size=20&item=746256&
form=formNavigator&action=LIST_PAGE&pageltem=45), and
anti-glycophorin A labeled with PE (JC159, IgGl; Dako,
Carpenteria, CA, http://www.dako.com/us/index/flow_cytometry_
catalog_us.pdf).

Flow Cytometry for Detecting GPI-APs™ Cells

Six lineages of blood cells including granulocytes, erythrocytes,
monocytes, T cells, B cells, and NK cells were subjected to high
sensitivity flow cytometry for detecting small populations of GPI-
APs™ cells. All blood samples were analyzed within 24 hours to
avoid false-positive results due to cell damage. The staining with
the each mAb in this study was performed according to the
well-established lyse-stain protocol, previously described in detail
12, 15]. Briefly, 3-5 mL of heparinized blood was drawn from
the patients and healthy individuals. Erythrocytes were lysed in a
lysis buffer (Roche Applied Science, Nagoya, Japan, http://roche-
biochem.jp/catalog/index.php/product_3.6.6.4.42.1.html) contain-
ing NH,Cl 8.26 g/L, KHCO; 1.0 g/L, and EDTA-E;Na 0.037 g/L.
to detect GPI-APs™ leukocytes. After washing with saline, 50 uL
of the leukocyte suspension was incubated with FITC-labeled
anti-CD55 and anti-CD59 mAbs for granulocytes or FITC-labeled
anti-CD48 and anti-CD59 mAbs for monocytes, T cells, B cells,
and NK cells in combination with mAbs specific for lineage
markers including PE-labeled CD11b for granulocytes, APC-la-
beled CD33 for monocytes, PerCP-Cy5.5-labeled CD3 for T
cells, APC-Cy7-labeled CD19 for B cells, and PE-labeled CD335
for NK cells. Fresh blood was diluted to 3% in phosphate-buf-
fered saline (PBS), and then 50 uL was incubated with PE-la-
beled anti-glycophorin A and FITC-labeled anti-CD55 and anti-
CD59 mAbs on ice for 30 minutes to detect GPI-APs™ erythro-
cytes. Three-step gating excluded debris and immature granulo-
cytes that are frequently found in samples from patients with
MDS. Step 1 involved the gating of granulocyte, lymphocyte, or
monocyte populations from the Forward Scatter (FSC)-Side Scat-
ter (SSC) scattergrams (R1). Step 2 involved the gating of the lin-
eage marker®™ population on the lineage marker-SSC scatter-
gram to exclude the lineage marker®™ cells that are features of
either damaged cells or immature cells. Step 3 was the gating of
R1 x R2 and the analysis of 10° cells on R1 x R2 scattergrams.
The following cut-off values that had been determined by our
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previous studies based on 183 healthy individuals were used; the
presence of >0.005% CD557CD59~ glycophorin A™ erythro-
cytes, =>0.003% CD55 CD59 CD11b" granulocytes, and
>0.01% CD48~CD59CD33" monocytes, CD48 CD59 " CD3* T
cells, CD48CD59™CD19" B cells, and CD48"CD597CD335™
NK cells [12, 16]. When GPI-APs™ cells were detected in only
one lineage of cells or the percentages of GPI-APs™ cells were
less than 0.01%, then additional samples were tested, and the
patients were judged to be positive for increased GPI-APs™
(PNH™) when the analysis results of the first and second samples
were identical. Data acquisition was performed immediately after
the sample preparation using a FACSCanto II instrument (Beck-
ton Dickinson) and the data were analyzed using the FACSDiva
software program and the percentage of each population was cal-
culated by FlowJo software 7.6.1 (Tree star, Inc., Ashland, OR).

Cell Sorting and PIG-A Gene Analysis

Freshly isolated GPI-APs™ cells were separated from GPI-APs™
fraction using a FACSAria II instrument (Beckton Dickinson).
More than 95% of the sorted cells were GPI-APs deficient. An
analysis of the PIG-A gene mutation was performed as described
previously [17]. Briefly, the coding regions of PIG-A were ampli-
fied by nested or seminested PCR using 12 primer sets, and six li-
gation reactions were used to transform competent Escherichia
coli IM109 cells (Nippon Gene, Japan, http://www.nippongene.-
com/pages/products/genetransfer/ecos/index.html).  Five clones
were selected randomly from each group of transfectants and sub-
jected to sequencing with BigDye Terminator v3.1 Cycle
Sequencing kit (Applied Biosystems, San Diego, CA,http://
www3.appliedbiosystems.com/cms/groups/mcb_support/docu-
ments/generaldocuments/cms_042772.pdf) and an ABI PRISM
3100 Genetic Analyzer (Applied Biosystems).

Simulation of the Blood Cell Production by HSCs

Migration, division, lineage determination, and death of clones of a
HSC in BM environment are simulated with a lattice Monte Carlo
method. For efficient simulation, we focused on the events on a
cross-section of BM, which enabled us to perform two-dimensional
simulation. The occurrence of events was managed with their transi-
tion probabilities and the simulation was executed on the basis of
actual time. We used the hybrid null-event Monte Carlo algorithm
[18, 19], and here outline the model description and simulation setup
(also see Supporting Information Note for detailed information). A
square area (30 mm x 30 mm) that is large enough to encompass
some commitment planes is represented using 1,500 x 1,500 square
lattices (20 um x 20 um each). Initially, a HSC is randomly added
to a site, and then it continues to create clones once per 10 hours
until there have been five divisions. Clones randomly move along
the lattice with the transition probability and undergo cell division
once per 8-12 hours. We assume that lineage determination occurs
after the fifth division, based on the site of the clone in the mosaic-
like hematopoietic environment where each site supports differentia-
tion into M, E, B, or T-cell lineages. In addition, the lineage clone
becomes a mature cell after a further five divisions under the condi-
tion that it can divide only in the sites that support differentiation
into the same lineage. Otherwise, cell death results after 48-hour
movement on areas that support other lineages, although all clones
die 72 hours after maturation.

We also investigated the relation between clone size and the
number of emerging cell lineages. In our simulation, clone size is
dominated by the setting of “N times divisions for lineage deter-
mination and further N times divisions for maturing.” We simply
change the number N in a range of 3—12. For each N, 128 simula-
tions starting from randomly selected initial sites of HSCs are
executed for 120 simulation hours. For each simulation, the num-
ber of cell lineages is counted, and clone size is calculated as the
maximum number of clones for the entire simulation period.

