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The importance of erythroid expansion in determining the extent of apoptosis
in erythroid precursors in patients wiglthalassemia major
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Beta-thalassemia major is characterized
by ineffective erythropoiesis leading to
severe anemia and extensive erythroid
expansion. The ineffective erythropoiesis
is in part due to accelerated apoptosis of
the thalassemic erythroid precursors;
however, the extent of apoptosis is sur-
prisingly variable. To understand this vari-
ability as well as the fact that some pa-
tients undergoing allogeneic marrow
transplantation are resistant to the myelo-
ablative program, we attempted more
guantitative analyses. Two groups of pa-
tients totaling 44 were studied, along with
25 healthy controls, and 7 patients with
hemolysis and/or ineffective erythropoei-

sis. By 2 flow cytometric methods, thalas-
semic erythroid precursors underwent ap-
optosis at a rate that was 3 to 4 times
normal. Because thalassemic marrow has
between 5- to 6-fold more erythroid pre-
cursors than healthy marrow, this trans-
lated into an absolute increase in ery-
throid precursor apoptosis of about 15-
fold above our healthy controls. In
searching for the causes of the variability
in thalassemic erythroid precursor apop-
tosis, we discovered tight direct correla-
tions between the relative and absolute
extent of apoptosis and the extent of
erythroid expansion as measured either
by the absolute number of marrow ery-

throid precursors or by serum soluble
transferrin receptor levels. These results
could mean that the most extreme rates
of erythroid proliferation lend themselves
to cellular errors that turn on apoptotic
programs. Alternatively, extreme rates of
erythroid hyperplasia and apoptosis might
be characteristic of more severely af-
fected patients. Lastly, extreme erythroid
hyperplasia could generate such num-
bers of apoptotic erythroid precursors
that marrow macrophages are over-
whelmed, leaving more apoptotic cells in
the sample. (Blood. 2000;96:3624-3629)
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Introduction

Homozygous B-thalassemia (Cooley anemia) is a devastatinguantitative. In this report, we proposed to quantitatively anal;ée
hereditary disease characterized by reduged ©r absent §°) the extent of erythroid expansion and to determine whether §1e
production of the3-globin chain of the healthy adult hemoglobin.degree of the erythroid hyperplasia had an impact on the severit@ of
The resultant imbalance i@ versusp chain synthesis is respon-apoptosis and on the problem of the occasional persistence ofghe
sible for the severe anemia, which kinetically is a composite ¢halassemic clone after myeloablative therapy and allogergic
marked ineffective erythropoiesis, as well as hemolysis of periptransplantatioff.The extent of apoptosis was evaluated and quargi-
eral red blood cells. The attempt to compensate for this anenfiied using flow cytometric methods on isolated erythroid precursérs
leads to extraordinary ineffective erythroid hyperplasia. Patierft®m the marrow of the patients. Flow cytometry, morphology, a@d
require long-term red blood cell transfusions, which inevitably leatieasurement of soluble transferrin receptor levels in plasma V\%re
to iron overload. The pathophysiology Bfthalassemia has beenused to quantify the extent of the erythroid expansion.
the subject of several extensive revieWsFerrokinetic studies

have shown that as many as 80% of the erythroid precursors die-in

the marro_w'fﬁy_4 Because the ger_letlc defect is expres_sed in tri\‘?\aterials and methods

