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Negative regulation of erythroblast maturation by FAgfRAIL * highly
malignant plasma cells: a major pathogenetic mechanism
of anemia in multiple myeloma

Franco Silvestris, Paola Cafforio, Marco Tucci, and Franco Dammacco

Multiple myeloma (MM) is associated with
severe normochromic/normocytic ane-
mia. This study demonstrates that the
abnormal up-regulation of apoptogenic
receptors, including both Fas ligand (L)
and tumor necrosis factor-related apopto-

sis-inducing ligand (TRAIL), by highly ma-
lignant myeloma cells is involved in the

pathogenesis of the ineffective erythropoi-

esis and chronic exhaustion of the ery-
throid matrix. By measuring Fas-L and
TRAIL in plasma cells and the content of
glycophorin A (GpA) in erythroblasts from

a cohort of 28 untreated, newly diag-
nosed patients with MM and 7 with mono-
clonal gammopathy of undetermined sig-
nificance (MGUS), selected in relation to
their peripheral hemoglobin values, results

Introduction

showed that both receptors occurred at
high levels in 15 severely anemic MM pa-
tients. Their marrow erythropoietic compo-
nent was low and included predominantly
immature GpA *dm erythroblasts, in con-
trast with the higher relative numbers of
mature GpA +Pright erythroid cells observed
in the nonanemic patients and those with
MGUS. In cocultures with autologous Fas-
L*/TRAIL* myeloma cells, the expanded
GpA*dm erythroid population underwent
prompt apoptosis after direct exposure to
malignant plasma cells, whereas erythro-
blasts from nonanemic patients were
scarcely affected. The evidence that Fas-
L*/TRAIL* malignant plasma cells prime
erythroblast apoptosis by direct cytotox-
icity was also supported by the increase

of FLICE in fresh immature GpA +dm ery-
throid cells, whereas ICE and caspase-10
increased in subsequent maturative forms.

In addition, GATA-1, a survival  factor for
erythroid precursors, was remarkably
down-regulated in fresh erythroblasts
from the severely anemic patients. These
results indicate that progressive destruc-
tion of the erythroid matrix in aggressive
MM is due to cytotoxic mechanisms based
on the up-regulation in myeloma cells of
Fas-L, TRAIL, or both. It is conceivable
that the altered regulation of these recep-
tors defines a peculiar cytotoxic pheno-
type that drives the progression of aggres-
sive MM. (Blood. 2002;99:1305-1313)
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Defective erythropoiesis leading to chronic normochromiafontrol of erythropoiesis is also supported by additional studies,
normocytic anemia is common in the progression of multiplshowing that erythroblasts treated with TNFer IFN-y or both
myeloma (MM)12 Its main features are hypoferremia in thestrongly trigger apoptosis in response to the CH11l anti-Fas
presence of adequate iron stores and inappropriate erythropoietionoclonal antibody (mAb) as prototypic agonist ligand of the
(EPO) productior. Several negative regulators of erythropoiesiseceptoi®12 Furthermore, mouse embryos lacking FADD, a cyto-
are involved in the pathogenesis of defective erythroid maturatigolasmic Fas-associated domain involved in the sequential activa-
The erythropoietic precursors are acted on by apoptosis induceisn of downstream caspas¥ajndergo lethal erythroid accumula-
namely, transforming growth factor (TGHZ, tumor necrosis tion'4 and TRAIL, the TNF-related apoptosis-inducing ligafd,
factor (TNF)-e, interferon (IFN)+y, and Fas ligand (Fas-I4> displays structural and functional similarities with Fa$-&nd acts
These proapoptogenic factors are physiologically involved ifirough FADD in the homeostatic regulation of erythropoiésis.
modulating the maturation of erythroid cells and are up-regulatétbwever, in contrast with the inhibitory effect promoted by Fas-L
in the anemia of chronic disordetss well as in many solid tumors in early erythroid precursors, TRAIL is apparently effective during

and hematologic malignancies, including M¥Malignant plasma the intermediate stage of erythroblast maturation when a mild to
cells can also add to the progressive destruction of the erythroitbderate presence of glycophorin A (GpA) is detectable in
matrix by direct Fas-L-mediated cytotoxichy. erythroid cells’

Recent work by independent groups has emphasized the role ofWe have recently shown that Fas-L overexpression by myeloma
the Fas/Fas-L system in restraining erythroid maturdtiriPro- cells reflects their high degree of malignancy, as assessed by their
erythroblasts at the prebasophilic/basophilic stage are susceptimeliferation in the absence of interleukin-6 (IL-6) as well as their
to apoptosis because of their high sensitivity to Fas stimulatiompresponsiveness to Fas stimulation by the CH11 A¥Athese
whereas mature erythroblasts are refractory to the autotoxic lyslenes contribute to anemia in MM, because they exert a major
induced by excess Fas!PThat Fas exerts a prominent role in thecytotoxic effect on the marrow erythroid matrix by presenting
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Fas-L to immature erythroblastsVe hypothesize that erythropoi Cocultures of erythroblasts with myeloma cells

etic failure also results from prolgreslsllve deplgtlon of maturlﬁixed cultures of erythroblasts and plasma cells were set up to investigate
erythroblasts as an effect of the inability of their precursors tg, cytotoxic potential of both FastLand TRAIL® myeloma cells.

proceed to mature forms in the presence of cytotoxic myelongmiiarly to the erythroblast preparations, malignant plasma cells were

cells. This pathway then leads to a compensatory expansionegfiched by magnetic sorting with the anti-CD138 (syndecah2tmAb

the early proerythroblast population within the bone marté%, (Miltenyi Biotech). This method was successful in providing excellent

whose progression to the next maturation steps can also ity (> 96.5%) of the myeloma cells used for coculturing. The cultures

inhibited by the persistent defect of EPO, particularly in patientgere initiated using both EPO and IL-6, as repofi@tiefly, 2 to 5 1¢°

with kidney failure2° fresh erythroblasts were incubated ovgrnight in 24-well plates at 37°C in the
In this study we have evaluated the occurrence of the cytotoﬂﬂesence of plasma cells at 1:1 ratio. Erythroblasts were cultl_Jred with

phenotype in malignant plasma cells from a cohort of patients WiFHtologous myeloma cells, and each coculture was prepared in parallel

