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Abstract

Objective—To determine the response of bone marrow progenitor cells from patients with
myelodysplastic syndromes (MDS) to culture in physiologic oxygen tension.

Methods—Methylcellulose progenitor assays using both unfractionated bone marrow
mononuclear cells (MNCs) and purified CD34* progenitors were performed in atmospheric
oxygen (18.6% O,) or one of two levels of hypoxia (1% and 3% O,). Assays were performed
using normal donor marrow, MDS patient marrow, acute myelogenous leukemia marrow or
peripheral blood blasts, chronic phase chronic myelogenous leukemia (CML) marrow MNCs, and
blast crisis CML peripheral blood.

Results—The majority of MDS samples showed decreased colony-forming units (CFU) in
18.6% O, compared to normal controls, as expected. However, in either 1% or 3% O, 9 of 13
MDS samples demonstrated augmentation of CFUs beyond that observed in normal controls, with
6 of 13 demonstrating a greater than ninefold augmentation. This effect is cell autonomous, as it
persisted after purification of CD34" progenitor cells. Additionally, the augmented response to
physiologic oxygen tension is specific to MDS, as it was not observed in either acute or chronic
myelogenous leukemia samples.

Conclusion—These results suggest that the reported decrease in MDS CFUs reflects greater
sensitivity of MDS progenitors or their progeny to the nonphysiologic oxygen tensions routinely
used /n vitro, rather than a true decrease in progenitor frequency. Importantly, these experiments
for the first time describe an experimental system that can be used to study the growth of primary
cells from patients with MDS.

Myelodysplastic syndromes (MDS) are a diverse group of hematopoietic disorders
characterized by persistent cytopenias and a variable rate of progression to acute
myelogenous leukemia (AML) [1,2]. Historically, these disorders were recognized as
anemias that were “refractory” to treatment [3—6] or as “preleukemia” in patients who
subsequently developed AML [7-13]. While the French-American-British classification
system for MDS recognized a distinction between AML and MDS as early as 1982 [14], the
concept of preleukemia remains [15-19]. Recent work has detailed the biologic distinctions
between MDS and de novo AML [20], but the historical focus on leukemic biology
continues to influence studies of these poorly understood disorders [21-23]. Although a
number of hypotheses based upon the preleukemia paradigm have been explored [24-27], an
understanding of the underlying pathophysiology remains elusive [28].

Copyright © 2007 International Society for Experimental Hematology. Published by Elsevier Inc.

Offprint requests to: James Edwin Thompson, M.D., Division of Hematology and Oncology, University of Pennsylvania, 732 BRB2,
421 Curie Boulevard, Philadelphia, PA 19104-6160; jamest@mail.med.upenn.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thompson et al.

Page 2

The absence of a coherent mechanistic explanation for these disorders has prompted us to
reexamine the assumptions behind current models of MDS [21-23]. The marrow of MDS
patients consistently demonstrates decreased hematopoietic progenitor colonies [29-34] as
well as enhanced levels of apoptosis [35-47]. These two findings are felt to explain the
paradox of a hypercellular bone marrow with profound peripheral cytopenias observed in
MDS patients [48] and suggests that a propensity to apoptosis is responsible for the
initiation of these disorders. However, a predisposition to apoptosis is seemingly
incompatible with the self-renewal of MDS-initiating cells implied by the persistence of
these diseases over months to years.

Accumulating evidence for a low oxygen tension in the-hematopoietic stem cell (HSC)
niche and a rising gradient of oxygen tension during subsequent differentiation [49-57], as
well as reports of mitochondrial dysfunction and oxidative damage in MDS marrows [58—
66], led us to hypothesize that MDS results from a lesion that causes apoptosis only at
oxygen tensions higher than that of the HSC niche. Such a lesion would permit unlimited
self-renewal of MDS-initiating cells, provided these cells stayed at an oxygen tension
comparable to that of the HSC niche. Consistent with our hypothesis, we demonstrate here
that MDS progenitor cells cultured in both 3% O, and 1% O, demonstrate an augmentation
of colony-forming unit (CFU) yield far in excess of what has previously been described in
normal progenitors [67—76]. This degree of augmentation with physiologic oxygen was not
observed in either acute or chronic myelogenous leukemias, but was maintained following
the removal of CD34™ accessory cells. These results demonstrate that MDS progenitor cells
or their progeny have a unique sensitivity to increased oxygen tension and provide an
improved methodology for the study of MDS cells.