hematopoietic marrow, allogeneic marrow transplantation became

an important and successful option in the cure of such patfentsatients

During the process of transplantation, a sample of marrow from tt|1_e ¢ vatient wdied iallv. Inf q L3
patients is harvested for genotypic study and analysis and su%}ﬁo groups of patients were studied sequentialy. fnformed consent was
. . . . tained according to approved protocols by the institutional -
marrow samples allowed us to identify for the first time th iew boards <
a(_:celerated apOpt_OSis O_CCWS in the erythroid progen_itors of patiemSGroup 1 patients.Initially, 14 patients with severg-thalassemia major R
with B'tha_|assem|a major, and prol_)a_b_ly accqunts in part for th@d 10 controls (allogeneic bone marrow donors) were studied. Marrow
observed intramedullary lysfsThese initial studies were based orsamples were obtained routinely at the time of marrow transplantation
the identification of nucleosome degradation and as such were aatording to protocols established by the Un@aerativa Ematologia,
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Ospedale di Pesaro Review Board. A single operator performed all marrda 0.5 mL containing X 10 erythroid precursors, we added 1@ of
aspirates for this study. Bone marrow was aspirated from the posterior ilidoechst 33342 (1f.g/mL) (Molecular Probes, Eugene, OR) and incubated
crest into syringes containing medium supplemented 1:10 with heparthe mixture for exactly 4 minutes at 37°C, after which the samples were
Ten milliliters of aspirated marrow was added to 2.5 mL of CPDmmediately placed on ice. Just before flow cytometryulOof propidium
anticoagulant, 1.5 mL of fetal bovine serum (FBS) and 1.0 mL of TC-19@dide (PI) (20ing/mL) (R&D Systems, Minneapolis, MN) was added to
and the samples were shipped on ice to Stanford (CA) for analysis igéntify dead cells (Pl positive) as well as apoptotic cells (Hoechst
apoptosis and cell death. 33342 positive).

Group 2 patients.Bone marrow samples were obtained for clinical  Apoptotic erythroid precursors were also identified and measured using
purposes from 30 patients with transfusion-depengetiialassemia major fluorescein isothiocyanate-labeled Annexin V (FITC-AnV) (Boehringer,
and 15 controls in the Bone Marrow Transplantation Center in Pesafannheim, Germany) or Annexin V kit (R&D Systems). Annexin V (AnV)
Sixteen male and 14 female patients with sev@rthalassemia major, hinds to phosphatidylserine that has moved from the inner to the outer
ranging in age from 2 to 31 years (mean 13.8.9; median 12), were |eaflet of the plasma membrane phospholipid bilayer, a very early event in
studied. All patients were chronically transfused. Twenty-one patients hagoptosig0-12After washing twice with PBS, X 10° CD45 negative cells
received more than 100 red blood cell transfusions, no one had received |ggse resuspended in 0.5 mL of binding buffer (10 mmol/L hepes/NaOH, pH
than 10 transfusions. Fourteen patients were regularly chelated. Eleven '?9?,140 mmol/L NaCl, 2.5 mmol/L Cag)l FITC-AnV was added to a final
been splenectomized. All patients stopped transfusional and pharmacolQgjficentration of 0.5.g/mL. Cells were incubated 10 minutes at room
support at least 2 weeks before being tested. o temperature. To identify the proportion of dead cells, |dl0 of the 20

To determine whether increased apoptosis was specific for the erythroigy,; py stock solution were added to the cell suspension. The mixt@re
hyperplasia that occurs in thalassemic patients, 7 additional studies wege. analyzed by flow cytometry. This assay allows us to discrimin§ite
performed in Pesaro on anemic patients with disorders of hemolysis ande/lﬂ{/e erythroid precursors (AnVPI-), dead precursors with a damageﬁ
ineffective erythropoeisis. These patients were analyzed exactly as H’gsma membrane (AnVPI*), and apoptotic precursors with a StilE

3

thalassemic patlents.' . _— functional plasma membrane barrier (AnN?I™). =
Bone marrow aspirates were obtained by aspiration from the posterior . . h
. ) . = ) . Group 2 patients.Having established the fact that both metho
iliac crest into syringes containing medium supplemented with EDTA, o . . . >
. ) r11)roduced similar resulf$,we relied on the Annexin V method to which wez
Bone marrow aspirates in a 5-mL volume were performed always by t

same operator and in the same quadrant of the posterior iliac crest. v?oded further measurements to identify the extent of the erythrgid