L . . . t0 measure the erythroblast apoptosis differentially induced by Fas-L,
MM. In the majority of those with severe anemia and activeo a1l or both y pop y y

disease, these cells greatly inhibited erythroid maturation. To measure the effect of Fas-L, myeloma cells were inhibited in their
TRAIL expression by a 90-minute pretreatment withiddymL polyclonal
anti-TRAIL antiserum (Alexis) and then added to the erythroblast prepara-

Patients, materials, and methods tions. Parallel functional assays were carried out to confirm the efficacy of
the anti-TRAIL treatment, showing almost complete (91.3%) neutralization
Patients of the TRAIL-related cytotoxicity. This cytotoxicity was also assessed on

further aliquots of myeloma cells, which were first incubated with 10

population such that 2 groups were constructed: those with peripheEeg/mL of the recombinant Fas-Fc chimeric protein (Alexis) to inactivate

hemoglobin of 9 g/dL or less (group A) and those with a value of 11.5 g/dl s-L-and then cocultured Wlth.the. eryt_hroblasts. The at_)lllty OT this so!uble
) . . lﬁ%)form of Fas to saturate the binding site of Fas-L, leading to its functional
or higher (group B), to compare those with severe anemia to those wi

borderline or normal erythropoiesis. All patients were newly diagnosed aerpalrment, had already been demanstratéilibsequently, apoptosis of

were included in the study before receiving any chemotherapy, to avoid t € erythroblast populations was measured.

potential interference of cytotoxic drugs in cellular responses. Sevapoptosis

patients with monoclonal gammopathy of undetermined significance

(MGUS) and normal erythropoiesis were also included. The study wA¢optosis in cocultured erythroblasts was evaluated in comparison with
approved by the Ethical Committee of the University of Bari. Informe@ontrol unstimulated cells from each patient, using a double-fluorescence

Twenty-eight patients with MM stages | to IIfBvere selected from a larger

consent was obtained from all individuals. assay that detects the outer leaflet exposure of phosphatidylserine by
apoptotic erythroblasts. Thus, the cultured cells were washed and treated
Bone marrow phenotyping with the FITC-conjugated annexin-V (Boehringer Mannheim, Milan, Italy)

and with the PE-labeled anti-GpA mAb (Immunotech). The extent of

Bone marrow cells were freshly typed by double-fluorescence analysis i'%r"il/throblast apoptosis was then measured in the relevant GpBset with
FACScan (Becton Dickinson, Mountain View, CA). Phenotypic differentiag, o Cell-Quest software.

tion of erythroblasts from plasma cells was first assessed by detection of o gccurrence of apoptosis in cocultured erythroblasts was also

21 i i in isothi . . o .
GpA*! and CD38, respectively, using fluorescein isothiocyanate (FITC)gyestigated by direct examination under a fluorescence microscope.

conjugated mAbs (Immunotech, Marseille, France, and Becton Dickinsqgliefly  the cells were first treated with the PE-conjugated reagent to

San Jose, CA). In addition, the expression of both Fas-L and TRAIL WaRti-TRAIL antiserum, and subsequently withug/mL 4,6-diamidino-2-

measured in CD38cell populations. The biotinylated IgG1k from clone yonvlindole (DAPI) to visualize the morphologic changes of nuclei in

NOK-1 (Pharmingen, San Diego, CA) treated with phycoerythrin (PE)eTpoptotic erythroblasts.

conjugated streptavidin was used for Fas-L, whereas the expression of

TRAIL was assessed by a rabbit polyclonal antiserum (Alexis, Vinci, ltalyTaspase activity

in association with a goat PE-conjugated second antibody. . .
Erythroid cell maturation was investigated by measuring the fluoreSEVeral experiments were performed to assess caspase expression and

cence intensity of GpA expressidh.Enriched erythroblast populations activation in fresh erythroblasts. The constitutive expression of FLICE

(2.5-3% 10P) were obtained by magnetic cell sorting of bone marrow, usinﬁ:aspase-S), ICE (caspase-1), and caspase-10 was measured by double-
anti-GpA—conjugated microbeads, which resulted in purities for GpA uorescence analysis. FLICE was detected by a mAb (Biosource, Cama-

cells of approximately 90% (Miltenyi Biotec, Bergisch Gladbach, Gertillo, CA), and ICE and caspase-10 by rabbit polyclonal antisera (Biosource

many). Aliquots of these cells were then incubated with the PE-conjugat®d Prosci, Poway, CA, respectively). Although most reagents had been

anti-GpA mAb (Immunotech) for semiquantitative flow cytometry evalua@Ptimized by their manufacturers for immunoblotting methods, their

tion of GpA. The analysis was completed with the Cell-Quest softwafg!iability was checked by flow cytometry asse@ells were incubated with
(Becton Dickinson), which defines fluorescence intensity as dim, intermedft€ PE-anti-GpA reagent, then fixed, permeabilized, and separately treated
ate, and bright. These differential levels of GpA expression have be@ffh specific anticaspase reagents. Finally, the assay was completed by
associated with the immature, semimature, and mature erythroblast stagg!ing with secondary FITC-conjugated antibody prior to flow cytometry.

