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Abstract

We reviewed 97 consecutive cases of myeloid neoplasm with erythroid predominance (MN-
EP) between 2000 and 2015. Following 2016 WHO classification, MN-EP patients were
classified into four groups. Eight pure erythroid leukemia (PEL) (including t-MN and AML-
MRC morphologically fulfilled criteria for PEL) patients had dismal outcomes (median OS: 1
month) and showed more bone marrow fibrosis, worse performance status (PS) and higher
serum lactate dehydrogenase (LDH) at diagnosis than the other groups. In the univariate
analysis, risks of death in MN-EP patients included the morphologic features of PEL, very
poor cytogenetic risk by IPSS-R, bone marrow fibrosis, leukocytosis, anemia, hypoalbumi-
nemia, high LDH, and poor PS. In the multivariate analysis, independent predictors of death
were morphologic features of PEL (adjusted hazards ratio [HR] 3.48, 95% confidence inter-
val [Cl] 1.24-9.74, p=0.018), very poor cytogenetic risk by IPSS-R (adjusted HR 2.73, 95%
Cl1.22-6.10, p=0.015), hypoalbuminemia (< 3.7 g/dl) (adjusted HR 2.33, 95% Cl 1.10—
4.91, p=0.026) and high serum LDH (> 250 U/L) (adjusted HR 2.36, 95% CI 1.28-4.36, p=
0.006). Poor or unfavorable risk in different cytogenetic risk systems independently pre-
dicted death and UKMRC-R was the best model.
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Introduction

Proliferation of erythroid precursors in bone marrow (BM) is not rare with myelodysplastic
syndrome (MDS) or acute myeloid leukemia (AML). Among the myeloid neoplasms with var-
iable proportion of erythroid precursors, erythroid predominance (MN-EP) (defined as ery-
throid precursors > 50% of bone marrow nucleated cells) comprises up to 5% of AML and
15% of MDS cases [1-3]. The World Health Organization (WHO) 2008 classification of
tumors of hematopoietic tissues classifies myeloid neoplasms with EP as five different entities:
1.) MDS, if BM myeloblasts are less than 20% of total nucleated cells and less than 20% of non-
erythroid cells; 2.) therapy-related myeloid neoplasms (t-MN) if patients have undergone cyto-
toxic chemotherapy and/or radiotherapy; 3.) AML with myelodysplasia-related changes
(AML-MRC) if meeting the criteria for AML-MRG; 4.) acute erythroid leukemia, if > 20%
BM myeloblasts of non-erythroid cells and not meeting the criteria of t-MN or AML-MRC
[4].

In the WHO 2008 classification, acute erythroid leukemia, also called erythroleukemia [1]
or DiGuglielmo’s syndrome [5, 6], is comprised of acute erythroleukemia, erythroid/myeloid
type (AEL) and pure erythroid leukemia (PEL). It occurs more frequently in elderly patients
and includes worse survival and a more frequent presence of poor risk cytogenetics than other
AML subtypes [7]. Allogeneic hematopoietic stem cell transplantation (HSCT) has been
reported to improve the dismal outcome of acute erythroid leukemia patients [8].

Acute erythroid leukemia definition has been debated regarding how to calculate BM mye-
loblasts and has been revised several times. Since the 2008 WHO classification, cases of mor-
phologic PEL with selective proliferation of immature erythroblasts > 80% of nucleated bone
marrow cells fulfilled the criteria for t-MN or AML-MRC, were excluded from the diagnosis of
PEL. However, the unique pathogenesis that leads to the selective erythroid proliferation and
maturation arrest may infer the possible difference between morphologic PEL and t-MN or
AML-MRC [9]. In the 2016 revision of the WHO classification, PEL is still viewed as a sole
entity without any change in definition. AEL has been removed and is now recognized as
AML, not otherwise specified (AML-NOS) if absolute myeloblasts > 20% of all nucleated mar-
row cells or as MDS if absolute myeloblasts < 20% of all nucleated marrow cells but > 20% of
non-erythroid cells [10].

Such a change in the classification provides us the rationale to conduct this cohort study of
patients with MN-EP. We report the impact on the survival outcome and the risk factors for
mortality in these patients based on the 2016 WHO classification.