~ REesuLts

GPI-APs™ Cells Were Seen in Various Combination
of Lineages of Blood Cells from BM Failure Patients

Of 574 patients with BM failure, GPI-APs™ cells were detected
in at least one lineage of cells of 250 patients (44%). The preva-
lences of increased GPI-APs™ cells were 56% in AA and 19%
in MDS-RA. The proportion of GPI-APs™ cells among granulo-
cytes ranged 0.003%-99.1%, with mean and median value
5.38% and 0.19%, respectively. GPI-APs™ cells were rather fre-
quently found in patients with less severe AA; the prevalences
were 63% in nonsevere, 49% in severe, and 31% in very severe
AA patients. The lineage combinations of GPI-APs™ cells in
patients possessing GPI-APs™ cells (PNH* patients) were clas-
sified into 16 different patterns (Supporting Information Table
S1). Figure 1 shows representative flow cytometric profiles of
one healthy individual and four patients showing Granulocyte,
Monocyte, Erythrocyte, T cell, NK cell, B cell (GMETNKB),
Granulocyte, Monocyte, Erythrocyte (GME), Granulocyte,
Monocyte, Erythrocyte, T cell, NK (GMETNK), or Granulo-
cyte, Monocyte, Erythrocyte, B cell (GMEB) patterns.

Clone Size of GPI-APs™ Granulocytes Correlates
with the Number of Cell Lineages that Contain
GPI-APs™ Cells

The percentages of GPI-APs™ granulocytes in each group
bearing GPI-APs™ cells in one to six lineages are plotted in
Figure 2. There was a clear trend toward the pattern of the
higher the percentage of GPI-APs™ granulocytes in patients,
the greater the number of GPI-APs™ cell lineages.

In order to closely examine the relationship between the
severity of AA and the GPI-APs™ clone size, we arbitrarily
classified AA patients in this study into five categories,
namely stages 1, 2, and 3 (nonsevere), stage 4 (severe), and
stage 5 (very severe), based on the severity of cytopenias
(Supporting Information Table S2) and replotted the data
(Fig. 2B). Patients with higher proportion (>1%) of GPI-
APs™ granulocytes were not seen in nonsevere cases, suggest-
ing that the clone size of GPI-APs™ cells correlates with
severity of BM failure. The notable observation here is that
the correlation between the percentage of GPI-APs™ granulo-
cytes and the number of GPI-APs™ cell lineages is almost
identical in all three groups. This finding may indicate that
the production of limited lineage cells observed in smaller
clones is not due to the possible functional failures of BM
microenvironment. It seems more likely that “fewer lineages
in smaller clones” instead represents events occurring in nor-
mal hematopoiesis.

Persistence of GPI-APs™ Lineage Combination Over
a Long Period

We then reexamined PB cells of 250 patients 6-18 months
after the first examination and to our surprise, GPI-APs™ cells
were observed in all 250 patients. Detection of GPI-APs™
cells after such a long interval indicates that the GPI-APs™
cells are most likely derived from HSCs rather than from
non-self-renewing progenitors. Of special interest was our
finding that in all 250 cases, the same combinations of line-
ages were detected regardless of the interval between the first
and second analysis. Flow cytometric profiles of various
lineages of a case representing Granulocyte, Monocyte, Eryth-
rocyte, T cell (GMET) type are shown in Figure 3. Figure 4
shows the proportion of GPI-APs™ cells in each lineage in the
first and second analysis for a total of representative 25 cases
(five cases for each type).
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Detection of GPI-APs™ cells in different lineages of blood cells. (A): One example of peripheral blood (PB) cells of a healthy indi-

vidual having no GPI-APs™ cells. (B): GPI-APs™ cell combination patterns in four patients. Profiles of PB cells of patients showing GPI-APs™
cells in GMETNKB, GME, GMETNK, and GMEB lineages are shown. Lineage markers used were CD11b for G, CD33 for M, glycophorin-A
(CD235a) for E, CD3 for T, NKp46 for NK, and CD19 for B. G, M, E, T, NK, or B stands for granulocytes, monocytes, erythrocytes, T cells,
NK cells, or B cells, respectively. Abbreviations: GPI-APs, glycosylphosphatidylinositol-anchored proteins; GME, Granulocyte, Monocyte,

Erythrocyte.

PIG-A Gene Mutations in Different Lineages of

Blood Cells

To confirm their clonal origin, GPI-APs™ cells sorted from

five patients were subjected to P/G-A gene analysis. The

www.StemCells.com

same mutation was identified in different lineages in three
patients (Supporting Information Table S3). In GPI-APs™
granulocytes with other lineages from Patients 16, 1, and 5
and GPI-APs™ granulocytes from Patients 9 and 30, the same
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centage of GPI-APs™ granulocytes and the number of cell lineages
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ries based on the disease severity (stage 1 or 2, stage 3, and stage 4
or 5) (Supporting Information Table S2). Abbreviation: GPI-APs,
glycosylphosphatidylinositol-anchored proteins.
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mutation was found 3-7 months after the initial analyses.
Therefore, it is highly probable that in most, if not all, cases
the GPI-APs™ cells are clonal [20]. This finding is in line
with the estimation that PNH patients only rarely have more
than two clones at the HSC level [8, 9].

GPI-APs™ Cells Were Detected in Limited Lineages
in Healthy Volunteers Over a Long Period

Dormant HSCs with PIG-A mutation reside in the BM
and can be activated albeit uncommonly [17]. If this hy-
pothesis is tenable, small populations of GPI-APs™ cells
may be detectable in some healthy individuals. We then
examined PB of 192 healthy volunteers for the presence
of GPI-APs™ cells. Notably, two were found to bear de-
tectable levels of GPI-APs™ cells, and in both of them
GPI-APs™ cells were detected in limited lineages, repre-
senting GME and GE type (Fig. 5A). The two healthy
cases bearing GPI-APs™ cells were situated within the
range of distribution of AA and MDS cases in terms of
chimerism ratio versus lineage number (Fig. 5B), further
supporting that findings seen in AA and MDS cases reflect
normal hematopoiesis.

As described in Introduction, the number of active human
HSCs at any given time is estimated to be around 400. It is
therefore likely that the GPI-APs™ clones with a frequency of
less than 0.25% reflect hematopoiesis maintained by a single
HSC. It is clear from our studies that most of these small
clones contain only limited lineage cells. Even in the case of
larger clones, for example, clones of 1%-3% chimerism that
might be maintained more than two HSCs, the majority
(81%) are non-full-lineage clones. Collectively, these results
indicate that most individual human HSCs only give rise to a
limited range of hematopoietic progeny.