flms from the same Marrow aspi ) xgansion as well as the other cellular components of the marrgw.
pirates were prepared and stained by ) . .
May-Grunwald-Giemsa method. The differential count (500 cells counteg%optOS'S was evaluated_ by FAC.:S analysis on th? bone marrow erythg)ld
was then performed and the myeloid:erythroid (M:E) ratio determineg.,ecurso_rS (CD45 negatlve), 'usmg FITC-Ar'1V (K'F Beqder MedSystergs
Complete blood count was determined using an automated cell counl?é?gnosuc meH, Vein, Austria). After was.hlng twice W'_th '_DBS(SlOB' S
(Sysmex SF300; Toa Medical Electronics, Kobe, Japan). CD45 negative cells were resuspended in 1 mL of binding buffer (%0
mmol/L hepes/NaOH, pH 7.4, 140 mmol/L NaCl, 2.5 mmol/L CaACl 2
FITC-AnV was added to 195.L of the cell suspension to a finak
concentration of 1ug/mL. Cells were incubated 10 minutes at roo
For group 1 patients, the marrow samples, still cold, arrived at Stanfoi@mperature, then washed once and resuspended in.lL98F binding
after 36 to 48 hours and were subjected to Ficoll separation (Isoprep 10puffer. To identify the proportion of dead cells, . of the 20pug/mL PI
Robbins Scientific Corp, Sunnyvale, CA) to concentrate the cells aséock solution was added to the cell suspension, resulting in a fifial
remove red blood cells (RBCs). Then the erythroid precursors wegencentration of Pl lug/mL. The mixture was then analyzed by flowg
separated as beférasing CD45 negativity as the marker. However, rathecytometry. Quantitative fluorescent analysis was performed using a FA@'S-
than panning, magnetic bead column separation (Miltenyi Biotech, Auburcgn (EPICS ELITE, Coulter, Hialeah, FL). From the analysis of forwa@
CA) was used. CD45 micromagnetic beads were added to the suspensioanaf 90° light scatter, a gate was established to include all leukocytes. gen
marrow cells, incubated on ice for 30 minutes, then washed twice withousand cellular events were recorded in all experiments at this gateg To
phosphate-buffered saline (PBS) containing 0.5% FBS, and 1 mmoléalculate the total number of reactive cells per milliliter of bone marrfi’W
EDTA. The cells were then suspended in 0.5mL of the same buffer asdmples, the percentage of the reactive cells was multiplied by the tetal
passed through a Miltenyi magnetic column. Because the CD45 antigemismber of white bone marrow cells per milliliter of the sample.
strongly expressed on leukocytes and monocytes, the immunobeads bind to
these cells and not the erythroid precursoPassing the suspension over a
magnetic column binds the CD45 positive cells, whereas the CD45 negatlgasurement of the extent of erythroid expansion

enlllthr?'g prtzcurson;s é)ass freely through the column from which they aé‘?ythroid expansion was evaluated both by FACS analysis on bone mal%ow
cofiected and counted. mononuclear cells and by an enzyme-linked immunosorbent assay (ELISA)
For group 2 patients, the bone marrow mononuclear cells were peripheral blood sera &

immediately isolated by density gradient centrifugation using Ficoll- . . . .
Hypaque (specific gravity 1.077) (Lymphoprep; Nyegard, Oslo, Norwa FACS analysis.Immunophenotypic analysis was performed using
ypaq P 9 y - ymphoprep, yegard, ’ )Qommercial mouse monoclonal antibodies conjugated to phycoerythrin or

following standard methods of Ficoll-separation technique. The cells we ISorescein directly against the following human leukocyte differentiation
washed twice with PBS containing 0.01% bovine serum albumin (BSAi Y ag 9 Y

. . ) htigens: CD45 FITC (2D1, Becton Dickinson Immunocytometry System,
and resuspended in PBS. Isolation of the erythroid precursors cells W§’15 J CA) CD71 FITC (YDJ.1.2.2 | tech Int tional. M
accomplished by negative selection incubatingx1@C® bone marrow an Jose, ). ( e Immunotech International, Mar-
cells, with 1 mg of anti-CD45 magnetic immunobeads (Immunotecﬁe'”e’ France), and CD16 PE (B73.1, Becton Dickinson Immupocytometry
International, Marseille, France), suspended in 1 mL of PBS supplemen t_em). For each of the above, :500 ,000 cells were seeded mtp each tube
with 30% fetal calf serum. The suspension was incubated 10 minutesagfj_'nCUbatEd for 20 m|nute§ at 4°C with asaturatlng concentration of each
4°C, mixing after 5 minutes. Marrow erythroid precursor differential count‘éOnjugated monoclonal antibody, then yvashed twice. The samples we_re
(200 to 500 cells counted) were performed on the May-Grunwald-Giem$f" analyzed by flow cytometry using the same procedure previ-

