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Since its first identification by Leif Hillestad 60 years ago, acute promyelo-
cytic leukemia (APL) has evolved from being the most fatal to the most cur-
able type of acute myeloid leukemia. Acute Promyelocytic Leukemia: A 
Clinical Guide is the first book entirely dedicated to APL, a disease with a 
unique and fascinating biology, whose treatment has become a paradigm of 
modern targeted therapy.

Every chapter in this volume is written by a renowned expert in the field. 
The first three chapters address the historical aspects, origins, and molecular 
mechanisms of this leukemia. The following three chapters focus on the patho-
physiology of bleeding and thrombosis, early death, and prognostic factors. 
The next three cover the evolution of therapy from chemotherapy-based to 
all-trans retinoic acid-chemotherapy, arsenic trioxide, and finally chemother-
apy-free regimens. Subsequently, the book discusses minimal residual disease 
monitoring, treatment of refractory/relapsed disease, and the role of hemato-
poietic stem cell transplant. Special situations such as APL in children, in the 
elderly, and in pregnancy, therapy-related APL, and rare variants are also 
addressed. The final three chapters focus on therapy-related complications and 
management of APL in developing countries.

We would like to thank all the authors for their generous contributions to 
this volume.

Toronto, ON, Canada Oussama Abla 
Rome, Italy  Francesco Lo Coco 
Madrid, Spain Miguel A. Sanz
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History of Acute Promyelocytic 
Leukemia

Laurent Degos

 Introduction

Within a 60-year time span, the most severe acute 
leukemia—termed acute promyelocytic leukemia 
(APL) by the Norwegian author Leif Hillestad—
was identified, characterized, and cured. The 
determination of a precise molecular definition of 
the genetic defect and the emergence of an anti-
dogmatic paradigm have made the history of APL 
a model for the treatment of malignancies. 
However, the new concepts of in vivo malignant 
cell differentiation and cell death induced by cell 
modifiers were quite controversial, as illustrated 
by the anecdotes reported in this chapter. 
Furthermore, over the course of APL’s history, the 
dialogue between onco- hematologist physicians 
and scientists from several worldwide hospitals 
and laboratories led to an impressive achieve-
ment: for the first time, a malignancy (and the 
most severe malignant disease of the blood, no 
less) was cured in standard conditions using cell 
modifiers without any chemotherapy, cytotoxic 
agents, or bone marrow grafts. Today, the progno-
sis for APL depends more on the timing of treat-
ment initiation than on the treatment itself, as we 
shall see in this chapter.

 A Distinct Entity: “A Special Type 
of Leukemia” (1957–1987)

In the first 30 years after its identification, APL 
followed the conventional course of all types of 
leukemia: clinicians precisely described the dis-
ease and tried to manage its treatment. Long-term 
survival rates approached 25%, but clinicians 
were confronted with early bleeding diathesis. 
Late relapses (after 2 years) were rarely reported.

 The Clinical Description
The first description of APL by Leif Hillestad, 
published in Acta Medica Scandinavia in 1957 
[1], summarized the main clinical features of the 
disease and is still relevant today:

“Evidence is presented for the existence of a spe-
cial type of acute myelogenous leukemia. Three 
cases are described, characterized by:

 1. A very rapid fatal course of only a few weeks’ 
duration.

 2. A white blood cell picture dominated by promyelocytes.
 3. A severe bleeding tendency due to fibrinolysis and 

thrombocytopenia.
 4. A normal ESR probably caused by reduced fibrinogen 

concentration in the plasma.

It is suggested that this type is named acute 
 promyelocytic leukemia. It seems to be the most 
malignant form of leukemia.”

In 1959, Jean Bernard [2] reported the first 
series of 20 patients with APL, disclosing more 
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detailed criteria: numerous large granules in the 
cytoplasm of abnormal promyelocytes in the 
bone marrow, covering the nucleus and some-
times assembled in “faggots” of Auer rods, as 
well as a low count of blasts with a monocytoid 
appearance in the blood. Jacques Caen [3] more 
precisely defined the acquired hypofibrinogen-
emia. In fact, bleeding diathesis was the most 
impressive feature of the disease, accounting for 
20–30% of deaths, which were mainly due to 
cerebral hemorrhages.

In 1976, the French–American–British (FAB) 
Nomenclature Committee assigned a specific 
classification of acute myelogenous leukemia 
(AML), the M3 type [4]. Later, the committee 
officially recognized a variant form of APL that 
combined bilobed nucleus blasts, nonvisible 
granules on light microscopy (microgranules), 
and a positive myeloperoxydase reaction, and 
which was often associated with high white blood 
cell counts and similar coagulation disorders [5]. 
A very rare variant form with basophilic micro-
granules instead of large azurophilic granules 
was also accepted as APL [6].

 A Controversy About Treatment
The unpredictable onset of life-threatening bleed-
ing diathesis was the major obstacle in the treat-
ment of patients with APL. The disease seemed 
to be particularly sensitive to anthracycline treat-
ment [7], showing high rates of complete remis-
sion. However, chemotherapy exacerbated 
bleeding diathesis and thus increased the risk of 
death. The central question of this era was how to 
manage coagulation disorders.

All hematologists agreed on platelet transfu-
sions, so the controversies surrounded hypofibri-
nogenemia. Clinicians needed to determine if 
they were dealing with a primary or a secondary 
hypofibrinogenemia due to disseminated intra-
vascular coagulopathy (DIC). These two condi-
tions had different drug treatment options 
(antifibrinolytic drugs, heparin, or no coagulation 
drugs), platelet transfusion times, and chemo-
therapy initiation points (immediately or, in 
cases of DIC, after heparin treatment initiation). 
The presence of fibrinogen-fibrin degradation 

 products in serum could not distinguish the two 
conditions. In France, a decrease of factors V and 
X led clinicians to treat patients with low-dose 
heparin. However, in Italy [8], normal levels of 
protein C and antithrombin III associated with an 
acquired reduction of alpha-2 plasmin inhibitor 
levels indicated a primary fibrinolysis.

Apart from age, the intensity of hypofibrino-
genemia and high white blood cell counts were 
considered to be the two major prognostic fac-
tors: the first indicated an increased risk of early 
mortality and the second indicated a higher risk 
of relapse.

 A Cytogenetic Signature
The abnormal cytogenetic feature that confirms 
the specific entity of APL was first described in 
1976 as a partial deletion of chromosome 17 [9] 
and identified later by Janet Rowley from the 
same team as a balanced reciprocal translocation 
between the long arms of chromosome 15 and 17 
[10]. The t (15;17) translocation was consistently 
found in APL bone marrow cells [11].

Thus, by the mid-1980s, APL could be defined 
not only by its morphological features and typi-
cal bleeding diathesis, but also by a specific cyto-
genetic abnormality.

The disease needed an adapted treatment: an 
aggressive and urgent initiation of anthracycline 
treatment, with special attention to the coagula-
tion disorders. With this, a complete remission 
rate of approximately 75% was achieved, despite 
a high early mortality rate. Relapses still occurred 
in the first months after complete remission, with 
approximately 25% of patients surviving for 
more than 2 years.

 A New Paradigm: The Differentiation 
of Malignant Cells

During the same time period, studies demonstrat-
ing the ability to transform malignant cells into 
terminally differentiated normal cells were 
received with skepticism. The dogma of the irre-
versible status of malignant cells was deeply 
anchored in the spirit of physicians and scientists. 

L. Degos
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The only accepted option to treat malignancies 
was to eliminate the cells by chemotherapy, 
radiotherapy, or surgical excision.

 Abolishing the Dogma 
of the Irreversible Status 
of Malignant Cells

An Experimental Approach
In 1963, Leo Sachs (Rehovot, Israel; Fig. 1.1) 
developed a culture of cloned blood cells from 
mice [12]. From this, a number of growth factors 
were identified in 1970, , which he named in 
Hebrew; they were later renamed as granulocyte 
colony-stimulating factor, macrophage colony- 
stimulating factor, granulocyte-macrophage 
colony- stimulating factor, and interleukin-3. 
Sachs also demonstrated that cell lines from leu-
kemic mice could be differentiated and become 
nondividing mature granulocytes or macrophages 
in cell cultures as a result of stimulation by vari-
ous “differentiation factors” [13]. His presenta-
tion in 1973 at the Congress of the International 
Society of Genetics in Berkeley, California, was 
received with respect and some skepticism due to 
the artificial conditions of the experiments (cell 
lines, in vitro studies) and the absence of formal 

genetics. Later, in 1982, Sachs found that myeloid 
leukemic cells injected into embryos participated 
in apparent hemopoietic differentiation in the 
cells of adult mice [14].

A Clinical Approach
At Hospital Saint Louis in Paris, France, in 
June 1980, Laurent Degos proposed that his 
52-year- old female patient with a resistant 
relapse of acute myelogenous leukemia return 
home for the end of life. The patient lived far 
away, in French Britany. Because her family 
was abroad, low- dose cytosine arabinoside 
(ARA-C; 10 mg twice a day subcutaneously) 
was initiated to delay the patient’s death for 
few days. Four months later, the patient 
returned to the hospital in good condition with 
normal blood and bone marrow cell morphol-
ogy. The general practitioner described a pro-
gressive improvement over several weeks. Two 
other patients experienced similar gradual 
improvements [15], with differentiation of leu-
kemic cells in blood and bone marrow until 
complete remission was achieved. These clini-
cal cases confirmed the experimental data of 
Leo Sachs on the reversibility of malignancies. 
Sachs often mentioned low-dose ARA-C as the 
human in vivo therapeutic achievement of his 
findings. The persistence of a cytogenetic sig-
nature in complete remission provided evi-
dence in favor of the actual differentiation of 
malignant cells [16].

These results led to the new concept of dif-
ferentiation therapy for human acute leukemia. 
However, in a trial using low-dose ARA-C, 
only 35% of patients obtained complete remis-
sion [17]. Later, alpha interferon treatment for 
hairy cell leukemia was also demonstrated to 
directly act as a cell modifier, interfering with 
the autocrine loop of proliferation [18].

 All-Trans-Retinoic Acid as a Potential 
Candidate for Differentiation Therapy 
of APL
Although the treatment of malignancies was 
mainly focused on decreasing proliferation using 
antimitotic drugs, some scientists investigated Fig. 1.1 Leo Sachs, 1924–2013

1 History of Acute Promyelocytic Leukemia
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the blockage of the differentiation of malignant 
cells. The arrest of maturation had been a major 
feature of malignancy since the first description 
by the pioneer Alfred Donné in 1844 [19].1

Murine myeloid leukemia cell lines, such as 
M-1 or erythroleukemia induced by the Friend 
virus, as well as human HL-60, KG 1, or K 562 
cell lines, could be in vitro differentiated into 
granulocytes or monocytes using several agents, 
including polar plana compounds (e.g., the use of 
dimethyl sulfoxide for murine erythroleukemia 
cells by Charlotte Friend in 1971), butyric acid, 
hypoxanthine, ligands to nuclear receptors (vita-
min D, or retinoic acid) and some antimitotic 
drugs (mainly ARA-C and aclacinomycin). In 
1981, Theodore Breitman demonstrated the sen-
sitivity of HL-60 cell lines to retinoids, as well as 
of cells from two patients with APL treated in 
short-term cell cultures [20]. However, an HL-60 
cell line only possessing one chromosome 17 and 
not carrying the specific t (15-17) is not a promy-
elocytic cell line.

Cellular biologists and clinicians working on 
differentiation therapy assembled bi-annually, 
led by Samuel Waxman, Giovanni Battista Rossi, 
and Fuminaro Takaku. The first international 
conference on differentiation therapy in cancer 
was held in 1986 in Sardinia. This conference 
included the first generation of scientists and 
physicians investigating this new and antidog-
matic field.

1 “Since I have frequently observed similar cases in the 
blood of individuals without purulent matter, I think that 
the excess of white blood cells is due to an arrest of 
 differentiation. According to my theory about the origin 
and development of blood cells, that I have delivered sev-
eral times, the increase of white blood cells is the conse-
quence of an arrest of differentiation of these intermediate 
cells [ne sont que le résultat d’un arrêt de développement 
de ces particules intermédiaires]” [19]. John Hughes 
Bennett considered the presence of purulent matter in 
1845 (“Two cases of disease and enlargement of the 
spleen in which death took place from the presence of 
purulent matter”). Also in 1845, Rudolph Virchow pro-
posed that “Weisses Blut (Leukoemie)” was not purulent 
matter but a real new disease with splenomegaly and 
hemorrhage.

 The Dinner that Initiated All-Trans- 
Retinoic Acid Treatment for APL (1985)
Using a list of potential differentiation agents, 
Christine Chomienne tested more than 60 speci-
mens of fresh bone marrow cells from various 
patients with leukemia (instead of cell lines) in 
short-term cultures. Chomienne demonstrated 
that the differentiating effect of retinoic acid was 
specific for APL. Among various vitamin A 
derivatives, all-trans-retinoic acid (ATRA) was 
potentially 10 times more effective than 13-cis or 
4-oxo, whereas etretinate did not induce any dif-
ferentiation [21]. At that time, etretinate 
(Tigazon) was the only derivative available in 
Europe and 13-cis (Roaccutane) was the only one 
available in the United States. Therefore, it was 
impossible to treat patients with an adequate 
derivative.

In 1985, a travel grant offered by Air France 
to Chinese professors of medicine provided an 
opportunity for the hematologist Wang Zhen 
Yi, Dean of the University of Medicine of 
Shanghai and French speaker by education, to 
visit Hospital Saint Louis. During a dinner at 
the home of Marie Thérèse Daniel, an FAB 
committee member (also attended by Chen 
Zhu, Wang’s young student who was working 
in Daniel’s morphology laboratory), a discus-
sion between Laurent Degos and Wang Zhen 
Yi concerned a treatment designed to induce 
differentiation using low-dose ARA-C in 
patients and the specific in vitro activity of 
ATRA in APL (a drug not available in Western 
countries). The discussions resulted in the ini-
tiation of a close collaboration between the 
two researchers and in a decision to manufac-
ture ATRA for APL patients in China. Several 
exchanges between the two institutes of hema-
tology in Paris and Shanghai allowed for rapid 
progress against the disease. The two hematol-
ogy institutes joined forces (Fig. 1.2) and 
established a formal agreement on April 25, 
1987.

ATRA was first used to treat patients with 
APL in 1987 at Rui-Jin Hospital in Shanghai, 
where Laurent Degos visited to observe the 
remarkable effects of this treatment. Degos 
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and Wang delivered a joint presentation on 
differentiation therapies using low-dose 
ARA-C for AML and ATRA for APL at the 
Second Conference on Differentiation Therapy 
of Cancer in September 1987 in Bermuda [22]. 
Huang Meng Er [23] of Shanghai reported on 
the in vivo maturation of malignant cells until 
complete remission in 22 of 23 Chinese 
patients who were newly diagnosed with APL 
and treated with 45 mg/m2 of ATRA. Sylvie 
Castaigne also reported on the remission of 19 
of 20 patients who were treated in France after 
experiencing a relapse [24]. Complete remis-
sion was obtained without aplasia, alopecia, or 
primary resistance to the drug. Few infections 
were observed and coagulopathy rapidly 
improved within a few hours. The progressive 
terminal differentiation of leukemic cells in 
bone marrow (sometimes with the presence of 
Auer rods in mature granulocytes) completed 
the picture of unusual features for the treat-
ment of myelogenous leukemia [24]. In 
response to a question from an Impact Médecin 
journalist on February 1, 1991, Wang Zhen Yi 
said in French: “Without the Laurent Degos 
team researchers and without our meeting face 

to face in 1985, nothing could have occurred. 
The Paris Saint Louis institute studies opened 
my eyes about the possibilities of all-trans-
retinoic acid.”2

 Hoops and Hurdles

Although the availability of ATRA was no longer 
an obstacle, the road to a cure was not clear. 
Western companies still refused to manufacture 
the drug. ATRA was kindly provided by Shanghai 
producers and was transported by Chinese stu-
dents when they travelled to Paris, the first of 
whom was Huang Meng Er.

Two anecdotes illustrate the skepticism that 
existed in those times on the use of ATRA as 
an antileukemic agent. First, when Christine 
Chomienne called Werner Bolag (a scientist from 
Roche Headquarters in Basel, Switzerland, who 

2 “Sans les recherches de l’équipe du Pr Laurent Degos et 
sans notre rencontre en 1985, rien n’aurait été possible. 
Ce sont les travaux de Saint Louis qui m’ont ouvert les 
yeux quant aux possibilités de l’acide tout trans 
rétinoïque” Impact Médecin N°89 (1er Février 1991) 
p 11.

Fig. 1.2 Wang Zhen Yi with Laurent Degos and Christine Chomienne
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specialized in ATRA) for some advice during the 
first ATRA treatment in France, he was horrified 
and asked her to immediately stop the treatment. 
Against his advice, Chomienne continued the 
treatment. In the second anecdote, a hematologist 
from New York asked the Paris team to obtain the 
drug for a young, relapsed patient. The package 
was ready to be sent with the approval of the 
Chinese collaborators, but the administration of 
the U.S. hospital refused to treat the patient with 
such “an experimental drug made in China and 
provided by French physicians.” The patient sub-
sequently died.

 No More Product
Events in China in June 1989 made it difficult 
for Chinese students to travel. After the 
Tiananmen square demonstration, the French 
Government required all French institutions to 
end their collaborations with China. A short-
age of ATRA occurred while several French 
patients were being treated. Confronted with 
this difficulty, Laurent Degos contacted Roche 
France. Victorine Carré agreed to make the 
drug and excluded all women from the factory 
during production (to prevent any teratogenous 
effects from retinoid contamination in the air). 
The board of Roche France asked Laurent 
Degos to restrict the administration of ATRA 
to French patients and to take total responsibil-
ity for any adverse events. According to the 
policy of Roche headquarters in Basel, vitamin 
A derivatives were exclusively used for patients 
with skin disorders.

During a 1989 spring meeting in Paris on 
antibodies appearing during interferon treat-
ment for hairy cell leukemia chaired by Loretta 
Itri (Vice President of Roche; Nutley, NJ, 
USA), Laurent Degos asked her to obtain an 
ATRA source from Roche USA. Loretta Itri’s 
answer was to consult her husband, Raymond 
Warrell, who was a hematologist at Memorial 
Sloan Kettering Cancer Center (MSKCC) in 
New York. Raymond Warrell was surprised by 
the differentiation effects of ATRA considering 
the irreversible status of malignancies. He sug-
gested that Degos present his results in August 

1989 in New York. In this presentation, Degos 
showed a series of bone marrow samples from 
several patients at various times after treatment, 
demonstrating the progressive terminal differ-
entiation of malignant promyelocytes. The 
audience, which included the heads of MSKCC, 
was convinced. Raymond Warrell asked Loretta 
Itri to manufacture 2 million ATRA tablets—
not only for patients with APL but also for 
extensive clinical trials involving other cancers 
and leukemias under the auspices of the 
National Cancer Institute. This happy ending 
opened the door to ATRA treatment for patients 
with APL all over the world.

 Is APL a Pseudo-Leukemia?
One year later, French clinical results obtained 
using ATRA from China and Roche France [24] 
and cellular investigations [25] were published in 
the same issue of the journal Blood, which also 
printed images of the cells on the front cover. The 
journal included an editorial by Peter Wiernick, 
which asked whether APL was another pseudo- 
leukemia.3 Is APL treated with a natural derivative 
of vitamin A similar to pernicious anemia treated by 
vitamin B12? A malignant cell could not remain 
malignant if its status was reversible. The concept 
that Leo Sachs formulated was not yet fully accepted 
in 1990. At that time, most thought leaders believed 
that if effective cell modifiers could treat a cancer, 
then the so-called cancer was not a malignancy.

 Early Relapses with ATRA
Differentiation of malignant cells and rapid 
improvement of bleeding diathesis were the two 
breakthroughs in the treatment of APL [23, 24] 
confirmed in 1991 by a Chinese group [26] and by 
Raymond Warrell [27]. They provided evidence 
of the differentiation process by fluorescence in 

3 “In 1875, William Pepper described the bone marrow of 
a fatal case of pernicious anemia as pseudoleukemia…. 
Ultimately, vitamin B12 was demonstrated to be the miss-
ing maturation and differentiation inducer, and continu-
ous treatment with that agent uniformly cures the 
manifestations of the disease, but not the disease itself…. 
Another pseudoleukemia could be on the way out” 
(P.H. Wernick, Blood 1990;76:1675–1677).

L. Degos
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situ hybridization (FISH) and of the clonality 
using X chromosome-linked polymorphisms.

However, even though almost all patients 
experienced complete remission with ATRA (no 
primary resistance), all of them relapsed within 
3–12 months (median: 5 months). The relapses 
were resistant to ATRA (secondary resistance) 
[24]. Considering the previous evidence that 
patients who were successfully treated with high- 
dose daunorubicin chemotherapy [28] had few 
relapses after 2 years, Laurent Degos decided to 
initiate a combination of ATRA and chemother-
apy in 1990. Patients first received ATRA until 
they achieved complete remission. ATRA was 
then followed by intensive chemotherapy (induc-
tion and two courses of consolidation) to com-
bine the positive effects of the two treatments— 
that is, complete remission with rapid disappear-
ance of bleeding diathesis by ATRA and a 
relapse-free survival by intensive chemotherapy.

 Hope for a Curable Disease

The first nonrandomized trial treated 26 patients 
using ATRA until complete remission, followed 
by three courses of daunorubicin and ARA- 
C. These results were compared to historical con-
trol groups of patients who received the same 
chemotherapy without ATRA [29]. The addition 
of ATRA greatly reduced early mortality and the 
number of early relapses. These favorable results 
prompted French investigators to launch the first 
randomized trial in 1991 using a similar study 
design but comparing the results to a control 
group instead of a historical group of patients. 
The trial ended prematurely after 18 months at 
the end of 1992 because event-free survival was 
significantly higher with ATRA [30]. This was 
the starting point for a big jump in long-term sur-
vival for patients with APL, from 25 to 75%.

 Worldwide Enthusiasm
The second pivotal randomized trial was launched 
in 1993 by the same European Cooperative 
Group. The trial compared patients who were 
receiving ATRA followed by chemotherapy (the 

reference treatment) with patients who were 
receiving ATRA and concomitant chemotherapy 
followed by two courses of consolidation [31]. 
This trial demonstrated the superiority of the 
simultaneous regimen and the advantages of a 
maintenance therapy.