Materials and methods

Cell isolation

Cell culture

Mononuclear cells (MNCs) from normal volunteer donors and patients with MDS, AML,
and chronic myelogenous leukemia (CML) were obtained from the Stem Cell and Leukemia
Core Facility at the Abramson Cancer Center of the University of Pennsylvania Center.
Samples were collected from bone marrow aspirations (MDS, CML chronic phase, AML,
and normal) and from peripheral blood or pheresis packs (CML blast crisis and AML) after
informed consent in accordance with institutional guidelines. Following Ficoll-gradient
centrifugation, MNCs were frozen as viable cells in fetal bovine serum (FBS) with 10%
dimethyl sulfoxide then stored in liquid nitrogen.

Methylcellulose plates were cultured for 14 days in one of three experimental conditions.
All three conditions used fully humidified atmospheres at 37°C (6.2% H,0) supplemented
to 5% CO,. Standard conditions using room air provided 18.6% O,/70.2% N,. Culture
under reduced oxygen tensions was achieved by purging a HERAcell 150 3-gas incubator
(Thermo Electron, Asheville, NC) with purified N, to maintain either 3% 0,/85.8% N or
1% 0,/87.8% N». All MDS and normal control experiments were performed with two
dilutions of cells split into either triplicate plates in two conditions (standard vs 3%) or
duplicate plates in three conditions (standard vs 3% vs 1%). All AML and CML experiments
were performed in standard vs 3% O, conditions. AML MNC experiments were performed
with single dilutions and either duplicate or triplicate plates, while the CML and CD34
selected AML experiments were performed with two dilutions and triplicate plates.
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Normal/MDS/CML MNC plating

Cryopreserved MNCs from normal donors, MDS patients, and CML patients were thawed
and washed in phosphate-buffered saline with 10% FBS, 0.5 mM ethylenediamine
tetraacetic acid (Invitrogen, Carlsbad, CA, USA), and 8 pg/mL DNase I (Roche Applied
Science, Indianapolis, IN, USA). Following the enumeration of viable cells, two dilutions of
MNCs were prepared in MethoCult (StemCell Technologies, Vancouver, BC, Canada)
methylcellulose media. Cells were diluted into 8 mL media to allow preparation of six 1-mL
replicate plates from the same cell dilution. All MDS and normal samples, as well as the
CML blast crisis sample, were plated in MethoCult H4434 media containing 30% FBS, 50
ng/mL stem cell factor, 10 ng/mL granulocyte-macrophage colony stimulating factor, 10 ng/
mL interleukin (IL)-3, and 3 U/mL erythropoietin. The CML chronic phase sample was
plated in MethoCult H4230 media containing 30% FBS without cytokines, which had been
supplemented with 10 ng/mL IL-3. This change was made with the CML chronic phase
sample only because culture in complete H4434 medium resulted in >500 colonies per plate
in all conditions. All normal MNC experiments were performed at dilutions of 2 x 103/mL
and 1 x 10%/mL. Except as noted, all MDS and CML MNC experiments were performed at
dilutions of 1 x 104mL and 5 x 10%4/mL.

AML MNC plating

Cryopreserved MNCs from AML patient bone marrow, peripheral blood, or pheresis packs
were thawed as above and then cultured in EGM-2 media (Cambrex Bio Science,
Walkersville, MD, USA) as described previously [77]. This step was done for AML samples
and not other samples because of a high rate of spontaneous cell death over the first 48 hours
after thawing of cryopreserved AML samples. Following 48 hours of culture, the remaining
viable cells were enumerated and single dilutions of viable cells (either 5000/mL or 8000/
mL) were prepared and plated in H4434.