Materials and methods
Study population and data collection

The Institutional Review Board of Taipei Veterans General Hospital waived the need for writ-
ten informed consent from the participants enrolled anonymously in the retrospective review
of medical record and approved this study. This research conformed to the Helsinki Declara-
tion and local legislation, and was approved by the Institutional Review Board of Taipei Veter-
ans General Hospital. We consecutively enrolled patients newly diagnosed with MN-EP at
Taipei Veterans General Hospital from January 1, 2000 to December 31, 2015. Cases that diag-
nosed as AML or MDS accompanied with erythroid predominance (defined as erythroid
precursors > 50% of bone marrow nucleated cells) were included. The patients demonstrated
proliferation of BM erythroid precursor comprising > 80% of nucleated bone marrow cells
(including those fulfilled criteria for t-MN or AML-MRC) were classified into the group: PEL.
Based on the 2016 WHO classification [10], other patients were further classified into three
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groups: 1.) AML-NOS, non-erythroid type (> 50% BM erythroid precursors, > 20% myelo-
blasts of all cells in BM but not meeting t-MN or AML-MRC criteria); 2.) AML-MRC; 3.)
MDS. We collected baseline general characteristics, clinicopathologic features and initial treat-
ments by reviewing medical records. Follow-up information and survival data was continued
until March 31, 2016. Reasons behind mortality were also reviewed for further analysis.

Morphologic and pathologic evaluations

A peripheral blood smear, a bone marrow aspirate smear, and bone marrow biopsy at diagno-
sis were done for every patient in the cohort. Wright-Giemsa stains of bone marrow aspirate
smears and hematoxylin-eosin-stained trephine specimens were reviewed by a hematopathol-
ogist and by at least one hematologist. If the final diagnosis was not consistent, another hema-
tologist reviewed the marrow aspirate smears and biopsy specimen. By counting at least 500
nucleated cells of each bone marrow aspirate smear, percentages of bone marrow erythroid
precursors of all nucleated cells, percentages of bone marrow myeloblasts of all nucleated cells,
and percentages of bone marrow myeloblasts of non-erythroid cells were recorded. Percent-
ages of bone marrow myeloblasts of all nucleated cells and of non-erythroid cells in bone mar-
row aspirate smears were also counted. Because the percentages of myeloblasts of PEL cases
might be possibly overestimated based on the morphology of bone marrow aspirate smears, in
which some immature erythroblasts might resemble myeloblasts of undifferentiated leukemia
morphologically [11], the percentages of immunocytochemistry stained CD34 or MPO posi-
tive myeloblasts were required to be < 5% in PEL cases. Dysplastic percentages of precursors
of myeloid, megakaryocytic, and erythroid precursors were also evaluated. By morphology,
dysplasia recorded in Table 1 is defined as the presence of > 10% dysplastic cells in the corre-
sponding myeloid lineage. If morphologic dysplasia is used to define AML-MRC, the presence
of > 50% dysplastic cells in at least two cell lines is required. Gomori’s silver impregnation
stain for reticulin was done to evaluate bone marrow fibrosis. The degree of bone marrow
fibrosis was graded using a scale of 0-3 according to European bone marrow Fibrosis Network
criteria. Patients whose grading belong to marrow fibrosis (MF)-1, 2, or 3 were considered as
having bone marrow fibrosis [12].

Cytogenetics

Conventional cytogenetic analysis was performed on G-banded metaphase cells prepared
from bone marrow aspirate cultures using standard techniques during initial diagnosis.
Twenty metaphase cells were analyzed and the results were reported using the International
System for Human Cytogenetic Nomenclature. Because of coexistent features of MDS and
AML in MN-EP patients, five different cytogenetic risk systems originally developed for AML
or MDS were analyzed separately for the abilities of predicting overall survival. Based on the
karyotype, patients were stratified to different cytogenetic risk groups according to United
Kingdom Medical Research Council (UKMRC) criteria for AML [13], the revised United
Medical Research Council (UKMRC-R) criteria for AML [14], the International Prognostic
Scoring System (IPSS) for MDS, and the revised International Prognostic Scoring System
(IPSS-R) [15,16]. In addition, the presence or absence of monosomal karyotype—which was
defined as including at least two autosomal monosomies, or a single monosomy with addi-
tional structural abnormalities—was also used to stratified cases.

Treatment

The initial diagnoses of cases enrolled were made before December 31, 2015 based on the
2008 WHO classification criteria, and most cases were initially diagnosed as acute erythroid
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Table 1. Baseline patient characteristics of myeloid neoplasm with erythroid predominance (MN-EP).