At that time, nonrandomized trials conducted 
by Wang Zhen Yi in China, Raymond Warrell in 
New York, and Akihisa Kamaru in Japan con-
firmed the beneficial effects of ATRA. Meanwhile, 
in 1993, an Italian group (Gruppo Italiano Malattie 
Ematologiche Maligne dell’ Adulto, or GIMEMA) 
launched by Giuseppe Avvisati investigated a 
combinatorial approach of ATRA plus idarubicin 
(AIDA) for induction followed by three courses of 
consolidation [32]. This approach was further 
refined by a Spanish group (Programa Español de 
Tratamientos en Hematología, or PETHEMA) led 
by Miguel Sanz, which explored the benefits of 
treatment deintensification (especially in the con-
solidation phase). Japanese investigators led by 
Luizo Ohno made efforts to organize a controlled 
multicenter trial (the Japan Adult Leukemia Study 
Group, or JALSG). Furthermore, a U.S. intergroup 
also met several times to find a consensus for a 
study including ATRA. They started a randomized 
trial comparing ATRA plus two courses of chemo-
therapy to three courses of chemotherapy. In 1997, 
Martin Tallman reported better results when 
ATRA was administered, but an unexplained 
lower complete remission rate than the other coop-
erative groups (68% vs. ~90%) [33].

By the end of 1993, a high rate of complete 
remission, a reduced risk of early mortality, an 
absence of primary resistance, and a low relapse 
rate generated hope for curing at least 75% of 
patients with APL [34]. The first meeting on APL 
entitled “APL, A Curable Disease” was organized 
in Rome and chaired by Franco Mandelli, the 
founder of the GIMEMA group (Fig. 1.3). This 
positive outlook on a new original treatment for 
malignancies encouraged national and interna-
tional collaborations, which led to larger studies: 
the European Cooperative group, which including 
French, Belgian, and Swiss researchers; the U.S. 
intergroup; a Japanese cooperative group; Chinese 
cooperative trials; PETHEMA in Spain enrolling 
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patients from South America and Hovon in the 
Netherlands; a France-India cooperation; several 
meta-analyses jointly conducted by GIMEMA-
PETHEMA and the French- Belgian- Swiss group 
in collaboration with PETHEMA; and finally, as 
we shall see later, the Italian-German GINEMAZ-
SAL-AMSLG group.

 New Clinical Horizons, Unknown 
Conditions
Hematopathologists were captivated by the fea-
tures of progressive differentiation of malignant 
cells with distinctive Auer rods in mature poly-
morphonuclear cells. The nuclear bodies dis-
rupted into multiple spots in leukemic cells but 
were reconstructed within 5 days of ATRA treat-
ment [35]. The cell abnormalities of APL seemed 
to be restored by ATRA treatment—a treatment 
approach that was previously totally unknown for 
other malignancies. However, ATRA treatment 
led to three major unpredicted adverse effects: 
leukocyte activation, secondary resistance to 
ATRA, and thrombosis.

During the early days of treatment with 
ATRA, physicians were surprised by a poten-
tially lethal syndrome, particularly in hyperleu-
kocytic and microgranular forms of the disease. 

These patients experienced fever, weight gain, 
dyspnea due to pleural and pericardial effusions, 
pulmonary infiltrates, and sometimes renal fail-
ure [24]. The “ATRA syndrome” affected a third 
of patients in Western countries and Japan (but 
not in China). It was often preceded by an 
increase of white blood cells, but it was treated 
by early chemotherapy (European group) and 
high doses of corticosteroids (New York group). 
The syndrome was considered to be leukocyte 
activation related to cytokine release by the dif-
ferentiating cells [36].

Using ATRA alone, very rare primary resis-
tance to ATRA (in part attributed to rare mutations 
of the retinoic receptor pocket) contrasted with a 
short-lived complete remission (3–12 months) and 
a permanent secondary resistance when relapses 
occurred. Additional genetic defects of the retinoic 
receptor could not be involved because all 
patients acquired resistance to ATRA; the resis-
tance was sometimes reversible after 12 months. 
Consequently, catabolic mechanisms were sus-
pected and confirmed by a decrease in ATRA 
plasma concentrations; this was due to an increase 
of cytochrome P450 induced by ATRA itself, 
together with upregulation of the expression of 
cytoplasmic protein binding protein (CRABP II) 
depriving the nucleus of ATRA. Optimal intranu-
clear ATRA concentrations correlated with the 
range of differentiation of APL cells.

Bleeding diathesis rapidly disappeared after 
few days of ATRA treatment, with a concomitant 
decrease of primary fibrinolysis (and of extended 
proteolysis due to endocellular cathepsin G, elas-
tase, and myeloblastin) [37]. The prothrombotic 
trend (DIC) was not counteracted by ATRA treat-
ment, which explained why severe thrombosis 
occurred in some patients (particularly those 
receiving ATRA alone) and indicated the need 
for low-dose heparin in such cases.

 Nonstandard Regimens
Patients with high white blood cell counts (>10 
G/L) are often associated with a microgranular 
variant, which has a higher risk of early death due 
to hemorrhages or ATRA syndrome and a higher 
risk of relapse. Massive platelet transfusion, early 
chemotherapy, and high-dose corticosteroids can 

Fig. 1.3 First meeting on APL in Rome
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greatly improve the prognosis of these patients. 
The questions in the 1995s were the role of ARA-C 
in induction and consolidation (PETHEMA-
GIMEMA), risk stratification, and the advantages 
and disadvantages of maintenance therapy. After 
long discussions among cooperative groups, the 
results of a French-Spanish collaborative meta-
analysis and other studies suggested that ARA-C 
did not appear to be mandatory in induction ther-
apy (mainly when idarubicin was proposed) but 
could be beneficial for high-risk patients, who were 
also most likely to need consolidation. The modali-
ties of  maintenance therapy (intermittent treatment 
with 6- mercaptopurine, methotrexate, and ATRA) 
were also a matter of controversy. Positive findings 
were observed by European (France, Belgium, 
Switzerland) and American groups but not by 
Italian and Japanese groups (see Chap. 8, p. 106). 
This could be a posteriori explained by the inten-
sity of front- line treatment: two courses of chemo-
therapy by the American group, three courses of 
chemotherapy by the European group, and four 
courses of chemotherapy by the Italian group.

APL is rare in children (10% of APL cases), 
with a higher incidence before the age of 4 years. 
Pediatricians were surprised by children’s par-
ticular sensitivity to ATRA at the standard adult 
dose, with the occurrence of pseudotumor cere-
bri syndrome in 3–4% of cases. In response, 
ATRA was administered to pediatric patients at a 
half dose (25 mg/m2), which was demonstrated 
to be as effective as the standard adult dose 
(45 mg/m2).

Furthermore, ATRA seemed to abrogate any 
unfavorable conditions. For instance, com-
pared to other secondary acute leukemias, 
patients with therapy-related APL experienced 
similar outcomes as patients with de novo APL 
when ATRA was included in the treatment 
scheme. Approximately 10–15% of APL cases 
occurred after chemotherapy or radiotherapy, 
mainly when they included anthracycline and/
or mitoxantrone for breast cancer or multiple 
sclerosis. Another striking effect of ATRA was 
the similar survival of patients with or without 
other cytogenetic abnormalities that are usu-
ally considered to be poor prognostic factors 
for leukemia.

 Molecular Defects

The specific sensitivity of APL to ATRA treat-
ment and the genetic signature t (15;17) were 
intriguing. Clinicians contacted molecular biolo-
gists to answer the question.

 First Attempts at Molecular 
Approaches
In 1988, Marie Geneviève Mattei in Montpelier 
[38] located the retinoic acid receptor alpha 
(RARA) on band q21 of the long arm of chromo-
some 17. One year prior, Martin Petkovitch 
(Pierre Chambon laboratory, Strasbourg) had 
cloned the RARA gene [39]. These two findings, 
in conjunction with the demonstration of ATRA 
sensitivity, prompted Laurent Degos and 
Christine Chomienne to go to Strasbourg and 
obtain the RARA probe to investigate the pos-
sible location of the RARA site translocation.

After initial attempts with Huang Meng Er 
(who recently moved from Shanghai) to explore 
RARA mRNA products in the blasts of patients 
with APL, the researchers contacted Hughes de 
Thé from Anne Dejean’s laboratory at Pasteur 
Institute, who had previously cloned the RAR 
beta, and proposed a collaboration. Together, 
they found abnormalities of mRNA in the RARA 
of patients with APL but not of patients with 
other types of leukemia.

Early in 1989, they submitted an article 
describing these mRNA results to the New 
England Journal of Medicine. The manuscript 
was rejected. The reviewers believed that the 
observations were due to artefacts and polymor-
phisms at restriction sites, and they quoted a pre-
vious article from an American team that showed 
no particular expression pattern of RARA mRNA 
in APL. In fact, the blots from the quoted article 
depicted the RARA abnormalities, but the figures 
were printed upside down.

Meanwhile, the French group cloned and 
sequenced the breakpoint on the RARA gene 
[40] using the NB4 cell line established by 
Michel Lanotte [41] from a patient followed 
by Sylvie Castaigne. The partner gene 
of RARA was first named myl. Two other 
teams conducted concomitant investigations 
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 following different pathways and reached the 
same conclusions: one headed by Helen 
Solomon [42] on chromosome 17, and the sec-
ond headed by Pier Giuseppe Pelicci [43] on 
several potential partner genes. One year later, 
the partner gene of RARA in the t (15;17) was 
sequenced by the French group [44] and Ron 
Evans’s team [45]. Both groups published 
their results in the same issue of the journal 
Cell. The gene was renamed PML for promy-
elocytic leukemia, avoiding any confusion of 
myl with the myosin light chain gene. The 
PML-RARA fusion gene was definitively con-
sidered to be the precise signature of APL.

 Clinical Consequences: Diagnostic 
and Follow-Up Tools
Reverse-transcription polymerase chain reaction 
(RT-PCR) was rapidly established in France and 
Italy. A European Biomed Program led by 
Christine Chomienne organized a series of techni-
cal workshops to standardize the tests. The 
GIMEMA studies demonstrated that the RT-PCR 
reaction after the end of consolidation therapy was 
negative in 95% of the patients. A conversion from 
a negative reaction to a positive reaction predicted 
a relapse, which led to an anticipated early salvage 
and thus improved the outcome [46]. This strategy 
of RT-PCR follow-up was further developed and 
adopted by several other investigators, including 
David Grimwade in the United Kingdom.

Hughes de Thé in France, Jacqueline Dick in 
the United States, and Brunangelo Falini [47] in 
Italy produced antibodies against the PML pro-
tein, allowing for a better description of nuclear 
bodies [35], the location of the PML protein on 
the outer shell of the bodies in any cell of the 
body, and the association of PML with several 
other molecules. A PML molecule involved in the 
structure of a nuclear body could be responsible 
for the oncogenesis by itself (truncated PML) 
and/or for the effect of disruption of the body on 
companion products in the clone of leukemic 
cells. Brunangelo Falini proposed that the disrup-
tion and rapid reconstruction of nuclear bodies be 
used as a diagnostic tool and as a determinant of 
ATRA sensitivity, respectively. The novel PML 
gene and protein were scrutinized. The two major 

breaking points leading to long and short PMLs 
and seven groups of protein isoforms were com-
pared to clinical status. Some correlations but no 
clear stratification with the prognosis were 
reported (see Chap. 2, p. 18 and Chap. 11, p. 153).

Several other very rare leukemias (sometimes 
represented by just one single case report) were 
found to harbor a translocation involving the 
RARA gene and partner genes other than 
PML. Some of them were sensitive to ATRA 
(NPM, NuMA partners) but others were not 
(PLZF, Stat 5 partners). These findings helped 
biologists to better understand the oncogenesis 
and specific effects of ATRA.

 Toward a Biological Explanation 
of Oncogenesis and Restoration
Among retinoic acid receptors, RARA was rec-
ognized by Hughes de Thé [48] as the most 
involved in myelopoiesis. PML-RARA transfec-
tions impaired the normal function of the RARA 
receptor of Cos cells, halting the differentiation 
of HL-60 cells usually obtained by ATRA, 
whereas RARA-deficient mice had normal (and 
increased) hematopoiesis. The paradox between 
the leukemia induced by PML-RARA and the 
normal granulopoiesis observed in RARA- 
deficient mice was intriguing. RARA treatment 
seemed to alleviate the blockage of differentia-
tion, allowing for the effects of coactivators.

PML-RARA suppression was extensively 
studied by Suk Hyun Hong, Hugues de Thé, 
Pier Giuseppe Pelicci, Anne Dejean, Ron 
Evans, and other teams. RARA, a nuclear 
receptor (transcription factor) acts as a dimer 
with the retinoic X receptor (RXR) and binds 
co-repressors (SMRT, N-COR, and histone 
deacetylase) in the absence of a ligand (retinoic 
acid). In the presence of retinoic acid, it 
becomes an activator linked to histone acety-
lase. It was suggested that the PML-RARA 
product blocked the nuclear receptor at a sup-
pressor status, but pharmacological doses of 
ATRA overcame the suppression (see Chap. 2, 
p. 19 and Chap. 4, p. 44 and p. 48). APL became 
a model for the study of the link between gene 
expressions and chromatine reshaping through 
deacetylation of histones and methylation of 
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promotors. Histone deacetylation inhibitors 
such as trichostatin A, valproate, and demethyl-
ating agents were investigated as tools for 
experiments and potential anticancer drugs.

Later, Chen Zhu (who had returned to 
Shanghai) found more than 150 retinoic acid–
induced genes (RIG) using differential display 
techniques on the NB4 cell line before and after 
ATRA treatment [49]. Pier Giuseppe Pelicci 
investigated interferences on other genes, such 
as the p53 product. Several avenues with few 
clear explanations were presented at the second 
APL meeting in November 1997. Only simple 
 conclusions could be reached: RARA is involved 
in granulopoiesis, PML-RARA blocks the dif-
ferentiation, and ATRA restores the normal 
 differentiation. Furthermore, PML is involved 
in leukemogenesis through a structural disrup-
tion of nuclear bodies and ATRA restores the 
normal structure.

 Arsenic, a Manchurian Traditional 
Medicine (1995)

During the congress of the Chinese Society of 
Hematology at Da Lian (1995), to which Laurent 
Degos and Luizo Ohno were invited, two sepa-
rate groups from Harbin in Manchuria reported 
that complete remission of APL was obtained 
with 10 mg/day of purified arsenic trioxide (ATO) 
given intravenously. The first trial was started in 
1971 and included 60 patients—30 with de novo 
and 30 with relapsed disease; of these, 73% and 
53% experienced complete remission, respec-
tively. The second trial enrolled 72 patients; in 
this trial, 73% of the 30 patients with de novo and 
52% of the 32 patients with relapsed disease 
obtained complete remission. A previous article 
from one of the groups, published in a relatively 
unknown Chinese journal [50], reported that 31 
of the 42 patients treated with the AL-1 Harbin 
drug since 1971 achieved complete remission.

 A Second Era for Clinicians
Chen Zhu’s team in Shanghai  used ATO with the 
so-called AILING I injection, manufactured by 
the “First Clinical Medical College of Harbin 

Medical University” (Fig. 1.4), to treat 10 patients 
with APL who relapsed after ATRA and chemo-
therapy. Of these patients, nine obtained com-
plete remission. The only nonresponder lost the 
t(15;17) in malignant cells at relapse. They dem-
onstrated differentiation and apoptotic effects at 
low and high concentrations, respectively [51].

Arsenic (Fowler liquor) had been designated 
since 1890 as an antileukemic drug in medical 
textbooks in Europe, with some rare but good 
outcomes. The spectacular effect of ATO in APL 
was first confirmed at MSKCC and then by sev-
eral groups in Europe and Japan. Similarly to 
ATRA therapy, bleeding diathesis disappeared 
rapidly with ATO, eliminating not only the pri-
mary fibrinolysis but also the DIC. Like ATRA, 
ATO induced an “ATRA syndrome” consisting of 
leukocyte activation. Also like ATRA but with 
faster kinetics, the PML-RARA transcript was 
cleared.

ATO was rapidly manufactured (at a high 
price) in the United States and was used by many 
groups for relapsed patients to induce a second 
complete remission. The question at that time 
was whether to introduce ATO in first-line regi-
mens. Some teams combined ATO with ATRA 
and chemotherapy during consolidation treat-
ment and later during induction treatment to 
reduce the amount of chemotherapy needed; their 
results were at least similar to those obtained 
with classical ATRA–chemotherapy regimens. In 
other countries (mainly China, India, and Iran, 

Fig. 1.4 Original Chinese ATO drug
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who were manufacturing their own drugs at low 
prices), ATO was used alone, yielding complete 
remission rates of approximately 90% and long- 
term survival rates of approximately 70%. Thus, 
a second effective drug was available for patients 
with APL. However, Chinese researchers, who 
had acquired great experience with ATO, found 
that it was highly toxic for the liver in de novo 
patients when given in association with ATRA.

 A Better Biological Understanding
Chen Zhu, in collaboration with Arthur Zelent, 
identified the first translocation that included 
the RARA gene with a different partner, 
namely PLZF [52]. The resistance of this rare 
disease to ATRA treatment was investigated 
by several groups. It was determined to be a 
result of a second binding to histone deacety-
lase through PLZF. For an unknown reason, 
the disease was sensitive to the association of 
ATRA plus a granulocyte colony-stimulating 
factor.

Animal models were used to gain a better 
understanding of the effect of the two drugs, 
ATRA and ATO (see Chap. 4). RARA knock-
out mice were viable, with no obvious defect in 
myelopoiesis. This was explained by the natu-
ral gene repression of RARA in the absence of 
a ligand. The absence of the receptor not only 
allowed for but also accelerated myelopoiesis. 
Italian scientists also aimed to reproduce APL 
disease in mouse models. PML-RARA trans-
genic mice were generated by Pier Giuseppe 
Pelicci and other groups using regulatory ele-
ments of the gene in promyelocytes, mainly 
cathepsin G or hMRP8. The mice developed 
ATRA-sensitive leukemia after a a long preleu-
kemic state. Pier Paolo Pandolfi produced sev-
eral transgenic mice (including transgenic, 
double transgenic, and knockout mice) by 
inserting not only PML-RARA or RARA-PML 
but also PLZF-RARA and other X-RARA 
fusion genes. Whatever the partner of RARA 
was, the mice developed a form of leukemia.

Using an APL model by transplanting spleen 
cells from APL transgenic mice, Valérie Lallemand 
and Hughes de Thé [53] demonstrated that ATRA 
and ATO had beneficial effects on induced APL 

in mice, but also that the combination of ATRA 
and ATO eradicated the disease. These findings 
gave hope for a definitive cure of the disease, 
encouraging clinicians to overcome the threats of 
the toxicity of ATRA-ATO combination previ-
ously described by Chinese investigators. A 
meeting jointly organized in October 2001 by 
Francesco Lo Coco and Samuel Waxman for the 
third symposium on “APL, a Curable Disease” 
chaired by Franco Mandelli and the 9th interna-
tional conference on differentiation therapy led 
by Samuel Waxman envisaged new avenues for 
treatments, not only for patients with APL but 
also for patients with other malignancies using 
cell modifier agents.

 ATRA-ATO Combination in Patients: 
From Curable to Cured APL
The next achievements are described in each 
chapter of this book. To summarize, in the 1991–
2001 decade, international cooperative groups 
improved the outcomes of patients with APL 
using a combination of ATRA and chemotherapy 
by refining therapy though the addition or omis-
sion of maintenance treatment, grading the dis-
ease in high- and low/intermediate-risk groups of 
patients, adapting treatment to these criteria, 
modulating the chemotherapy for elderly patients, 
and decreasing the ATRA dose for children. 
Trials for relapsed patients also prompted to the 
implementation of worldwide cooperative groups 
due to the rarity of this event.

The synergic action of ATRA and ATO was 
further demonstrated by collaborative research 
between Shanghai and Paris, which showed that 
arsenic targeted PML moiety, whereas ATRA 
acted on the RARA moiety of the PML-RARA 
fusion gene. Several complementary (or contro-
versial) studies led to the conclusion that the 
PML-RARA oncogenic product is degraded (and 
eliminated) through an ubiquitination at the 
RARA end by ATRA and through a sumoylation 
at the PML end by ATO.

The simultaneous use of ATRA and ATO in 
the first-line treatment of patients with APL in 
nonrandomized trials was previously approached 
by Chen Zhu (China) and Elihu Estey (United 
States), who demonstrated a synergistic effect in 
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inducing prolonged complete remissions. Elihu 
Estey first proposed this combination as an alter-
native to chemotherapy for newly diagnosed 
patients and published excellent outcomes using a 
protocol that completely omitted chemotherapy.

The GIMEMA group, led by Francesco Lo 
Coco, conducted a randomized trial in 2006 in 
collaboration with German cooperative groups 
AMLSG and SAL [54], which challenged the 
conventional use of ATRA and idarubicin (AIDA) 
against the ATRA-ATO scheme designed by 
Estey [55]. The results demonstrated the superi-
ority of the latter approach and ultimately the 
extraordinary achievement of the ATO-ATRA 
venture: APL is a malignant disease cured by 
cell-modifying agents without any chemother-
apy. The GIMEMA-SAL-AMLSG study pub-
lished in July 2013 in the New England Journal 
of Medicine and another independent randomized 
study conducted by the Medical Research 
Council led by Alan Burnett and presented at the 
6th APL Symposium in Rome (October 2013) 
clearly showed that, at least in patients with low- 
to intermediate-risk APL, ATRA-ATO was better 
than ATRA- anthracycline- based chemotherapy. 
Nearly 100% of patients were event free at 
2 years, without notable toxicity [56].

However, despite these compelling data, 
ATO was still not available for first-line treat-
ment in Western countries. Regulatory bodies 
(mainly the European Medicines Agency, or 
EMA) did not provide market approval because 
the trials were conducted by academic groups 
and not by the industrial companies manufac-
turing the drug. In February 2015, a common 
letter signed by all European thought leaders 
and chairs of large cooperative groups on 
APL treatment was sent to the EMA, request-
ing a solution to this unfavorable situation. 
Hematologists needed drug approval for first-
line therapy of APL without having to conduct 
further randomized trials, which would be 
unethical given the compelling results pub-
lished in randomized studies. The EMA reacted 
with an open-minded attitude and proposed a 
meeting to discuss the issue with all involved 
partners and stakeholders (regulatory experts, 
manufacturing companies, thought leaders, and 

patient advocacy representatives) in London in 
July 2015. Solutions were explored and the way 
was paved toward a solution.

 And Beyond: Lessons and Questions

History has demonstrated that a cure for APL 
using cell modifiers was not obtained by chance. 
Rather, it resulted from a long-term aim to mod-
ify malignant cells. Collaboration between sev-
eral institutes of hematology around the world 
counteracted the obstacles. Clinical and biologi-
cal findings were achieved by academic collabo-
rations, often against the strategies of companies. 
The APL story is a model for international aca-
demic collaboration, both in clinical and labora-
tory investigations.

ATRA and ATO, the two cell-modifying 
agents, were neither promoted nor defended by 
companies. They were not actually recognized 
as innovative drugs, or even considered as non-
conventional drugs. They were often the subject 
of controversies and discussions that delayed 
their use in patients. Conversely, when Gleevec, 
another target therapy, appeared 10 years later in 
the market, the support of the company facilitated 
the approval.