cytospin preparations. ously described. _
Serum samples and enzyme immunoass&ood samples were

obtained from the antecubital vein and left to clot at room temperature, and
then centrifuged and immediately aliquoted and stored-80°C until
Group 1 patients.To be confident about the extent of apoptosis in thassayed. Soluble transferrin receptor levels were measured by a commer-
separated erythroid precursors, 2 methods were used. The well-studiely available sandwich ELISA kit (Amgen Diagnostics, Thousand
Hoechst dye 33342 kinetically labels nuclei of cells undergoing apogtosi©aks, CA).

Isolation and harvesting of erythroid precursors.
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Measurement of apoptosis by flow cytometry



3626 CENTISetal BLOOD, 15 NOVEMBER 2000 + VOLUME 96, NUMBER 10

oo
(=3

Group 1 patients.Figure 2 shows the flow cytometric analysis

y;::‘:z?:"‘“' p<0.005 of bone marrow from a patient witR-thalassemia major. The
proportion of cells that are dead (Pl reactive), apoptotic (reactive

with Hoechst 33342 and FITC-AnV but not with PI), and alive and
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Figure 1. Marrow erythroid precursor differential counts were made on direct
marrow aspirates. Values are expressed as mean * SD of the percentages.

Statistical analysis

Data are expressed as mearsD unless otherwise specified.

Groups were compared by Mann-Whitrigyest. Correlation between 2
parameters were estimated by the Pearson coefficient of correlation and by
linear regression analysis. All tests were 2-tailed and a significance level of
.05 was used.

Propidium lodide

Results

Marrow erythroid hyperplasia

For these measurements, exactly 5 mL of marrow was aspirated.
Nucleated marrow cells were counted by an automated cell counter.
The absolute number of nucleated marrow cells was 4882 X 10°

in the thalassemic patients and %66 X 10° in the controls R E——
(P < .001). There were about 2.8 times as many marrow cells in |~ L SRRt R :
the thalassemic samples. Moreover 21 of 30 patients showed an I S BRI U
inverted M:E ratio as evaluated by the differential count of the bone IO SR EEPOUTS PO
marrow cells on the May-Grunwald-Giemsa—stained marrow fifms.
The percentages of the nucleated marrow cells that are erythroid
precursors determined by flow cytometry as detected either by
CD45 negativity or by CD71 positivity (transferrin receptor),
respectively, were as follows: 37 15 for the thalassemics versus

19 = 5 for the controls R < .001), and 25+ 17 for the thalasse-
mics versus 3 2 for the controlsP < .05). Proportionately, there

are 2 to 3 times more erythroid precursors in the thalassemic
samples. An erythroid precursor differential count was also per-
formed. Thalassemic patients had a preponderance of younger
forms as indicated by an increased percentage of basophilic
erythroblastsP < .015) and a decreased percentage of orthochro-
mic erythroblastsK < .005), when compared with controls (Fig-
ure 1). An increased number of CD16ells was also observed in
thalassemic patients compared with controls (6.8.3 versus
3.1+ 1.4X 10°f/mL, P < .005).
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Apoptosis

As before cytologic analysis of the CD45 negative cell suspen
sions showed that at least 95% of the mononuclear cells present
were erythroid precursors (not shown).

Figure 2. Flow cytometric analysis of purified erythroid precursors from a
patient with Cooley anemia. (A) Reactivity with Hoechst 33342 on the abscissa and
PI on the ordinate. The closeness of the contour lines reflects the numbers of cells
reacting. There are 3 definable populations: Pl reactive cells are dead; Hoechst
33342 are reactive, but Pl nonreactive are apoptotic (shaded area); and the
remaining cells (Pl and Hoechst 33342 nonreactive) are alive and not apoptotic.
Panel B is similar to A, except that FITC-AnV reactivity is recorded on the abscissa.
The shaded area identifies the apoptotic population. (C) Reactivity of the erythroid Path s i L
precursors with FITC-AnV on the abscissa and Hoechst 33342 on the ordinate. The 2 AnV' FlTC
methods identify the same apoptotic population (shaded area).