Characteristics PEL MDS AML-MRC AML-NOS (non- erythroid type) | Total Pvalue
n=8 n=40 n=30 n=19 n=97
n (%) n (%) n (%) n (%) n (%)

Median age, years (IQR) 68 (58-74) 68 (57-78) 75 (64-80) 72 (58-83) 72 (58-78) 0.299
> 60 6 (75.0) 28 (70.0) 24 (80.0) 14 (73.7) 72 (74.2) 0.825
<60 2(25.0) 12 (30.0) 6 (20.0) 5(26.3) 25 (25.8)

Sex
Male 5 (62.5) 30 (75.0) 24 (80.0) 15 (79.0) 74 (76.3) 0.758
Female 3(37.5) 10 (25.0) 6 (20.0) 4(21.1) 23(23.7)

Cytogenetics, IPSS-R*

Very good/good 2(28.6) 13 (39.4) 8(30.8) 15 (88.2) 38 (45.8) 0.005
Intermediate/poor 1(14.3) 7(21.2) 4(15.4) 2(11.8) 14 (16.9)
Very poor 4(57.1) 13 (39.4) 14 (53.9) 0(0.0) 31(37.4)

Dyserythropoiesis® 3(37.5) 31(77.5) 24 (80.0) 6 (31.6) 64 (66.0) <0.001

Dysmegakaryopoiesis® 0(0) 24 (60.0) 15 (50.0) 1(5.3) 40 (41.2) <0.001

Bone marrow fibrosis® 3(37.5) 6(15.0) 1(3.3) (0.0) 10(10.3) 0.011

HSCT 1(12.5) 5(12.5) 1(3.3) 3(15.8) 10 (10.3) 0.485

Laboratory data, median (IQR)

WBC, 10°/L 1.71 (1.25-5.08) 2.01(1.46-3.18) 1.54 (1.13-2.71) 1.75 (1.29-2.51) 1.8(1.32-2.83) 0.377
ANC, 10%L 0.87 (0.54-2.52) 0.67 (0.36-1.13) 0.46(0.11-0.97) 0.50 (0.19-0.75) 0.56 (0.28-1.06) 0.237
Peripheral blasts, % 1.0 (0.0-6.75) 0.0 (0.0-5.8) 5.5 (2.0-12.0) 10.0 (6.0-19.0) 0(0.0-6.0) 0.892
Hemoglobin, g/dl 7.52 (6.3-8.6) 7.5 (6.2-8.5) 7.7 (6.7-9.1) 8.0 (6.5-9.7) 7.6 (6.4-8.8) 0.874
Platelet, 10%/L 28.0 (10.3-78.0) 56.5 (29.5-98.0) 40.5 (30.0-63.0) 61.0 (34.0-87.0) 51.0 (29.0-88.0) 0.334
Bone marrow myeloblasts, % | 0.0 (0.0-2.0) 10.0 (10.0-15.0) 20.0 (20.0-30.0) 20.0 (20.0-30.0) 15.0 (10.0-20.0) <0.001
Serum albumin, g/di 3.2(2.8-3.7) 3.6 (3.2-3.8) 3.5(3.2-3.7) 3.8 (3.4-4.1) 3.6 (3.2-3.9) 0.145

Lactate dehydrogenase, U/L | 578.0 (242.5.0-2597.5) 258.0 (204.0-386.0) 214.5 (169.0-424.0) | 200.0 (166.0-248.0)
1,1102.5 (104.5-3,531.8) | 537.0 (289.5-1,074.8) | 582.3 (390.0-917.0) | 487.0 (474.0—1,283.0)

232.5 (172.0-413.0) 0.042

Ferritin, ng/mL 573.7 (416.5-1,101.5) 0.329

ECOG performance status >2 | 4 (50.0) 3(7.5) 5(16.7) 3(15.8) 15 (15.5) 0.026
Treatment
Curative chemotherapy 5(62.5) 12 (30.0) 6 (20.0) 5(26.3) 28 (28.9) 0.454
Non-curative therapy 1(12.5) 9 (22.5) 7 (28.3) 4(21.1) 21(21.7)
Supportive treatment 2(25.0) 19 (47.5) 17 (56.7) 10 (52.6) 48 (49.5)

MN-EP, myeloid neoplasm with erythroid predominance; PEL, pure erythroid leukemia; MDS, myelodysplastic syndrome; AML-MRC, acute myeloid
leukemia, myelodysplasia-related changes; AML-NOS, acute myeloid leukemia, not otherwise specified; IQR, interquartile range; IPSS-R, Revised
International Prognostic Scoring System; HSCT, Hematopoietic stem cell transplantation; WBC, white cell count; ANC, absolute neutrophil count; ECOG,
the Eastern Cooperative Oncology Group performance score