Today, the outcomes of patients with APL 
around the world are partly attributable to treat-
ment choices and the availability of clinical 
facilities, but mostly attributable to rapid diag-
nosis and the delivery of appropriate treatment. 
In fact, the risk of early mortality before the ini-
tiation of ATRA treatment still persists and is 
the main obstacle to an APL cure. Some coun-
tries are educating physicians (including gen-
eral practitioners and residents) and laboratories 
to shorten the time between the first symptom 
and hemogram, between the hemogram and 
myelogram, and between the myelogram and 
treatment. APL outcomes are related to the 
healthcare facility, so the differences in devel-
oped countries (early mortality rates before 
treatment ranging from 5% to 20%) should be 
further investigated and improved.

The purpose of ATRA and ATO targeted treat-
ment is unique compared with the other targeted 
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drugs used for cancer therapy (e.g., the series of 
antikinases). ATRA and ATO modify and restore 
normal transcription activities, whereas antiki-
nases are generally antienzyme agents that inhibit 
hypersignals of transduction. The pathway to tran-
scription normalization is still unclear: Is it the 
degradation of the oncogenic PML-RARA prod-
uct, histone reshaping, or a mix of both mecha-
nisms? Concerning the PML protein, what are the 
respective roles of PML and its partners on the 
nuclear body? Which metabolic pathway is modi-
fied (P53, others) and restored? Do the effects of 
ATO mainly consist of differentiation, restoration 
of apoptosis, normal self-renewal, or normal 
senescence? What is the role of the proteasome? 
Would a proteasome inhibitor block the effects of 
ATRA and/or ATO? What is the pathway between 
sumoylation and degradation of the product, and 
is it a degradation or an autophagy? So many 
question remain without definitive answers.

It is also unclear why one series of ATRA plus 
ATO is enough to definitively cure patients, 
whereas Gleevec (and other target antikinase 
drugs) are often administered for the rest of a 
patient’s life. Does it eradicate the clone and the 
stem cell upstream to which the clone is derived? 
Why does the change from co-repressor to co- 
activator remain for life? How could degradation 
of the PML-RARA product erase a clone? Is it 
due to an immunological effect, like a vaccine 
(which was investigated by Rose Ann Padua)? 
What is the immunogenic product? Could a 
relapse occur in cases of immune deficiency?

More intriguing facts are as yet unexplained. 
When ATRA or ATO are administered, addi-
tional cytogenetic abnormalities do not affect 
prognosis, as commonly occurs in other leuke-
mias. Is the differentiation of malignant cells the 
major defect to be treated, whatever the other 
events may be? If so, should we abandon the 
other avenues to cure patients that target, for 
instance, proliferation? Except for Gleevec in 
chronic myeloid leukemia, where cells are 
already well differentiated, any targeted antipro-
liferative treatment (i.e., antikinases) has delayed 
the progression of disease and patients were not 
cured. Although few studies have focused on the 
restoration of normal transcription and normal 

differentiation (probably due to the difficulty of 
manipulating transcription factors), the APL 
story should encourage researchers to move in 
this direction.
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Molecular Targets of Treatment 
in Acute Promyelocytic Leukemia

Ramy Rahmé, Cécile Esnault, and Hugues de Thé

 Introduction

Acute promyelocytic leukemia (APL) is the M3 
subtype of acute myeloid leukemia (AML), char-
acterized at the cellular level by a differentiation 
block of the granulocytic lineage at the promy-
elocytic stage. On the molecular level, more than 
98% of APL cases are caused by the chromo-
somal translocation t(15;17) which implicates the 
two genes promyelocytic leukemia (PML) and 
retinoic acid receptor alpha (RARA), leading to 
the expression of the PML/RARA fusion oncop-
rotein [1]. In the RARA gene, the breakdown 

always occurs in the intron 2, whereas three 
breakdown regions were described occurring in 
the PML gene and resulting in the expression of 
two long isoforms (bcr1 and bcr2 transcripts) and 
one short isoform (bcr3 transcript) (Fig. 2.1) [1–
3]. Other translocations were reported in APL 
always involving the RARA gene with various 
gene partners, of which PLZF is the most com-
mon [4]. This chapter will discuss the role of 
PML/RARA in the development of APL while 
focusing on the importance of treatment- triggered 
PML/RARA degradation and PML/P53-driven 
senescence in the pathophysiology of cure.
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 The Translocation Partners: RARA 
and PML

RARA, the retinoic acid (RA) receptor alpha, is 
a nuclear transcription factor activated by reti-
noids—such as all-trans retinoic acid (ATRA). 
Upon heterodimerization with its cofactor the 
retinoic X receptor (RXR) [5], the RARA/RXR 
complex binds to specific DNA RA response 
elements (RARE) composed typically of two 
direct repeats of a core hexameric motif, PuG 
[G/T] TCA; the classical RARE is a 5 bp-
spaced direct repeat [6]. In the absence of the 
ligand, RARA/RXR interacts with nuclear 
receptor corepressors such as N-CoR (nuclear 
receptor corepressor) and SMRT (silencing 
mediator of retinoid and thyroid hormone 
receptor). This interaction leads to the recruit-
ment of Sin3A and histone deacetylase (HDAC) 
complexes which maintain chromatin in a com-
pacted and repressed state [7, 8]. The binding 

of retinoids induces conformational changes in 
the ligand-binding domain (LBD) of RARA, 
the most striking one being the repositioning of 
helix 12. This structural modification causes 
corepressor release and recruitment of coregu-
lator complexes, some members of which 
exhibit enzymatic activities such as CBP/p300, 
then allowing transcription of target genes [9, 
10]. Some of these target genes accelerate 
myeloid differentiation toward granulopoiesis. 
Accordingly, in vivo granulopoiesis is delayed 
in the presence of RARA, reflecting the basal 
repressive activity of unliganded RARA, while 
it is accelerated by RA solely in the presence of 
RARA [11].

The PML gene was originally identified in 
APL [3, 12] and is encoded by nine exons. 
Seven isoforms are generated by alternative 
splicing: six are nuclear isoforms designated 
PML-I to PML-VI, and one is cytoplasmic, 
PML-VII. PML belongs to the TRIM family, 
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Fig. 2.1 The t(15;17) translocation partners. The t(15;17) 
translocation involves two genes, PML and RARA, lead-
ing to the expression of the PML/RARA fusion protein. 
The breakpoints always occur in the intron 2 of the RARA 
gene, whereas three breakdown regions were described in 
the PML gene: in the intron and exon 6 for bcr1 and bcr2 
transcripts, respectively, and in the intron 3 for bcr3 tran-

script. This results in the expression of two long PML/
RARA isoforms (bcr1 and 2) and one short (bcr3). PML/
RARA retains all the functional domains of RARA (nota-
bly the DNA- and ligand-binding domains) and PML (in 
particular the RING finger and coiled-coil domains). bcr 
breakpoint cluster region

R. Rahmé et al.



19

many of which are ubiquitin ligases [13, 14]. 
Several members of this family are oncogenes: 
few of them were shown to promote malignant 
transformation as partners of fusion genes [15]. 
PML protein contains several regions: a RBCC/
TRIM motif (amino acids 57–253 in exons 1–3) 
which harbors a C3HC4 RING finger, two B 
boxes (B1 and B2), and an α-helical coiled-coil 
homodimerization domain [14, 16, 17], a 
nuclear localization signal (NLS) (amino acids 
476–490 in exon 6), a SUMO-interacting motif 
(SIM) (amino acids 556–565 in exon 7a) pres-
ent only in PML-I to PML-V, and a nuclear 
export signal (NES) (amino acids 704–713 in 
exon 9) found only in PML-I and consistent 
with its nuclear and cytoplasmic distribution 
[17]. Some domains were described in isoform-
specific sequences, like the interaction domain 
between PML-IV and ARF, a positive regulator 
of p53 [18], and the exonuclease- like domain in 
PML-I [19].

PML proteins aggregate in the nucleus and 
form speckles known as PML nuclear bodies 
(NBs). These domains are tightly associated 
with senescence and control of p53 activation, 
as recently reviewed [20]. Indeed, PML is 
required for senescence induction, as demon-
strated upon stress, DNA damage, oncogene 
activation, or simply during replicative senes-
cence [21]. At least, some of these functions 
are mediated through PML NBs which have 
been implicated in partner sequestration and/or 
posttranslational modifications, notably phos-
phorylation, sumoylation, and ubiquitinylation 
[22, 23]. PML NBs are dynamic structures 
which harbor a few constitutive, and numerous 
transiently, client proteins depending on differ-
ent conditions (i.e., stress, interferon (IFN) 
treatment, viral infections) like the death 
domain-associated protein Daxx [22], p53, and 
many of its regulators [24–26]. Indeed, PML 
NBs regulate the subcellular localization of 
Daxx, thereby controlling its proapoptotic 
activity, and appear to be important for activa-
tion of p53-mediated senescence, most likely 

through posttranslational modifications [27, 
28]. In addition, PML-controlled senescence 
can be initiated and furthermore reinforced at 
the transcriptional level: PML promoter con-
tains IFN and p53 response elements, creating 
a positive feedback loop during senescence 
induction [27, 29].

 The Oncoprotein PML/RARA

The expression of PML/RARA is sufficient 
to drive leukemogenesis by deregulating 
RA-dependent cell differentiation pathways and 
enhancing the self-renewal of myeloid progenitors 
[30]. In murine transgenic models, PML/RARA 
expression yields typical APL, although at vari-
able penetrance [31]. From a structural point of 
view, the PML/RARA fusion protein retains all 
the functional domains of RARA (notably the 
DNA- and the ligand-binding domains) and 
PML (in particular the RING finger and coiled-
coil domains). On one hand, PML/RARA binds 
DNA via its RARA domain and acts in a 
dominant- negative manner to repress the tran-
scription of RARA target genes by strengthening 
the recruitment of corepressors (N-CoR and 
SMRT) and HDACs, enforcing DNA methyla-
tion and gene silencing. PML/RARA oligomers 
are complexed to RXR which greatly enhances 
PML/RARA ability to bind DNA and recognize 
highly degenerate sites [32, 33]. As RARA sig-
naling regulates myeloid differentiation, its inhi-
bition could explain the block in differentiation 
that is observed in APL cells. On the other hand, 
PML/RARA also heterodimerizes with PML via 
its coiled-coil domain leading to the disruption 
of NBs: in APL cells, PML is redistributed in a 
microspeckled pattern (Fig. 2.2). This could 
abrogate the PML-controlled senescence path-
ways and contribute to APL pathogenesis. 
Accordingly, PML/RARA expression was con-
clusively linked to defective p53 activation [26, 
28], thus leading to senescence deregulation, as 
well as increased self-renewal.
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 Therapeutic Effects of Retinoic Acid 
in APL

In the 1980s, APL patients were treated with che-
motherapy alone and had poor prognosis despite a 
complete remission rate of 50–90%. This was 
explained by a high rate of relapse. The addition of 
RA to anthracycline-based chemotherapy marked a 
major advance in the treatment of APL by increas-
ing rates of clinical remission and cure. With these 
optimized historical regimens, the 5-year overall 
relapse-free survival is up to 75% [34]:

 Uncoupling Differentiation and Loss 
of Clonogenicity Under RA Treatment

RA treatment of APL constitutes the first exam-
ple of differentiation therapy in patients [35–38]. 
RA binds to the ligand-binding domain on the 
RARA moiety of PML/RARA, triggering a 
 conformational change that releases corepres-
sors and recruits transcriptional coactivators. 

This allows the activation of RARA target gene 
transcription and differentiation of leukemic cells 
(Fig. 2.3). It was first believed that the  therapeutic 
effect of RA stems solely from its ability to 
reverse repression of myeloid differentiation. 
Nevertheless, experiments from APL transgenic 
mice have demonstrated that blast differentiation 
can be uncoupled from loss of leukemia- initiating 
cells (LIC) [39]. As reviewed below, multiple set-
tings were described in which full differentiation 
was not accompanied by significant APL regres-
sion or prolongation of survival [40]. For exam-
ple, in PML/RARA mice, treatment with various 
RA doses (low, intermediate, and high) or syn-
thetic retinoids similarly yielded terminal granu-
locytic differentiation; however, survival of 
treated mice sharply differed by dose and retinoid 
type. In fact, loss of LIC was dose dependent 
with only intermediate and high all-trans RA was 
able to impede clonogenicity in secondary recipi-
ents [39–41]. In PLZF-RARA transgenic mice 
(PLZF-RARA APL is RA resistant in patients), 
cell differentiation levels upon RA treatment 
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were comparable to that observed in PML/RARA 
mice but with a strong difference in survival of 
primary- and secondary-treated recipients [41]. 
Moreover, RA-resistant APL cells are highly sen-
sitive to cAMP-induced differentiation, particu-
larly in the presence of RA but fail to regress [39, 
42]. Similarly, treatment of PML/RARA leuke-
mic mice with histone deacetylase inhibitors 
(HDACi) led to tumor regression as well as a 
release in the differentiation block; however, 
HDACi failed to induce disease clearance [43]. 
Collectively, those results clearly establish the 
uncoupling of blast differentiation and tumor 
eradication in APL: significant transcriptional 
activation can indeed be obtained with small 
doses of RA, whereas clearance of LIC necessi-
tates exposure to higher RA levels, an observa-
tion that was not yet fully transferred to clinical 
protocols. Indeed, a unique study has reported 
the use of single-agent liposomal RA in the treat-
ment of APL patients and has found that some 
patients—mainly low-risk APL—can be cured 
without any additional chemotherapy [44], sup-
porting the existence of dose-response in patients 
upon treatment with RA.

 RA-Induced PML/RARA Degradation

Several studies have shown that RA triggers 
PML/RARA proteasomal degradation [40, 45, 
46, 47]. Indeed, RA binding to PML/RARA 
allows direct recruitment of the proteasome to 
the ligand-activated transcriptional activation 
domain AF2 of RARA moiety, leading to 
PML/RARA degradation (Fig. 2.3) [46, 47]. 
This proteasome- mediated degradation is 
additionally modulated by a cAMP-triggered 
PML/RARA phosphorylation at serine 873 
[39, 48]. A caspase-dependent cleavage was 
also reported [49]. Resistance to RA of some 
APL cell lines was associated with failure to 
degrade the fusion protein [46, 50]. In fact, 
most of these cell lines were mutated for PML/
RARA [51, 52]. Thus, PML/RARA proteoly-
sis seems to be linked to clearance of leukemic 
cells under RA treatment. Phosphorylation at 
serine 873 sharply enhances RA-induced LIC 
clearance [39], and the use of theophylline, an 
inhibitor of cAMP degradation, was beneficial 
in the treatment of a RA-resistant APL patient 
[42]. Ablain et al. further showed that treating 
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APL mice with retinoids other than RA did not 
affect PML/RARA degradation, although cell 
differentiation was induced. In secondary 
recipient experiments, loss of clonogenicity 
was only observed with RA [40] demonstrat-
ing that PML/RARA degradation by RA is 
 followed by reformation of PML NBs [53]. 
Collectively, these data pharmacologically 
prove the uncoupling of differentiation and 
blast clearance and underscore the key role 
of PML/RARA in vivo degradation in APL 
eradication.

 Role of PML and p53 in the Cure 
of APL Under RA Treatment

Loss of RA-treated PML/RARA leukemic cells 
was linked to cell cycle arrest and P53 activa-
tion. Examination of bone marrow transcrip-
tome revealed that genes strongly associated 
with cell cycle arrest were activated only when 
APL mice were treated with high RA doses that 
also significantly affect LIC survival. Among 
the 30 most upregulated genes in this context, 
10 were drivers of cell senescence directly 
linked to p53. For example, a massive induction 
of the master senescence gene Serpine1, also 
known as plasminogen activator inhibitor-1 
(PAI-1), was observed. PML/RARA degrada-
tion was followed by PML NB reformation and 
triggered p53 stabilization, possibly through 
posttranslational modifications occurring on 
NBs (Fig. 2.3). This leads to a cell cycle arrest 
with senescence-like features resulting in elim-
ination of leukemia- propagating cells [41]. The 
role of p53 in RA-induced APL elimination 
was demonstrated by in vivo survival experi-
ments in p53+/+ and p53−/− PML/RARA-driven 
APLs [41]. In addition, the importance of 
PML in inducing p53 activation and APL clear-
ance was further established by mice survival 
experiments showing a much shorter survival 
of Pml−/− APL compared to that of Pml+/+ 

APL. Definitely, these data demonstrate that 
functional PML NB reorganization upon RA 
treatment leading to p53 activation is a deter-
mining step in the cure of APL.

 Therapeutic Effects of Arsenic 
Trioxide in APL

Arsenic trioxide (ATO) was first utilized in APL 
patients in the early 1990s and led to cure in 70% 
of patients [54, 55]. Thereby, APL is exquisitely 
sensitive to ATO which, in contrast to RA, may 
cure APL as a single agent. Moreover, the combi-
nation of RA and ATO in clinical trials appeared 
to be much superior to the conventional treatment 
with RA and chemotherapy [56]:

 ATO-Induced PML NB Reformation 
and PML/RARA Degradation

Although RA and ATO are two unrelated ther-
apeutic agents in APL, they share the bio-
chemical property of inducing PML/RARA 
degradation. As described above, PML/RARA 
loss was directly linked to loss of self-renewal 
in leukemic cells and cure of APL [39]. 
Furthermore, ATO- induced PML/RARA loss 
could explain the differentiation observed in 
vivo in APL cells upon ATO exposure by a 
promoter clearance mechanism [57]. At the 
molecular level, while RA targets the RARA 
moiety of the fusion oncoprotein, ATO targets 
its PML moiety [50, 58] and induces its oxi-
dation [59]. The same effect is observed on 
normal PML, and a specific ATO binding site 
was identified in the second B box. Arsenic 
sharply enhances the reformation of PML 
NBs by multimerization of PML and PML/
RARA proteins. Then, through recruitment 
of UBC9 SUMO-E2 ligase, it favors the 
sumoylation of PML [23, 60]. Sumoylation 
of PML is followed by recruitment of the 
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 SUMO-dependent ubiquitin E3 ligase RNF4, 
which catalyzes polyubiquitination and subse-
quent proteasome-mediated proteolysis of 
PML and PML/RARA (Fig. 2.4) [61, 62]. In 
conclusion, degradation of PML/RARA and 
enhanced NB biogenesis are the two main 
effects of ATO which results in p53 activation 
and clearance of APL LICs. Note that the dual 
targeting of PML/RARA and PML likely 
explains the clinical superiority of this drug.

 RA and ATO Synergy in APL Cure

In several mice models, combined RA and 
ATO treatment causes a rapid disappearance of 

APL cells and cures leukemia. Yet, those two 
therapeutic agents do not synergize (even 
antagonize) to induce cell differentiation [63–
65], but they do cooperate to induce PML/
RARA degradation by non-overlapping bio-
chemical pathways [39, 50, 58]. Actually, NB 
reformation with RA-ATO treatment was much 
more complete in APL blasts than with RA 
alone, which can be explained both by the syn-
ergistic effect of both drugs on PML/RARA 
degradation but also by the direct PML target-
ing by ATO [41]. Accordingly, this treatment 
elicited enhanced activation of p53 target genes 
[41]. Hence, ATO cooperates with RA to cure 
APL by increasing RA-induced  PML/RARA 
degradation and also by potentiating PML NB 
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proteins are polyubiquitinated by the SUMO-dependent 
ubiquitin E3 ligase RNF4 resulting in their degradation. 
This likely explains the great efficacy of ATO in APL 
treatment. As is ATO
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reorganization yielding enhanced NB forma-
tion, p53 activation, and senescence (Fig. 2.5).

This model for PML NB-based APL eradi-
cation was strongly supported by the  discovery 

of a mutation in normal PML gene in a 
therapy- resistant patient [66–68]. Strikingly, 
this mutation (A216V), located immediately 
next to the ATO binding site on PML, is the 
predominant one observed within PML/RARA 
in ATO- resistant patients (Fig. 2.6) [69–72]. 
Finally, mutations in the p53 gene have been 
reported in rare, fully therapy-resistant 
patients [51, 52].

 Conclusions

PML/RARA degradation by RA and/or ATO 
appears to be the driving force underlying 
the cure of APL patients. Triggering the deg-
radation of oncoproteins in other leukemias 
and sarcomas caused by fusion proteins 
could be a promising therapeutic approach 
as in APL. Downstream of PML/RARA deg-
radation and PML NB reformation drives 
P53 activation and is required for loss of 
self-renewal by a senescence-like program. 
Importantly, targeting PML by ATO could 
drive cancer cell senescence in other dis-
eases. Indeed, there are some indications 
that PML may be important in other hemato-
logical malignancies, like adult T-cell leuke-
mia/lymphoma (ATL). Thus, this model of 
APL cure not only constitutes a success 
story of molecularly targeted therapy but 
may actually open new therapeutic avenues 
in other malignancies.
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Fig. 2.5 Molecular effects of treatment combination in 
APL cure. PML/RARA degradation is strongly enhanced 
by the two therapeutic agents as well as PML NB refor-
mation. This effect drives a greater NB reformation and 
p53 activation than with RA alone. Hence, ATO cooper-
ates with RA to cure APL
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 The Cancer Stem Cell Theory

Tumors can be envisioned as aberrant organs har-
boring a complex and hierarchical cellular orga-
nization, similar to that of their normal tissue 
counterparts, with cancer stem cells (CSCs) 
placed at the apex of this hierarchy [1]. As their 
name indicates, CSCs are cancer cells endowed 
with stem cell (SC) properties, namely, the ability 
to self-renew and to generate more differentiated 
progeny forming the bulk of the tumor [2]. 
According to the CSC theory, which was formu-
lated between years 1990 and 2000, CSCs consti-
tute a minor cell fraction of the tumor, which 
serves as the functional reservoir of cancer cells. 
In this view, CSCs are thought to be indispens-
able for tumor initiation, maintenance, and prop-
agation and can be, therefore, considered the only 
responsible for the appearance of distant metasta-
ses and disease relapse after initial remission [1].

Although the CSC concept has gained 
increasingly attention and acceptance within the 
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 scientific community, most currently used thera-
peutic approaches target highly proliferating 
cells and find their rationale on a different model 
of tumorigenesis. In the so-called “classical” or 
“stochastic” model of tumor growth (Fig. 3.1a), 
all cancer cells have equal self-renewal ability 
and tumorigenic potential, while stem-like 
behavior is randomly expressed by different 
cells in the heterogeneous cancer population. In 
this case, intratumoral phenotypic heterogeneity 
is usually attributed to the acquisition of distinct 
mutations that establish subclonal populations 
within the tumor. In contrast, in the CSC or 
“hierarchical” model (Fig. 3.1b), tumorigenicity 
and self- renewal are considered properties of 
rare cells, the CSCs. Furthermore, CSCs are 
thought to be responsible for the generation of 
intratumoral cell heterogeneity, due to their 
intrinsic ability to perform asymmetric cell divi-
sions, by which they simultaneously self-renew 
and produce non- CSCs [1, 3]. Understanding 
the nature of intratumoral heterogeneity is vital 
for the development of efficient therapeutic 
approaches: if the hierarchical model is correct, 
elimination of CSCs is necessary and sufficient 
for tumor eradication [1].