of erythroid devglopmerit? ) Statistical analysis
The expression of Fas, Fas-L, and TRAIL and its effector receptors DR4
and DR5 was also measured with respect to concurrent GpA content Dijfferences between means of groups of data were calculated using the
double-fluorescence flow cytometfyon isolated erythroblast populations. nonparametric Mann-Whitney test.
Fas was detected by the ZB4 IgG1 mAb (Immunotech), whereas rabbit and
goat antisera were used for DR4 and DR5 molecules, respectively, and in all
instances FITC-conjugated second antibodies were used for their measResults
ment. In addition, erythroblasts were evaluated for the expression of
GATA-1, namely, the transcription factor necessary for the termin&xpression of Fas-L and TRAIL and inhibition of erythroblast
differentiation of the erythroid precursot&?*Aliquots of those cells were maturation in anemic patients
incubated with a rat anti-GATA-1 mAb (Santa Cruz Biotechnology, Santa
Cruz, CA) and further treated with the FITC-conjugated second antibodyable 1 shows the distribution of both anemic (group A) and
prior to flow cytometry. nonanemic (group B) patients in parallel with the measurement of

¥20z dunr Zo uo 3senb Aq Jpd'G0E L 0Z0Y08U/9E Y089 L/SOE L/+/66/4Pd-alo1ie/poo|q AU suoledligndyse;/:djy wouj papeojumoq



BLOOD, 15 FEBRUARY 2002 - VOLUME 99, NUMBER 4 PATHOGENESIS OF ANEMIA IN MULTIPLE MYELOMA 1307

Table 1. Clinical data and phenotype characterization of plasma cells and erythroblasts from patients with MM or MGUS

Bone marrow aspirates

CD38+ Enriched erythroblast populations
Patients, no. Stage Hb levels, g/dL CD38* GpA* Fas-L* TRAIL* GpA~*dim GpA-Tinterm GpA-~bright
Myeloma patients
Group A
01 1B 4.8 37.0 1.9 71.5 83.0 71.6 3.8 18.1
02 HIA 6.5 29.2 4.5 441 55.6 56.7 12.4 20.3
03 HIA 6.9 21.3 3.9 34.6 ND 355 411 13.8
04 1B 8.6 25.7 9.1 52.3 51.8 65.4 11.2 13.1
05 1l 9.0 18.2 11.0 41.2 29.1 71.3 10.5 9.6
06 HIA 7.8 451 2.6 73.0 90.0 68.4 9.3 11.0
07 HIA 8.0 21.8 7.4 62.2 74.5 65.0 13.1 11.7
08 HIA 7.6 48.0 2.3 29.0 ND 49.9 25.7 13.6
09 1B 6.5 39.7 5.5 37.0 52.2 47.1 16.0 26.3
10 Il 8.6 61.4 6.1 475 31.0 ND ND ND
11 1l 8.8 54.1 3.6 52.3 42.3 451 6.2 17.8
12 1B 8.1 353 2.4 50.7 66.0 59.5 21.3 9.1
13 HIA 7.8 46.6 4.0 32.4 55.8 63.1 9.8 13.1
14 1B 6.7 41.8 3.1 88.6 98.0 70.1 2.9 19.4
15 1l 8.8 30.5 5.2 435 61.5 445 23.0 21.1
Mean = SD 37.0 x 12.7 48+ 26 50.6 + 16.8 60.8 = 21.1 58.0 = 11.7 14.7 = 10.2 155+ 5.0
Group B
01 1l 12.1 14.2 10.5 23.1 6.5 23.4 17.1 47.9
02 HIA 11.7 19.1 5.7 19.4 15.2 10.5 5.0 76.3
03 | 13.8 8.1 18.5 19.7 ND 17.2 28.1 43.7
04 1l 12.6 9.4 13.0 11.4 215 18.1 9.1 62.0
05 | 13.5 24.7 4.3 17.3 18.5 335 21.8 39.2
06 | 14.1 18.0 9.0 8.5 12.1 ND ND ND
07 HIA 12.8 31.6 4.8 30.5 11.0 13.3 16.1 60.0
08 1l 13.1 17.0 9.1 23.1 10.6 28.8 11.1 495
09 | 15.0 18.3 11.4 5.6 11.4 15.6 13.6 58.8
10 HIA 11.9 15.1 15.0 24.6 30.4 38.3 21.1 35.1
11 | 13.6 17.1 20.8 6.3 9.8 19.1 12.0 60.2
12 HIA 12.5 22.4 9.4 41.0 33.1 16.8 4.6 68.3
13 1l 13.1 12.0 11.4 8.0 20.3 21.3 25.4 53.0
Mean = SD 174 £6.3 109 £4.9 18.3 £10.4 16.7 = 8.3 21.3*=83 154 7.6 545 *=12.0
MGUS patients
01 13.4 4.2 9.5 11.4 7.1 15.5 23.0 59.1
02 11.9 10.2 4.7 18.4 3.4 9.3 18.8 67.0
03 14.3 3.6 12.0 9.4 6.2 30.0 27.2 39.6
04 15.1 55 18.1 6.5 11.0 11.6 7.7 74.0
05 12.3 4.6 19.4 7.5 4.1 28.8 32.0 36.3
06 13.1 6.8 11.3 14.1 8.6 13.9 12.5 70.2
07 14.0 3.9 10.1 4.3 ND ND ND ND
Mean = SD 55+£23 12.1 £5.0 10.2 = 4.8 6728 18.1 = 8.9 20.2 9.0 57.7+16.1

The 28 patients with MM were selected in relation to their peripheral hemoglobin levels (group A, = 9 g/dL; group B, = 11.5 g/dL). Erythroblasts obtained by magnetic
sorting were distributed in relation to the fluorescence intensity of GpA expression as dim, intermediate, and bright flow cytometric pattern, namely, immature, partially
differentiated, and mature erythroblasts, respectively. Numbers are percent of positive cells.