CD34* progenitor plating

Selection of CD34* cells was performed with either cryopreserved MNCs prepared as
already described (patient samples) or freshly isolated MNCs (normal donors). Two rounds
of positive selection were performed over MS columns using the CD34 Progenitor Cell
Isolation Kit according to manufacturer’s instructions (Miltenyi Biotec, Auburn, CA, USA).
Following the enumeration of viable cells, replicate plates were prepared as described above
in H4434 with dilutions of 100/mL and 500/mL for normal CD34* cells, 100/mL, and 1000/
mL for CML CD347 cells, 500/mL and 5000/mL for AML CD34" cells, and 500/mL and
2500/mL for MDS CD34* cells. Purity of CD34* cells was confirmed by flow cytometry.

Evaluation of colonies

Following 14 days of incubation, plates were scored using an inverted microscope on the
basis of cell number and colony morphology. Groups of 40 or more cells were scored as a
colony. Granulocyte, monocyte, and granulocyte-monocyte (CFU-GM) colonies were each
scored as one myeloid colony. Erythroid colonies, either single or clustered, were each
scored as one erythroid colony. Replicates with between 10 and 150 total colonies per 1-mL
plate were deemed valid for enumeration of colony number, and each lineage with at least
10 colonies per 1 mL plate was likewise deemed valid. Note in Table 2 that erythroid
colonies were nonevaluable in several samples, as there were > 150 myeloid colonies with <
10 erythroid colonies. Error bars represent the standard error of the measurement.
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Results

Characteristics of normal marrow donors and MDS patients

Methylcellulose CFU assays were performed using MNCs obtained from volunteer donors
and MDS patients seen at the Abramson Cancer Center of the University of Pennsylvania.
Normal controls ranged from 29 to 59 years old (Table 1) and all reported themselves to be
in good health; no clinical testing was performed on the controls. Patient samples had a
diagnosis of MDS as defined by the Hematopathology Department at the University of
Pennsylvania. For each sample, the subtype of MDS according to World Health
Organization criteria [78], International Prognostic System Score [79], marrow blast count,
blood counts, and age at the time of sample acquisition, as well as the patient’s sex and
registry identification, are presented in Table 2. Note that although the majority were
classified as refractory cytopenia with multilineage dysplasia, several subtypes of MDS are
represented. With one exception, all subjects were male. Two pairs of samples, 234/253 and
218/246, were acquired prior to and following 6 weeks of oral valproic acid on University of
Pennsylvania Cancer Center study 02702.

Culture in 3% O, enhances MDS CFUs out of proportion to normal CFUs

In order to determine if oxygen tension would affect colony-forming activity, we performed
colony-forming assays in both standard conditions (18.6% O) and in 3% O,. Cells were
mixed in complete methylcellulose media containing 30% FBS, stem cell factor,
granulocyte-macrophage colony-stimulating factor, IL-3, and erythropoietin in sufficient
volume for six replicate plates of each cell dilution. Alternate replicate plates were then
cultured for 14 days in either 18.6% O or 3% O,. Culture of normal MNCs in 18.6% O
produced myeloid and erythroid CFUs of 10.7 to 106.7 and 17.7 to 100.0 per 104 MNCs,
respectively (Table 1). Mean myeloid and erythroid CFUs were 42.8 and 49.9 per 104
MNCs, respectively (Fig. 1, white bars on far right). Growth of normal MNCs in 3% O,
resulted in a modest increase in colony-forming activity as reported previously [71-76]. This
augmentation ranged from 1.2- to 2.3-fold and 0.8-to 1.3-fold for myeloid and erythroid
CFUs, respectively (Table 1). Consistent with published results [33], both myeloid and
erythroid CFUs from MDS MNCs grown in 18.6% O, were lower than controls, with means
ranging from 2.6 to 45.8 and < 2 to 36.7 per 10* MNCs, respectively (Table 2 and Fig. 1,
white bars). In distinct contrast to the response of normal controls, 8 of 12 MDS samples
demonstrated greater augmentation than observed in normal samples (Fig. 1, gray bars;
Table 2, italics) and 6 of 12 samples demonstrated greater than eightfold augmentation of at
least one lineage (Table 2, bold). There was no significant correlation between cytogenetics
and response to culture in 3% O, (data not shown). These results demonstrate that culture of
MDS cells in 3% O, produces significantly more CFUs than culture in 18.6% O».