A Model for the Hematopoietic Microenvironment
to Explain the Production of Limited Cell Lineages
from a HSC

A cogent explanation for this phenomenon may have im-
portant implications for normal hematopoiesis. We
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Figure 3. The lineage combination pattern of GPI-APs™ cells was same at the first sampling (A) and after 6 months (B). Abbreviation: GPI-

APs, glycosylphosphatidylinositol-anchored proteins.
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riod. GPI-APs™ cells were analyzed in PB of 250 patients twice at intervals ranging 6—18 months. The numbers 1 and 2 refer to the first and sec-
ond analysis. In all cases, GPI-APs™ cells were detected in the same lineages in both analyses. Among them, 25 cases (five for each type of
lineage combination) are shown. Bars represent the proportion of GPI-APs™ cells in each lineage in PB. Abbreviations: GPI-APs, glycosylphos-
phatidylinositol-anchored proteins; GMET, Granulocyte, Monocyte, Erythrocyte, T cell.

considered several possible explanations such as: (a) the
limited lineage spectrum of progeny cells may reflect the
presence of progenitors with equally limited potential, (b)
HSCs are intrinsically heterogeneous in terms of develop-
mental potential, and (c) BM environment is heterogeneous
in its ability to support the differentiation of distinct line-
ages. However, as will be discussed later, these cases
seemed quite unlikely. Instead of above ideas, we came to
think that the unexpected production of limited cell line-
ages by HSCs may be explained by assuming the presence
of mosaic-like hematopoietic environments that can differ-
ently support the “commitment” of early multipotent pro-
genitors to a certain lineage.

www.StemCells.com

We attempted to test this idea by modeling and simula-
tion. For simplicity, granulocytes and monocytes are placed
into the myeloid lineage while T and NK cells are placed into
the T lineage, consequently all lineages being classified into
M, E, T, and B lineages. The clinically observed data for chi-
merism ratio and detected lineages shown in Figure 2A are
replotted in Figure 6A. For cases where the proportion of
GPI-APs™ clones is between 0.3% and 3% (representing
typical size clones), the frequencies of different lineage com-
binations are shown in Figure 6B.

We assume that a self-renewing HSC is located in a par-
ticular location in BM and that uncommitted progenitors
derived from this HSC can reach to a certain defined area
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(Fig. 6C), which we term here the “commitment sphere” (see
also Supporting Information Note for detailed information). If
the BM microenvironment is mosaic in terms of function in
inducing the commitment of progenitors toward a certain line-
age, and the size of such mosaic is as large as commitment
sphere, then production of progenitors of limited lineages
can occur.

In our model, it is critical to determine how the mosaic-
like environment is distributed in BM. To this end, we
comprehensively examined 112 kinds of mosaic patterns,
varying grains of area ratios among commitment areas sup-
porting M, E, B, and T. The strategy to generate the pat-
terns is summarized in the Supporting Information Note. For
each mosaic pattern out of 112 variants, we simulated that a
single randomly located HSC in certain type of mosaic envi-
ronment undergoes a certain round of cell division and then
undergo commitment according to the place they are
located. After commitment, cells further make proliferation
and finally terminal differentiation to form mature blood
cells. For simplicity, the number of cell division before and
after commitment is set as 5 and 5, respectively, in the sim-
ulation. We then investigated which cell lineages appeared,

counting the number of cells belonging to each lineage. A
total of 100 clones were simulated for each mosaic pattern.
We found that simulation based on 17 mosaic patterns
resulted in histograms similar to the clinical data. Figure 6C
shows a representative mosaic among them, and Figure 6D
shows the histogram for the results of simulations in which
a total of 256 of randomly located HSCs gave rise to hema-
topoietic colonies in the mosaic pattern shown in Figure 6C,
which recapitulate the clinical results (Fig. 6B). We also
performed simulations of many virtual HSCs in the same
mosaic environment while changing clone size (i.e., chang-
ing the cell division times before and after commitment,
e.g., 3-3, 4-4, 5-5, 6-6, 7-7, resulting in the change in the
size of the commitment sphere and the colony of mature
cells). The relationship between clone size and number of
lineages in each clone was then plotted in Figure 6E, which
looks quite similar to Figure 6A. Thus, these simulations
may have provided a reasonable explanation for the
observed in vivo findings.

In the simulation, we assumed that T/NK cell progeni-
tors and B cell progenitors are generated in distinct sites.
If the induction site for T/NK cell progenitors is assumed
to completely overlap or to be included as a part of B cell
progenitor induction site (Fig. 7A, 7B), our simulation pre-
dicts that “MET”-type clones would hardly be generated
(Fig. 7C, 7D), which is not the actual case. Therefore, our
in vivo findings together with the results of simulation
strongly suggest that T/NK cell progenitors are produced in
a different site from the one where B cell progenitors are
produced.

~ DiscussioN

In this study, by flow cytometrically detecting GPI-APs™ cells
in major six blood lineages, we have succeeded in visualizing
the dynamics of individual HSCs in BM failure patients. The
results strongly suggest that most individual human HSCs
only give rise to a limited range of hematopoietic progeny
even in regular hematopoiesis.

We thought that we should provide a reasonable explana-
tion for this unexpected finding, that is, the detection of GPI-
APs™ cells in the limited lineages over long period. Before
we reach to our model, we have considered several possibil-
ities to explain this finding, as briefly mentioned in Result.
Here, we will discuss these possibilities, (a), (b), and (c).

(a). One possibility is that the limited lineage spectrum of
progeny cells may reflect the presence of progenitors with
equally limited potential. Indeed, in contrast to classic
models of hematopoiesis, which assume the early segrega-
tion of HSCs to myelo-erythroid lineage and lymphoid lin-
eage, some recent revised models of both mouse and
human hematopoiesis have proposed that myeloid lineages
are also derived from lymphoid branches [21, 22]. How-
ever, implications of these models in this study seem
unlikely, since, as mentioned earlier, it is clear that most
cases represent activities of self-renewing HSCs.