Hb indicates hemoglobin; ND, not done.

both plasma cells (CD3§ and erythroid precursors (GpAin the and A-14. By contrast, CD38cells in both group B and MGUS
bone marrow. Fas-L and TRAIL expression by plasma cells as welitients had much lower expression of both receptors, and there
as analysis of the distribution of GpAsubsets of enriched were no significant differences between the 2 recep®es (1).
erythroblast populations are also included and compared with the These data corroborated the evidéntteat the expression of
results from patients with MGUS. Fas-L (and TRAIL as well) by malignant plasma cells is inversely
As expected, patients with advanced stage Il disease wesdated to relative erythroblast numbers. Overall, the pattern in
prevalent in group A, compared with group B. Furthermore, thGUS was similar to that of group B(= .63).
expression of GpA cells in bone marrow aspirates varied greatly Analysis of GpA intensity on enriched erythroblast populations
in patients with MM. The erythroblast population (mean percent oévealed that group A patients had higher relative percentages of
GpA* cells) was less than half in group A compared to group Bnmature erythroblasts than group B and MGUS. Their mean
(P < .001). Both Fas-L and TRAIL were variably expressed bBpA*Tdm percentage was more than doubR < .001 in both
CD38" cells within each group, although their mean values weliastances), indicating that immature erythroblasts were greatly
significantly higher in group A than in group B and MGUSpredominant. No difference was recorded for GP&™ cells
(P <.0001 in all instances). Both receptors were concurrentl{p = .1666). By contrast, group A patients had significantly lower
overexpressed by myeloma cells, especially in patients A-01, A-Qercentages of Gprightcells than group B and MGU®(< .0001
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in both instances), whereas no difference was found between these
2 groups P = .61), in keeping with their intact erythropoiesis as
assessed by normal blood hemoglobin levels.

Figure 1 shows the GpA fluorescence intensity patterns of
bead-purified erythroblasts from representative patients. As can be
seen, the erythroid population from patients A-01 and A-14 was
predominantly GpAdm, whereas that of patients B-02 and B-12
was mostly composed of GpAht cells. This inverse pattern of
the immature and mature erythroblast subsets correlated with the
actual level of red cell production in these patient groups and
suggested that the defective erythroblast maturation in group Awas
related to the greater expression of apoptogenic receptors by
malignant plasma cells.

In the next set of experiments, the fluorescence intensity of GpA
was correlated with the expression of a number of membrane
receptors involved in the erythroblast apoptosis pathway. Fas-L and
TRAIL are physiologically expressed by normal erythroblasts as
their maturation progresses, presumably to control erythropoiesis,
whereas their coreceptors, namely, Fas and DR molecules, are
functional during early or intermediate maturati§r’

This analysis was completed in all subjects from groups A and
B, with the exception of patients A-10 and B-06 because of
insufficient GpA™ cells, and showed a substantial difference in the
mean percent cells expressing these receptors (Figure 2). Apopto-

gen receptors, namely, Fas, DR4, and DR5, increased in expres§ion

BLOOD, 15 FEBRUARY 2002 - VOLUME 99, NUMBER 4
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. . . igure 2. Receptor expression in erythroblasts in relation to their maturative
during maturation in both groups. However, the levels of Fas Wegge, measured by GpA intensity.  The mean levels of Fas were significantly

significantly higher in all subsets of GgAcells from group A higher in all erythroblast subsets (P < .05) from MM patients with severe anemia

(P < 05inall instances). The highest Fas expression (73t49%) (A) cqmpared to those from patients of the control grou}p (B). Both DR4 and DR5, gs
agonist receptors for TRAIL, were also up-regulated in erythroblasts from anemic

oc_:curred within the Gp_Adlm pODUIation fro_rr_1 group A Compared patients though prevalently in the GpA*inte™m subset. By contrast, Fas-L and TRAIL
with only 37.1%z= 5% in group B. In addition, though at lower occurred at comparable values in both groups and exhibited their maximal intensity in

|eve|s, Fas was also up-regulated in both G'p;qrm and Gprright GpATbright cells. The analysis was completed by flow cytometry using the Cell-Quest
software and values are expressed as mean = SEM.

erythroblasts from group A patients as compared to those of group
B. The expression of DR4 and DR5 was also different, in that

GpA*inemerythroblasts from group A showed higher levels of botkeceptors than those from group B, whereas their expression was
overall equivalent within the other cell populations.

By contrast, there were no differences between groups A and B
in the occurrence of Fas-L and TRAIL, which were poorly
expressed during the early maturative stages, but increased expres-
sion within the GpAP19ht population.

These results suggested that progression through erythroblast
maturation in MM is regularly associated with a variable expres-
sion of phenotypic markers, namely, GpA, Fas-L, TRAIL, and their
coreceptors. However, abnormal up-regulation of functional mol-
ecules, such as Fas and the receptors to TRAIL, is apparently
predominant during both the early and the intermediate maturative
steps of erythropoiesis, especially in anemic patients.

Apoptosis of erythroblasts from patients with MM in the
presence of Fas-L */TRAIL* myeloma cells

To resemble in vivo conditions, coculture experiments of erythro-

Figure 1. GpA measurement in erythroblasts. Representative flow cytometry of
GpA expression levels measured via a PE-conjugated antiserum in bone marrow
erythroblasts purified from marrows of MM patients with active disease and severe
anemia (group A) or with preserved erythropoiesis (group B). Group A patients
display a preponderance of immature (GpA*dm) erythroblasts, with a lack of mature
(GpA~brighty erythroblasts, as compared to the considerable peak of mature cells in
both group B patients. Pt indicates patient.