Culture in 1% O, does not further enhance MDS CFU growth

While 3% O is close to the 2.3% O, observed in whole murine bone marrow [80], the HSC
niche may experience an oxygen tension significantly lower than this [55]. It is possible that
culture at a lower oxygen tension would allow further augmentation of MDS progenitor
growth. It is also possible that samples such as 308, which demonstrated low CFUs even
with culture in 3% Oo, are as sensitive to culture in 3% O, as other MDS samples are to
culture in 18.6% Oo. In order to examine these possibilities, additional experiments were
performed in 1% O, as well as the conditions described above. Culture in 1% O, did not
enhance either myeloid or erythroid CFUs from MDS samples compared to culture in 3%
Oy (Fig. 2). Culture in 1% O, trended toward a decrease compared with culture in 3% O,
(compare dark gray bars to light gray bars), but samples that demonstrated a response to
culture in 3% O (e.g., 470) also demonstrated increased CFUs with culture in 1% O, when
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compared to culture in 18.6% O,. Overall, we do not see significant changes in the
augmentation of MDS CFUs with a further decrease in oxygen tension below 3% O,.

Effect of 3% O, is cell-intrinsic

It is possible that the observed increase in MDS CFUs is not intrinsic to MDS progenitors,
but instead results from “by-stander” effects, such as increased cytokine production by
accessory cells in response to hypoxia. The relative roles of cell-intrinsic and cell-extrinsic
factors were assessed by culturing purified CD34* progenitor cells from MDS patient
samples. Methylcellulose plates were generated as described above using CD34* cells of
98-99% purity (data not shown) from a subset of samples with sufficient numbers of banked
MNCs and placed in either 18.6% O, or 3% O,. Culture of normal CD34" cells in 18.6% O,
yielded mean myeloid and erythroid CFUs of 7.2 and 8.2 per 100 CD34" cells, respectively
(Fig. 3A and B, white bars on far right). Culture of purified CD34* cells from MDS samples
resulted in recapitulation of the response of myeloid CFUs following culture of MNCs in
3% O», with continued augmentation of myeloid CFUs (Fig. 3A, samples 470, 260, 202, and
298) or lack of augmentation of any CFUs (Fig. 3, samples 218, 246, 496, and 313),
respectively. Only one sample with increased erythroid CFUs following culture of MNCs in
3% O, (Fig. 1B, sample 298) had sufficient cells available for purification of CD34* cells,
rendering conclusions regarding the contribution of accessory cells to the erythroid response
suspect. Overall, these CD34* progenitor experiments demonstrate that augmentation of
myeloid CFUs with culture in 3% O, is cell-intrinsic.

Culture in 3% O, does not alter differentiation in methylcellulose

The augmented CFU vyield observed when MDS progenitors are grown in 3% O, may reflect
alterations in the ability of these cells to differentiate in 3% Oo. In order to examine this
possibility, the morphology of cells derived from colonies grown in both 18.6% O, and 3%
0O, was examined. While cells from both conditions demonstrated an abnormal morphology
consistent with their derivation from patients with MDS, no significant morphologic
differences were observed between cells cultured at different oxygen tensions (data not
shown). This result suggests that the response to culture in 3% O, oxygen does not reflect
changes in myeloid differentiation.

Myeloid leukemia cells do not recapitulate response of MDS cells to culture in 3% O

The striking response of MDS progenitors to culture in 3% O, may reflect a generalized
sensitivity of abnormal hematopoietic cells to the elevated oxygen tensions routinely used
for in vitro culture. Additional experiments with MNCs from two CML and five AML
patients, as well as CD34* cells from a subset of these patients, were performed to address
this possibility. For each leukemia sample the subtype according to World Health
Organization criteria [78], sample blast count, blood counts, and age at the time of sample
acquisition, as well as the patient’s sex and registry identification, are presented in Table 3.
Culture of these leukemic samples in 3% O, produced augmentation of CFUs from both
total MNCs (Table 3 and Fig. 4A) and CD34* cells (Fig. 4B), which was more consistent
with the response of normal controls (Table 1) [71-74] than of the responding MDS samples
(Table 2 and Figs. 1 and 3). Thus, a marked response to culture in 3% O, is specific to MDS
marrow cells and is not indicative of leukemic transformation.