Both models of tumorigenesis can be employed 
to explain certain aspects of intratumoral cell 

 heterogeneity. For instance, only a small fraction 
of cancer cells possess the property to produce a 
colony of cells in vitro [4]. Indeed, in vitro clono-
genicity can be seen either as a property shared by 
all cancer cells but expressed in a stochastic man-
ner at any given time or as a specific property of 
the rare CSC or progenitor subpopulations. 
However, the stochastic model fails to provide a 
coherent explanation regarding other phenotypic 
traits, such as the ability to form tumors at distant 
sites (metastases). If all cancer cells were 
endowed with metastatic potential, any dissemi-
nated cell should eventually lead to the develop-
ment of a metastasis. Instead, it has been long 
reported that cancer cells are frequently shed 
from tumors and released in the blood and lym-
phatic circulation without necessarily giving rise 
to metastatic lesions [5, 6]. As an interpretation 
of this phenomenon, it has been suggested that 
low numbers of cancer cells might be indeed effi-
ciently targeted and eliminated by the patient’s 
immune system before tumor initiation at a dis-
tant location occurs [1]. Although depicting a 
plausible scenario, this interpretation is inconsis-
tent with the frequency of disease recurrence after 
 seemingly successful treatments. In these cases, 
resistance should be restricted to a small—clini-
cally undetectable—population of cancer cells, 

Tumor cell

a b

CSC Non–CSC

Fig. 3.1 Stochastic versus hierarchical model of tumor 
growth. The stochastic model of tumor growth (a) fore-
sees that all tumor cells have equal self-renewal poten-
tial. In the hierarchical model (b), instead, only a small 

fraction of the tumor cells (viz., the CSCs) retains the 
ability of long-term self-renewal (indicated by the 
curved arrow) and differentiation (depicted by the gen-
eration of non-CSCs)
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and,  therefore, the probability of evading immune 
surveillance at such numbers and stochastically 
reinitiating tumor formation would be expected 
to be very low. On the contrary, the existence of a 
rare population of tumorigenic cells within 
tumors can account for both phenomena, as the 
dissemination or survival of these cells—and 
these cells only—would inevitably seed a metas-
tasis or lead to tumor relapse.

Although the CSC theory was formally 
established quite recently, the concept that 
tumor growth could be driven and sustained by 
cells with stem-like properties is much older. 
The earliest reports go back to the nineteenth 
century and to the “embryonic rest theory”, 
which postulated that either delocalized or 
overabundant embryonic cells could persist in 
adulthood and lead to tumor formation [7, 8]. 
Studies on teratocarcinomas in the twentieth 
century led to the identification of pluripotent 
SCs within tumoral populations (embryonal 
carcinoma cells) and provided the first evi-
dence for the hierarchical organization of 
tumors [9]. Finally, the development of func-
tional assays with the use of xenotransplanta-
tion models in the 1990s allowed for the 
isolation and characterization of human leuke-
mic populations with increased in vivo self-
renewal and differentiation capacity, which 
were later termed leukemia stem cells (LSCs) 
or leukemia-initiating cells (LICs).

 Defining Stemness in Leukemia

In vitro clonogenic and in vivo transplantation 
assays paved the way for the identification of 
tumoral cell populations with variable tumori-
genic potential and the designation of CSCs as 
the only cells able to sustain tumor initiation and 
progression in vivo. Pioneering studies in John 
Dick’s lab demonstrated the existence of such a 
population in acute myeloid leukemias (AMLs), 
by the prospective isolation and xenotransplanta-
tion into immunocompromised murine hosts of 
leukemic populations with different combina-
tions of CD34 and CD38 antigen expression. 
These studies documented that only the 

CD34+CD38− compartment retains tumori-
genic ability in vivo [10, 11]. There is great 
heterogeneity in the expression profile of the 
CD34/CD38 surface markers among different 
patient samples, and LSCs have been subse-
quently identified with varying frequencies and 
in different cellular subpopulations in many 
AML samples [12, 13]. For instance, LSC 
activity is commonly found in the CD34− com-
partment in NPM-mutated AMLs, which are 
generally characterized by low CD34 expres-
sion [13]. In CD34+ leukemias, instead, the 
CD34+CD38− subset has been associated with 
higher tumorigenic capacity, using limiting 
dilution xenotransplantation assays [14, 15]. 
The existence of CSCs, or more precisely of 
tumor- initiating cell (TIC) populations, has 
been then demonstrated also in numerous 
solid tumors, including breast cancer [16], 
glioblastoma [17], and colorectal cancer [18]. 
However, there are also tumors that do not 
seem to follow strictly the CSC model or that 
suggest a higher plasticity within this intrin-
sic hierarchy. In melanoma, nearly each tumor 
cell seems to possess tumorigenic potential, 
as single-cell transplantations in immuno-
compromised murine hosts have proven their 
high in vivo tumor reconstitution capacity [19]. 
Nevertheless, also melanomas show some 
extent of intratumoral phenotypic [20] and 
functional heterogeneity [21].

The concomitant development of lineage- 
specific monoclonal antibodies and fluorescence- 
activated cell sorting (FACS) enabled the 
characterization and prospective isolation of 
phenotypically distinct tumor subpopulations 
and to operationally define CSCs as TICs, 
meaning the cells that retain the ability to seed a 
tumor in murine hosts [2]. It should be noted 
that the two terms are not synonymous even 
though they are often used interchangeably in 
the literature to denote cells bestowed with 
in vivo tumor initiation capacity. The discrep-
ancy between them is obvious in the case of 
melanoma, where the high frequency of TICs 
scored in transplantation assays is the reason for 
which melanoma is considered a non-hierarchi-
cally organized tumor [22].

3 The Leukemic Stem Cell
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Although in vivo transplantation experi-
ments provided the first evidence for the exis-
tence of LSCs, there are several limitations 
inherent to these assays. One of the main cave-
ats is that stemness (or tumorigenicity) is 
assessed at a population and not at a single-cell 
level. As a result, this approach does not allow 
for the isolation of “pure” populations but 
rather for the detection of SC activity and the 
segregation of tumorigenic from non-tumori-
genic subpopulations. In fact, limiting dilution 
transplantation assays are used to measure the 
frequency of LICs in the isolated tumorigenic 
populations and, thus, to define their purity. 
Nevertheless, it is not given that the cells that 
initiate tumor growth in the murine host are 
indeed the same cells that initiate or sustain the 
tumor in the patient. To some extent, xenotrans-
plantation measures the ability of cells to suc-
cessfully engraft and repopulate an “alien” and 
potentially hostile microenvironment. Indeed, 
the transition from athymic (nude) mice which 
lacked T lymphocytes to the various SCID 
(severely combined immunodeficient) strains 
allowed the engraftment of liquid cancers in the 
first place, while the introduction of more 
immunodeficient models led to significantly 
higher sensitivity in xenotransplantation assays 
[19, 23]. Finally, the use of monoclonal anti-
bodies for the purpose of cell isolation might 
introduce experimental bias by itself [12].

All cells within a normal tissue are the prog-
eny of somatic SCs, which possess increased 
self-renewal potential and the capacity of mul-
tilineage differentiation. Therefore, normal 
SCs are both defined by their intrinsic proper-
ties (self-renewal and differentiation) and as 
the cells from which all other cells originate. In 
tumors, however, CSCs (i.e., the cells that sus-
tain tumor growth and disease progression) do 
not necessarily originate from the malignant 
transformation of normal SCs [22, 24]. Despite 
the high similarity between CSCs and their 
normal counterparts, which would indicate 
normal SCs as the cell target of transformation 
(cell of origin), studies on murine models of 

spontaneous leukemogenesis have shown that 
oncogenic mutations can also confer self-
renewal properties to hematopoietic cells with 
limited regenerative potential [25, 26]. It is 
worth thinking that the biological properties of 
LSCs, then, may vary with regard to the immu-
nophenotype, transcriptome, genetics, cell 
cycle status, and multilineage potential of the 
cell of origin [27]. Indeed, several marker com-
binations have been used to isolate nearly pure 
HSC populations, both human and murine. 
Human HSCs are enriched in Lin−, Thy1+, 
CD34+, and CD38neg/low cell populations [28], 
while murine HSCs are enriched in Lin−, 
Thy1low, Sca1+, Kit+, CD34−, and Flk2− popula-
tions [29] (Table 3.1). As previously men-
tioned, initially, many studies observed that for 
most AMLs, the only cells capable of trans-
planting leukemia in nonobese diabetic SCID 
(NOD/SCID) mice have a CD34+CD38− phe-
notype, similar to that of normal human HSCs, 
whereas the CD34+CD38+ leukemic blast cells 
cannot transfer the disease to mice [30]. 
However, xenograft experiments in later stud-
ies led to the detection of LICs in AML popula-
tions with variable phenotypes downstream of 
the CD34+CD38− profile. This is consistent 
with the observation that in individual patients, 
LSCs of variable immunophenotypes coexist 
together and has important implications for the 
development of targeted therapies (see section 
“Implications for Therapy”).

Table 3.1 Immunophenotype of human and murine 
hematopoietic stem and progenitor cells

Human Mouse

HSCs Lin− CD34+ 
CD38− Thy+

Lin− Sca1+ 
Kit+ CD34−  
Flk2−

Early progenitors Lin− CD34+ 
CD38+ Thy−

Lin− Sca1+ Kit+ 
CD34+

Myeloid 
progenitors

Lin− CD34+ 
CD38+

Lin− Sca1− Kit+ 
CD34+ CD33+

Committed 
myeloid cells 
(promyelocytes)

Lin+ 
CD34− 
CD33+

Lin+

T. Vlachou et al.
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 The Case of APL

The study of LSCs in APL has been historically 
difficult due to the low efficiency of human APL 
engraftment into immunodeficient mice [10]. 
Indeed, only in 2012, Patel and colleagues were 
able to obtain engraftment of CD3-depleted APL 
samples into irradiated NOD/SCID IL2Rgnull 
(NSG) mice, formally demonstrating the pres-
ence of LICs in human APL [31]. On the other 
hand, several mouse models of APL have been 
developed, in which the expression of PML- 
RARα in different hematopoietic progenitors 
shed light on the issue of the cell of origin of the 
disease. There are two main types of APL mouse 
models: (1) transgenic mice, harboring the human 
PML-RARα cDNA derived from at (15;17) 
translocation and (2) mice transplanted with 
hematopoietic cells previously transduced with 
viral constructs coding for the PML-RARα 
fusion protein.

The most widely diffuse transgenic APL 
mouse models harbor PML-RARα cDNA under 
the control of human MRP8 (migration inhibi-
tory factor-related protein-8) [32] or the human 
CG (cathepsin G) promoters [33]. Both of these 
promoters become active relatively early during 
the process of myeloid differentiation. Instead, 
PML-RARα expression under the control of 
CD11b promoter, which is active in more differ-
entiated myeloid cells (myelocytes), does not 
lead to APL development [34]. A common fea-
ture of APL transgenic mice is the long latency 
and low penetrance of disease development, sug-
gesting that PML-RARα expression is not suffi-
cient alone to cause leukemia and that the 
acquisition of other mutations is required in the 
APL leukemogenic process. Indeed, mouse mod-
els harboring other mutations like the reciprocal 
translocation RARα-PML [35], FLT3-ITD muta-
tion [36], or BCL-2 overexpression [37] develop 
leukemia with a shorter latency or higher pene-
trance. Finally, Westervelt and colleagues tar-
geted PML-RARα cDNA into the murine CG 
locus obtaining a knock-in mouse model which 
develops APL with high penetrance (90%) but 

still after a prolonged latency. In this model, 
PML-RARα expression levels are much lower 
than in the previously mentioned transgenic mice 
suggesting that very low levels of PML-RARα 
expression in early myeloid cells are sufficient 
for the development of APL in mice [38].

Analyses of transgenic mouse models further 
allow studies on the preleukemic phase preceding 
overt APL. During preleukemia, PML-RARα 
expression does not modify the proportion of 
stem and progenitor populations in the bone mar-
row, but it is able to confer, in vitro, self-renewal 
properties to early myeloid progenitors and pro-
myelocytes. Preleukemic promyelocytes are 
endowed with the ability to engraft in lethally 
irradiated recipient mice, demonstrating that 
PML-RARα confers self-renewal potential to 
committed cells prior to APL development [39]. 
When mice develop APL, their bone marrow 
shows a marked reduction of the normal stem and 
progenitor compartments in favor of more com-
mitted myeloid progenitors and promyelocytes, 
which are the only population able to propagate 
the disease in recipient mice. These findings sug-
gest that APL LICs reside in the promyelocytic 
population [39, 40]. The possibility of APL origi-
nating from myeloid-committed cells like pro-
myelocytes implies that the fusion oncoprotein 
should be able to extend their limited self-renewal 
by itself or with specific additional mutations.

Viral transduction of purified cell popula-
tions and subsequent transplantation in recipient 
mice provided further information regarding 
the cell susceptible of PML-RARα-induced 
transformation. Minucci and colleagues 
obtained an APL mouse model by transplanting 
murine Lin− progenitors transduced with a 
PML-RARα-coding retroviral vector. Mice 
receiving PML-RARα- expressing Lin− cells 
develop leukemia with a short latency (4 months) 
and high penetrance (80%) suggesting that the 
expression of PML- RARα was enforced in a 
compartment enriched in the oncogene target 
cells [41]. In addition, this model confirms the 
existence of a preleukemic phase in APL, dur-
ing which mice display only minor impairment 

3 The Leukemic Stem Cell



34

in myeloid  maturation, hinting to the require-
ment of a second hit to develop overt leukemia.

PML-RARα transduction of human early 
progenitors (Lin−CD34+CD71−) results in a 
rapid induction of myeloid differentiation to the 
promyelocytic stage (CD34−) and subsequent 
retinoic acid (RA)-sensitive maturation block, 
in vitro. Moreover, hematopoietic progenitors 
show a strong bias toward the granulocytic lin-
eage, regardless of cytokine stimuli, and become 
resistant to apoptosis induced by in vitro cyto-
kine withdrawal. These findings suggested that 
the PML-RARα target cell could be an early 
progenitor [42].

More recently, Matsushita and colleagues 
established a humanized APL model via retrovi-
ral transduction of PML-RARα into CD34+ 
human cord blood cells and transplantation into 
immunodeficient mice. PML-RARα expression 
in human CD34+ cells induces myeloid differen-
tiation and maturation block at the promyelocytic 
stage until, eventually, mice develop a disease 
similar to human APL and characterized by 
CD34− blasts. In particular, among the CD34+ 
cells, CD34+CD38+ progenitors induce APL with 
higher efficiency in NSG mice. APL cells have a 
low transplantation potential into secondary 
recipients, but CD34− blasts exhibit the ability to 
function as LICs in vivo [43]. These findings sug-
gest that, in APL, the tumor initiation and main-
tenance potential could reside in different cell 
populations.

The first studies on APL SCs go back to the 
1990s when different groups investigated the 
presence of PML-RARα translocation in the  
CD34+CD38− population (HSCs) rather than in 
the CD34+CD38+ compartment (multipotent 
progenitor cells) by Southern blot or fluorescent 
in situ hybridization (FISH) analyses, obtaining 
contradictory results [44, 45]. An interesting 
attempt to reconcile the conflicting findings in 
the field was proposed by Grimwade and Enver. 
The authors introduced the possibility that dif-
ferent subtypes of APL could arise from differ-
ent target cells, where more committed 
progenitors may give rise to the classical and 
less aggressive hypergranular APL, while ear-
lier progenitors may give rise to the hypogranu-

lar form of APL, which is  characterized by the 
presence of lymphoid markers and the expres-
sion of the fusion gene in the stem compartment 
(CD34+CD48−) [46].

In 2016, a humanized ossicle xenograft mouse 
model was reported to allow efficient engraft-
ment of CD3-depleted APL with a high level of 
bone marrow chimerism. These mice have been 
subcutaneously injected with human bone mar-
row mesenchymal stromal cells (BM-MSCs) 
resulting in the formation of a functional human-
ized bone marrow niche. Injection of human APL 
into the humanized niche allows complete 
engraftment of the ossicle and, thus, analyses of 
the APL SC identity. Injection of CD34+CD38− 
fraction from APL samples gives rise to normal 
lymphoid and myeloid progeny, which do not 
express PML-RARα. On the contrary, injection 
of APL bulk gives rise only transiently to normal 
hematopoiesis, before its abrogation by the 
expansion of myeloid blasts harboring the onco-
genic translocation. Moreover, FISH analysis of 
subpopulations isolated from human APL sam-
ples demonstrated that PML-RARα is absent in 
stem and early progenitor cells, while it is present 
in CD34− myeloid-committed progenitors (pro-
myelocytes) which are also able to engraft in 
humanized ossicle xenograft mice [47]. Up to 
now, this is the best demonstration that human 
APL LSCs reside in a myeloid-committed 
progenitor.

 Implications for Therapy

CSCs are clinically relevant, as they appear to be 
intrinsically resistant to different drugs and can 
therefore persist during treatment and lead to the 
emergence of a relapse. The significance of this 
observation is further highlighted by the increased 
frequency of CSCs [48, 49] and the prevalence of 
CSC transcriptional signatures [14, 50] in the 
most aggressive tumors. Several studies have 
reported a correlation between LSCs and clinical 
outcome, specifically in AML. For instance, high 
LSC content (CD34+CD38− cells) in AML sam-
ples at diagnosis has been associated with better 
engraftment in NOD/SCID mice [49], and, in 
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turn, successful engraftment of patient leukemic 
blasts in NOD/SCID mice has been linked to 
poor prognosis [49, 51]. Different biological fea-
tures among LSC-specific properties may under-
lie the inability of certain AML samples to 
engraft in immunodeficient mice and at the same 
time to exhibit higher responsiveness to current 
therapies, as happens in the case of APL. It has 
been further shown that poor clinical outcome 
correlates with the degree of overlap between the 
gene expression profile of functionally validated 
LSCs and normal HSCs [14]. In addition, inte-
grated LSC gene expression and DNA methyla-
tion analysis led to the identification of an 
epigenetic signature that is able to segregate 
AMLs according to their FAB classification and, 
potentially, according to the cell of origin of the 
disease [52]. More recently, Ng and colleagues 
developed a core biomarker list of 17 genes 
related to stemness (the LSC17 score), which are 
differentially expressed between the LSC and 
non-LSC fractions from 78 AML patients, and 
were functionally validated by xenotransplanta-
tion. The LSC17 score was highly prognostic in 
five independent patient cohorts belonging to dif-
ferent AML subtypes and predicted therapy 
resistance. Patients with high LSC17 scores had 
poor outcomes with current treatments, while 
APL patient samples significantly segregated 
with low LSC17 scores [53].

The ability of SCs and CSCs to evade chemo-
therapy and radiotherapy has been associated 
with various functional properties and molecular 
mechanisms such as quiescence [54–56], apopto-
sis evasion [57–59], enhanced DNA damage 
response [60, 61], and lower concentration of 
reactive oxygen species (ROS) [58, 62]. Even 
though the relationship between these proper-
ties and stemness, per se, has not been fully 
delineated, accumulating evidence stresses the 
need for efficient therapeutic interventions that 
target specifically the CSC population for com-
plete tumor eradication. For instance, glioblas-
toma cells positive for the CSC marker 
prominin-1 (CD133+) have been found enriched 
after ionizing radiation both in vitro, after short-
term cultures, and in vivo, in the brains of immu-
nocompromised mice, as well as in tumor 

samples obtained from patients. Importantly, the 
higher frequency of CD133+ cells after radiation 
was linked to the development of more aggres-
sive tumors upon transplantation in secondary 
recipient mice, suggesting that glioblastoma 
CSCs might survive radiotherapy and lead to the 
relapse of the disease [60]. Similarly, breast 
CSCs identified by aldehyde dehydrogenase 1 
expression (ALDH1) in the samples of patients 
who failed to achieve remission after treatment 
have been associated with resistance to chemo-
therapy [63].

Indeed, indirect evidence points to LSC quies-
cence as the source of resistance and eventual 
relapse. Quiescence has been linked to therapy 
resistance [55, 56], while cell cycle-restricted 
LSCs are crucial for the development of leuke-
mia [61]. Longitudinal single-cell analyses in 
two AML patients, from diagnosis to relapse, 
allowed lineage reconstruction depicting the 
genomic distance based on microsatellite muta-
tions. In contrast to studies on driver mutations, 
this approach enables the approximation of cell 
depth at relapse or, in other words, the number of 
cell replication events prior to the emergence of 
the relapse clone. Although lacking direct evi-
dence, this study indicated that mutations carried 
in minor slowly expanding subclones were main-
tained after treatment, suggesting that cells with 
shorter replicative histories may be more apt to 
survive chemotherapy [64]. Quiescent cells are 
also characterized by lower levels of oxidative 
phosphorylation, and LSCs have been shown to 
have lower ROS levels and oxygen consumption 
rates. At the same time, LSCs are highly depen-
dent on oxidative phosphorylation, which can be 
targeted by Bcl-2 inhibitors leading to eradica-
tion of LSCs [57, 58]. As normal HSCs, LSCs are 
mostly quiescent [65], and in vivo tracking of 
individual LSCs in serially transplanted NOD/
SCID mice showed that, like in the normal HSC 
compartment, distinct hierarchically organized 
LSCs are present. The diverse LSC behavior 
derives from heterogeneous self-renewal and 
proliferation potential [66]. Nevertheless, quies-
cent LSCs can be recruited into the cell cycle 
becoming sensitive to chemotherapeutic agents 
[56]. Despite shared features between LSCs and 
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HSCs, it may be possible to target gene net-
works that are indispensable for the survival of 
 malignant stem cells only. This is the case of 
miR-126, which was found to promote quies-
cence and increase self-renewal in primary LSCs, 
while it plays opposite role in HSCs [67].