* 14 cases had unavailable cytogenetic data

2 Dysplasia was defined as the presence of >10% dysplastic cells in the corresponding myeloid lineage.

® MF-1, 2 or 3 based on European bone marrow Fibrosis Network criteria through Gomori’s silver impregnation stain for reticulin

doi:10.1371/journal.pone.0172029.t001

leukemia or AML-MRC. Hence, curative chemotherapy included standard doses of induction
chemotherapy, such as cytarabine with idarubicin or daunorubicin, or high-dose cytarabine
with idarubicin or daunorubicin. Non-curative chemotherapy included low-dose cytarabine,
or hypomethylating agents such as decitabine and 5-azacitidine. Allogeneic HSCT was
arranged in refractory disease or in complete remission by clinicians’ judgment. Decisions
about curative chemotherapy, non-curative chemotherapy or supportive care were made on
an individual patient basis, at the discretion of the attending physician, and in agreement with
the patient.
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Statistical analysis

Patients’ demographic and clinicopathological characteristics in the different groups are pre-
sented as the total number (n) and percentage (%). Cytogenetic risk groups were divided into
tertiles according to cytogenetic risk classification, following IPSS-R criteria for MDS. We
used chi-square tests or Fisher’s exact tests to compare the categorical variables between
groups. Data are presented as medians and interquartile ranges (IQR) for skewed data. The
Kruskal-Wallis test was used for numerical comparison between more than two groups.

The primary endpoint was mortality. Survival probability was estimated using the Kaplan-
Meier method; differences between groups were tested by log-rank test. The risk factors for
mortality among these patients were calculated using a Cox proportional hazards model, and
hazards ratios (HRs) and the 95% confidence intervals (CIs) were calculated. We used a multi-
variate Cox proportional hazards model to identify risk factors of mortality in patients with
MN-EP while adjusting for possible independent confounding factors. All risk factors with a
p < 0.1 in the univariate model were further entered into the multivariate analysis. Association
of treatment with risk of mortality was assessed with Cox proportion hazards models, with
treatment included as a time-dependent covariate.

Furthermore, we conducted a sensitivity analysis by using different definitions of cyto-
genetic risks according to IPSS, IPSS-R, UKMRC-R, UKMRC and monosomal karyotype. In
the sensitivity analysis, we conducted the same statistical analysis on all study cohorts but used
different definitions of cytogenetic risks to verify the relationship between cytogenetic risks
and mortality. The corrected Akaike information criterion (AIC) and Bayesian information
criterion (BIC) were used to determine which model was best supported by the data.

Data management and all statistical analysis were performed using SAS 9.3 software (SAS
Institute Inc., Cary, NC) or STATA statistical software (version 12.1; StataCorp). All statisti-
cally significant levels were set at p < 0.05.

Results
Clinical characteristics of the study population

A total of 97 cases of MN-EP diagnosed consecutively from January 1, 2000 to December 31,
2015 were identified (S1 File). After reclassifying the cohort, there were eight cases of PEL, 19
cases of AML-NOS, 30 cases of AML-MRC, and 40 cases of MDS (Fig 1). In the PEL group,
there was one case of a lung cancer patient receiving etoposide treatment one year before diag-
nosis of PEL, but no cases progressed from a prior MN. In the AML-MRC group, two cases of
AML-MRC were based on preexisting MDS, 14 cases on cytogenetics, and 14 cases on mor-
phologic dysplasia (> 50% dysplastic cells in at least two cell lines by BM morphology). In the
patients with preexisting MDS, one received thalidomide, and one received close monitoring
without exposure to hypomethylating agents which might increase erythroid cells in BM [17].
MN-EP affected older age groups, with a median age of 72 (range 23-94), and had a male pre-
dominance, with a ratio of 4:1. Cytopenia at diagnosis was common, and even pancytopenia
occurred in 77 (79.4%) of the 97 patients. Only two patients presented with leukocytosis at
diagnosis. The median overall survival (OS) of all patients was 8.7 months, with a median fol-
low-up time of 4.9 months. The median OS of PEL patients was one month significantly lower
than the 9.8 months seen with non-PEL patients (p = 0.018) (Fig 2).

The baseline clinical characteristics of the different four groups are shown in Table 1. PEL
and AML-MRC were more associated with very poor cytogenetic risk, according to IPSS-R.
There was less presence of dyserythropoiesis and dysmegakryopoiesis in the PEL and AML-
NOS patients. A greater proportion of the PEL patients had bone marrow fibrosis. Although
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From January 1, 2000 to December 31, 2015
97 MN-EP patients were enrolled

2016 Revised World Health
Organization classification

PEL AML-NOS AML-MRC MDS"
(n=28) (n=19) (n=30) (n =40)

Fig 1. Patient selection. MN-EP, myeloid neoplasm with erythroid predominance; AML-NOS, acute myeloid
leukemia, not otherwise specified; AML-MRC, acute myeloid leukemia, myelodysplasia-related changes; MDS,
myelodysplastic syndrome. *Including refractory anemia with excess of blasts (RAEB)- 1, n=2 and RAEB-2, n=38.

doi:10.1371/journal.pone.0172029.9001
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Fig 2. Survival curves of patients of myeloid neoplasm with erythroid predominance. PEL, Morphologic pure
erythroid leukemia.

doi:10.1371/journal.pone.0172029.g002
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PEL patients had fewer bone marrow myeloblasts, they presented with higher serum lactate
dehydrogenase (LDH) and poor Eastern Cooperative Oncology Group (ECOG) performance
status.