(b). Another simple explanation might be that HSCs are
intrinsically heterogeneous in terms of developmental
potential. Recent studies have shown such heterogeneity
in murine HSCs, some being prone to produce myeloid
cells while others to produce lymphoid cells [23-28].
However, it seems quite unlikely that HSCs intrinsically
have as many as 16 different subtypes as shown in Sup-
porting Information Table S1.
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(c). It is also possible that the BM environment is heteroge-
neous in its ability to support the differentiation of
distinct lineages. However, this is also quite unlikely.
Provided that 400 stem cells contribute to whole hemato-
poiesis [1, 2] containing 18 x 10'' hematopoietic cells
[29] in a total of approximately 1 kg active BM mass
[30], the size of the hematopoietic site of one clone
maintained by a single HSC in BM could be several
em?, which may contain on the order of 10° hematopoi-
etic cells and a comparable number of stromal cells. It is
thus difficult to conceive that such large area contains
only limited types of microenvironments.

Thus, we came to think that the above three explana-
tions were quite unlikely. We then came to propose a
reasonable model as an explanation of this phenomenon.
This model assumes that the microenvironment of BM is
mosaic in inducing the commitment of progenitors to
distinct lineages. If the size of area where uncommitted
progenitors derived from one HSC can reach (commitment
sphere in Fig. 6C) is similar to the size of mosaic compart-
ments, production of limited lineage cells can occur. We
named our model “mosaic commitment-inducing microen-
vironment model.” This idea on first viewing may sound
similar to the idea mentioned above in (c), but clearly dif-

ferent in that our model focuses on only commitment-
inducing function of microenvironment and thus the size of
mosaic area is much smaller. In this context, our model is
also distinct from the classic idea of “hematopoietic induc-
tive microenvironment (HIM)” [31], which is close to the
idea mentioned above in (c).

To test whether our model can explain the in vivo find-
ings, we applied a computer simulation approach, and simula-
tions based on this model nicely recapitulated the observed in
vivo findings. We emphasize here that we do not claim that
our in vivo findings indicate the presence of mosaic commit-
ment-inducing microenvironment in BM, but just propose a
novel model that can explain the finding which otherwise is
difficult to explain.

We recognize that the issue of whether the dynamics of
HSCs observed in this study represents normal hematopoie-
sis must be critically discussed. Since the stable production
of limited lineages was observed in milder cases of AA
patients similarly to more severe cases (Fig. 2B), it is
likely that these observed dynamics represent normal hema-
topoiesis. Detection of stable GPI-APs™ clones producing
limited lineages in healthy volunteers further supports this
notion (Fig. 5).

Nevertheless, here we will make discussion on the issue
whether we are making some overestimation or
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underestimation in the interpretation of data in AA and MDS
cases. Our findings can be summarized as follows: (a) a single
HSC gives rise to a limited spectrum of lineage cells and (b)
HSCs stably and continuously produce blood cells by years.

As for the finding (a), the possibility could exist that GPI-
APs™ HSCs or progenitors have some defect in their migra-
tion potential, resulting in a failure to produce the complete
spectrum of lineages. Although it is difficult to completely
rule out this possibility, so far no published findings are avail-
able that support it. Another possible explanation could be
that the HSCs in AA or MDS patients are already defective in
developmental potential, or that the hematopoietic microenvir-
onments in these patients are disorganized. However, these
may not be critical factors, since detection of GPI-APs™ cells
of limited lineages was similarly seen in milder cases of AA,
and also in healthy volunteers (Figs. 2B, 5). AA and MDS
may result from various causes, and it has been supposed that
a certain proportion of cases are primarily caused by the
impaired function of microenvironment. However, it is likely
that in most cases in this study the microenvironment itself is
largely normal, because all the patients are bearing GPI-APs™
cells, which is a sign to show that immunological pathophysi-
ology is the main cause of the disease. It can also be noted
that most AA patients who undergo allogeneic BM transplan-
tation achieve complete hematologic recovery despite the fact
that BM stromal cells are not transplantable [32], indicating
that the hematopoietic microenvironments in AA patients are
not impaired. Another possibility to be discussed is that the
immunological reaction against GPI-APs™ HSCs may affect
their blood cell formation, since AA and MDS cases bearing
GPI-APs™ cells are thought to be caused by such autoimmune
activities. However, such effect cannot be essential, since
GPI-APs™ cells are usually out of the target of immune cells,
and the autoimmune activities in patients tested in this study
have been virtually negligible, judging from the fact that the
clone sizes of GPI-APs™ cells in all patients scarcely changed
during the observation periods.

We used antibody for CD55, CD59, or CD48 to positively
stain GPI-AP expressing cells instead of FLAER that directly
stain GPI-APs. In calibration experiments, we have seen that
both methods virtually made no difference (data not shown).
We note here that our approach could result in the overesti-
mation of the presence of GPI-APs™ cells compared with the
FLAER method, since FLAER can cover all GPI-APs. How-
ever, such overestimation seems to occur at a very low fre-
quency, and moreover, it will never cause the underestimation
for the presence of GPI-APs™ cells.

Finding (b) seems to fit well with the expected dynamics
of HSCs. However, this finding could result from an overesti-
mation. Since patients have some BM failure, the total HSC
number may be more or less reduced. In such a less competi-
tive situation, it could be that the active HSCs have a better

chance to continue hematopoiesis. In addition, GPI-APs™ cells
may have some survival advantage over normal blood cells in
patients because GPI-APs™ cells may be less sensitive to
immunological attacks than GPI-APs™ cells [33]. However, in
fact, the combination of GPI-APs™ lineage as well as the pro-
portion of GPI-APs™ cells in PB persisted over a long period
as it is, indicating that most of clones do not have an obvious
dominance against other clones. It is also important to note
that any possible overestimation in HSC longevity does not
call into question finding (a).

_ CoNCLUSION

Finally, it should be discussed whether such heterogeneity as
proposed in our model can actually be observed in the BM
environment. Heterogeneity of stromal environment has been
pointed out in early studies for example based on the find-
ings of preferential generation of erythroid or granulocytic
cells in spleen and BM, respectively [31]. A recent study
has suggested the presence of a microenvironment that
selectively supports B cell development in murine BM [34].
This then leads to the question of how large is the commit-
ment sphere and mosaic fragments of the BM environment?
We do not have any data concerning the actual size of the
commitment sphere or compartments of mosaic environ-
ments, but would suggest that the relative size of these two
may be similar to each other. Thus, each piece of the
mosaic could be very small, containing only a few stromal
cells. We hope that our present report and speculative model
will facilitate further study on the distinct niches in BM
environment.
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Materials and Methods: We analyzed the SERPINCI gene in three patients. Additionally, we expressed the
three mutants in the COS-1 cells and compared their secretion rates and levels of AT activity with those of
the wild-type (WT).
Results: We identified three distinct heterozygous mutations of ¢.2534C>T: p.56Arginine — Cysteine (R56C),
€.13398C>A: p.459Alanine — Aspartic acid (A459D) and ¢.2703C>G: p.112 Proline — Arginine (P112R). In
the in vitro expression experiments, the AT antigen levels in the conditioned media (CM) of the R56C mutant
were nearly equal to those of WT. In contrast, the AT antigen levels in the CM of the A459D and P112R
mutants were significantly decreased. The AT activity of R56C was decreased in association with a shorter
incubation time in a FXa inhibition assay and a thrombin inhibition-based activity test. However, the AT
activity of R56C was comparable to that of WT when the incubation time was increased.
Conclusions: We concluded that the R56C mutant is responsible for type Il HBS deficiency. We considered that
the A459D and P112R mutants can be classified as belonging to the type I AT deficiency.