The design of novel therapeutic strategies in 
AML should include the specific targeting of 
LSCs while sparing normal HSCs. For instance, 
CD47 is a protein highly expressed on the surface 
of cancer cells, and its role is linked to cancer 
evasion from innate immune surveillance [68]. 
LSCs overexpress CD47, as compared to normal 
HSCs, thus fulfilling the above criteria [69]. 
Since markers commonly used to study LSCs in 
human AML are based on the immunophenotype 
of normal hematopoietic cells, a lot of effort has 
been invested into identifying specific molecules 
able to efficiently discriminate LSCs both from 
normal HSCs and the bulk of leukemic blasts. 
This is also necessary for APL, where series of 
evidence suggest that LSCs reside in a myeloid- 
committed progenitor population. Many surface 
markers have been proposed to be specific for 
LSC identification in different AML subtypes, 
with the exception of APL, also due to the low 
engraftment efficiency in xenograft models 
which makes the characterization of APL LSCs 
difficult. However, the proposed markers allowed 
identification and only partial elimination of 
LSCs. Among other markers, the CD33 antigen 
is highly expressed in APL/AML blasts and in 
normal human myeloid-committed progenitors, 
while it is not expressed on normal HSCs [70]. 
Therefore, CD33 is a potential target for new 
therapies, and specific antibodies are in clinical 
trials. In particular, GO (gemtuzumab ozogami-
cin) is an anti-CD33 monoclonal antibody conju-
gated to the toxin calicheamicin, which gave 
significantly increased remission rates in 
advanced and relapsed APL [71, 72]. GO is 
highly active against APL, as compared to other 
AMLs, suggesting that APL stem cells reside in 
the CD33+ compartment and have a mature phe-
notype [73]. However, in 2010 Pfizer voluntarily 
withdrew GO due to safety concerns, and the 
drug is currently available only for palliative use 
[74]. SGN-CD33A, a novel anti-CD33 antibody 

conjugated to two molecules of a pyrrolobenzo-
diazepine dimer drug, is currently in clinical tri-
als for AML, including APL. It has demonstrated 
antileukemic activity with 47% of complete 
remission and rapid blast clearance with rela-
tively modest toxicity [75].

Even though the CSC theory has been fairly 
established, the nature of CSCs has raised an 
ongoing debate. If stemness is not a fixed prop-
erty of a specific cancer cell population but rather 
a cell state controlled or influenced by microenvi-
ronmental cues and cell-cell interactions, then, 
any cancer cell could potentially gain stem prop-
erties and reestablish a tumor. This “dynamic 
CSC model” [76] poses both clinical and concep-
tual challenges. If CSCs are a moving target, how 
could they be identified and efficiently targeted? 
It has been indeed proposed that cancer cells 
might be endowed with higher plasticity, and 
therefore dedifferentiation events might be more 
frequent in tumors than in normal tissues [77]. If 
this is the case, CSC-specific therapies would fail 
in curing patients. Nevertheless, differentiation 
therapies should be successful, regardless of the 
identity of CSCs and potential cancer cell plastic-
ity. APL is a paradigm for targeted differentiation 
therapies in cancer as, in the last decades, treat-
ments have evolved from all-trans retinoic acid 
(ATRA) and chemotherapy, for all newly diag-
nosed patients, to ATRA and arsenic trioxide 
(ATO). The ATRA and ATO combination has 
been demonstrated to eradicate APL-initiating 
cells via PML-RARα degradation [78]. The 
effective LSC eradication in APL is demonstrated 
by the high rate of complete remission and the 
low incidence of relapses, especially for low-risk 
patients [79]. APL transgenic mouse models 
have been used to elucidate the molecular mecha-
nisms underlying PML-RARα-targeted therapy 
with ATRA and ATO. Mice transplanted with 
murine APL and treated with ATRA show a rapid 
differentiation of APL blasts in the bone marrow. 
Subsequent transplantation of ATRA treated 
bone marrow cells into secondary recipients 
leads to the development of APL, indicating the 
persistence of LSCs after ATRA treatment. 
Therefore, while ATRA is effective in inducing 
blast terminal differentiation, it is insufficient in 
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LSC eradication and APL complete remission 
(Fig. 3.2, upper part of the scheme). On the 
 contrary, when ATRA and ATO are used in com-
bination, they synergize in provoking marked 
disease regression and LSC eradication [78]. In 
more detail, the two drugs cooperate to trigger 
proteasome- dependent PML-RARα degradation 
and reactivation of RARα target genes. This in 
turn leads to terminal differentiation of leukemic 
blasts and the restoration of the physiological 
PML nuclear bodies (Fig. 3.2, lower part of the 
scheme) [80].

Investigation of residual normal HSCs in 
AML samples revealed that many patients harbor 
a population of HSCs bearing some of the muta-
tions present in the corresponding leukemic cells. 
This so-called preleukemic HSCs are present 
both at diagnosis and relapse, and their propor-
tion in the stem compartment is correlated with 
poor prognosis [81, 82]. This finding is clinically 
relevant because relapses in AML patients could 
arise both through selection of preexisting and 
resistant leukemic clones or through the evolu-
tion of preleukemic HSCs through the acquisi-
tion of additional mutations. Moreover, 
preleukemic mutations have been found in 
healthy individuals. The resulting clonal hemato-

poiesis is increasing with aging, and it is associ-
ated with higher risk of hematological cancer 
development [83]. Hopefully, in the next years, 
evaluation of preleukemic HSCs could be used 
for early detection of hematological malignan-
cies and to refine patients risk stratification in 
clinical trials and therapy decisional processes.
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 Introduction

In 1957, Dr. L.K. Hillestad published a case series 
describing three patients with a rapidly lethal form 
of acute myeloid leukemia characterized by the 
accumulation of promyelocytes in the peripheral 
blood and bone marrow and coagulopathy, leading 
to hemorrhage, which he termed acute promyelo-
cytic leukemia (APL) [1]. The first signal of disease 
control came in the 1970s with the application of 
anthracyclines to the treatment of APL. All-trans-
retinoic acid (ATRA) entered the stage in 1985 [2–
4] and was followed shortly thereafter by mapping 
of the hallmark genetic translocation t(15;17) to the 
retinoic acid receptor alpha (RARα) [5–10]; thus, 
commenced an era of molecular genetic study into 
APL. Arsenic  trioxide (ATO) entered the clinic in 
1994 [11–14] and laid the foundation for the semi-
nal Phase II trial of ATRA and ATO by Estey and 
colleagues [15] followed by the landmark Phase III 
trial of the combination by Lo-Coco and colleagues 
in 2013 [16]. APL is an unparalleled story—the first 
example of a malignancy cured by targeted therapy. 
Alongside profound molecular insights lies a his-

tory rooted in traditional Chinese medicine with 
therapy informing science and science informing 
therapy leading to phenomenal success against this 
once-fatal disease.

 PML-RARα/RARα-PML and Other 
APL Translocations 
in Leukemogenesis

APL is associated with balanced and reciprocal 
translocations characterized by involvement of 
the RARα gene on chromosome 17 [5, 17–19]. To 
date, nine different translocation partners have 
been identified (atlastgeneticsoncology.org) 
including fusions with PLZF t(11;17) (q23;q21) 
[20], NPM1 t(5;17)(q32q21) [21], and NuMA 
t(11;17)(q13,q21) [22], the so-called “X” partner 
genes for RARα [23]. PML is by far the  dominant 
partner gene with t(15;17) being present in 98% 
of cases (Fig. 4.1) [20]. An early question in the 
field was whether the oncoproteins encoded by 
such translocations were necessary and sufficient 
for leukemogenesis. Transgenic mouse models of 
APL were instrumental in addressing this funda-
mental question [24–28]. This approach was also 
utilized to address the role of reciprocal transloca-
tions, such as RARα-PML and RARα- PLZF, in 
the initiation and progression of disease [29–31].

In 1997 multiple groups successfully reca-
pitulated the salient features of human APL in 
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transgenic mouse models engineered to express 
the fusion PML-RARα oncoprotein under the 
control of myeloid-specific promoters, thus 
demonstrating that PML-RARα mediates leu-
kemogenesis [24–26]. Interestingly, the mod-
els displayed a long latency and incomplete 
penetrance in developing acute leukemia sug-
gesting that a “second hit” was involved; as we 
discuss below, RARα-X, the reciprocal product 
of the translocation, can act as a “second hit.” 
The preleukemic stage in these transgenic 
models was characterized by myeloprolifera-
tion with the accumulation of myeloid progeni-
tors in the bone marrow and spleen. Few 
additional genetic hits were identified in these 
models consistent with the notion that PML-
RARα is the main driver of the disease, albeit 
not sufficient. This is coherent with a unique 
feature of APL, the consistent incidence of the 
disease across ages, which suggests that a sin-
gle genetic event drives transformation [32]. 
Additional oncogenic events such as activation 
of fms-related tyrosine kinase through the 
FLT3-ITD mutation, NRAS mutation, and 
MYC overexpression promote disease pene-
trance or progression in mice and humans [33].

That the X-RARα translocations are disease- 
defining events was first hinted at by the 
 differential response to ATRA and chemotherapy 
observed in patients harboring t(11;17) compared 
to t(15;17) APL, poor and favorable, respectively 
[34, 35]. That a distinct biology is prescribed by 
t(11;17) was also captured in the PLZF-RARα 
transgenic mouse model which developed disease 

reminiscent of a myeloproliferative neoplasm 
(Fig. 4.2); myeloid precursors retained the ability 
to terminally differentiate, and myeloid cells at 
different stages of maturation accumulated in the 
bone marrow and spleen [25]. This was cemented 
by seminal, preclinical studies showing that 
ATRA, ATO, and ATRA plus ATO prolonged sur-
vival in PML-RARα transgenic mice, whereas 
PLZF-RARα transgenic mice fail to attain com-
plete remission in response to any of the three 
treatments (Fig. 4.2) [36]. Subsequent generation 
of the NPM-RARα TM allowed comparison with 
the PML- and PLZF-RARα TMs. In addition to 
cytomorphologic differences, the NPM-RARα 
TM also responded to treatment with ATRA or 
ATO like the PML-RARα TM, but different from 
the PLZF-RARα TMs. Interestingly, the NPM-
RARα fusion oncoprotein was localized to the 
nucleolus suggesting possible interference with 
native NPM function [28]. Thus, X-RARα trans-
locations and the encoded fusion proteins drive 
distinct biologic programs, and this translates into 
differential response to therapy.

As previously noted, translocations in APL are 
balanced and reciprocal. This begs the question—
does RARα-X play an active role in leukemogen-
esis or is it merely a passenger? TMs again 
provided insights into the biologic role of 
RARα-Xs (Fig. 4.2). As with X-RARα, one size 
does not fit all. RARα-PML/PML-RARα TM dis-
plays increased penetrance of disease [29] consis-
tent with an oncogenic role for RARα- PML. As 
noted above, PLZF-RARα TM develops disease 
that is MPN-like and falls short of leukemia; 
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Fig. 4.1 Schematic of the PML-RARα fusion oncopro-
tein with functional domains. For PML, the RING (R), B 
boxes (B), and coiled-coil (CC) domains are indicated. 

For RARα, the DNA-binding domain (C) and ligand- 
binding domain (E) are indicated, and A, B, D, and F rep-
resent additional motifs
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RARα-PLZF TM develop myeloid hyperplasia, 
but strikingly RARα-PLZF/PLZF-RARα TM 
develop APL-like disease [30]. In this regard, it is 
worth noting that RARα-PLZF expression is per-
vasive in t(11;17) human APL [34, 37].

Another layer of molecular detail was added 
by studies investigating whether transcriptional 
repression or activation by PML-RARα is 
required for leukemogenesis. Interestingly, the 
breakpoint for the RARα gene is consistently 
within the same intron [38] and results in preser-
vation of the DNA-binding, ligand-binding, and 
RXR-binding domains. With multiple transloca-
tions involving RARα leading to the same phe-
notypic disease, the classical model of APL 
pathogenesis centers on suppression of RA sig-
naling through repression of RARα target 
genes by a PML-RARα with dominant-negative 
activity. This model is in line with RARα regula-
tion of myeloid differentiation, the block in 
 differentiation seen in APL cells, and the ensu-
ing differentiation of APL cells in response to 
pharmacologic retinoic acid. In support of this 
model, X-RARα proteins retain the ability to 
heterodimerize with RXR and bind to DNA 

RARE and the RA ligand, like the native RARα 
protein [39, 40]. Lending further support to the 
model, multiple lines of evidence indicated that 
X-RARα act as “super repressors” secondary to 
increased affinity for nuclear corepressors and 
histone deacetylases (HDAC) [41–43]. At phar-
macologic doses of RA, the PML-RARα oncop-
rotein dissociates from corepressors/HDAC and 
transactivates RARα target genes (Fig. 4.3). And 
again, X-RARα specificity was observed since 
RA did not disrupt the PLZF-RARα interaction 
with corepressors. Interestingly, HDAC inhibi-
tors did overcome transcription repression in the 
case of both PML-RARα and PLZF-RARα [41–
43]. Investigators searched for the molecular 
basis for the observed “super repressor” activity 
of X-RARα. Oligomerization of X-RARα 
emerged as key to the repressive activity [44–
46], and this was postulated to be due to more 
effective competition with native RARα for 
RXR binding as well as recruitment of X-moiety 
corepressors in the case of PML [47, 48].

The pivotal role of the X-moiety of the 
fusion oncoprotein in APL pathogenesis was 
further highlighted by studies by Kogan and 
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Fig. 4.2 Murine X-RARα and RARα-X transgenic mod-
els (TMs) recapitulate human APL and predict response to 
curative combination therapy. TMs bearing X-RARα, 

RARα-X, or both were generated (where X is either PML 
or PLZF). TMs reveal that the X partner protein modu-
lates disease phenotype and dictates response to therapy
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colleagues demonstrating that transgenic mice 
expressing mutant RARα, unable to bind RA 
and thus activate transcription, do not develop 
leukemia challenging an RARα-centric para-
digm. The same RARα mutation when engi-
neered into PML- RARα resulted in myeloid 
leukemia albeit with differences compared to 
the original PML-RARα transgenic mice and 
unresponsive to RA-induced differentiation; 
this study demonstrated that lack of or aberrant 
activation of RARα target genes is not suffi-
cient for the development of APL. However, 
the RARα mutant studies by Kogan et al. did 
not exclude the possibility that “super repres-
sion” of basal transcription levels of RARα tar-
gets in hematopoietic cells is the central 
transcriptional event in APL [23]; future stud-
ies would further elaborate this issue (dis-
cussed below). In PML-RARα, the functional 
domains of PML, the RING finger and coiled-
coil domains, are retained suggesting that the 
PML moiety of the oncoprotein plays a specific 

and critical role in oncogenesis. Notably, the 
impressive clinical activity of single agent 
ATO, which does not lead to transactivation of 
RARα target genes [33], signaled that APL 
pathogenesis extended beyond an aberrant 
RARα pathway.

Multiple lines of evidence indicate that a cen-
tral aspect of APL pathogenesis is functional 
impairment of PML. PML-RARα dominant- 
negative activity renders APL cells resistant to 
multiple apoptotic pathways mediated by the 
native PML protein [49]. A hallmark of t(15;17) 
APL cells is disruption of PML-NBs with 
 reconstitution of the NBs upon treatment with 
RA or ATO [50–53]. Disruption of PML-NBs is 
a major mechanism by which PML-RARα results 
in functional impairment of PML with implica-
tions on p53 signaling, the PTEN-Akt pathway 
and other pathway, as we will also discuss below 
[54–58]. In an elegant proof of principle, Rego 
and colleagues  demonstrated that homozygous or 
heterozygous deletion of PML accelerates the 
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onset and increase the penetrance of leukemia in 
the PML-RARα TM [59]. Likewise, homozy-
gous genetic deletion of PLZF had a profound 
effect on the phenotype of the PLZF-RARα TM, 
which now did display arrest at the promyelocyte 
stage of differentiation [30, 60]. Collectively, 
these genetic experiments provided evidence that 
APL pathogenesis and, specifically, the signature 
block at the promyelocytic stage of differentia-
tion involve disruption of both native X and 
RARα activity.

More recently, several lines of evidence 
point to gain-of-function PML-RARα activity. 
Using ChIP-seq, Martens and colleagues pro-
filed PML- RARα genomic binding sites in 
human APL and described a landscape charac-
terized by the acquisition of de novo DNA 
binding sites by a heterotetramer composed of 
PML-RARα and RXRα. Many of the de novo 
binding sites overlapped with sites recognized 
by other nuclear receptors known to play a role 
in myeloid differentiation and stem cell self-
renewal such as RARγ, the thyroid hormone 
receptor, and the vitamin D receptor [61]. 
Moreover, most RXRα was bound to PML-
RARα raising the possibility that sequestration 
of RXRα, which has been implicated in 
myeloid lineage determination [62], plays an 
important role in the pathogenesis of 
APL. Transcriptional output by the PML-
RARα oncoprotein is additionally regulated at 
the level of posttranslational modification. 
Sumoylation of the PML moiety, which has 
been shown to participate in APL initiation 
[63], results in transcriptional repression by 
the oncoprotein, and this may be mediated by 
sumoylation-dependent recruitment of cofac-
tors such as the death domain-associated pro-
tein (DAXX) [64, 65]. Ex vivo, DAXX is 
required for immortalization and transcription 
repression [63]. As far as  posttranslational 
modification of the RARα moiety, phosphory-
lation adds multiple layers of regulation includ-
ing a possible nexus at S369 for cross talk with 
the MAPK signaling pathway with S369 being 
phosphorylated by RA-activated MSK1 [66].

 Oncoprotein-Mediated Response 
to Therapy and Beyond

Transgenic models of APL demonstrated that the 
fusion oncoprotein is necessary for leukemogen-
esis. They also established that the specific 
X-RARα oncoprotein confers response or lack 
thereof to RA-induced differentiation. As in 
human t(15;17) APL, administration of RA to the 
hCG-PML-RARα TM, at a dose comparable to 
what would be used in patients, resulted in a tran-
sient complete remission with blast differentia-
tion observed in vitro and in vivo [24–26]. The 
hCG-PLZF-RARα by contrast never achieved a 
complete remission upon treatment with RA [36, 
41] nor with single agent ATO or the combina-
tion of ATO and RA, which in the hCG-PML- 
RARα TM induced complete remission and 
prolonged survival, respectively (Fig. 4.2). These 
studies revealed the power of these TMs as tools 
to [1] obtain mechanistic insights into APL biol-
ogy and [2] model the response to therapy.

ATRA is able to evoke degradation of the 
PML-RARα oncoprotein through the RARα 
moiety as the RA-elicited negative feedback 
mechanism is preserved (Fig. 4.3) [67]. 
Liposomal preparations of ATRA, which yield 
sustained higher levels of intracellular ATRA 
than the conventional preparation, result in 
improved rates of cure for patients. This suggests 
that prolonged exposure to ATRA is required for 
elimination of the oncoprotein in patients [68, 
69], which may be mediated via a low affinity 
interaction with the 26S proteasome subunit, 
SUG1 [70]. Zhu et al. found that RARα point 
mutations abrogating RXR binding and mutation 
of the AF-2 domain disrupted RA-prompted 
RARα degradation and surmised that an alloste-
ric signal is sent from the DNA-binding domain 
to the AF-2 domain, consistent with a model in 
which degradation is couple to transcriptional 
activation. On the other hand, when synthetic 
retinoids are utilized as agonists, PML-RARα 
transactivation is uncoupled from proteolysis, 
and this allowed Ablain and colleagues to make 
the critical observation that transactivation in the 
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absence of proteolysis accomplishes differentia-
tion, but not elimination of disease. Strikingly, 
retinoid-differentiated APL blasts, which still 
possess PML-RARα, retain leukemia-initiating 
capacity in serial transplantation experiments.

We recently reported on a novel aspect of 
ATRA-induced PML-RARα proteolysis involv-
ing binding, inactivation, and degradation of the 
prolyl isomerase, Pin1. Pin1 regulates the prolyl 
isomerization of many oncogenes and tumor sup-
pressors and, in so doing, integrates multiple 
pathways toward the development of cancer exert-
ing proto-oncogenic roles. Surprisingly, ATRA 
emerged as the top hit in a high- throughput screen 
for Pin1 inhibitors. Pin1, itself, appears to dock at 
PML-RARα’s pS581-proline motif, which was 
previously demonstrated to be required for PML-
RARα proteolysis, resulting in stabilization of the 
oncoprotein. Multiple approaches were used to 
abrogate Pin1 activity: Pin1 silencing, ATRA, 
additional Pin1 inhibitors, in both murine APL 
and human APL cell lines, and all resulted in 
PML-RARα degradation in vitro and in vivo. 
Finally, silencing Pin1 or pharmacologic inhibi-
tion of Pin1 in vivo resulted in increased disease-
free survival and/or significant reduction in 
disease burden in APL mouse models [71].

 Retinoic Acid Signaling

The field of retinoic acid signaling is inextricably 
bound to the story of PML-RARα. RA acts princi-
pally by signaling through its receptor, RARα. RA 
is obtained directly from the extracellular medium 
or converted through a set of oxidative steps, from 
vitamin A. All-trans-retinoic acid is the most com-
mon isomer of RA. CYP26 members carry out the 
degradation of RA, and the intracellular availabil-
ity of RA is further regulated by protein binding 
such as to CRABPs in the cytosol [72]. RARs, that 
is, RARα, RARβ, and RARγ, belong to the reti-
noid subfamily nuclear receptor superfamily of 
steroid hormones along with retinoic acid X recep-
tor (RXR). Nuclear receptors function as intracel-
lular receptors with some encountering their ligand 
in the cytoplasm and others in the nucleus. Their 
functional domains include ligand-independent 

activation function (AF-1), a DNA-binding 
domain and ligand-binding domain (LBD), a 
dimerization domain, and a ligand-dependent 
AF-2 domain involved in co-regulator binding and 
transactivation. The receptors bind to hormone- 
response elements on their target genes, and in the 
classic model, ligand binding results in exchange 
of corepressors for coactivators and, in so doing, 
leads to target gene activation. On DNA, RARα is 
found as a heterodimer with the retinoic acid X 
receptor alpha (RXRα); efficient binding of DNA 
requires dimerization with RXR. Together they 
bind to RA-responsive elements (RAREs) [73]. 
Interestingly, receptor- independent mechanisms 
of action of RA have also been described such as 
direct activation of kinases in the cytoplasm by RA 
[74]. In addition, the recent finding of inhibition 
and degradation of the prolyl isomerase, Pin1 [71], 
by RA raises the possibility that signaling path-
ways relying on proline-directed phosphorylation 
may be indirectly regulated by RA.

Posttranslational modification of RARα by 
phosphorylation is a further layer of control with 
resulting changes in conformation and activity 
[66, 75, 76]. In the absence of ligand, DNA- bound 
RARα represses transcription of its target genes. 
RA engages the ligand-binding domain of RARα 
prompting a conformational change and the 
exchange of corepressors such as SMRT/NCoR 
for coactivators [77, 78]. Steroid hormone receptor 
signaling is coupled with a negative self- regulatory 
function in which prolonged exposure to hormone 
results in catabolism of the receptor. Notably, 
RA-receptor engagement also prompts a negative 
feedback mechanism resulting in proteasome- 
mediated RARα degradation [67, 79].