blasts with autologous myeloma cells were carried out to assess the
susceptibility of erythroblasts to apoptosis in the presence of
autologous Fas-L/TRAIL* plasma cells. To obtain separate
measurements of the effect of Fas-L or TRAIL, each coculture was
set up in triplicate to include untreated plasma cells to determine
the cumulative efficacy, plasma cells first TRAIL disabled by
saturation with anti-TRAIL mAb to evaluate the effect of Fas-L,
and plasma cells first Fas-L inactivated by soluble Fas to verify
TRAIL activity. The effect of these prenested cell preparations,
named TRAIL- or Fas-L—-inhibited plasma cells, was compared
with that of control erythroblast suspensions cultured in their
absence. After coculturing, the cells were washed, treated with the
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FITC-annexin-V and the PE-anti-GpA mAb, and then investigatdthd no significant cytotoxicity of autologous plasma cells. How-
by double-fluorescence flow cytometry. The analysis was coraver, a decline of these values was observed in cultures using
pleted in 8 cocultures using cells from group A patients (patieniishibited malignant plasma cells, which still maintained a signifi-
01, 02, 04, 06, 07, 11, 12, and 14) and in 7 from group B (patientantly higher level of erythroblast apoptosis than control erythro-
02,04, 05,07, 10, 11, and 12). blast suspensionsP(< .02). Control erythroblasts treated with
Figure 3A shows mean values for erythroblast apoptosis @ither anti-Fas CH11 MoAb or recombinant TRAIL (Alexis) to
these cultures. Apoptosis was significantly higher in cultures fromsemble the effect of both apoptogenic receptors showed an
group A using untreated as well as TRAIL- or Fas-L-inhibite@poptosis extent similar to that induced by either TRAIL-inhibited
myeloma cells P < .02 in all instances). Cultures from group Bor Fas-L—inhibited plasma cells, respectively, whereas in parallel

A Cocultured erythroblasts B Pt # A-01 (grouph)
., Cocultures v -._Control v
80 A 80 " | Erythroblasts g
- % - R
€ I i
2 6o 9 Mystoma_cetls,
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3 . :
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g 20 2 q' %
E 53] ]
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. 2 £l
o : - _El_
Group A Group B gm I
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O Control erythroblasts |
& Erythroblasts + TRAIL-inhibited myeloma cells
B Control CH11-treated erythroblasts
2 Ery + Fas-d ¥ cells
B Control TRAIL-treated erythroblasts
C Pt # B-04 (groupB)
Cocultures 29"“ . Control ‘2;“
-r
B
[~
-]
E
]
B,
FLih H0,2%
-, v
=T TRAILtreated
L0 .
g o T
Fis
Annexin-V
Figure 3. Measurement of apoptosis by annexin-V detection in erythroblasts after their overnight incubation with autologous myeloma cells. (A) The experiment

included 8 cocultures from group A patients and 7 from group B patients. A great increase in the annexin-V*/GpA™ cell population was recorded within the cocultures from the
group A patients. This was particularly evident in cocultures incubating erythroblasts with untreated myeloma cells, whereas the selective disablement of either Fas-L or TRAIL
in parallel cultures whose myeloma cells were inhibited by the soluble Fas-Fc or the anti-TRAIL antibody, respectively, revealed the effect separately induced by each
apoptogenic receptor of myeloma cells. These effects were almost equivalent to those obtained in control erythroblasts directly stimulated by either the CH11 anti-Fas mAb or
the recombinant TRAIL. On the contrary, the effect induced in the cocultures from group B patients by the autologous plasma cells was modest and lower than the respective
values observed in group A patients (P < .02 in all instances). Values are mean = SD of double-fluorescent (annexin-V*/GpA*) cells. (B) Flow cytometry analysis of cocultured
cells from a patient with severe anemia. Incubation of erythroblasts (red) with myeloma cells (green) induced a dramatic increase of annexin-V* cells within the GpA*
population. This effect, presumably induced by the concurrent expression of both Fas-L and TRAIL by myeloma cells (top), was then separately measured by inhibiting either
TRAIL (middle) or Fas-L (bottom) and was still higher than that recorded in control erythroblasts treated with the anti-Fas mAb or TRAIL (right). (C) Erythroblasts from a patient
with preserved erythropoiesis were only moderately driven to apoptosis by their autologous plasma cells and the alternate inhibitions abolished the feeble cytotoxic effect in
both cases. (D) Morphologic pattern in the coculture from patient A-1. The malignant myeloma cells among the erythroblasts whose nuclei are stained in blue by DAPI show a
high content of TRAIL (red) detected by the PE-conjugated antibody in both cytoplasm and membrane and are adjacent to apoptotic erythroblasts characterized by nuclear
fragmentation. Original magnification, X 50 (top), X 100 (bottom).
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experiments we assessed the ability of EPO to reduce the extentof A
Fas-induced erythroblast apoptosis (data not shown).

Figure 3B includes the flow cytometry results for a representa- A i o -
tive group A patient (A-01). As can be seen, the incubation of FLICE | S
erythroblasts with myeloma cells promoted apoptosis, namely, the
annexin-Vt cell peak, at levels as high as 72.8% of the entire GpA
population with respect to control erythroblasts (11.1%). However,
by separately measuring the effect of Fas-L on erythroblasts
cocultured with TRAIL-inhibited myeloma cells, or alternatively ICE
the effect of TRAIL on those with Fas-L—inhibited plasma cells, we
still found a variable induction of erythroblast apoptosis, though
lower than that induced by untreated myeloma cells (left panels).

As expected, control erythroblast suspensions treated with Casp. 10
CH11 mAb, or recombinant TRAIL, showed a variable though
prompt increase in the annexint\population (right panels). The

Erythroblasts: [ GpA® #™ [ GpA™ fright

0 20 10 60 80

flow cytometric patterns for a patient from group B (B-04; Figure

3C) show an increment in the annexinGpA* cell subset in Percent of double-positive cells
response to the presence of autologous plasma cells, though much

lower than for patient A-01. However, the differential measurement B Erythroblasts

of the Fas-L— or TRAIL-induced apoptosis revealed a weak effect . Pt A-14 . Pt B-07

for both receptors, whereas control erythroblasts were again 4
responsive to stimulation of either Fas by CH11 mAb, or both DR4
and DR5 by recombinant TRAIL.