Hoechst 33342
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not apoptotic (Pl, Hoechst 33342 and AnV negative) are reporte@ble 1. Percentage of erythroid precursors that are apoptotic or dead

The lower scan (Figure 2C) shows that FITC-AnV and Hoechst Thalassemia Controls

33342 identify the same population of the erythroid precursors. (n =30) (n=15) 2-tailed P value
Figure 3 summarizes the results of studies on 14 group 1 patientsss/anv+ 6.8=4 1.9+ 04 <.001
and 10 controls and shows that there is a signific@n(.001) (range) (1-19) (1-2.6)

3- to 4-fold increase in the percentage of thalassemia majep 45 /PI* 3125 0.8+0.5 <.001
erythroid precursors undergoing apoptosis. This increase in apoptd2nge) (01-13) 013

sis was detected by 2 quite different methods (described in vaues are expressed as means + SD.

“Materials and methods”). However, the error bars in Figure 3

indicate the heterogeneity of the values obtained with boté1Orrelatlon between erythroid hyperplasia and apoptosis

methods. This puzzling heterogeneity as well as a desire to better

understand the quantitative extent of the increase in thalassefmicsearching for an explanation for the variation in levels of

erythroid precursors leads us to do more quantitative experimenipoptosis in th@-thalassemic patients (Figure 3, Tables 1 and 2),
It was also thought that a more quantitative approach to the extewd observed tight direct correlations between both the relative
of erythroid expansion might explain the occasional difficultyFigure 4) and absolute (Figure 5) numbers of apoptotic erythroid
experienced in eradication of the thalassemic clone by our myelggecursors (CD45AnV+) and the extent of erythroid expansion as

blative protocol. indicated by the absolute numbers of CD 45 negative erythréld

Group 2 patients.Marrow aspirates of 30 more patients withprecursorsi(= 0.59,P < .001;r = 0.92,P < .001, respectively). &
p-thalassemia major were obtained and the extent of apoptosisfihen the relative and absolute numbers of apoptotic erythrgid
their erythroid precursors was evaluated by the FITC-AnV methqstecursors were plotted against the absolute number of CI§71
(Table 1). The proportion of thalassemic erythroid precursopssitive marrow cells (an alternative marker of erythroid pre(:tif'r-
undergoing apoptosis (CD4BANV */PI-) was about 3-fold greater sors), similar tight direct correlations were obtained (not shown)g
than the controls. These values were very similar but slightly lower An indicator of overall erythropoietic activity that is indeperg
than the values obtained in the group 1 patients. dent of the variations in marrow aspiration, sampling, and flav

Because the marrow cellularity is increased 2.8-fold in theytometry is the serum level of soluble transferrin recéptof
patients and they have about twice as many erythroid precurs@%fR). There was again a strong correlation between the exter@ of
proportionately, one would expect that the absolute increase dfythroid expansion expressed by sTfR levels and both §1e
thalassemic erythroid precursors would be 5 to 6 times greater thsaportion (Figure 6) and absolute numbers (not shown) ;fpf
in the controls, ignoring the extension of marrow space anflalassemic erythroid precursors undergoing apoptosis. No spich
extramedullary erythropoiesis. With a 3-fold increase in theorrelations between apoptosis and numbers of erythroid preﬁur-
proportion of erythroid precursors undergoing apoptosis (Figuresors were observed in comparable studies on healthy con%EroI
Table 1), the absolute increase in thalassemic erythroid precursgrgrrow samples (not shown).
undergoing apoptosis would be expected to be about 15-fold,
which is close to the 14-fold increase actually observed (Table 2).

Seven anemic but nonthalassemic patients, representing gijscussion
throid expansion due to hemolysis or ineffective erythropoeisis,
were also studied (Table 3). All had evidence of erythroiglve had 3 aims in this study: (1) to discover the extent and seve
expansion but neither the percentage of erythroid apoptosis nor esilhpoptosis in the erythroid precursors of patients Bithalasse-
death was increased, when compared with our healthy contreifa major as a likely contributing factor to the extensive ineffectig-
(Table 1). ity seen in these patients in which as many as 80% of erythrgid

precursors die in the marrow; (2) to understand why m«aa
L , . well-characterized genotypic disorder there should be such hetero-
Apoptosis in Cooley’s Anemia geneity in the extent of apoptosis; and (3) to shed light on wf;y
myeloablative therapy does not regularly destroy the thalage-
mic clone.