Risk factors of mortality

In the univariate analysis, risk of mortality in patients with MN-EP was significantly high in
those diagnosed as PEL according to the 2016 WHO classification (HR 2.50, 95% CI 1.12-
5.58, p = 0.019), cytogenetic risk of intermediate/poor risk (HR 2.12, 95% CI 0.99-4.54,

p =0.054) and very poor risk (HR 2.48, 95% CI 1.37-4.49, p = 0.025) based on IPSS-R, with
bone marrow fibrosis (HR 2.44, 95% CI 1.15-5.17, p = 0.020), as well as those with initial
white blood cell count (WBC) > 1.1 x 10° /L (HR 3.69, 95% CI 0.88-15.41, p = 0.074), hemo-
globin < 8 g/dl (HR 1.83, 95% CI 1.09-3.08, p = 0.022), serum albumin < 3.7 g/dl (HR 2.75,
95% CI 1.62-4.67, p < 0.001), serum LDH > 250 U/L (HR 2.39, 95% CI 1.46-3.92, p = 0.001),
and ECOG > 2 (HR 2.36, 95% CI 1.18-4.75, p = 0.016). In the multivariate analysis, the inde-
pendent significant predictors of mortality were PEL (adjusted HR 3.48, 95% CI 1.24-9.74,

p =0.018), very poor cytogenetic risk based on IPSS-R (adjusted HR 2.73, 95% CI 1.22-6.10,
p =0.015), serum albumin < 3.7 g/dl (adjusted HR 2.33, 95% CI 1.10-4.91, p = 0.026) and
serum LDH > 250 U/L (adjusted HR 2.36, 95% CI 1.28-4.36, p = 0.006). The analysis is
detailed in Table 2.

Impact of different cytogenetic risk classification on mortality

There were 14 cases without available results of cytogenetic study. The majority of the patients
had aberrant karyotypes (n = 49/83; 59.0%). To compare the predictive ability of different sys-
tems of cytogenetic risks, we applied five systems of cytogenetic risks to stratify the patients.
After adjusting for factors with a p < 0.1 in the Cox univariate analysis in Table 2, the impacts
of different cytogenetic risk classifications on mortality are illustrated in Fig 3. All cytogenetic
risk classifications independently predicted mortality. UKMRC-R was the best model for pre-
dicting mortality, with the lowest AIC and BIC.

Treatment and mortality

Allogeneic HSCT was administered to 10 patients (one PEL, one AML-MRC, three AML-NOS
and five MDS cases), whose disease statuses at transplantation were refractory disease for one
and complete remission for nine. As compared to supportive care, the mortality among
MN-EP patients did not differ from that of the patients receiving HSCT, curative chemother-
apy or non-curative chemotherapy. The analysis is shown in Table 3.

Reasons for mortality

In this study, mortality occurred in 67 (69.1%) of the MN-EP patients, with a median survival
of 5.5 months (range 0.1-46.8). Causes of mortality were infection in 59 (88.1%) of the deaths
(including pneumonia in 24, bacteremia in 13, septic shock in 16, fungemia in three, and liver
abscess in two cases), followed by three cases of sudden death, three cases of intracranial hem-
orrhage, one case of hemophagocytosis, and one case of liver failure. Among the different
treatment groups, 21 of 28 patients (75.0%) receiving standard curative chemotherapy, 16 of
21 patients (76.2%) receiving non-curative chemotherapy, and 30 of 48 (62.5%) patients
receiving supportive care died.
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Table 2. Analysis of risk factors for mortality in myeloid neoplasm with erythroid predominance.