Early on, scientists observed that the pro- 
differentiating activity of RA is retained with cer-
tain cancer cell lines [80, 81] including APL cell 
lines [82]. Remarkably, treatment of APL blasts 
from patients induces terminal differentiation into 
granulocytes [83]. Starting in the 1980s, in a trans-
formative step for the field, APL patients were 
treated with all-trans-retinoic acid (ATRA) and 
saw improved remission rates and survival [2–4]. 
Subsequently, Longo et al. mapped the breakpoint 
in t(15;17) [5, 19] to the RARα gene which had 
recently been cloned [84, 85], and t(15;17) was 
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shown to produce an aberrant form of RARα [10] 
opening the floodgates of investigation into the 
role of RARα in the pathogenesis of APL [5–10].

 Promyelocytic Leukemia Gene

The promyelocytic leukemia gene, PML (also 
called MYL, RNF71, PP8675, or TRIM19), was 
originally identified based on its involvement in the 
t(15;17) chromosomal translocation of APL [7–
10]. However, the discovery of the PML- RARα 
oncoprotein quickly led to the study of PML in its 
own right. PML encodes a homo- or hetero-multi-
meric protein with wide tissue expression and is 
required for the proper assembly of subnuclear 
macromolecular structures, called PML nuclear 
bodies (PML-NBs) [56, 86]. PML-NBs are dis-
crete nuclear foci, 0.2–1.0 μm wide, with a typical 
number 1−30 bodies per nucleus, and are dynamic 
and heterogeneous structures [87]. The observation 
that the oncogenic PML-RARα protein disrupts 
PML-NBs in a treatment-reversible manner with 

two clinically effective therapies, retinoic acid 
(RA) and arsenic, drew instant excitement from the 
scientific community [50, 51, 53, 88], and it was 
later concluded that the restoration of tumor sup-
pressive function of PML-NBs by RA and arsenic 
is essential for APL regression [36, 50, 57, 58, 89, 
90]. Through its scaffold properties, PML recruits 
an ever-growing number of partner proteins (in the 
range of 70–100) into PML-NBs, including p53 
[55], AKT [57], mTOR [91], PTEN [58], and 
SIRT1 [92], providing a possible explanation for 
the involvement of PML in many aspects of normal 
physiology and pathology, including  senescence, 
apoptosis, stem cell self-renewal, metabolism, and, 
importantly, tumor suppression. PML and PML-
NBs have been proposed to concentrate the partner 
proteins together with many posttranslational mod-
ifying enzymes facilitating their posttranslational 
modifications, notably sumoylation, leading to 
partner activation, degradation, and sequestration 
(Fig. 4.4) [93, 94].

The physiological roles of PML and PML- 
NBs are still a matter of debate, and the related 
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Fig. 4.4 The functions of PML and PML-NBs. PML and 
PML-NBs have been described as structures that regulate 
several, diverse cellular functions, including DNA repair, 
apoptosis, cellular senescence, stem cell self-renewal, and 
metabolism. The biochemical means used by PML and 

PML-NBs to regulate so many functions are varied and 
can be categorized into three main groups: protein chaper-
one activity, posttranslational modification of proteins, 
and regulation of nuclear activities such as transcriptional 
regulation and chromatin organization
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research was greatly facilitated by the generation 
and analysis of Pml knockout (Pml−/−) mice and 
cells that have provided direct genetic evidence 
and experimental tools linking Pml to a variety of 
biological processes [88]. Although Pml−/− mice 
are viable, they are more susceptible to cancer- 
promoting and stress-related insults and exhibit 
resistance to p53-dependent and p53- independent 
apoptosis [88, 95, 96].

Furthermore, PML and NBs are frequently 
lost in both leukemia and solid tumors [97], 
consistent with their prevalent tumor suppres-
sive functions. Surprisingly, however, recent 
data have also demonstrated a selective pro-
self- renewal and pro-survival role of PML in 
specific contexts, mainly due to its role in main-
taining normal hematopoietic (HSC) and neu-
ronal stem cell pool or leukemia-initiating cells 
(LICs) [92, 98, 99].

Here we briefly summarize PML functions in 
APL pathogenesis and response to therapy as 
well as the recent new findings on this multi-
functional protein. The functions of PML and 
PML- NBs in other contexts and mechanisms 
underlying arsenic-mediated degradation of 
PML and PML/RARα have been extensively 
reviewed elsewhere [93, 94].

PML has a well-established role in apoptosis 
and cell senescence. The cells derived from 
Pml−/− mice have profound defects in executing 
cell death by different stimuli [90, 96]. 
Mechanistically, PML is an important factor in 
the regulation of both p53-dependent and 
p53-independent apoptotic pathways. PML 
activates p53 by promoting its acetylation and 
phosphorylation through recruitment of p53 
into PML-NBs [54, 95, 96]. In addition, PML 
can induce apoptosis through p53-independent 
mechanisms. A discrete accumulation of cyto-
plasmic PML at the mitochondria-associated 
membranes of the endoplasmic reticulum facil-
itates transfer of calcium to the mitochondria 
and induces apoptosis in a p53-indepenent 
manner [90]. Moreover, PML can contribute to 
Fas-induced apoptosis through recruitment of 
FLICE-associated huge protein (FLASH) into 
PML-NBs [100]. It is therefore possible that 
NB disruption by PML/RARα could promote 

leukemia cell survival by inhibiting apoptosis. 
Along with apoptosis, PML regulates cellular 
senescence in both p53- dependent and 
p53-independent manner [55, 101]. PML was 
also implicated in the induction of premature 
senescence because Ras-induced senescence 
depends on PML-promoted p53 acetylation and 
subsequent activation [55]. Interestingly, recent 
studies have showed that among PML isoforms, 
only PML IV activates p53, leading to senes-
cence when overexpressed due to its specific 
C-terminus motif that interacts with ARF and 
protects p53 from MDM2-driven degradation 
[102].

Furthermore, a newly defined PML/PP1α/Rb 
pathway is involved in the induction of senes-
cence in a p53-independent manner [101]. The 
role of PML in the regulation of apoptosis and 
cell senescence is critical not only for under-
standing APL initiation but also the basis of 
response to therapy. Indeed, NB reformation in 
response to RA or arsenic treatments tightly cor-
relates with enhanced cellular apoptosis and 
senescence. Importantly, this specific response is 
highly specific for PML/RARα, but not PLZF/
RARα-driven APL [36, 103, 104], suggesting 
that restoration of normal function of PML and 
PML-NBs is critical for APL clearance.

However, it is also worth noting that PML 
plays a crucial role in maintaining normal HSC 
and LIC (described in detail below) [92, 98, 
99]. Thus, NB reformation uncoupled from 
degradation could represent a double-edge 
sword and a liability for APL clearance, in that 
it would allow for the persistence of leukemia-
initiating cells and ultimately lead to disease 
persistence or relapse. This is consistent with 
what has been observed in the clinic with sin-
gle agent ATO leading to high rates of cure 
presumably because arsenic triggers initial NB 
reformation with PML degradation immedi-
ately ensuing while RA does not affect PML 
degradation and, in the clinic, leads to transient 
responses.

The role of PML in HSC self-renewal was first 
suggested by ex vivo studies in which PML- 
RARα resulted in increased self-renewal of 
myeloid progenitors [105]. PML has now been 
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demonstrated to play an important role in normal 
hematopoiesis and in non-APL myeloid neo-
plasms. Our group and others have shown that 
PML is required for the maintenance of cancer- 
initiating cells [98, 106, 107]. In bone marrow 
mononuclear cells, PML is most highly expressed 
in the stem cell/progenitor compartment. Deletion 
of PML initially leads to normal HSC and LIC 
cycling and expansion of these pools. However, 
over time, both in vitro and in vivo, loss of PML 
leads to exhaustion of HSC and LICs [98].

Chronic myeloid leukemia is a paradigmatic 
stem cell disorder and consistent with prior 
observations that leukemia-initiating cells co-opt 
normal stem cell self-renewal mechanisms, in a 
retroviral BCR-ABL murine model, CML 
leukemia- initiating cells (LIC) collapse in the 
absence of PML or upon pharmacologic ablation 
of PML via arsenic trioxide [98]. Subsequent 
studies revealed that PML mediates stem cell 
maintenance by regulating lipid metabolism, thus 
revealing a specific HSC metabolic requirement. 
PML accomplishes this by acting upstream of a 
PPARδ-fatty acid oxidation pathway required for 
asymmetric division of HSC [99]. These interest-
ing findings raise the possibility that LIC exhaus-
tion in myeloid malignancies, including APL, 
could be induced by interfering with fatty acid 
metabolism, through PPAR-directed therapy or 
PML targeting drugs, such as ATO.

A metabolic dimension to PML-regulated 
cell biology in solid tumors was also recently 
uncovered. In breast cancer, a PML-PPARα-
fatty acid oxidation pathway allows cells to 
withstand metabolic stress and survive loss of 
attachment. In primary patient samples, high 
PML expression is correlated with high-grade 
histology and reduced disease-free survival; 
accordingly, poor prognosis, triple negative 
breast cancers are enriched in the PML group. 
Consistent with the molecular studies, tumors 
with elevated PML levels exhibited an activated 
PPARα signaling gene expression signature 
[92]. The above described metabolic function 
of Pml in breast cancer suggests that in a subset 
of solid tumors, targeting Pml-directed meta-
bolic programs may open new therapeutic ave-
nues for patients.

 Conclusions

The story of APL has by now paved the way to 
contemporary molecular oncology. It repre-
sents a paradigmatic example of a journey of 
discovery toward the cure, where genetic and 
molecular analyses, mouse modeling efforts, 
and preclinical and clinical trials converged 
toward disease eradication. This paradigm has 
by now inspired a generation of investigators 
and oncologists and has been exported above 
and beyond leukemia to any realm of cancer 
research and care.
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Acute Promyelocytic Leukemia 
Coagulopathy
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 Introduction

Hemorrhages occur frequently in patients with 
acute leukemias and significantly affect morbid-
ity and mortality [1]. Besides thrombocytopenia 
due to bone marrow failure, alterations of the 
hemostatic system contribute to the bleeding 
diathesis in these patients. In particular, patients 
with acute promyelocytic leukemia (APL) very 
often present with a range of laboratory abnor-
malities consistent with the diagnosis of dissemi-
nated intravascular coagulation (DIC), with an 
excess fibrinolysis activation, and may show a 
variety of clinical manifestations ranging from 
diffuse life-threatening bleeding secondary to the 
consumption of coagulation factors and platelets 
to localized venous or arterial thrombosis [2, 3]. 
Bleeding and clotting manifestations may take 

place concomitantly as part of the same thrombo- 
hemorrhagic syndrome (THS). Indeed, a pro-
found dysregulation of the hemostatic system, 
due to the imbalance between procoagulant, anti-
coagulant, and profibrinolytic mechanisms, 
occurs in these patients [4]. A hemorrhagic phe-
notype prevails when the consumption of clotting 
factors and platelets and activation of fibrinolysis 
dominate the picture. A THS can occur to differ-
ent extent in all acute myeloid leukemia subtypes 
[5, 6]; however, in patients with APL, hemor-
rhage is usually predominant and is relevant for 
mortality rates [7]. In recent years, the APL- 
associated coagulopathy has received new inter-
est, due to the enhanced understanding of the 
biology of this unique myeloid differentiation 
disorder and to the greater sensitivity of diagnos-
tic laboratory tests for coagulation abnormali-
ties. In addition, most importantly, the 
development of new and very efficacious thera-
peutic drugs for APL remission induction, i.e., 
all-trans-retinoic acid (ATRA) and arsenic triox-
ide (ATO), has attracted much attention for the 
beneficial effects of these therapies on the coag-
ulation disorder. ATRA-induced differentiation 
of leukemic promyelocytes with remission of 
APL is indeed accompanied by prompt improve-
ment of the hemorrhagic symptoms [4]. Both 
ATRA and ATO, as single agents, induce the 
molecular remission of APL and a simultaneous 
rapid resolution of the related coagulopathy. 
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ATO combined to ATRA is effective in inducing 
APL remission in newly diagnosed patients and 
may provide an alternative to ATRA + chemo-
therapy in this disease, with less toxic effects [8].

In this chapter, we will focus on the clinical 
aspects, the pathogenesis, and the proposed treat-
ments of the THS occurring in APL.

 The Coagulopathy of APL

 Clinical Manifestations

APL typically presents with a life-threatening 
hemorrhagic diathesis, the clinical and laboratory 
features of which are consistent with DIC [9]. 
The bleeding disorder is particularly severe in the 
microgranular variant of APL (M3v), character-
ized by marked hyperleukocytosis. Before the 
introduction of ATRA for remission induction, 
APL was distinguished by a high incidence of 
hemorrhagic death (20%), which significantly 
contributed to treatment failure [10].

Currently, standard treatment of APL with 
ATRA and chemotherapy results in more than 
90% complete remission rates accompanied by a 
resolution of the coagulopathy, with a reduction 
of early hemorrhagic deaths to 2.4–6.5% [11, 
12]. Despite this reduction, lethal or life- 
threatening hemorragic complications still occur, 
while the coagulopathy of APL is active. These 
complications are not only the most frequent 
cause of death early during induction therapy but 
can also occur before the diagnosis of APL has 
been made and therapy started. It should be noted 
that an undetermined number of patients will die 
before starting any differentiating agent, being 
acute bleeding the main cause of death in this set-
ting. According to the data from the Swedish reg-
istry [13], 12 out of 105 patients (11.4%) had 
early hemorrhagic death before treatment, but 
this incidence is lower in the Spanish registry 
(3.5% out of more than 2000 cases, unpublished 
data). After the systematic introduction of ATRA, 
most early deaths have been recorded within the 
first 2–3 weeks [14]. A retrospective analysis 
showed that delays in starting ATRA led to 
increased early hemorrhagic death [15].

In spite of the dramatic amelioration in the 
rate of remission induction in patients with APL 
and overall improvement in survival, hemorrhage 
remains the most common cause of early death, 
accounting for 5% of the cases (37 of 736 evalu-
able patients) in two consecutive Programa 
Español de Tratamiento de las Hemopatias 
Malignas (PETHEMA) group  studies—
PETHEMA LPA96 and LPA99 [16]. Hemorrhagic 
deaths were almost exclusively due to intracra-
nial (65%) and pulmonary hemorrhages (32%), 
with only one case of fatal gastrointestinal bleed-
ing. It should be noted that 2 of the 24 patients 
with intracranial bleeding developed the hemor-
rhage over an extensive cerebral thrombosis. The 
results of a multivariate analysis of pretreatment 
characteristics predictive of fatal hemorrhage 
implicated an elevated white blood cell count 
(WBC > 10 × 109/L; P < 0.0001) and an abnor-
mal creatinine level (P < 0.0004). Of note, in the 
LPA99 study, routine use of tranexamic acid pro-
phylaxis (100 mg/kg/day by continuous infusion) 
aimed to inhibit excess fibrinolysis failed to alter 
the risk of hemorrhagic death (5% in both stud-
ies). Furthermore, the use of tranexamic acid was 
associated with a trend toward a statistically sig-
nificant increase in the thrombosis rate (6% in 
LPA99 vs. 3% in LPA96 trial, in which tranexamic 
acid was not utilized; P = 0.08 in multivariate 
analysis). Fatal hemorrhagic events occurred 
from day 1 to day 23 with the majority noted in 
the first week (21, 57%); no lethal hemorrhages 
were documented beyond the fourth week of 
therapy.

There are no consistent data regarding the fre-
quency of the coagulopathy accompanying APL 
at presentation, probably because there is no 
homogeneous definition for this complication. In 
this regard, the PETHEMA group analyzed the 
rate of coagulopathy in 921 patients registered in 
two protocols with ATRA and chemotherapy 
(unpublished data), using the following definition 
for DIC: presence of thrombocytopenia along 
with (1) prolonged prothrombin time and/or acti-
vated partial thromboplastin and (2) hypofibrino-
genemia and/or increased levels of fibrin 
degradation products or D-dimer. They found 
that coagulopathy was present at diagnosis in 
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65% of patients, and additionally 12% developed 
this complication during induction. Specifically, 
hypofibrinogenemia was present in 46% of 
patients, and additionally 10% manifested 
decrease of fibrinogen levels below 170 mg/dL 
during induction period. The median time to res-
olution of DIC was 11 days from diagnosis 
(range, 1–53 days).

Concomitant to the bleeding diathesis, 
thrombotic events occur in APL patients with 
an incidence rate ranging from 2 to 15% [17–
19]. Interestingly, ATRA increases the throm-
botic risk in those patients who manifest 
accelerated differentiation, otherwise known 
as the “differentiation syndrome” [1, 20]. More 
recently, Mitrovic et al. described a thrombotic 
event rate of 20.6% (6.3% arterial and 14.3% 
venous) in 63 patients treated with AIDA regi-
mens, and these events occurred mostly during 
induction [21]. Of note, the reported incidence 
of thrombo-ischemic events seems different 
depending on the prospective or retrospective 
design of the studies (Fig. 5.1). As the inci-
dence ranges between 5 and 6% in the retro-
spective series [17, 22], it becomes higher in 
the prospective series, ranging from 13 to 20% 
[23]. As an example, the PETHEMA database 
was retrospectively analyzed for thrombotic 

events in 759 consecutive APL patients (LPA96 
and LPA99 trials) [16, 22]. An incidence rate 
of thrombosis of 5.1% (39/759) was observed, 
and four cases were associated with the use of 
tranexamic acid: two patients with deep vein 
thrombosis, one case of hemorrhagic skin 
necrosis, and one of renal necrosis. In multi-
variate analysis, hypofibrinogenemia at pre-
sentation (<170 mg/dL) and the M3 variant 
subtype remained from the univariate analysis 
as independent prognostic factors. Thrombosis 
was observed to relate with a higher induction 
mortality (including deaths prior to the initia-
tion of chemotherapy), 28% vs. 11%, P < 0.01 
[22]. In contrast, the prospective study by the 
PETHEMA group performed on 921 patients 
(LPA2005 and LPA2012 trials) showed an 
incidence of 4.1% at presentation, while 9.3% 
developed during induction therapy (overall 
13.4% incidence). The type of thrombosis was 
catheter-related (46%), deep venous (17%), 
cerebral stroke (12%), pulmonary embolism 
(12%), acute myocardial infarction (9%), and 
others (4%). Regarding the risk factors for 
thrombosis, the study by Breccia and col-
leagues showed that high WBC, BCR3 iso-
form, FLT3-ITD, CD2, and CD15 surface 
antigens were related with the development of 

Retrospective study
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Fig. 5.1 Thrombotic events during induction therapy in 
retrospective and prospective studies (PETHEMA). The 
incidence of thrombo-ischemic events seems different 

depending on the prospective or retrospective design of 
the PETHEMA studies
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this complication [17]. However, a large pro-
spective study by Rodriguez-Veiga et al. 
showed the following risk factors for the devel-
opment of non-catheter-related thrombosis at 
diagnosis or during induction: hypoalbumin-
emia, absence of hemorrhage at diagnosis, 
higher platelet counts, male sex, and worse 
performance status (ECOG scale) (unpublished 
data).

 Hemostatic Abnormalities

Normal hemostatic mechanisms consist of three 
processes strictly connected: (1) primary hemo-
stasis, in which platelet adhere to the vessel wall 
lesion and, upon activation and aggregation, gen-
erate a platelet plug; (2) the coagulation cascade 
activation, leading to fibrin formation and plate-
let plug establishment, which is finely regulated 
by natural inhibitors (i.e., antithrombin, protein 
C, protein S) that prevent excessive coagulation; 
and (3) fibrinolysis activation, triggered by fibrin 
itself, which determines the degradation and dis-
solution of cross-linked fibrin and final restora-
tion of vessel wall integrity. In patients with APL, 
laboratory coagulation abnormalities show a 
profound dysregulation in all of these mecha-
nisms at the onset of the disease. Besides throm-
bocytopenia, routine coagulation laboratory test 
alterations occur, including hypofibrinogenemia, 
increased circulating levels of fibrinogen-fibrin 
degradation products (FDPs), and prolonged pro-
thrombin and thrombin times. These abnormali-
ties can be accentuated by the initiation of 
cytotoxic chemotherapy, resulting in severe hem-
orrhagic complications [25]. As summarized in 
Table 5.1, the observed alterations of routine 
clotting tests are not specific of any hemostatic 
pathway.

The results of more sensitive laboratory assays 
confirm the activation of all of these systems in 
APL. In fact, plasma levels of well-known mark-
ers of clotting activation, i.e., the prothrombin 
fragment F1 + 2 (F1 + 2), thrombin-antithrombin 
(TAT) complex, and fibrinopeptide A (FPA), are 

elevated in the majority of APL patients [9, 26, 
27]. Additionally, plasma markers indicating 
ongoing hyperfibrinolysis, including high levels 
of FDPs and urokinase plasminogen activator 
(u-PA) together with low levels of plasminogen 
and 2-antiplasmin, are present [26, 28–30]. 
Finally, elevated plasma levels of leukocyte elas-
tase and fibrinogen split products of elastase are 
detected, which demonstrate hyperactivity of 
non-specific proteases.

Activation of any of the three cascades (i.e., 
coagulation, fibrinolysis, or non-specific prote-
olysis) can potentially trigger the bleeding com-
plications of APL. However, the detection of 
elevated levels of D-dimer, the lysis product of 
stabilized cross-linked fibrin, provides strong 
evidence for ongoing clotting activation and 
thrombin generation in vivo, with hyperfibri-
nolysis occurring secondarily to the generation 
of thrombin [26, 31–34]. Less evident is the 
occurrence of primary hyperfibrinolysis as the 
major event leading to the bleeding diathesis in 
APL [35–38]. Based on the laboratory tests 

Table 5.1 Lab abnormalities of hemostasis in APL 
patients

Test Results

1. Routine

Prothrombin time (PT) ↑
Thrombin time (TT) ↑
Fibrinogen ↓
Platelet count ↓
D-dimer ↑
Fibrin(ogen) degradation products (FDPs) ↑
2. Markers of hypercoagulation

Prothrombin F 1+2 ↑
Thrombin-antithrombin (TAT) complexes ↑
Fibrinopeptide A (FPA) ↑
3. Markers of hyperfibrinolysis

Urokinase-type plasminogen activator 
(u-PA)

↑

Plasminogen ↓
α2-antiplasmin ↓
4. Marker of non-specific proteolysis

Elastase-inhibitor complexes ↑
↑ = Increased; ↓ = Decreased
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 currently available, it is difficult to prove the 
existence of primary systemic hyperfibrinolysis 
in APL. In fact, while reactive, or secondary, 
hyperfibrinolysis in response to clotting activa-
tion can be documented by the D-dimer level 
increment, there are no specific tests that define 
primary hyperfibrino(geno)lysis in vivo. The 
findings of profound reductions of 2-antiplas-
min and plasminogen levels, sensitive to the 
therapeutic use of antifibrinolytic agents [35, 
36], do not allow the distinction between pri-
mary and secondary hyperfibrinolysis. Menell 
and colleagues found that annexin II, a protein 
with high affinity for plasminogen (PA) and tis-
sue-type plasminogen activator (tPA), is highly 
expressed by APL cells as compared to non-
APL leukemic cells [37]. The expression of 
annexin II on circulating APL cell surface might 
be responsible for primary hyperfibrinolysis 
in vivo; however, in the same study, the assess-
ment of systemic activation of fibrinolysis in 
patient plasma still relied on non- specific pri-
mary hyperfibrinolysis markers and on D-dimer 
levels, which rather stands for secondary 
hyperfibrinolysis.