To extend and quantify our first qualitative demonstration ﬁf
increased apoptosis {Brthalassemia major erythroid precursbérs,
we used 2 quantitative flow cytometric methods. These were
chosen to reflect both plasma membrane and nuclear alterations in
the apoptotic process. Both methods gave concordant results in
showing that they identified the same population of erythroid
precursors (Figure 2) and that there was a 3- to 4-fold significant
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Table 2. Apoptotic or dead erythroid precursors (total number per milliliter)
4t Thalassemia Controls
(n = 30) (n=15) 2-tailed P value
2r CD 45~ /AnV+ 35+31 0.25 +0.1 <.001
0 (range) (0.16-15.9) (0.1-0.5)
. CD 45-/PI* 16+1 0.17 = 0.13 <.001
Annexin V HO033342
(range) (0.2-61) (0.01-0.6)
Figure 3. Summary of group 1 studies using both Hoechst 33342 and FITC-AnV.
Controls, Z; thalassemics, (. Mean values are shown within the bars, and the error Values are expressed as means = SD X 10° reactive cells/mL of bone

lines indicate the SD values. marrow suspension.
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Table 3. Bone marrow erythroid precursor analysis in 7 anemic but nonthalassemic patients

Disease and Age Hb Retics BM nucleated cells CD45~ CD71% CD45~ AnV*/PI~ CD45- PI+
causes of anemia (y) (g/dL) (%) (X 108/mL) (%) (%) (%) (%)
SCD 15 6.3 12 40 49 17 1.3 0.8
SCD 23 7.5 11 18 51 15 1 0.3
MAP 33 5.9 13 16 53 41 2 0.8
AHA 5 9 9 36 28 28 0.9 0.4
HA 56 10 9 12 60 18 1.4 0.5
SA 9 8.3 7 32 45 29 0.8 0.3
SA 26 7 10 20 50 40 0.9 0.6

SCD = sickle cell disease; MAP = microangiopathic hemolytic anemia; AHA = autoimmune hemolytic anemia; HA = hemolytic anemia in a lymphoma patient after
chemotherapy; SA = sideroblastic anemia (the 9-year-old is an idiopathic sideroblastic sex-linked anemia, the 26-year-old is a variant of myelodysplastic syndrome).