Predictive variables Univariate analysis Multivariate analysis®
HR (95% Cl) Pvalue HR (95% Cl) Pvalue
Group
MDS reference reference
PEL 2.50 (1.12-5.58) 0.019 3.48 (1.24-9.74) 0.018
AML-MRC 1.43 (0.80-2.55) 0.218 1.36 (0.67-2.73) 0.393
AML-NOS (non-erythroid type) 0.85 (0.42-1.72) 0.652 2.22 (0.90-5.50) 0.084
Age > 60 1.10(0.63-1.91) 0.745
Sex (male) 0.89 (0.52-1.53) 0.664
Cytogenetics, IPSS-R
Very good/good reference reference
Intermediate/poor 2.12 (0.99-4.54) 0.054 1.65 (0.70-3.87) 0.253
Very poor 2.48 (1.37-4.49) 0.003 2.73(1.22-6.10) 0.015
Dyserythropoiesis® 1.49 (0.89-2.48) 0.130
Dysmegakaryopoiesis® 1.14 (0.70-1.86) 0.611
Bone marrow fibrosis® 2.44 (1.15-5.17) 0.020 1.60 (0.52—4.90) 0.409
Laboratory data
WBC > 1.1 x 10°/L 3.69 (0.88-15.41) 0.074 3.36 (0.70-16.16) 0.131
ANC <0.8 x 10° /L 0.72(0.44-1.18) 0.192
Peripheral blasts > 1% 1.33 (0.82-2.17) 0.254
Hemoglobin < 8 g/dl 1.83 (1.09-3.08) 0.022 1.64 (0.90-3.01) 0.109
Platelet < 100,000 /pl 1.21 (0.66—2.23) 0.532
Bone marrow blasts < 10% 1.70 (0.87-3.35) 0.122
Serum albumin < 3.7 g/d| 2.75 (1.62-4.67) <0.001 2.33(1.10-4.91) 0.026
Serum creatinine > 2 mg/dI 0.99 (0.39-2.50) 0.985
Lactate dehydrogenase > 250 U/L 2.39 (1.46-3.92) 0.001 2.36 (1.28-4.36) 0.006
ECOG >2 2.36 (1.18-4.75) 0.016 1.61(0.69-3.74) 0.270

HR, hazard ratio; Cl, confidence interval; MN-EP, myeloid neoplasm with erythroid predominance; PEL, pure erythroid leukemia; MDS, myelodysplastic
syndrome; AML-MRC, acute myeloid leukemia, myelodysplasia-related changes; AML-NOS, acute myeloid leukemia, not otherwise specified; ECOG, the
Eastern Cooperative Oncology Group performance score

@ Dysplasia was defined as the presence of >10% dysplastic cells in the corresponding myeloid lineage.

® MF-1, 2 or 3 based on European bone marrow Fibrosis Network criteria through Gomori’s silver impregnation stain for reticulin

¢ All factors with p < 0.1 in the univariate analysis were included in the Cox multivariate analysis.

doi:10.1371/journal.pone.0172029.t002

Discussion

How to count percentages of BM myeloblasts (of total nucleated cells or non-erythroid cells) is
no longer an issue after the revised 2016 WHO classification [10]. The present cohort study of
MN-EP patients is the first to report clinicopathological characteristics, survival outcomes and
risk factors of mortality for new entities originating from MN-EP after the revision of WHO
classification. The patients enrolled into analysis were all from Taipei Veterans General Hospi-
tal, a tertiary medical center in northern Taiwan. The national center performed the first case
of allogeneic bone marrow transplantation and the first case of allogeneic peripheral blood
HSCT in Taiwan [18]. All diagnoses were made under stringent standards and patients were
managed by hematological specialists based on optimal strategies, with care provided by expe-
rienced nurses. Herein, we demonstrate the uniqueness of PEL after affirming it as an inde-
pendent risk for death in MN-EP. Additionally, the five different classifications of cytogenetic
risk groups all show effectiveness independently in predicting survivals, of which UKMRC-R
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Patient  Adjusted HR"

Variables number (95% CI) P value* AIC BIC
Cytogenetics, IPSS 377.0 399.5
Good 39 reference .
Intermediate 07 2.25 (0.83-6.09) 0.111
Poor 37 3.16 (1.53-6.53) 0.002 —B—
Cytogenetics, IPSS-R 381.6 404.0
Very good/good 38 reference B
Intermediate/poor 14 1.65 (0.70-3.87) 0.253 —
Very poor 31 2.73 (1.22-6.10) 0.015 ——
Cytogenetics, UKMRC-R 376.8 397.2
Intermediate 47 reference .
Unfavorable 36 2.92 (1.44-5.94) 0.003 —B—
Cytogenetics, UKMRC 378.6 399.0
Intermediate 50 reference .
Unfavorable 33 2.60 (1.29-5.24) 0.008 — B
Cytogenetics, monosomal karyotype 378.4 398.8
Absence 51 reference .
Presence 32 2.63 (1.31-5.28) 0.006 —B—

*Adjusted for factors with p < 0.1 in Cox univariate analyses listed in Table 2 0 '5 ; é "‘ I6 2‘}

Adjusted HR" (95% CI)
Fig 3. Impact of cytogenetic risk group on mortality in myeloid neoplasm with erythroid predominance. HR,
hazards ratio; Cl, confidence interval; AIC, Akaike information criterion; BIC, Bayesian information criterion. Two
patients had very good cytogenetic results according to IPSS-R system.

doi:10.1371/journal.pone.0172029.g003

is the best system. Other significant risk factors for MN-EP are low serum albumin and high
serum LDH.