© 2013 Published by Elsevier Ltd.
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Introduction chromosome 1 at q23.1-23.9 [2]. Plasma AT is synthesized by hepatocytes
: as a 464 amino acid precursor with a 32 amino acid single peptide that is

Antithrombin (AT) is a plasma serine protease inhibitor (serpin) that cleaved off before secretion as a 432 amino acid mature inhibitor into the

inactivates a number of proteases in the coagulation cascade, particularly
thrombin and factor Xa (FXa) {1]. The human AT gene measures 13.5 kb
in length, comprises seven exons and six introns and is located on human

Abbreviations: AT, Antithrombin; serpin, Serine protease inhibitor; FXa, Factor Xa; RCL,
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RS, Type 11 reactive site defects; type 11 HBS, Type Il heparin binding site defects; type 11
PE, Type II with pleiotropic defects; cDNA, Complementary DNA; WT, Wild-type; COS-1
cells, Green monkey kidney cells; Cys, Cysteine; Pro, Proline; Ala, Alanine; Asp, Aspartic
acid; PMSF, Phenylmethyl sulfonylfluoride; ELISA, Enzyme-linked immunosorbent
assay; RFLP, Restriction fragment length polymorphism analysis; CM, Conditioned
media; CL, Cell lysates; PE, Pulmonary thromboembolism; DVT, Deep vein thrombosis.
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plasma. It is a single chain glycoprotein with a molecular weight of
approximately 58 kDa [3].

AT is a globular protein composed of three B-sheets (A, B and C),
nine a-helices and a reactive center loop (RCL). The RCL protrudes
above the core of the serpin molecule and has a sequence of amino
acids at the reactive center that is complementary to binding pockets
in the active sites of target proteases [4,5}]. The AT activity is accelerated
approximately 1,000-fold by the binding of heparin to arginine (Arg)
residues in the D-helix of the AT protein, which occurs via two different
mechanisms [6,7]. A conformational change induced by binding to a
specific pentasaccharide sequence within heparin allosterically activates
the inhibitor, thereby increasing the inhibition rate. Moreover, a bridging
effect, by which heparin brings AT and the protease into a ternary
complex, further increases this rate [8]. The individual contributions of
these two mechanisms to the heparin-related acceleration of AT
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inhibition vary for different proteases, the conformational change being
of major importance for FXa and IXa, and the bridging effect dominating
for thrombin [9]. The X-ray structures of AT and its complex with a
synthetic variant of the heparin pentasaccharide indicate that this
change involves the elongation of the A- and D-helices, the formation
of a new short P-helix at the base of the D-helix and the contraction of
the A-sheet. These changes lead to a higher level of accessibility of the
reactive bond and exposure of exosites surrounding the loop, thus
promoting the binding of target proteases [10]. The region of AT to
which the heparin pentasaccharide binds with high affinity and speci-
ficity consists primarily of positively charged lysines and arginines
within the A- and D-helices and the N-terminal region, including
Lys43, Arg45, Arg78, Arg79, Lys146, Lys157 and Argl61 {11]. Lys43,
Arg45, Arg78 and Arg79 make lesser contributions to the binding affin-
ity since mutations of any one of these residues result in the loss of bind-
ing energy, which, in most cases, approximates the loss of a single ionic
interaction. In contrast, Lys146, Lys157 and Arg161 represent binding
hotspots since mutations of any one of these residues cause major losses
in binding energy that are much greater than would be expected from
the loss of a single ionic interaction [12].

An inherited AT deficiency is an autosomal dominant thrombotic
disorder associated with a 1.7-4.0% overall annual incidence of
venous thromboembolism (VTE) {13,14]. The two primary AT defi-
ciency phenotypes are defined based on the plasma levels of func-
tional and antigenic AT. Type | AT deficiency is characterized by
equally low functional and antigenic AT levels, whereas type II defi-
ciency covers all variants with reduced functional but normal AT
levels. Depending on the localization of the mutation, type II defi-
ciency is further subdivided into three groups: i) type Il reactive
site defects (type II RS) are characterized by a low serine protease
reactivity in both the presence and absence of heparin; ii) type 11
heparin binding site defects (type Il HBS) are associated with an
impaired heparin binding capacity, but normal serine protease reac-
tivity in the absence of heparin; and iii) type II defects associated
with pleiotropic defects (type I PE) [15,16]. In type Il PE deficiency,
the amino acid substitutions affect the highly conserved C-terminal
hinge region (strand 1C-5B) of AT, resulting in a decreased circulat-
ing concentration of abnormal AT molecules, with impaired heparin
binding and serine protease inhibition capacity.

In this study, we evaluated the AT deficiency in three Japanese
patients and identified three distinct mutations, including one novel
mutation in the AT gene. Additionally, we expressed the three mutants
in green monkey kidney cells (COS-1 cells) and compared their secre-
tion rates and levels of AT activity with those of the wild-type (WT)
gene product.

Materials and Methods
Materials

The pcDNA3.1/AT expression plasmid containing the full-length
AT complementary DNA (cDNA) was kindly provided by Dr. Tsuneo
Imanaka (Toyama University, Japan). The Big Dye Terminator v3.1
Cycle Sequencing Kit was purchased from Applied Biosystems
Japan, Ltd. Dulbecco’s modified Eagle medium (DMEM) was obtained
from Nissui Seiyaku (Tokyo, Japan), and fetal bovine serum (FBS) was
purchased from Serum Source International, Inc. (Charlotte, NC). The
TaKaRa Ligation kit Ver. 2 was obtained from TaKaRa Bio, Inc. (Ohtsy,
Japan). HilyMax Transfection Reagent was purchased from DOQJINDO
(Kumamoto, Japan). Amicon ultra was obtained from Nihon Millipore,
Inc. (Tokyo, Japan). A Matched-Pair Antibody Set for the enzyme-linked
immunosorbent assay (ELISA) of human AT antigens was purchased
from Affinity Biologicals, Inc. (Ontario, Canada). Thrombin was purchased
from Sigma Aldrich (St Louis, MO), and heparin was purchased from Novo
Industry (Copenhagen, Denmark). The FXa and chromogenic substrates
$2238 and S2222 were provided by Sekisui Medical (Tokyo, Japan).