The morphologic pattern of the effect induced in the coculture
of patient A-01 by exposing erythroblasts to malignant autologous
myeloma cells is presented in Figure 3D. The double-fluorescence
staining emphasizes that the malignant plasma cells have high
expression of TRAIL in both the cytoplasm and cell membrane, as
revealed by the PE-conjugated antibody (red). The erythroblast
nuclei are stained by DAPI (blue), which reveals chromatin
condensation and fragmented nuclear material in erythroblasts
juxtaposed to the myeloma cells.

These analyses provide evidence that malignant plasma cells
have an apoptogenic effect on autologous erythroblasts through
their expression of Fas-L and TRAIL. This effect was prominent in
cocultures from severely anemic patients, potentially as a result of
both the increased expression of death receptors by their myeloma
cells, and the prevalence in their cultures of immature erythroblasts
highly susceptible to apoptosis.

FL2-Height
1

1

10

10t 1

10

Glycophorin A

10

1
FL1-H
In vivo activation of erythroblast apoptosis Figure 4. Caspase expression in fresh GpA ~ *d4m and GpA *bight erythroblasts.
FLICE was greatly accumulated in GpA*dm cells from group A, whereas both ICE and
Further experiments were designed to determine whether erythwpase—lo occurred at significantly higher values in their GpA*Pright erythroblasts
. . . . . . . than in group B. Although the analysis evaluated the extent of proenzyme caspases,
bl_aStS Ci_in be activated in vivo to apoptosis followmg their pu_tatl\{ﬁe differential accumulation of these proteases in fresh erythroid cells suggested the
stimulation by myeloma cells, by measuring the expression @fcurrence in vivo of separate apoptotic stimuli through Fas in immature erythro-
cytoplasmic proteases in freshly derived erythroblasts from sevelapts, and TRAIL receptors as the maturation progresses. Data are expressed as
. mean *+ SD of double-fluorescence analysis. (B) Flow cytometric pattern of caspase
patients (A-01, A-04, A-06, A-07, A-12, A-14 anc_j B'O4_' B-Os’expression in GpA*dm (green) and GpA*bright (red) erythroblasts in a representative
B-07, B-11). FLICE, ICE, and caspase-10 were investigated Ryemic (a-14) and a nonanemic (B-07) patient. The percentages indicate the number
double-fluorescence analysis and correlated with GpA intensippositive cells within each erythroblast subset.
Their expression varied in relation to the concurrent state of
erythropoiesis (Figure 4A). FLICE was predominantly expressesbth procaspases was significantly higher than in the group B
(> 82.0%) by the GpAdYm cells from group A patients, thus GpA*bightsubsetP < .05 in both instances).
confirming the expansion of the immature erythroid subset. Figure 4B depicts the relative enrichment of caspase-positive
Although we measured the expression of the native proenzymells within fresh erythroblasts from patients A-14 and B-07 in
forms of the caspases, their dramatic accumulation was interpretethtion to their GpA levels. The GpAim cells from patient A-14
as presumably induced in vivo because the GP& cells from  showed the highest frequency of FLICE expression, suggesting
group A patients as well as the full erythroblast population frorthat the biochemical transduction of death signals through this
group B patients showed a moderate presence of FLIC&EIS caspase was operative in vivo, in particular in immature erythroid
(20%-35%) that reflected its constitutive expressi@y. contrast, cells (green). By contrast, both ICE and caspase-10 were largely
both ICE and caspase-10 were poorly expressed by ‘@pA expressed by the GpAight erythroblasts (red) from both patients,
erythroblasts from all patients, and again increased remarkaliyugh their maximum increase occurred in mature cells from
within the GpArPright population of group A. The cellular content of patient A-14. Therefore, the high level of caspase expression in
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fresh erythroid cells from anemic patients supports the hypothe§s3.5%) was detected in patient B-08. However, a substantial
that activation of erythroblast apoptosis in vivo occurs via paralleiversity in GATA-1 expression was recorded between the 2
transduction pathways of death signals in relation to their matur@pA+dm populations. The immature erythroblast subset in patient
tive steps; immature erythroblasts are more susceptible to FAsO5 was associated with a low fluorescence intensity of the
transduced apoptosis as a result of FLICE overexpression, whergaascriptional factor (M1 peak: 76.1% of positive cells), whereas a
the increase of both ICE and caspase-10 in GP#! cells high fluorescence intensity (M2 peak) was detected in only a
emphasizes their sensitivity to TRAIL as maturation progresses. minority of the GpArdm erythroblasts (23.7% of positive cells). By
contrast, the immature erythroblasts from patient B-08 showed the
Defective in vivo GATA-1 expression by erythroblasts from opposite pattern of GATA-1 content; the M1 peak included 37.3%
anemic MM patients extent of positive cells, whereas the subset of immature cells with

Because impaired erythropoiesis in severely anemic patients v\rlliii%hintensityofGATA-l expression was considerably elevated (62.4%).
P yrhrop y P However, by measuring GATA-1 fluorescence intensity in

associated with a maturative arrest of erythroid precursors by the ture ervthroblasts from both patients. a substantial equivalence
malignant myeloma cells, experiments were carried out to ass d y P ' q

whether the expression of GATA-1, one transcriptional factor th datf; was obsebrlved bel(t:aqsebbtohth tr:_e '1/'1 :l/lnld ::11682;'2 peaks
regulates erythroblast maturation, was concurrently disturbe owed comparable results in both patients (M1, 41.8% versus