In conclusion, the activation of coagulation 
leads to the development of a consumption coag-
ulopathy with excess reactive activation of fibri-
nolysis, the mechanism of clot lysis, and 
dissolution. Clinical manifestations are diffuse 
hemorrhages, organ failure due to microthrombi, 
and sometimes thrombosis of large vessels. 
Primary hyperfibrinolysis may occur in specific 
districts (i.e., cerebral vessels) where annexin II 
is highly expressed and aggravates bleeding.

One laboratory finding that may distinguish 
the coagulopathy of APL from typical DIC com-
plicating other clinical conditions (e.g., sepsis) is 
the maintenance of relatively normal levels of 
the coagulation inhibitors antithrombin (AT). 
This has raised some arguments against DIC, 
favoring the hypothesis of primary hyperfibri-
nolysis as the determinant of severe bleeding in 
acute leukemia [39]. Of interest, however, is that 
reduced levels of AT in patients with APL tend 
to occur in patients with hepatic dysfunction, 

while these levels are usually normal in those 
with normal liver function [40]. Therefore, nor-
mal levels of AT in APL patients do not exclude 
DIC but may emphasize other features of this 
coagulopathy.

 Pathogenesis of the Coagulopathy 
of APL

Many exogenous factors, including cytotoxic 
chemotherapy and concomitant infections, can 
impair the normal delicate balance between pro-
coagulant and anticoagulant forces in the hemo-
static system of patients with APL. However, the 
major determinants of coagulopathy in these 
patients are the intrinsic hemostatic properties of 
leukemic cells and their interactions with the 
host coagulation system, as well as the host vas-
cular cells. These properties include (1) expres-
sion of procoagulant factors and the release of 
procoagulant microparticles, (2) expression of 
fibrinolytic proteins and proteolytic enzymes, 
and (3) secretion of inflammatory cytokines [i.e., 
interleukin- 1b (IL-1β) and tumor necrosis factor 
(TNFα)] and expression of adhesion molecules 
to bind to vascular endothelium and other blood 
cells (Fig. 5.2).

Increasing evidence from molecular studies of 
experimental models of human cancers shows 
that oncogene and repressor gene-mediated neo-
plastic transformation activate the clotting system 
as an integral feature of neoplastic transformation 
[41]. Triggering signaling pathways by one or 
more of these genes results in activation of the 
coagulation cascade and platelet function and/or 
suppression of fibrinolysis, which altogether can 
produce thrombosis and/or DIC in these models 
[42–44]. Along this line, oncogenic events may 
drive the expression of cellular procoagulant 
activities in APL cells, in which the typical 
PML/RARα genetic lesion is associated with the 
overexpression of cellular procoagulant activities 
and the appearance of the coagulopathy, while 
cellular differentiation leads to the loss of cellular 
procoagulant potential [1].
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 Procoagulant Activity

The principal cancer cell-associated clotting acti-
vating mechanisms include the expression of pro-
coagulant factors: tissue factor (TF) and cancer 
procoagulant (CP). These proteins are highly 
expressed by APL cells.

TF is a transmembrane glycoprotein that is 
the primary initiator of normal blood coagula-
tion. TF forms a complex with factor VIIa (TF/
FVIIa) to trigger blood coagulation by proteo-
lytically activating FIX and FX. Normal cells, 
including endothelial cells (EC) and monocyte- 
macrophages, do not express TF, unless they are 
adequately stimulated [45]. Differently, a consti-
tutive TF expression characterizes numerous 
malignant tumor tissues, including APL. TF was 

identified in the NB4 cell line, the first human 
APL cell line containing the typical t(15;17) 
chromosomal balanced translocation. Thereafter 
TF has been characterized in APL cells by sev-
eral laboratories [26, 27, 46–49]. The underlying 
molecular mechanisms are unclear; however 
in vitro the TF promoter is active in the PML- 
RARα- positive NB4 APL cell line, and it is pos-
sible that this relates to the fusion protein. 
Furthermore, bone marrow cells from mice 
transgenic for the fusion genes PLZF-RARα or 
NPM- RARα do express the TF gene, whereas 
cells derived from mice without those fusion 
genes do not express the TF gene [50]. A strong 
link is found between the regulation of TF gene 
expression in APL cells and the malignant trans-
forming events. Additionally, increased levels of 
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the levels of circulating biomarkers of hypercoagulation, 
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thrombin-antithrombin complex, F1 + 2 prothrombin 
fragment 1 + 2, FPA fibrinopeptide A, FPB fibrinopeptide 
B, FDP fibrinogen-fibrin degradation product, tPA tissue- 
type plasminogen activator, PAI-1 plasminogen activator 
inhibitor 1
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TF-bearing microparticles (TF-MPs) have been 
described in APL patients [51]. As in solid 
tumors, the TF-MPs found in APL exhibit pro-
coagulant activity as shown by thrombin genera-
tion measurements [52].

CP is a cysteine protease that directly activates 
factor X in the absence of activated factor VII. CP 
is synthesized by malignant cells, and its activity 
has been found in extracts of different tumors 
[53–55]. CP is expressed in patient leukemic 
blasts of various phenotypes and is found at the 
highest levels in APL blasts. Accordingly, it is 
highly expressed in the NB4 cell line APL [56]. 
In APL cells, at the onset of disease, the levels 
of CP are found elevated compared to cells 
obtained from patients at the time of complete 
remission, confirming the association of a proco-
agulant protein expression with the malignant 
phenotype [57].

 Fibrinolytic and Proteolytic 
Properties

Leukemic cells can express on their surface all 
constituents of the fibrinolytic system, which are 
relevant for maintenance of proper hemostasis. 
There are specific receptors that support the 
assembly of all fibrinolysis proteins on leukemic 
cells thus facilitating the activation of the fibrino-
lytic cascade [58].

APL cells are capable to interact with the host 
fibrinolytic system, owing to the expression of 
plasminogen activators (u-PA and tPA); their 
inhibitors, i.e., plasminogen activator inhibitor 1 
and 2 (PAI-1 and PAI-2); and receptors such as 
u-PAR and annexin II (a co-receptor for PA and 
tPA) [59–61]. Annexin II is overexpressed on 
t(15;17)-positive APL cells [37, 62] and can 
cause a marked increase in tPA-dependent plas-
min generation compared to non-APL cells 
in vitro [62]. However, the study of 26 patients 
failed to show any correlation between increased 
cellular annexin II expression and increased 
 systemic fibrinolytic activity measured by 
FDP, plasminogen, and fibrinogen levels [62]. 
Increased levels of MPs expressing annexin II 
and tPA have been found in the circulation of 

patients with APL [51]. Abnormalities of the 
fibrinolytic system have been proposed to play a 
major role in the pathogenesis of the APL coagu-
lopathy and to be responsible for the commonly 
observed hemorrhagic complications. Likely, the 
increased expression of annexin II on cerebral 
endothelial cells [63] may contribute to the 
high incidence of intracranial hemorrhage in 
APL [64]. Relevant in this context are also 
changes in other fibrinolytic proteins in APL, 
including increased expression of u-PA, tPA, 
and the urokinase- type plasminogen activator 
receptor (u-PAR) [65].

In addition, an increased proteolysis by non- 
specific proteases, such as elastase, can occur in 
APL. Increased plasma levels of elastase, 
detected as elastase-inhibitor complex, are found 
in these patients [66, 67]. These enzymes can 
interfere with coagulation by degrading clotting 
factors and cleaving inhibitors of fibrinolysis [67, 
68]. Elastase can degrade fibrinogen, producing a 
pattern of FDPs different from those produced by 
plasmin cleavage [69, 70]. Varieties of proteases, 
which can be elaborated by APL cells, have been 
implicated in the pathogenesis of the bleeding 
syndrome. In an in vitro study, freshly isolated 
APL blasts expressed lower fibrinolytic and pro-
teolytic activities compared to mature neutro-
phils. Plasma elastase levels are elevated at the 
onset of APL, most likely as the result of cell 
degranulation and lysis [31].

 Cytokine Release and Adhesive 
Properties

Several cytokines are secreted by APL cells, 
including interleukin (IL)-1β and tumor necrosis 
factor alpha (TNFα) [71]. Both TNFα and IL-1β 
induce a procoagulant endothelium by upregulat-
ing the expression of TF and downregulating the 
expression of the anticoagulant thrombomodulin 
(TM) on endothelial cells (EC) [72]. In addition, 
these cytokines increase the production of endo-
thelial PAI-1, the inhibitor of fibrinolysis. 
Upregulation of TF and PAI-1 and downregula-
tion of TM lead the shift of the vessel wall to a 
prothrombotic phenotype. An increased secretion 
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of IL-1β has been observed in leukemic promy-
elocytes from patients with DIC compared to 
patients without DIC [73].

The expression on the surface of leukemic 
cells of adhesion molecules and/or their counter- 
receptors permits the direct interaction of these 
cells with the host endothelial cells (EC), 
 platelets, and leukocytes. The attachment of 
malignant cells to vascular EC favors the local-
ization of clotting activation to the vessel wall 
with on- site release of cytokines and the activa-
tion of the endothelium. This, in turn, increases 
the expression of endothelial counter-receptors, 
i.e., ICAM-1 or VCAM-1, which bind to the leu-
kemic cell membrane adhesion integrins, such as 
LFA-1 and Mac-1. Attachment of leukemic cells 
to the vessel wall via these adhesion mechanisms, 
and subsequent trans-endothelial migration, rep-
resents one potential mechanism to explain the 
higher incidence of vascular complications in 
association with high WBC count. Experimental 
evidence supports the concept that adhesive 
mechanisms of APL cells promote the localiza-
tion of clotting activation to the vessel wall, WBC 
and platelet aggregation, thrombin generation 
(and hyperfibrinolysis), and further endothe-
lium activation. Accordingly, leukemic cells 
can activate platelets by cell-cell interaction, 
generation of thrombin, and secretion of plate-
let-activating molecules. Recent data show that 
podoplanin, a type I transmembrane 
sialomucin- like glycoprotein expressed by sev-
eral tumor cells and capable to induce platelet 
aggregation [74], is aberrantly expressed by APL 
promyelocytes. This might contribute to abnor-
mal platelet aggregation and possibly to APL- 
related bleeding [75]. Due to the leukemia-related 
severe thrombocytopenia, the relevance of this 
mechanism in APL coagulopathy remains to be 
clarified.

 The Effects of ATRA and ATO 
on the Coagulopathy of APL

Differentiating therapy with ATRA and ATO for 
remission induction therapy exerts overall bene-
ficial effects on the APL-associated coagulopa-

thy. Several studies document the decrease or 
normalization of clotting variables, such as 
F1 + 2, TAT, FPA, and D-dimer, during therapy 
with ATRA. Additionally, ATRA inhibits fibri-
nolysis by inducing the synthesis of PAI-1 and 
by reducing the synthesis of annexin II (with 
consequent reduction of receptor-bound PA) [26, 
31–33]. Furthermore, the proteolysis of von 
Willebrand factor (vWF) is reduced by ATRA 
treatment [76]. These beneficial effects of ATRA 
on markers of coagulation, fibrinolysis, and pro-
teolysis activation are associated with improve-
ment in clinical signs of bleeding in the same 
patients. The benefits persist when ATRA is 
given in combination with chemotherapy. 
Induction therapy with ATRA has a long-term 
benefit on both disease- free and overall survival 
in APL, while serious bleeding at the time of 
presentation remains a negative prognostic find-
ing [77]. Rapid reversal of the coagulopathy 
with ATRA may improve survival in some of 
those poor prognosis patients.

In vitro studies show that ATRA interferes 
with APL procoagulant and fibrinolytic mecha-
nisms. ATRA-induced APL cell differentiation 
in vitro causes loss of expression of procoagu-
lant proteins like CP [78] and TF [79, 80]. This 
occurs also in vivo, in the bone marrow cells of 
APL patients given ATRA for remission induc-
tion therapy [26]. Reduction of leukemic cell 
procoagulant activity by ATRA appears to be 
one important mechanism involved in the resolu-
tion of the coagulopathy. An in vitro study dem-
onstrated that, after ATRA treatment, CP activity 
is downregulated only in those NB4 cells that are 
sensitive to ATRA-induced cytodifferentiation, 
and not in ATRA-resistant cells that do not dif-
ferentiate. However, TF activity was signifi-
cantly reduced in all cell lines in response to 
ATRA, regardless of sensitivity to ATRA-
induced differentiation [81]. TF expression can 
be downregulated by ATRA in both APL cells 
and in other types of leukemic cells [82] and also 
in normally differentiated cells [83–86]. Nuclear 
run-on experiments in human monocytes and 
monocytic leukemia cells  support the concept 
that ATRA inhibits induction of TF expression at 
the level of transcription [85] but independently 
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of the common  transcription factors AP-1 or 
NF-kB [85]. The destabilization of TF mRNA 
induced by ATRA in NB4 cells is partially 
dependent upon protein synthesis [86], and 
ATRA induces synthesis of a protein in NB4 
cells that selectively degrades PML/RARα 
fusion protein [87]. Therefore, one or more pro-
teins induced by ATRA in leukemic cells may 
also destabilize TF mRNA [88]. Additionally 
these data provide strong support for the hypoth-
esis that downregulation of TF gene expression 
is a direct result of the mechanism of the ATRA 
effect on oncogene expression. Recently, Fang 
et al. demonstrated that ATRA treatment of NB4 
APL cells leads to reduced microparticle delivery 
of TF to endothelial cells, underlying the impor-
tance of immediate treatment with ATRA [89]. 
Similarly, circulating markers of clotting activa-
tion are downregulated after induction therapy 
with ATRA [26, 27].

Concerning fibrinolysis, ATRA inhibits the 
expression of annexin II by APL blasts [62]. 
Furthermore, retinoids induce a rapid increase of 
u-PA activity on APL cell surface, which is how-
ever promptly downregulated by an increased 
production of PA inhibitors, including PAI-1 and 
PAI-2 [90]. Overall, these mechanisms can con-
tribute to a reduction of fibrinolytic activity in 
APL cells in response to ATRA. These results 
agree with the findings of normal plasma fibrino-
lytic activity, measured by the assay of “euglobu-
lin lysis area,” in APL patients receiving ATRA 
[26]. In conclusion, hyperfibrinolysis may reflect 
activation of the fibrinolytic system on the sur-
face of the leukemic cells, where specific recep-
tors favor the assembly of all the fibrinolytic 
components. ATRA acts initially to enhance this 
fibrinolytic activity by increasing the synthesis of 
u-PA. Thereafter, however, ATRA-induced syn-
thesis of PA inhibitors and inhibition of annexin 
II synthesis may be favored, contributing to the 
downregulation of receptor-bound plasminogen 
activators. On balance, therefore, no change in 
plasma total fibrinolytic activity occurs in most 
patients in response to ATRA.

No relation has been observed between plasma 
elastase concentration and the levels of D-dimer 
or other hemostatic variables during treatment 

with ATRA. These data, together with the data of 
De Stefano et al. [80], cast doubt on the earlier 
hypothesis that elastase makes an important con-
tribution to the bleeding disorder of patients with 
APL [66].

Further, ATRA upregulates the ability of leu-
kemic cells to produce cytokines [72]. This effect 
should shift the balance at the endothelium to the 
prothrombotic side of the equation. However, 
ATRA also appears to protect the endothelium 
in vitro against the prothrombotic assault of 
inflammatory cytokines, because ATRA prevents 
both the downregulation of TM and the upregula-
tion of TF induced by TNFα [83] and by IL-1β in 
the endothelial cells [84]. Therefore, although 
ATRA increases cytokine synthesis by APL cells, 
it appears to protect the endothelium against 
the prothrombotic stimulus of these mediators 
through a complex set of interactions.

Finally, ATRA increases the adhesion capac-
ity of APL cells to the endothelium in vitro [91], 
although pretreatment of ECs with ATRA 
reverses this effect and actually results in 
impaired adhesion of APL cells to ECs, due to 
the downregulation of EC counter-receptors by 
ATRA. Perhaps ATRA is unable to exert this 
same protective effect on the specialized endo-
thelium of the lung, thus explaining the unusual 
features of the differentiation syndrome, occur-
ring in APL patients with elevated WBC count 
under ATRA treatment. Both early mortality and 
the differentiation syndrome (characterized by 
unexplained fever, weight gain, respiratory dis-
tress, interstitial pulmonary infiltrates, pleural 
and pericardial effusions, episodic hypotension, 
and acute renal failure) are correlated with high 
WBC count, the expression of adhesion mole-
cules, and/or the release of cytokines [92–96]. It 
seems likely that a further understanding of the 
pathogenesis of the differentiation syndrome and 
its prevention, as well as a better strategy for the 
treatment of the consumptive coagulopathy of 
APL, will evolve from an improved appreciation 
of the biological properties of the fusion proteins 
of PML-RARα [97].

ATO induces apoptosis and differentiation of 
APL cells [98]. Current data show that ATO, as 
well as ATRA, can reduce TF expression and 
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procoagulant activity of APL blast cells in vitro 
and in vivo. ATO treatment induces rapid loss of 
membrane procoagulant activity and TF mRNA 
leading to beneficial effects in vivo on the coagu-
lopathy of APL patients [99, 100]. Data from our 
laboratory show that ATO alone reduces both TF 
and CP expression in NB4 cells, although to a 
lesser extent than ATRA. Additionally, the 
ATO + ATRA combination is as effective as ATRA 
alone in reducing the procoagulant activity, suggest-
ing no additive effect between the two drugs 
(Fig. 5.3). A dual role for the ATO molecular-tar-
geted therapy for the control of both the disease 
remission and the APL-associated coagulopathy can 
be investigated and support the importance of ATO 
in the cure of APL.

 Management of the Coagulopathy

APL is a medical emergency, and aggressive mea-
sures to support the bleeding complications 
should begin at first suspicion of APL. Modern 

recommendations indicate that three simultaneous 
actions must be immediately undertaken when a 
diagnosis of APL is suspected: (1) start ATRA or 
ATO therapy, (2) administer supportive care, and (3) 
confirm genetic diagnosis [101] (Fig. 5.4).

The main strategy in the management of APL 
coagulopathy is early initiation of ATRA or ATO, 
which results in resolution of the bleeding ten-
dency and rapid normalization of coagulation 
tests and fibrinogen level. It is mandatory to start 
as soon as possible ATRA therapy and supportive 
measures aimed at counteracting the coagulopa-
thy. In high-risk patients, a delay in ATRA 
administration appears to contribute to bleeding 
and early death rate [15].

The responses to the supportive treatments for 
DIC in APL are the most disparate. The most 
important supportive tool is the judicious use of 
platelet transfusion, whereas the use of anticoag-
ulants and antifibrinolytic agents remains a hotly 
debated issue [102–104]. The advent of ATRA 
treatment has ushered in a new era in the manage-
ment of the coagulopathy of APL.

0

1

2

3

4

5

Control ATO 0.1 µM ATRA 1 µM ATO 0.1 µM + ATRA 1
µM

U
R

V
V

/m
g 

pr
ot

ei
n

total PCA PCA FVII-independent

*
*

*
*

∗

∗

Fig. 5.3 Modulation of procoagulant activity of NB4 
cells by ATO and ATRA. NB4 cells were incubated for 
96 h with ATO (0.1 μM) +/− ATRA (1 μM), while control 
cells received the vehicle alone (DMSO). Total procoagu-
lant activity and FVII-independent procoagulant activity 

were evaluated by the clotting assays of normal human 
plasma (NHP) and FVII-deficient plasma (FVII-DP). 
Results are expressed as mean ± SD of three separate 
experiments performed in duplicate. * = P < 0.01 vs. con-
trols, by Student’s t-test on paired samples
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 Platelet Transfusions, Heparin, 
and Antifibrinolytic Agents

Platelet transfusions represent an essential part of 
the modern supportive care for APL patients, 
even if there is no study that specifically addressed 
the threshold for platelet transfusion. Prophylactic 
transfusion of platelets has resulted in a signifi-
cant decrease in the incidence of fatal bleeding 
and, therefore, a prolongation of survival. In 
patients with APL, the bleeding risk and platelet 
transfusion requirements remain high even in the 
ATRA era [1, 105]. Current recommendations for 
patients with APL suggest that platelets should 
be transfused to maintain the platelet count above 
30 × 109/L in patients not actively bleeding and 
above 50 × 109/L in those with active bleeding 
[102, 105].

In order to maintain the fibrinogen level above 
100–150 mg/dL, transfusion of frozen plasma, 
fibrinogen, and/or cryoprecipitate has been rec-
ommended [106, 107]. These and other support-
ive measures should be rapidly instituted and 

maintained until disappearance of all clinical and 
laboratory signs of coagulopathy. Routine use of 
heparin, tranexamic acid, or other anticoagulant 
or antifibrinolytic therapies is not recommended. 
The role of heparin therapy in the treatment of 
the coagulopathy complicating APL is uncertain 
and has never been ruled out in a prospective ran-
domized trial. Before the ATRA era, several stud-
ies concluded that the use of heparin reduced the 
rate of hemorrhagic death and improved long- 
term survival. However, the GIMEMA group, in a 
large retrospective analysis of 268 APL patients, 
demonstrated no benefit for the prevention of early 
hemorrhagic deaths or overall survival [108]. 
Additionally, in a series of 65 adults with APL, the 
complete remission rate was higher in patients 
transfused intensively with platelets and not given 
heparin suggesting that the correction of thrombo-
cytopenia with platelet transfusion is of special 
importance and may obviate the need for heparin 
therapy [109]. Although markers of coagulation 
activation and fibrinolysis decrease rapidly, fol-
lowing the start of ATRA, there appears to be a 

START ATRA treatment immediately, even before genetic confirmation of 
diagnosis

SUPPORTIVE CARE: 
- cryoprecipitate or fibrinogen and platelet concentrates to maintain a 
fibrinogen of >100–150 mg/dL and a platelet count >50,000/µL
- fresh frozen plasma (FFP) if the prothrombin time and/or activated 
partial thromboplastin time are prolonged 

If cerebral bleeding is suspected:
- Perform brain CT scan or MRI immediately
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- Intensive Care Unit
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Fig. 5.4 Schematics of the current approaches to the APL coagulopathy. LMWH low-molecular-weight heparin, UFH 
unfractionated heparin
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slower resolution of the clinical manifestations, 
suggesting the persistence of a prothrombotic 
state during the initial period of treatment. These 
evidences suggest that prophylactic use of low-
molecular-weight heparin (LMWH) or even the 
factor Xa inhibitor fondaparinux could be con-
sidered once the bleeding manifestations have 
been resolved [110].