Discussion

We have demonstrated that bone marrow progenitor cells from patients with MDS, or the
progeny of those progenitor cells, are abnormally sensitive to the elevated oxygen tension
used in routine cell culture. We have additionally demonstrated that this sensitivity is
alleviated by culture in oxygen tensions closer to those found in normal bone marrow. The
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response of MDS myeloid progenitors to reduced oxygen tension far exceeds that observed
in normal progenitors, either in our hands (compare Table 1 and Table 2) or in numerous
reports from the literature in which fold changes of CFU-GM ranging from 1.5-fold [72-74]
to two-fold [71] were seen. In a few MDS samples an effect can be seen in the erythroid
lineage, but the most pronounced effect was in the myeloid lineage. In fact, the decrease in
erythroid CFU augmentation of sample 298 with culture in 3% O, following purification of
CD34" progenitors may indicate that the response of MDS erythroid progenitors to culture
in 3% O results from cell-extrinsic effects. Cell-extrinsic effects of lowered oxygen tension
on the growth of erythroid colonies have been reported previously [69]. In that report, this
effect was eliminated with removal of either macrophages or T cells. However, the clear
maintenance of hypoxic augmentation in myeloid CFUs following selection of CD34*
progenitor cells demonstrates that this response is cell autonomous. Although the
physiologic explanation for the dramatic effect of hypoxia has not been determined, these
results for the first time describe an experimental system which can be used to study the
growth of primary cells from patients with MDS.

There are several practical aspects of our data that bear comment. First, the methodology we
have described is quite robust. For example, results shown in Figures 1 and 3 are
independent experiments from cryopreserved specimens. Additionally, samples drawn from
the same patient 7 weeks later continue to show either the absence (Table 2, compare 218 to
246) or presence (Table 2, compare 234 to 253) of a response to culture in 3% O,. Thus, this
assay should be amenable to use in laboratories that do not have access to fresh bone
marrow aspirates from MDS patients. Second, we note that the increase in CFUs is primarily
in the myeloid lineage and less so in the erythroid lineage. The explanation for this result is
unclear, but it is an important question for future investigations. The difference in lineage
response may be dependent on the subtype of MDS, the presence of different accessory cell
populations, or intrinsic differences in myeloid and erythroid responses to the underlying
abnormalities responsible for these disorders. Third, the robust response to decreased
oxygen tension we report appears to be specific to MDS and is not seen in myeloid
leukemias. Although studies in aplastic anemia and folate deficiency would be interesting,
samples of viable bone marrow MNCs from such patients are not available to us for such
studies. Finally, a subset of samples show low overall progenitor frequency in all oxygen
tensions tested. These samples were not distinguished by diagnosis, age, cytogenetics, or
patient treatment. Of note, all samples described here were processed using standard Ficoll
density centrifugation and plated in methylcellulose in room air rather than a controlled
oxygen atmosphere. Each sample was therefore exposed to an extended period of hyperoxia
both prior to and following cryopreservation. Alternatively, there may be variability in the
ability of MDS cells to recover from the effects of cryopreservation and thawing. A larger
study comparing fresh to frozen samples could address these issues. Assessment of the
relevance of exposure to high oxygen tension during sample acquisition will require direct
comparative studies.