Thus, the cellular content of GATA-1 was measured by doublé‘-g'l%’ and M2, 57.2% versus 51.7% in patients A-05 and B-08,

fluorescence analysis within each erythroblast population Wi[ﬁs_pl)_zc;lvely). These flndcljngs subgl;ggst(_ed that a majr? ' t()jlefect .Of
respect to its maturation in a number of patients from both groups™ ™ expression was etectable in _|mmature erythro a_sts, n
(A-02, A-05, A-09, A-11, A-14 and B-01, B-07, B-08, B-11) articular in patients with severe anemia, and we hypothesize this

Similar results were recorded within each group of patientyas associated with the cleavage of its native form induced by
Figure 5 depicts this analysis in representative patients (A-05 aﬁas'l‘ or TRAIL or botfe?
B-08) and shows the expected discrepancy in the relative distribu-
tion of their GpA-dm and GpA Pright erythroblast populations. The
immature erythroblast subset (R1) in patient A-05, in fact, waB. .
greatly expanded (70%) to the detrimenrt {0%) of the mature ISCUSSIon

cell population (R2), whereas a lower percentage of immature quﬁe present study addresses a novel mechanism of anemia in MM

and possibly also in other hematologic malignancies. Because
severe anemia associated with bone lesions defines the clinical
progression of MM, we explored the role of up-regulated apopto-
genic receptors exposed by highly malignant myeloma cells in the
destruction of the erythroid matrix. We measured the levels of both
Fas-L and TRAIL expression by bone marrow plasma cells from a
cohort of patients with untreated MM or MGUS, grouped in
relation to the occurrence of anemia, and found that their highest
intensity was detectable in severely anemic subjects with clinical

Pt A-05
v

GpA

1 T
1w w0 w? »

FL1-Haight signs of active disease. The erythroblast population in their marrow
g R1 pepuiafions mn "t aspirates was constitutively depleted and mostly composed of
1 g3 23.7% 2] 62.4% GpA*dm cells. This relative GpAd™m expansion was not detected
L8] 7614 771 L8] sraxl in myeloma patients without severe anemia, in that they exhibited
§gj Wi §3_ M both GpArbright and GpArdm cells and their erythropoiesis was
2| < comparable to thatin MGUS patients.
A In addition, coculturing these erythroblasts with autologous
5| J et et o L myeloma cells resulted in marked erythroblast cytotoxicity induced
] g R2 populations (6p’ ¥ eryhtroblasts) by either Fas-L or TRAIL or both presented by the malignant
E . - : - plasma cells from the severely anemic patients with MM. The
= ™ b i o | initiator and executioner caspd&eontent of fresh erythroblasts
2] — g*‘ = was also determined to assess whether these cytotoxic mechanisms
98 S84 were operative in vivo. FLICE was greatly expressed by immature
g 2 erythroblasts in anemic patients and a concurrent increase of both
o] o] ICE and caspase-10 was detectable in their mature erythroid cells.
w o' d 10 1wt w1 e et . . K
FLiH AUt Erythropoiesis was also studied by measuring the content of
GATA-1 fluorescence intensity = GATA-1 in each erythroblast subset. This transcriptional factor of

Figure 5. GATA-1 measurement in fresh erythroblasts.  The transcription factor erythroid mat_uratlon V\{as extremely qlown-.regulated in the ex-
was detected in myeloma patients with severe (A-05) or without (B-08) anemia panded GpAdm population of the anemic patients.

showing a discrepancy in their extent of GpA*dm (R1) and GpA*Priaht (R2) popula- Taken together, these findings strongly suggest that in the
tions. The immature erythroblast subset expressing GATA-1 at very low intensity (M1) H H

was considerably expanded in the anemic patient (76.1% versus 37.3% of patient absence of ar_]y suppre_sswe effect induced by chemotherapy,
B-08) to the detriment of the M2 population, which included immature erythropoietic several cytotoxic mechanisms are exerted by myeloma cells and are
cells with a regular to high content of GATA-1. Conversely, the M2 population was  responsible for chronic inhibition of erythropoiesis. Moreover, the
substantial (62.4%) in patient B-08. GATA-1 at either low or high fluorescence abnormal overexpression of apoptogenic receptors such as Fas-L or
intensity was similarly expressed as percentage of positive cells in both patients, . . . .

though the proportion of the mature erythroblast population was modest in the TRAIL (OI’ bOth) defines the major ma“gnant phenotype associated
anemic patient. with progression of MM.
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A persistent derangement of the cytokine network is thought fwessed at either the GpA™ or the GpArintem stage. Accretion of
contribute to the defective erythropoiesis in hematologic malignaGpA+dm erythroblasts in group A patients may thus be a cense
cies, leading to chronic normochromic/normocytic anemia. BTNF-quence of maturative arrest, whereas the few erythropoietic precur-
inhibits the formation of erythroid colony-forming unit in mi€e sors that escape the Fas-L/TRAIL cytotoxicity of malignant
and decreased hemoglobin values in metastatic cancer patien{g&loma cells complete their differentiation and become Gyt
treated with its recombinant form in a phase | tfiaincreased erythroblasts. Figure 6 illustrates the hypothetical events that
TNF-g serum levels in both Mt and other malignanciésare possibly lead to the maturative arrest of erythropoiesis and to the
thus suspected to down-regulate the maturation of erythroblastsd¥dual destruction of erythroid productive capacity by Fas-L
direct cytotoxicity, or by enhancing the susceptibility of theifrRAIL + highly malignant myeloma cells.
apoptogen receptors. IFi-secretion is also up-regulated in  This interpretation is supported by the caspase content of fresh
hematologlc mallgnanmes. This promﬂammat_ory cytokine is b%‘rythroblasts.The largest FLICEopulation was found in Gp#&im
lieved to contribute to the progression of anemia in Mitand "N erythroblasts from severely anemic patients, thus suggesting Fas-
other cancefS by up-regulating Fas in GpA'™ erythroblast$;"*  pathway activation in vivé8whereas ICE and particularly caspase-
as well as TRAIL in solid tumor& and by direct activation of 10, which have been associated with the TRAIL pathéfdjwere
several caspases including ICE, CPP32, and FLYOHOWeVer, jncreased in subsequent maturation phases. The low to moderate
the pathogenic role of these cytokines in the progression of MM S ression of these caspases in erythroblasts from myeloma
still controversial, becguse no correle}tl_on betvye_en FOFTNFa patients with efficient erythropoiesis emphasizes the substantial
levels and several variables of MM clinical activity was apparent 'Eefect of Fas-L/TRAIL-mediated cytotoxicity in those cells