Sample Preparation

Ethical approval for the study was obtained from the Ethics
Committee of Kanazawa University School of Medicine, Japan.
After obtaining informed consent, venous blood samples were col-
lected from patients with AT deficiency in a 1:10 volume of 3.13%
(wt/vol) trisodium citrate. The plasma was separated via centrifu-
gation at x 2,000 g for 20 minutes, and genomic DNA was isolated
from peripheral blood leukocytes.

Identification of Abnormalities in the Patients’ AT Genes

All seven exons, including the splice junctions of the AT gene, were
amplified via PCR using the primer sets listed in Table 1. The DNA was
subjected to the following PCR conditions: 30 cycles of denaturation
at 94 °C for 60 seconds, annealing at 55 ~ 60 °C for 30 seconds and
extension at 70 °C for 30 seconds. The obtained PCR product was direct-
ly sequenced using a Big Dye Terminator v3.1 Cycle Sequencing Kit and
an ABI PRISM 310 genetic analyzer. The initial Met residue was denoted
as amino acid + 1.

Site-Directed Mutagenesis of AT

The Arg56 — Cysteine (Cys) (R56C), Proline (Pro) 112 — Arg
(P112R) and Alanine (Ala) 459 — Aspartic acid (Asp) (A459D)
mutations were introduced into the full length AT cDNA in the
pcDNA3.1(+) plasmid using the TaKaRa Ligation kit Ver.2. The
primers used for mutagenesis are listed in Table 2. The AT cDNA
was sequenced to confirm the presence of a mutation.

Transient Expression of Recombinant AT

COS-1 cells were grown in DMEM supplemented with 10% FBS at
37 °Cin 5% CO,. The cells were cultured in 60-mm dishes and transiently
transfected using HilyMax Transfection Reagent. Following incubation
in FBS-free DMEM for 24 hours, the cells were lysed in buffer comprising
50 mmol/l Tris-HCl (pH 7.5), 1% BSA, 2 mmol/l of EDTA, 1% Triton
X-100, 0.1 mol/l of NaCl, 100 U/ml of aprotinin, 1 pg/ml of leupeptin,
1 pg/ml of pepstain and 200 mmol/l of phenylmethy! sulfonylftuoride
(PMSF). The conditioned medium (CM) was concentrated with Amicon
ultra. The recombinant proteins were not purified. The following exper-
iments were performed using the CM.

AT Antigen and Activity Measurements in the Conditioned Medium (CM)
and Cell Lysates (CL)

The antigen levels of the recombinant AT molecules were mea-
sured using ELISA with a Matched-Pair Antibody Set for ELISA of the
human AT antigen. The AT activity levels were measured using the
FXa inhibition activity assay and the thrombin inhibition activity
assay with the CM containing each recombinant AT protein. The reac-
tion of recombinant AT with 4 U/ml of thrombin or 3.55 nkat/ml of
FXa was studied at 37 °C in the presence of 60 IU/l of heparin.
Recombinant AT was incubated with thrombin in Tris buffer
(50 mmol/l of Tris-HCl, 100 mmol/l of NaCl, pH 7.4). At different

Table 1
Oligonucleotide primers used for the amplification of the SERPINCI gene.

Exon Forward primer (5' — 3") Reverse primer (5' — 3')

1 TCAGCCTTTGACCTCAGTTC AGGTCACAAAACCCATGAGG

2 GGCAGTGGGGCTAGGGGTT TTGAGGAATCATTGGACTTGGG
3a ACCACCCATGTTAACTAGGC AGCAGCAAAGCAGTGTGAAT
3b TAGCACAGGTGAGTAGGTTTATT GAAGAGCAAGAGGAAGTCCCT
4 CAATAACTATCCTCCTATGAATG CTTTCTCCAACTCTTCCACTTTT
5 AGCCAACTTTCTCCCATCTC CAGAAGAGGTAGTGGGAGGG
6 TCTGTGGATGATTTACCTGC TTCACAAACCAAAAATAGGA
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Table 2
Oligonucleotides used for site-directed mutagenesis.

Mutation Forward primer(5' — 3") Reverse primer(5' — 3')

R56C CATITAq GCTCCCCGGAGAAG CATGGGATTCATGGGAATGTCCC
A459D GCAGAGTAGACAACCCTTGTGTTAAG GCAGAGTAGACAACCCTTGTGTTAAG
P112R CATTTTCCT GTCACGCCTGAGTATC TTATCATTGTCATTCITGGAATCTGCCAG

The underlined letters indicate the mismatches.

times, the chromogenic substrates 52238 and S2222 were added to
the reaction mixture, and the absorbance was read at 405 nm to
determine the residual thrombin or FXa activity. The specific
activity of each recombinant AT mutant was calculated as a
percentage of the wild-type AT activity.

Statistical Analysis

Between group comparisons were conducted using paired or
unpaired t-tests for normally distributed data. All data are presented
as the mean =+ standard error of the mean. For all statistical analyses,
a value of p < 0.05 was considered to be statistically significant.

Results
Cases

Patient 1 was a 65-year-old Japanese female who developed pulmo-
nary thromboembolism (PE). Her level of plasma AT antigens was 91%.
The FXa inhibition activity assay (Testzym S ATIII kit, Sekisui Medical)
also provided a normal value; however, a decreased AT activity level
(approximately 59%) was observed on a thrombin inhibition-based
activity test. Her family members did not have a history of thrombosis.

Patient 2 was a 20-year-old Japanese female who developed deep
vein thrombosis (DVT) at 14 years of age. Her levels of plasma AT
activity and antigens were 23% and 49%, respectively. The AT activity
and antigen levels of the proband’'s mother were 46% and 69%,
respectively. Her father had no abnormalities. A family history
revealed that her maternal grandmother had developed thrombosis.