PEL and acute erythroleukemia (erythroid/myeloid type) comprise acute erythroid leuke-
mia in the 2008 WHO classification [4]. Despite many efforts to dissect MN-EP following sev-
eral revised definitions of AEL, there was still much debate on how to classify these patients
under the 2008 WHO classification [4]. In respect of erythroleukemia (erythroid/myeloid
type), MN-EP not meeting criteria for t-MN or AML-MRC was arbitrarily considered as ery-
throleukemia (erythroid/myeloid type) if BM myeloblasts > 20% of non-erythroid cells or
MDS if BM myeloblasts < 20% of non-erythroid cells under the 2008 WHO classification.
Therefore, the same MN-EP patient whose BM myeloblasts were around 20% of the non-

Table 3. Analyses of treatment for mortality in myeloid neoplasm with erythroid predominance.

Predictive variables Univariate analysis Multivariate analysis®

HR (95% CI) Pvalue HR (95% CI) Pvalue
HSCT @ 0.47 (0.19-1.17) 0.103 0.60 (0.22—1.90) 0.303
Curative chemotherapy 2 ° 0.90 (0.53-1.54) 0.710 1.18 (0.480.52-2.64) 0.665
Non-curative therapy 2 1.45 (0.81-2.60) 0.205 1.601.52 (0.69-3.80) 0.342

HR, hazard ratio; Cl, confidence interval; HSCT, hematopoietic stem cell transplantation

& Treatment was analyzed as a time-dependent covariate in the Cox regression model

® Adjusted for factors with p < 0.1 in Cox univariate analyses listed in Table 2.

¢ Curative chemotherapy included standard doses of induction chemotherapy, such as cytarabine with idarubicin or daunorubicin, or high-dose cytarabine
with idarubicin or daunorubicin.

doi:10.1371/journal.pone.0172029.t003
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erythroid cells may have had a different diagnosis resulting from a counting error. In addition,
counting percentage of myeloblasts of non-erythroid cells in MDS and AEL cases was also
reported to be of no prognostic significance [1, 19]. Moreover, erythroleukemia (erythroid/
myeloid type) was similar with AML-MRC in aspects of cytogenetic changes, molecular find-
ings and OS [20-23]. After FPS Santo et al. and RB Walter et al. both reported that AEL pro-
vided no prognostic information for cases of AML-NOS [3, 24], erythroleukemia (erythroid/
myeloid type) was waived in the updated 2016 WHO classification and PEL remained as a sole
specific entity with the same definition. PEL is well known for its very poor prognosis, and
results from the proliferation of immature neoplastic erythroblasts rather than reactive left-
shifted erythroblasts. It is also regarded as a different disease in clinical presentations, with dif-
ferent biological features and survival outcomes from the other AML types, which result from
the proliferation of malignant myeloblasts. The erythroblasts in PEL are distributed in diffuse
sheets rather than small clusters intermingled with other BM elements and show features,
including smaller sizes, more dispersed chromatins, fewer but more prominent nucleoli, and
frequently vacuolated cytoplasm than normal erythroblasts [25]. PEL could be de novo or
from MDS but most bear complex karyotypes, and frequently chromosome 5 and/or chromo-
some abnormalities [26], but the latter are reclassified AML-MRC after the 2008 classification.
However, the molecular characteristics of PEL are still needed to be studied in depth to deter-
mine a distinct, or shared, pathogenesis to AML-MRC or t-MN. Wong et al. [27] recom-
mended that the distinct morphology of PEL should be recognized prudently for those of t-
MN or AML-MRC with a note in parentheses, for example, AML-MRC (with PEL features).
We demonstrate the uniqueness of PEL in the present study in regard to its’ correlation with
survivals after being adjusted to take into consideration other significant risk factors in the uni-
variate analysis.