- . . ; .
a previous study! The great expansion of_annexmtVerythro Another interesting point of this study is the defective content of
blasts cultivated with Fas-Lor TRAIL* malignant plasma cells . hroid f . . hi
strongly suggests that the cytotoxic killing of erythroid cells wagATA_1 In erythroid precursors from anemic patients. This tran-
carried out via both Eas and the recentors to TRAIL. presumab cription factor promotes survival and is essential for the terminal
P ' P fferentiation of erythroblasts, because it binds regulatory motifs

up-regulated in vivo by those proinflammatory cytokines. ) . o .
Our data indicate that the extensive damage to the erythrop'c?l-glc’bm gene® and promotes the activation of other functional

etic process caused by Fas/LRAIL* myeloma cells and result genes cgmmitted 0 the expressio_n of EPO recgptors, GpA, and
ing in severe anemia occurs at different maturation phasérsa}nSfemn receptdf*2 Elegant studies by De Maria and cowerk

. 4 1
GpA*+dm erythroblasts, particularly at the basophilic stage, shoW§ have demonstrated that GATA-1 is promptly cleaved by

maximal Fas sensitivity despite their poor responsiveness $gVeral caspases, including FLICE, in CD3ll-derived erythre
TRAIL, 3 though they express both DR4 and DR5 molecules blasts, following thelr.treatment le[h the agonist anti-Fas mAb
agonist receptors of this liga#Conversely, GpAintem erythro from clone CH11, or with TRAIL. Th|§ cleavage may be supposed
blasts, obtained in vitro by maturation of CD3sematopoietic (© lead to maturative arrest. Our evidence of a clear-cut defect of
progenitors with EPO, are susceptible to TRAIL-mediated apoptile native form of GATA-1 in the expanded GpA™ population
sis17 Both subsets are driven to apoptosis by Fasand TRAIL*  (Figure 5) is in line with these studies and demonstrates that
GpA*bright erythroblasts, which operate a negative regulatofjiyeloma cells may also down-regulate GATA-1 by both Fas-L and
feedback to inhibit excess maturation, whereas they are resistant RAIL pathways, in addition to direct cytotoxic killing.
most apoptogenic ligand&l” Therefore, the ultimate stage of ~The median survival of patients with MM receiving conven-
erythroid precursors sensitive to those cell death activators includiggial chemotherapy with melphalan plus prednisone is approxi-
GpATintem erythroblasts. mately 36 month4? However, patients with aggressive disease are,
The expansion of GpAfim erythroblasts in the severely anemicor rapidly become, refractory to this treatment and show early expansion
patients with MM suggests that the enhanced apoptosis duriggnyeloma cells. Despite years of intendiveestigation, the molecu-
maturation is the major event leading to defective erythropoiesis.lar phenotype(s) of highly malignant plasma cells associated with
the presence of an excess of both Fas-L and TRAIL provided by ttiee invasive evolution of MM have not yet been fully defined. Our
accumulation of malignant myeloma cells, maturation is suptudies emphasize the deregulated apoptosis in myeloma cells and

Pre-basophilic/basophilic Polychromatophilic Orthochromatic Figure 6. Defective erythropoiesis in MM.  Hypothetical
(immature erythroblast) (semi-mature) (mature erythroblast) model of the pathogenic defective maturation of erythroid
GpA* dim > GpA+ » A+ bright cells by malignant cytotoxic plasma cells in active MM.

PA GATA-1 P GATA-1 Gp. GpA+dim erythroblasts progress to the GpA*Pight form by

Faﬁ;'li .. lT Fas-L GATA-1.Attheir prebasophilic/oasophilic stage (GpA*dm),

DR4 : erythroblasts are highly susceptible to Fas stimulation

DRS'? : = because they can be negatively rlegulated by Fas-L from

it B : mature (GpA *bright) _erythroblasts just as GpA*intem gryth-
MATURATIVE .. & roblasts are restrained by TRAIL. Fas and the TRAIL

ARREST e receptors, namely, DR4/DR5 molecules, are expressed

f during erythroid differentiation, though they are not func-

tional in specific stages (empty symbols). Highly malig-
GATA-1 ACCUMULATION nant myeloma cells express large amounts of both Fas-L
cleavage OF GpA* “m CELLS and TRAIL and exert a direct erythroblast cytotoxicity by

inducing apoptosis. The cytotoxic mechanism operates
during either the immature or the semimature stage of
differentiation by both Fas and DR4/DR5. The cytoplas-
mic caspases activated by these apoptogen receptors

' r ERYTHROBLAST induce the cleavage of GATA-1, whose intracellular de-
=

»

Highly malignant
myeloma cells

Fas-L/TRAIL
erythroblast —_—

stimulation i -

APOPTOSIS fect promotes an arrest in the maturative progression.
This results in a relative increase of immature erythro-
blasts and systematic impairment of the erythroid matrix.
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correlate the occurrence of specific phenotypic and functionaverexpression of Fas?Land TRAIL and the deficient re-
derangements with their ability to proliferate and expand within theponse to Fas stimulation, together with IL-6 insensititityay
bone marrow to the detriment of other cells. The apoptogenieell be a marker of a high degree of malignancy and unrestrainable

phenotype of plasma celt8,as identified by both the abnormalprogression.
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