Patient 3 was a 39-year-old Japanese female. On a preoperative
examination for resection of ovarian cancer, her levels of plasma AT
activity and AT antigens were 53% and 54%, respectively. Her father
had a history of DVT, and his level of AT activity was 49%.

The antigen and activity levels of other anticoagulants are within the
reference ranges in all three patients. In addition, the patients had
negative tests for antiphospholipid antibodies and lupus anticoagulant.
Moreover, they had no other risk factors (such as cancer, pregnancy or
drugs), with the exception that patient 1 had hyperlipidemia and
hypertension and patient 3 had ovarian cancer.

Identification of Three AT Mutations

We analyzed the AT gene in these three unrelated Japanese patients
with AT deficiencies using PCR-mediated direct sequencing and identified
three distinct mutations (Fig. 1). Patient 1 carried a C to T mutation at
nucleotide 2534 of the AT gene, which changed the codon for Arg56
(CGC) to Cys (TGC). Patient 2 harbored a C to A mutation at nucleotide
13398 of the AT gene, which changed the codon for Ala459 (GCC) to
Asp (GAC). Her mother also carried this mutation. Patient 3 carried a C
to G mutation at nucleotide 2703 of the AT gene, which changed the
codon for Pro112 (CCC) to Arg (CGC). Her father and daughter also
carried this mutation. These mutations included two previously reported
mutations (A459D and R56C) and one novel mutation (P112R), all of
which were in the heterozygous state. According to the criterion that
the amino terminal of mature AT denotes amino acid +1, these
mutations are represented as A427D, R24C and P8OR.

AT Antigen and Activity Measurements in the Conditioned Medium (CM)
and Cell Lysates (CL)

The AT antigen levels in the CL harboring AT-R56C, A459D and PSOR
were comparable to that of AT-WT (R56C: 127 + 6%, A459D: 170 &
23% and P8OR: 113 & 5%, Fig. 2A). In the CM, the AT-R56C antigen level
was nearly equal to that of the AT-WT cells (107 + 6%, Fig. 2A). On the
other hand, the AT antigen level in the CM of AT-A459D and P112R was
significantly decreased (A459D: 27 + 3%, P112R: 18 + 9%, Fig. 2A). The
activity of AT-R56C was decreased compared to that of AT-WT when
the incubation time was three minutes in the FXa inhibition assay
(71 &4 3%, Fig. 2B). Interestingly, the activity of AT-R56C was further
decreased when the incubation time was reduced to 30 seconds in the
EXa inhibition assay (31 4 14%, Fig. 2B). In addition, the activity of
AT-R56C was reduced in a thrombin inhibition-based activity test
(45 4 12%, Fig. 2B). However, the activity of AT-R56C was comparable
to that of AT-WT when the incubation time was increased to five minutes
(86 4 16%, Fig. 2B). The same results were observed when we measured
the levels using the patient’s plasma (FXa inhibition activity assay: 30 s:
50 + 3%, 3 min: 113 & 3%, thrombin inhibition-based activity test:
30s: 60 & 3% 5 min: 114 4 3%, Fig. 3). Therefore, the difference
between AT-R56C and AT-WT was maximal at a short incubation time
(30 s) and became less apparent as the incubation time increased.

Discussion

We investigated three cases of AT deficiency and discovered three
heterozygous mutations in exons 2 and 6 of the AT gene. Patient 1 had
a previously reported mutation (c.2534C>T), resuiting in R56C as AT
Rouen IV. Patient 2 had a previously reported mutation (c.13398C>A),
resulting in A459D. Patient 3 had a novel mutation (¢.2703C>G), resulting
in P112R. In the in vitro expression experiments, we found that the R56C
mutant was associated with the sensitivity of the FXa inhibition assay and
a thrombin inhibition-based activity test. The A459D and P112R mutants
were considered to lead to impaired secretion and to be degraded
intracellularly, resulting in type 1 AT deficiency.

Patient 1 was a heterozygous carrier of the R56C mutation
and developed PE. Borg et al. previously reported a patient
who was a heterozygous carrier of this mutation (AT Rouen
1V). They showed that the patient’s plasma had a decreased affinity for
heparin-sepharose and a decreased heparin-induced inhibitory activity
[17]. Schedin-Weiss et al. showed that a mutation of Arg56 to Ala reduced
the affinity for the pentasaccharide ~40-fold and that Arg56 is of appre-
ciable importance in the second binding step because it stabilizes the ac-
tivated state of the inhibitor by forming intramolecular interactions with
Glu145 and Asp1489, which are located in the pentasaccharide-induced
P-helix [18]. The P-helix is formed as an essential component of the
pentasaccharide-induced conformational change [19]. Its creation serves
primarily to position the pivotal Lys146 residue, which thus far appears to
provide the greatest contribution to the pentasaccharide-induced confor-
mational change {20]. The losses of ionic and nonionic interactions with
the pentasaccharide and the resulting loss in overall affinity observed in
the mutation of Arg56 are therefore most likely due to alterations of inter-
actions involving Lys146.

The patient’s plasma AT activity was normal in the routine FXa
inhibition activity assay, although a decreased AT activity level
(approximately 59%) was observed in a thrombin inhibition-based
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Fig. 1. Sequencing analysis of the SERPINCI gene in the probands of patient 1 (A), patient 2 (B) and patient 3 (C). Electropherograms show the missense mutation (arrow) and

surrounding nucleotides.

activity test. Using recombinant proteins and the patient’s plasma,
we showed that the difference between the R56C and WT activity
was maximal at a short incubation time and became less apparent
as the incubation time increased in both the FXa inhibition assay
and thrombin inhibition-based activity test. A previous report showed
that AT Cambridge II (p.Ala416Ser), AT Denver (p.Ser426Asp) and
AT Stockholm (p.Gly424Asp) have been detected in assays using
human and bovine thrombin, while normal levels are seen in FXa-based
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assays [21,22]. Cooper et al. reported that, in their study, subjects with
HBS defects (AT Basel, p.Pro73Leu) exhibited fewer defects at shorter
incubation times when assessed according to the FXa, while the defects
were reliably detected using FXa with plasma dilution and incubation in
excess of four minutes in a Coamatic AT assay [22]. Harper et al. showed
that the sensitivity of bovine thrombin-based AT assays to type IIHBS
defects is significantly improved when the incubation time of the samples
diluted with thrombin is reduced to 30 seconds or less [23]. We
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Fig. 2. The levels of AT antigens (A) and activity (B, C) of recombinant AT produced by COS-1 cells transfected with wild-type (WT) and mutant AT expression vectors.
(A) The relative antigen levels in the cell lysate and media measured using ELISA are shown. The AT activity of CM contained in each recombinant protein was measured
using a factor Xa inhibition activity assay (B) and thrombin inhibition activity assay (C). All values represent the mean + SD of three experiments. *p < 0.05 compared

with the antigen or activity levels of WT.
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B) Thrombin inhibition-based activity assay
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Fig. 3. The levels of AT activity in the patients’ plasma. The AT activity levels in the patients’ plasma were measured using a factor Xa inhibition activity assay (A) and thrombin

inhibition activity assay (B).

considered that the R56C mutation might therefore contribute to the sen-
sitivity of the FXa inhibition assay and the thrombin inhibition-based ac-
tivity test.