After introduction of the 2016 WHO classification, Calvo et al., Wang et al., and Bennett
et al. found that MDS patients previously diagnosed as AEL had similarly poor survival out-
comes with those of high-risk MDS (i.e., MDS-RAEB in their study) [28-30]. In the present
study, those patients with myeloblasts > 20% of all nucleated cells previously diagnosed as
AEL are now considered AML-NOS according to the 2016 WHO classification. There was no
difference in survival outcome after adjustment for other risk factors for death in comparison
with MDS. Most patients re-classified as MDS (n = 40) in the cohort belonged to poor IPSS-R
risk groups (32 cases with available cytogenetic data, 23 in the very high-risk group, eight in
the high-risk group, and one in the intermediate group; eight cases without available cyto-
genetic results, five in high-risk, and three in intermediate risk) might lead to the result.
Although AML-MRC has been reported to include a worse outcome by comparison to AML-
NOS [5], especially in patients carrying a mutated ASXLI gene [31], Devillier et al. pointed out
the heterogeneity of AML-MRC, in which those with intermediate cytogenetic risk had non-
inferior survival in patients with AML-NOS [32]. In the presence of EP, the prognoses of
AML-MRC and AML-NOS were not different in our cohort.

According to our previous study, acute erythroid leukemia shares some features with MDS
[33]. In the present report, we initially used IPSS-R as a variable in the multivariate analysis.
Despite showing the effectiveness of IPSS-R, however, further analysis using AIC and BIC
shows that UKMRC-R saw the best goodness of fit for prediction of overall survival. The origi-
nal study group of UKMRC-R included de novo AML and secondary AML with myelodyspla-
sia-related changes, which is similar to the present study [14]. Furthermore, Hasserjian’s study
supported UKMRC-R as being the best model for cytogenetic classification in patients with
acute erythroid leukemia [23]. Additionally, we show that monosomal karyotypes are prognos-
tic in MN-EP, which has not been mentioned before. Our results need further verification.
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One cytogenetic result of the eight PEL cases was lacking, and one showed normal karyo-
type while the other seven cases had complex karyotype, including five with chromosome 5
and/or 7 involved. In the past, PEL was rarely discussed in comparison with AEL, possibly due
to its rarity. The largest cohort before ours included seven cases [21, 27, 34]. In the latest report
comparing AML with EP by Wong et al., the median survival of 2.9 months in PEL was dismal,
and a high incidence of adverse-risk cytogenetics was shown in PEL patients [27]. We tried to
figure out the risk factors of death in PEL patients but no significant result surfaced due to a
relatively small case number.

Serum LDH and albumin levels were reported as independent risk factors for mortality in
AEL [24, 33]. Serum LDH is a well-established surrogate for tumor burden and has been
shown prognostic value in AML and MDS [35, 36]. Hypoalbuminemia is an indicator of poor
nutrition status and an adverse prognostic factor in multiple neoplastic diseases including
AML [37, 38]. This study also shows the negative impacts of high LDH levels and hypoalbumi-
nemia in the outcome.

The best strategy for treating acute erythroid leukemia in the past was to administer
intensive induction chemotherapy, followed by allogeneic HSCT if complete remission
was achieved [19, 33]. Despite recent reclassification shifting 40 MN-EP patients to MDS,
most of them (n = 36, 90.0%) were IPSS-R high-risk and very high-risk. Allogeneic HSCT
was assumed to be helpful in improving the outcome. However, most patients were not
suitable for allogeneic HSCT due to old age. Three survivors after allogeneic HSCT were
cases of MDS, all the other seven patients died of infection. Due to small numbers of HSCT
and the fragility of the cohort, the benefits of allogeneic HSCT in AML-EP might be
obscured.

Our study has some limitations. First, as a national medical center, this study might include
patients with worse conditions at their time of visit, thereby negatively influencing the out-
comes. Second, the proportion of de novo PEL patients seemed relative increased, which
might be due to ethnic difference or coincidence. Third, mutation studies, including NPM1,
CEBPA and TP53, at diagnosis of AML are not covered by National Health Insurance. The ret-
rospective data about these important prognostic factors for further analysis was scarce.
Finally, an unpredictable bias might result from different treatment strategies adopted by dif-
ferent attending physicians. The retrospective nature of the study also limits us to drawing
firm conclusions, making totally exclusion of residual confounding factors in our study setting
difficult.

Conclusion

After the 2016 WHO classification was published, only PEL were kept as belonging to neo-
plasms originated from neoplastic erythroid lineage. This retrospective cohort study reports
the clinical features, biological data and the survival outcome of patients with MN-EP and
identified PEL group, very poor cytogenetic risk group of IPSS-R, high serum LDH and low
serum albumin as independent predictors for death. Cytogenetic risks groups determined by
UKMRC-R showed the best ability to predict the survival outcome of MN-EP patients. The
outcome of PEL was independently much worse.
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