Oxygen tensions vary widely in normal human tissues, from a maximum of 13% in arterial
blood, through 9% in spleen and 5% in mixed venous blood, down to 3% in myocardium,
liver, and brain [81]. In situ measurements of murine bone marrow, which avoid the
technical limitations inherent to marrow aspiration such as contamination by sinusoidal
blood [82] demonstrate an oxygen tension of 2.3% [80]. There is growing evidence that the
unique environment provided by the HSC niche includes an oxygen tension even lower than
that of the marrow as a whole [49-57]. Our results challenge a model of MDS in which
these disorders are the result of decreased numbers of progenitor cells [30—-34]. This model
is based on the observation that CFUs from these patients are decreased upon culture in
18.6% O [29-34]. In most of our MDS samples CFUs increase from low to normal by
shifting to culture in physiologic oxygen tension. This suggests that the number of
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progenitor cells in these patients is in fact normal, but that the maturing progeny of the
progenitor cells cannot mature efficiently when exposed to more than 3% Oo, resulting in
their elimination through apoptosis. Our results suggest that oxygen tension may act as a
context-specific trigger of apoptosis in hematopoietic progenitor cells, or their progeny, in
MDS patients. MDS-specific HSCs carrying this defect would be especially well protected
from a trigger based on increased oxygen tension by virtue of the deeper hypoxia of the
HSC niche. If this model is correct, it is conceivable that such an abnormal HSC could
maintain the unlimited self-renewal potential of normal HSCs so long as it remained in the
HSC niche.

In summary, we have demonstrated that MDS progenitor cells are exquisitely sensitive to
oxygen tensions higher than those found in the bone marrow, and propose that this
sensitivity offers a window to better illuminate the pathophysiology underlying these
puzzling disorders. These results also have practical implications, as studies of MDS have
been difficult due to the inability to consistently grow cells from these patients using
standard /n vitrotechniques. Expansion of primary cells from patients with MDS can be
markedly improved by reducing the oxygen tension to which these cells are exposed.
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Figure 1.

Culture in 3% O, enhances colony-forming unit (CFU) yield from myelodysplastic
syndrome (MDS) mononuclear cells (MNCs). Myeloid (A) and erythroid (B) CFUs from
MNCs of normal volunteer donors (“Normal’ on far right) and MDS patients (indicated by
unique sample numbers) were counted following 14 days of culture in either standard
conditions using 18.6% O, (white bars) or in 3% O, (gray bars). Results are normalized to
CFUs per 10* MNCs. Broken bars represent samples with > 150 colonies per 1-mL plate.
Samples 234 and 253 were collected from the same patient, R0306, prior to and following 6
weeks of treatment with the histone deacetylase inhibitor valproic acid.
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Q Culture in 1% O does not further enhance colony-forming unit (CFU) yield from
= myelodysplastic syndromes (MDS) mononuclear cells (MNCs). Myeloid (A) and erythroid
% (B) CFUs from bone marrow MNCs of normal volunteer donors (“Normal” on far right) and
% MDS patients (indicated by unique sample numbers) were counted following 14 days of
) culture in standard conditions using 18.6% O (white bars), in 3% O, (light gray bars), or in
-§' 1% O, (dark gray bars). Results are normalized to CFUs per 10* MNCs. Sample 470 was

plated at dilutions of 1 x 103/mL and 2.5 x 104/mL.
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Figure 3.

Effect of culture in 3% O, is maintained in purified CD34* progenitor cells. Myeloid (A)
and erythroid (B) colony-forming units (CFU) from CD34* cells of normal volunteer donors
(“Normal” on far right) and myelodysplastic syndrome (MDS) patients (humbered bars)
were counted following 14 days of culture in either standard conditions using 18.6% O,
(white bars) or in 3% O, (gray bars). Results are normalized to CFUs per 100 CD34" cells.
Samples 218 and 246 were collected from the same patient, R0296, prior to and following
six weeks of treatment with the histone deacetylase inhibitor valproic acid.
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CML

Culture in 3% O, provides minimal enhancement of colony-forming unit (CFU) yield from
leukemia samples. (A) Graph of total CFUs obtained from mononuclear cells (MNCs) of
five acute myelogenous leukemia (AML) patients and two chronic myelogenous leukemia
(CML) patients following 14 days of culture in either standard conditions using 18.6% O,
(white bars) or in 3% O, (gray bars). Results are normalized to CFUs per 104 MNCs. (B)
Graph of total CFUs obtained from CD34™ cells of three AML patients and one CML patient
following 14 days of culture in either standard conditions using 18.6% O, (white bars) or in
3% O, (gray bars). Results are normalized to CFUs per 100 CD34" cells.
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