increase in percentage of erythroid precursors undergoing apopttrether it occurs in other forms of hemolysis or ineffective
sis in patients versus controls (Figure 3). It should be recalled trext/thropoiesis characterized by erythroid expansion. Our studies
in our early stud§ywe found no evidence of increased apoptosis ian 7 patients with several sorts of hemolytic anemia and ineffectiye
thalassemic CD45 positive myeloid and lymphoid marrow cells. erythropoiesis (Table 3) show that hemolysis or erythroid expén-
These studies on group 1 patients, although providing requisgi®n per se does not increase the proportion of apoptotic eryth@ld
guantitative data, uncovered interesting biologic problems. Opeecursors.
was that the extent of apoptosis was quite variable in patients who An important consideration is whether ineffective erythropcﬁ
seemed to be clinically and genotypically quite similar. The secomsis is invariably characterized by increased erythroid apoptogls
was that measurement of the percentage of erythroid precursdhere is morphologic evidence of increased erythroid apoptosm] in
undergoing apoptosis greatly underestimated the problem dongenital dyserythropoietic anerfian which erythropoiesis IS'°
B-thalassemia major, in which there is enormous erythroid hypeneffective. Ineffective hematopoiesis has been reported in :19
plasia. Thus, the absolute number of apoptotic erythroid precurspetients with myelodysplastic syndrome (7 RA, 7 RAEB, 5
in patients is likely to be very much increase@lé.1” RAEBt).1° However, in 2 reports on megaloblastic anemia encom
To analyze these questions we needed a more quantitatpassing 17 patients with folate or cobalamin deficiency, us@g
approach to the analysis of erythroid precursorg4thalassemic methods similar to th# and our prior study* there was no & ‘1
and healthy marrow. Furthermore, there are clinical clues from thcrease in erythroid apoptosis even though there was dlstmct
thalassemic marrow transplantation program at Pesaro that patientislence (increased Pl of intramedullary erythroid cell deaff.
with extreme erythroid hyperplasia may have a higher frequencyNeither of our 2 patients with sideroblastic anemia showed %n
graft rejection with reversion to thalassemic erythropoiesis. ificreased proportion of apoptotic erythroid precursors (Table g)
guantitative measurement of the extent of erythroid expansion wdreerefore, the association of increased erythroid apoptosis vsgth
to be predictive of the outcome of bone marrow transplantation,iiteffective erythropoiesis is not invariable. 2
would be a useful addition to our current clinical assessment that is There are several hypotheses, not mutually exclusive, why:h
based on regularity of chelation, hepatomegaly, and presencenaht explain why profound erythroid expansion should lead tq;;a
portal fibrosis>” relative and absolute increase in thalassemic erythroid precufsor
Therefore, we extended the study to group 2 patients spec#poptosis. When a cell line is forced by physiologic or patholo@c
cally trying to assess the impact of the extent of erythroithechanisms to increase its proliferative rate, the chances for el’ifors
expansion. Our results show that the extent of the thalasseriricrease, leading to aberrations that are detected by the affe%ted
erythroid hyperplasia quantitatively evaluated by absolute courtslls, which then turn on their apoptotic prograths® co
of CD45 negativity and CD71 positivity, directly correlates with A second explanation is that we measure erythroid precur&or
the relative and absolute extent of erythroid precursor apoptosigsoptosis directly from our patients’ marrow at a single point 111
(Figures 4 and 5). The use of the soluble serum transferrin receptiore. However, one of the biologic aims of apoptosis is to identify
level'> as an index of overall erythropoiesis showed similar directamaged cells and remove them, thus limiting any damage sﬁch
correlations with the relative extent of apoptosis (Figure 6). cells might do. Phosphatidylserine is translocated from the innegto
An important question is whether increased erythroid apoptodiee outer layer of the plasma membr&it€ of apoptotic cells,
is a specific pathophysiologic lesion prthalassemia major or where it can be recognized and the affected cells removed by
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Figure 4. Correlation between the percentage of the apoptotic erythroid Figure 5. Correlation between the total numbers (  x 10%) per milliliter of
precursors (AnV *+/P1=/CD45) and the total number ( x 10°) of erythroid precur - apoptotic erythroid precursors (AnV ~ */P1=/CD45~) and the absolute number of

sors (CD45 7). erythroid precursors (CD45 ~) (x 106)/mL.
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Figure 6. Correlation between the percentage of the apoptotic erythroid
precursors (AnV */P1=/CD45~) and levels of serum transferrin receptor (sTfR).
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thalassemic patients, and the in vitro capacity of macrophages to
phagocytose thalassemic versus normal erythroid precursors is also
increased 2-fol@8 leading to a possible quadrupling of phagocytic
capacity. In contrast, the absolute increase in apoptosis in our
patients is 14-fold. However, the activation or up-regulation of
thalassemic phagocytes may further increase their effectivéhess.
This hypothesis does not explain the decreased number of orthochro-
mic erythroblasts observed in our patients (Figure 1).
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Athird explanation is that, for unclear reasons, the patients with
greatly increased apoptosis and erythroid expansion have a more
severe disease.

It is not clear why patients with extreme erythroid hyperplasia
may be resistant to the preparative myeloablative therapy and reject
their graft. We are currently testing the role of hypertransfusion in

macrophage¥?” Therefore, our measurement of apoptosis is #ie preparative program in such patients to reduce the extreme
composite of the erythroid precursors undergoing apoptosis at tlegythroid hyperplasia.
moment versus the ability of marrow macrophages to remove them.
At the higher levels of erythroid hyperplasia, the extent of

apoptosis may exceed the ability of marrow macrophages fcknowledgment

remove such cells, leading to higher apparent levels of apoptosis.

The number of CD16 cells (described in “Results”), many of We thank Dr Locatelli for providing a bone marrow sample from&

which are macrophages, is increased 2-fold in the marrow of opatient with sideroblastic anemia.
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