Patient 2 was a heterozygous carrier of the A459D mutation and
developed DVT. Millar et al. previously reported that the A459D muta-
tion is associated with type I AT deficiency {24]. The A459D mutant in-
fluences the tertiary structure of the molecule by disturbing the
alignment of sheets 4B and 5B, which are important for the stability of
the mutant AT protein [25]. In a recent paper, the structure of a domain
swapped with an antitrypsin trimer revealed that the C-terminal region
of the molecule formed the domain swap [26]. Serpin polymerization
led to the accumulation of hyperstable polymers in the endoplasmic
reticulum of secretory cells. In our study, the AT antigen level in the
CM of the A459D mutant was decreased in the ELISA. Therefore, the
A459D mutation may be associated with type I AT deficiency.

Patient 3 was heterozygous for a P112R mutation. She had no history
of thrombosis. However, her father also carried this mutation and had a
history of DVT. This mutation is a novel mutation. Pro112 is located in the
shutter region. The shutter region of the serpins is vital for the stability of
serpins, primarily due to the importance of the region in controlling the
mobility of the A 3-sheet strands, which in turn, is pivotal to the function
and stability of serpin [27]. Previous reports have shown that Pro112 is
changed to Thr [28] and Ser {29]. P112T is associated with a type I defi-
ciency state manifesting as reduced synthesis of AT [28]. In contrast, the
abnormal AT purified from P112S carriers is an inactive disulfide-linked
dimer of mutant AT {29]. Yamasaki M et al. reported that this AT mutant
polymer is mediated by a domain swap including both strands 4 and 5A,
not by loop sheet polymerization [30,31] In addition, Martinez-Martinez |
et al. reported that mutations inducing conformational instability in AT
(such as F271S and R425del) initiate protein polymerization under mild
stress that sequestrates WT functional monomers, resulting in the gain
of a new prothrombotic function, which is particularly relevant for intra-
cellular AT [32]. We showed that the AT antigen level in the CM of P112R
was significantly decreased in an ELISA. Therefore, the P112R mutation
may be responsible for type I AT deficiency, as well as P112T, resulting
in replacement by a positively charged amino acid. Furthermore, Pro112
forms a hydrogen bond to Ser116. The P112R mutant is conformationally
unstable because it cannot form a hydrogen bond with Ser116. In this
study, we were unable to investigate whether disulfide-linked dimers
were present in the plasma of the patient and the CM of the P112R and
A459D mutants. We are planning a further examination.

In conclusion, our data showed that heterozygous mutations of
€.2534C>T (R56C), ¢.13398C>A (A459D) and ¢.2703C>G (P112R) in
the AT gene caused AT deficiency in three unrelated Japanese pedigrees.
We assumed that the R56C mutation may be associated with the binding
of heparin and contributes to the sensitivity of the FXa inhibition assay

and thrombin inhibition-based activity test. Our findings suggest that
the A459D and P112R mutants are responsible for type I AT deficiency.
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Abstract International guidelines for myelodysplastic
syndrome (MDS) state that the standard therapy for lower
risk MDS patients with symptomatic anemia of serum
erythropoietin (EPO) <500 IU/L is erythroid-stimulating
agents (ESAs). The objective of this study is to examine
the distribution of EPO levels in lower risk MDS patients,
and to inquire into the relationship of EPO distribution to
hemoglobin levels and transfusions. Twenty cases of lower
risk MDS (low or intermediate-1 by the International
Prognostic Scoring System) with hemoglobin level <90 g/
L at our institution were enrolled. Eight received more than
two units of transfusions per month. Median hemoglobin
level was 78 g/L.. EPO levels ranged between 26.4 and
11300 TU/L (median 645 TU/L), including 10 cases (50 %)
with >500 IU/L. EPO levels were inversely correlated to
hemoglobin levels, especially in the cases without trans-
fusion support (p < 0.001, R = 0.92). The rate of the cases
with EPO <500 IU/L was significantly higher in the group
without transfusion than the others (p = 0.020). Consid-
ering that, in Japan, the indication for transfusion is around
70 g/ of hemoglobin for chronic diseases, it may be
possible to improve anemia in a subset of lower risk MDS
cases by administration of ESAs before transfusions are
required.
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Introduction

International guidelines for myelodysplastic syndrome
(MDS) show that the standard therapy for lower risk MDS
patients with symptomatic anemia and serum erythropoie-
tin (EPO) <500 IU/L is erythroid-stimulating agents
(ESAs) [1-5]. However, only a few papers showed distri-
bution of EPO levels of MDS patients in Japan before
proposal of the International Prognostic Scoring System
(IPSS) and the 2008 World Health Organization (WHO)
classification prognostic scoring system (WPSS). They did
neither distinguish lower risk MDS group, nor inquire into
relationship to transfusions [6-8]. The objective of this
study is to examine the distribution of EPO levels in lower
risk MDS patients, and to investigate its relationship to
hemoglobin levels and transfusions in our facility.

Materials and methods

Lower risk MDS cases (low or intermediate-1 by IPSS) with
hemoglobin levels below 90 g/L at our institution were
enrolled since June 2011 until June 2012, and serum EPO
levels were measured by radioimmunoassay. This study was
approved by the ethics board of The University of Tokyo and
written informed consents were obtained in all the cases.

T test was applied to detect the difference of EPO levels
among sex and transfusion dependency. The difference of
the rate of the cases with EPO levels below 500 IU/L
between the groups with or without transfusion was ana-
lyzed by Fisher’s exact test. Pearson’s correlation coeffi-
cient analysis was conducted for comparing age,
hemoglobin levels, and IPSS-RA to EPO levels, respec-
tively. Relation of WPSS to EPO levels was analyzed by
polychoric correlation coefficient analysis.
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