It would seem logical to consider the use of anti-
fibrinolytic agents such as epsilon- aminocaproic 
acid (EACA, Amicar) or tranexamic acid and/or 
protease inhibitors, such as aprotinin (Trasylol) in 
the management of APL patients with bleeding, 
because of a potential role played by fibrinolytic 
activators and other proteases. Although several 
small studies concluded that the use of antifibrino-
lytic agents was beneficial in the management of 
bleeding, large studies of patients treated with 
ATRA have shown no reduction in early hemor-
rhagic deaths associated with the routine use of 
these agents. In addition, a PETHEMA retrospec-
tive study performed on 759 patients showed that 
the use of prophylactic tranexamic acid was an 
independent risk factor for thrombosis (odds ratio 
1.96). Thus, it has been suggested that antifibrinol-
ytic agents should be reserved for patients with 
retinal or intracranial and other life-threatening 
bleeding [7, 110].

The role of factor VIIa and prothrombin com-
plex concentrates to treat or prevent the hemor-
rhagic episodes is controversial, as they may 
enhance the thrombotic risk. Some anecdotal use 
of recombinant factor VIIa in patients with APL 
was reported, being effective for life-threatening 
hemorrhages [111, 112]. The use of prothrombin 
complex to correct coagulopathy, instead of fresh 
frozen plasma, could be recommended only in 
patients with fluid overload or DS. In any case, 
the use of recombinant factor VIIa or prothrom-
bin complex should be restricted to clinical 
trials.

The treatment of thrombotic episodes occur-
ring in APL patients remains a challenge, espe-
cially because this complication mainly occur 
during induction phase, in a patient that presents 
concomitant DIC and severe thrombocytopenia. 
In fact, no ad hoc studies or guidelines are avail-
able for the management of such complication. 
However, the clinician should have in mind that 

the hemorrhagic risk is predominant in APL, as it 
is the major cause of death. When a catheter- 
related thrombosis occurs, the central venous line 
should be removed as soon as possible, and a 
catheter-associated infection must be ruled out. 
The use of unfractionated heparin could be rec-
ommended in case of cerebral stroke, in view of 
the high risk of hemorrhagic transformation and 
the possibility of rapid reversion using protamine 
sulfate. If a standard low-molecular-weight hepa-
rin is used, the dose could be adapted to the plate-
let counts (e.g., 70–80% if <70 × 109/L, 50% if 
<50 × 109/L, stop if <30 × 109/L).

 Conclusions

The pathogenesis of the coagulopathy in 
patients with APL is complex and multifacto-
rial. A prominent role is played by leukemic 
cell-specific properties interfering with the 
patient hemostatic system. In APL, bleeding 
manifestations prevail, although localized 
thrombosis of large vessels can coexist. ATRA 
and ATO treatments for remission induction 
have improved hemorrhagic accident rates 
and overall mortality in APL patients. 
However, early hemorrhagic death still 
remains one of the major causes of induction 
treatment failures. Low fibrinogen levels, pro-
longation of the PT and TT, and abnormal 
plasma levels of markers of hypercoagulation, 
hyperfibrinolysis, and non-specific proteolysis 
characterize the coagulopathy of APL. The 
nearly ubiquitous presence of elevated levels 
of fibrin D-dimer clearly demonstrates the 
occurrence of secondary or reactive hyperfi-
brinolysis in response to activation of blood 
coagulation and thrombin generation. Primary 
mechanisms of hyperfibrinolysis may take 
place in some specific districts, particularly in 
the cerebral tissues.

Reducing the bleeding-related mortality is 
an important task and remains a major chal-
lenge in the cure of APL. The immediate start 
of ATRA and the use of prophylactic platelet 
transfusions are highly recommended. In con-
trast, the routine use of anticoagulants and/or 
antifibrinolytic agents in the control or pre-
vention of DIC cannot be recommended at 
this time.

A. Falanga et al.



67

References

 1. Falanga A, Rickles FR. Pathogenesis and manage-
ment of the bleeding diathesis in acute promyelo-
cytic leukaemia. Best Pract Res Clin Haematol. 
2003;16(3):463–82.

 2. Falanga A. Predicting APL lethal bleeding in the 
ATRA era. Blood. 2017;129(13):1739–40.

 3. Levi M. Cancer-related coagulopathies. Thromb 
Res. 2014;133(Suppl 2):S70–5.

 4. Falanga A, Russo L, Tartari CJ. Pathogenesis and 
treatment of thrombohemorrhagic diathesis in acute 
promyelocytic leukemia. Mediterr J Hematol Infect 
Dis. 2011;3(1):e2011068.

 5. Falanga A, Marchetti M. Venous thromboembo-
lism in the hematologic malignancies. J Clin Oncol. 
2009;27(29):4848–57.

 6. Libourel EJ, et al. Disseminated intravascular coagu-
lation at diagnosis is a strong predictor for both arte-
rial and venous thrombosis in newly diagnosed acute 
myeloid leukemia. Blood. 2016.

 7. Tallman MS, Abutalib SA, Altman JK. The dou-
ble hazard of thrombophilia and bleeding in acute 
promyelocytic leukemia. Semin Thromb Hemost. 
2007;33(4):330–8.

 8. Lo-Coco F, et al. Retinoic acid and arsenic trioxide 
for acute promyelocytic leukemia. N Engl J Med. 
2013;369(2):111–21.

 9. Tallman MS, Kwaan HC. Reassessing the hemo-
static disorder associated with acute promyelocytic 
leukemia. Blood. 1992;79(3):543–53.

 10. Fenaux P. Management of acute promyelocytic leu-
kemia. Eur J Haematol. 1993;50(2):65–73.

 11. Barbui T, Finazzi G, Falanga A. The impact of all- 
trans- retinoic acid on the coagulopathy of acute pro-
myelocytic leukemia. Blood. 1998;91(9):3093–102.

 12. Castaigne S, et al. All-trans retinoic acid as a differ-
entiation therapy for acute promyelocytic leukemia. 
I. Clinical results. Blood. 1990;76(9):1704–9.

 13. Lehmann S, et al. Continuing high early death rate in 
acute promyelocytic leukemia: a population-based 
report from the Swedish Adult Acute Leukemia 
Registry. Leukemia. 2011;25(7):1128–34.

 14. Breccia M, Lo Coco F. Thrombo-hemorrhagic 
deaths in acute promyelocytic leukemia. Thromb 
Res. 2014;133(Suppl 2):S112–6.

 15. Altman JK, et al. Administration of ATRA to newly 
diagnosed patients with acute promyelocytic leu-
kemia is delayed contributing to early hemorrhagic 
death. Leuk Res. 2013;37(9):1004–9.

 16. de la Serna J, et al. Causes and prognostic factors of 
remission induction failure in patients with acute pro-
myelocytic leukemia treated with all-trans retinoic 
acid and idarubicin. Blood. 2008;111(7):3395–402.

 17. Breccia M, et al. Occurrence of thrombotic events in 
acute promyelocytic leukemia correlates with con-
sistent immunophenotypic and molecular features. 
Leukemia. 2007;21(1):79–83.

 18. Chang H, et al. Acute promyelocytic leukemia- 
associated thrombosis. Acta Haematol. 2013;130(1): 
1–6.

 19. Rashidi A, et al. Thrombosis in acute promyelocytic 
leukemia. Thromb Res. 2013;131(4):281–9.

 20. Montesinos P, et al. Differentiation syndrome in 
patients with acute promyelocytic leukemia treated 
with all-trans retinoic acid and anthracycline che-
motherapy: characteristics, outcome, and prognostic 
factors. Blood. 2009;113(4):775–83.

 21. Mitrovic M, et al. Thrombotic events in acute pro-
myelocytic leukemia. Thromb Res. 2015;135(4): 
588–93.

 22. Montesinos P, de la Serna J, Vellenga E, Rayon C, 
Bergua J, Parody R, Esteve J, Gonzalez M, Brunet S, 
Sanz M. Incidence and Risk Factors for Thrombosis 
in Patients with Acute Promyelocytic Leukemia. 
Experience of the PETHEMA LPA96 and LPA99 
Protocols. Blood. 2006;108:1503.

 23. De Stefano V, et al. The risk of thrombosis in patients 
with acute leukemia: occurrence of thrombosis at 
diagnosis and during treatment. J Thromb Haemost. 
2005;3(9):1985–92.

 24. Falanga A. Mechanisms of hypercoagulation in 
malignancy and during chemotherapy. Haemostasis. 
1998;28(Suppl 3):50–60.

 25. Falanga A, et al. Loss of blast cell procoagulant 
activity and improvement of hemostatic vari-
ables in patients with acute promyelocytic leuke-
mia administered all-trans-retinoic acid. Blood. 
1995;86(3):1072–81.

 26. Tallman MS, et al. Effects of all-trans retinoic acid 
or chemotherapy on the molecular regulation of sys-
temic blood coagulation and fibrinolysis in patients 
with acute promyelocytic leukemia. J Thromb 
Haemost. 2004;2(8):1341–50.

 27. Booth NA, Bennett B. Plasmin-alpha 2-antiplasmin 
complexes in bleeding disorders characterized by 
primary or secondary fibrinolysis. Br J Haematol. 
1984;56(4):545–56.

 28. Reddy VB, et al. Global and molecular hemostatic 
markers in acute myeloid leukemia. Am J Clin 
Pathol. 1990;94(4):397–403.

 29. Speiser W, et al. Hemostatic and fibrinolytic param-
eters in patients with acute myeloid leukemia: 
 activation of blood coagulation, fibrinolysis and 
unspecific proteolysis. Blut. 1990;61(5):298–302.

 30. Dombret H, et al. Coagulation disorders associ-
ated with acute promyelocytic leukemia: corrective 
effect of all-trans retinoic acid treatment. Leukemia. 
1993;7(1):2–9.

 31. Dombret H, et al. In vivo thrombin and plasmin 
activities in patients with acute promyelocytic leuke-
mia (APL): effect of all-trans retinoic acid (ATRA) 
therapy. Leukemia. 1995;9(1):19–24.

 32. Kawai Y, et al. Rapid improvement of coagulopathy 
by all-trans retinoic acid in acute promyelocytic leu-
kemia. Am J Hematol. 1994;46(3):184–8.

 33. Watanabe R, et al. Long-term follow-up of hemo-
static molecular markers during remission induction 
therapy with all-trans retinoic acid for acute pro-
myelocytic leukemia. Keio Hematology-Oncology 
Cooperative Study Group (KHOCS). Thromb 
Haemost. 1997;77(4):641–5.

5 Acute Promyelocytic Leukemia Coagulopathy



68

 34. Avvisati G, et al. Acquired alpha-2-antiplasmin 
deficiency in acute promyelocytic leukaemia. Br J 
Haematol. 1988;70(1):43–8.

 35. Schwartz BS, et al. Epsilon-aminocaproic acid 
in the treatment of patients with acute promy-
elocytic leukemia and acquired alpha-2-plas-
min inhibitor deficiency. Ann Intern Med. 
1986;105(6):873–7.

 36. Menell JS, et al. Annexin II and bleeding in 
acute promyelocytic leukemia. N Engl J Med. 
1999;340(13):994–1004.

 37. Kwaan HC. The unique hemostatic dysfunction 
in acute promyelocytic leukemia. Semin Thromb 
Hemost. 2014;40(3):332–6.

 38. Avvisati G. Coagulopathy in APL: a step forward? 
Blood. 2012;120(1):4–6.

 39. Rodeghiero F, et al. Liver dysfunction rather than 
intravascular coagulation as the main cause of low 
protein C and antithrombin III in acute leukemia. 
Blood. 1984;63(4):965–9.

 40. Falanga A, Barbui T, Rickles FR. Hypercoagulability 
and tissue factor gene upregulation in hemato-
logic malignancies. Semin Thromb Hemost. 2008; 
34(2):204–10.

 41. Boccaccio C, et al. The MET oncogene drives a 
genetic programme linking cancer to haemostasis. 
Nature. 2005;434(7031):396–400.

 42. Rong Y, et al. PTEN and hypoxia regulate tissue fac-
tor expression and plasma coagulation by glioblas-
toma. Cancer Res. 2005;65(4):1406–13.

 43. Yu JL, et al. Oncogenic events regulate tissue factor 
expression in colorectal cancer cells: implications 
for tumor progression and angiogenesis. Blood. 
2005;105(4):1734–41.

 44. Furie B, Furie BC. Mechanisms of thrombus forma-
tion. N Engl J Med. 2008;359(9):938–49.

 45. Andoh K, et al. Tissue factor activity in leukemia 
cells. Special reference to disseminated intravascular 
coagulation. Cancer. 1987;59(4):748–54.

 46. Gouault Heilmann M, et al. The procoagulant fac-
tor of leukaemic promyelocytes: demonstration of 
immunologic cross reactivity with human brain tis-
sue factor. Br J Haematol. 1975;30(2):151–8.

 47. Bauer KA, et al. Tissue factor gene expression 
in acute myeloblastic leukemia. Thromb Res. 
1989;56(3):425–30.

 48. Hair GA, et al. Tissue factor expression in human 
leukemic cells. Leuk Res. 1996;20(1):1–11.

 49. Cheng GX, et al. Distinct leukemia phenotypes in 
transgenic mice and different corepressor interac-
tions generated by promyelocytic leukemia variant 
fusion genes PLZF-RARalpha and NPM-RARalpha. 
Proc Natl Acad Sci U S A. 1999;96(11):6318–23.

 50. Kwaan HC, Rego EM. Role of microparticles in the 
hemostatic dysfunction in acute promyelocytic leu-
kemia. Semin Thromb Hemost. 2010;36(8):917–24.

 51. Ma G, et al. Increased promyelocytic-derived mic-
roparticles: a novel potential factor for coagulopa-
thy in acute promyelocytic leukemia. Ann Hematol. 
2013;92(5):645–52.

 52. Falanga A, Gordon SG. Isolation and characterization 
of cancer procoagulant: a cysteine proteinase from 
malignant tissue. Biochemistry. 1985;24(20):5558–67.

 53. Donati MB, et al. Cancer procoagulant in human 
tumor cells: evidence from melanoma patients. 
Cancer Res. 1986;46(12 Pt 1):6471–4.

 54. Mielicki W, et al. Procoagulant activity of human stom-
ach and colon cancers. Oncology. 1990;47(4):299–302.

 55. Falanga A, et al. A new procoagulant in acute leuke-
mia. Blood. 1988;71(4):870–5.

 56. Donati MB, et al. Cancer procoagulant in acute 
non lymphoid leukemia: relationship of enzyme 
detection to disease activity. Thromb Haemost. 
1990;64(1):11–6.

 57. Hajjar KA. Cellular receptors in the regulation of plas-
min generation. Thromb Haemost. 1995;74(1):294–301.

 58. Bennett B, et al. The bleeding disorder in acute 
promyelocytic leukaemia: fibrinolysis due to 
u-PA rather than defibrination. Br J Haematol. 
1989;71(4):511–7.

 59. Francis RB Jr, Seyfert U. Tissue plasminogen activa-
tor antigen and activity in disseminated intravascular 
coagulation: clinicopathologic correlations. J Lab 
Clin Med. 1987;110(5):541–7.

 60. Stephens R, et al. Production of an active urokinase 
by leukemia cells: a novel distinction from cell lines 
of solid tumors. Leuk Res. 1988;12(5):419–22.

 61. Liu Y, et al. The expression of annexin II and its role 
in the fibrinolytic activity in acute promyelocytic 
leukemia. Leuk Res. 2011;35(7):879–84.

 62. Kwaan HC, Wang J, Weiss I. Expression of recep-
tors for plasminogen activators on endothelial cell 
surface depends on their origin. J Thromb Haemost. 
2004;2(2):306–12.

 63. Stein E, et al. The coagulopathy of acute promy-
elocytic leukaemia revisited. Best Pract Res Clin 
Haematol. 2009;22(1):153–63.

 64. Graf M, et al. High expression of urokinase plasmin-
ogen activator receptor (UPA-R) in acute myeloid 
leukemia (AML) is associated with worse prognosis. 
Am J Hematol. 2005;79(1):26–35.

 65. Egbring R, et al. Demonstration of granulocytic 
proteases in plasma of patients with acute leukemia 
and septicemia with coagulation defects. Blood. 
1977;49(2):219–31.

 66. Nevo S, et al. Acute bleeding after bone marrow 
transplantation (BMT)- incidence and effect on 
survival. A quantitative analysis in 1,402 patients. 
Blood. 1998;91(4):1469–77.

 67. Brower MS, Harpel PC. Proteolytic cleavage and 
inactivation of alpha 2-plasmin inhibitor and C1 
inactivator by human polymorphonuclear leukocyte 
elastase. J Biol Chem. 1982;257(16):9849–54.

 68. Sterrenberg L, et al. Anticoagulant properties of 
purified X-like fragments of human fibrinogen 
produced by degradation with leukocyte elastase. 
Thromb Haemost. 1984;51(3):398–402.

 69. Sterrenberg L, Nieuwenhuizen W, Hermans 
J. Purification and partial characterization of a 
D-like fragment from human fibrinogen, produced 

A. Falanga et al.



69

by human leukocyte elastase. Biochim Biophys 
Acta. 1983;755(2):300–6.

 70. Griffin JD, et al. Secretion of interleukin-1 by acute 
myeloblastic leukemia cells in vitro induces endo-
thelial cells to secrete colony stimulating factors. 
Blood. 1987;70(4):1218–21.

 71. Khan MM, et al. Upregulation of tissue factor in 
monocytes by cleaved high molecular weight kinin-
ogen is dependent on TNF-alpha and IL-1beta. Am J 
Physiol Heart Circ Physiol. 2010;298(2):H652–8.

 72. Cozzolino F, et al. Potential role of interleukin-1 
as the trigger for diffuse intravascular coagulation 
in acute nonlymphoblastic leukemia. Am J Med. 
1988;84(2):240–50.

 73. Raica M, Cimpean AM, Ribatti D. The role of 
podoplanin in tumor progression and metastasis. 
Anticancer Res. 2008;28(5B):2997–3006.

 74. Lavallée VP, Marquis M, Bordeleau ME, Chagraoui 
J, MacRae T, Boivin I, Boucher G, Gendron P, 
Lemieux S, Bonnefoy A, Rivard GE, Hébert J, 
Sauvageau G. Transcriptional landscape of APL 
identifies aberrant podoplanin expression as a defin-
ing feature and missing link for the bleeding disorder 
of this disease. Blood. 2016;128:1075.

 75. Federici AB, et al. Proteolysis of von Willebrand 
factor is decreased in acute promyelocytic leukae-
mia by treatment with all-trans-retinoic acid. Br J 
Haematol. 1996;92(3):733–9.

 76. Tallman MS, et al. All-trans retinoic acid in acute 
promyelocytic leukemia: long-term outcome and 
prognostic factor analysis from the North American 
Intergroup protocol. Blood. 2002;100(13):4298–302.

 77. Falanga A, et al. Cancer procoagulant in the 
human promyelocytic cell line NB4 and its 
modulation by all-trans-retinoic acid. Leukemia. 
1994;8(1):156–9.

 78. Koyama T, et al. All-trans retinoic acid upregulates 
thrombomodulin and downregulates tissue- factor 
expression in acute promyelocytic leukemia cells: dis-
tinct expression of thrombomodulin and tissue factor 
in human leukemic cells. Blood. 1994;84(9):3001–9.

 79. De Stefano V, et al. Effect of all-trans retinoic acid 
on procoagulant and fibrinolytic activities of cul-
tured blast cells from patients with acute promyelo-
cytic leukemia. Blood. 1995;86(9):3535–41.

 80. Falanga A, et al. Cancer procoagulant and tissue fac-
tor are differently modulated by all-trans-retinoic 
acid in acute promyelocytic leukemia cells. Blood. 
1998;92(1):143–51.

 81. Saito T, et al. Anticoagulant effects of retinoic acids 
on leukemia cells. Blood. 1996;87(2):657–65.

 82. Ishii H, et al. Retinoic acid counteracts both the 
downregulation of thrombomodulin and the induc-
tion of tissue factor in cultured human endothe-
lial cells exposed to tumor necrosis factor. Blood. 
1992;80(10):2556–62.

 83. Falanga A, et al. All-trans-retinoic acid counteracts 
endothelial cell procoagulant activity induced by a 
human promyelocytic leukemia-derived cell line 
(NB4). Blood. 1996;87(2):613–7.

 84. Oeth P, et al. Retinoic acid selectively inhib-
its lipopolysaccharide induction of tissue fac-
tor gene expression in human monocytes. Blood. 
1998;91(8):2857–65.

 85. Zhu J, et al. Tissue factors on acute promyelocytic 
leukemia and endothelial cells are differently regu-
lated by retinoic acid, arsenic trioxide and chemo-
therapeutic agents. Leukemia. 1999;13(7):1062–70.

 86. Raelson JV, et al. The PML/RAR alpha oncop-
rotein is a direct molecular target of retinoic acid 
in acute promyelocytic leukemia cells. Blood. 
1996;88(8):2826–32.

 87. Brand K, et al. Tissue factor mRNA in THP-1 mono-
cytic cells is regulated at both transcriptional and 
posttranscriptional levels in response to lipopolysac-
charide. Mol Cell Biol. 1991;11(9):4732–8.

 88. Fang Y, et al. PML-RARa modulates the vascu-
lar signature of extracellular vesicles released by 
acute promyelocytic leukemia cells. Angiogenesis. 
2016;19(1):25–38.

 89. Tapiovaara H, et al. Induction of differentiation of 
promyelocytic NB4 cells by retinoic acid is associ-
ated with rapid increase in urokinase activity subse-
quently downregulated by production of inhibitors. 
Blood. 1994;83(7):1883–91.

 90. Marchetti M, et al. All-trans-retinoic acid increases 
adhesion to endothelium of the human promy-
elocytic leukaemia cell line NB4. Br J Haematol. 
1996;93(2):360–6.

 91. Vahdat L, et al. Early mortality and the retinoic acid syn-
drome in acute promyelocytic leukemia: impact of leu-
kocytosis, low-dose chemotherapy, PMN/RAR-alpha 
isoform, and CD13 expression in patients treated with 
all-trans retinoic acid. Blood. 1994;84(11):3843–9.

 92. Di Noto R, et al. All-trans retinoic acid promotes 
a differential regulation of adhesion molecules on 
acute myeloid leukaemia blast cells. Br J Haematol. 
1994;88(2):247–55.

 93. Larson RS, Brown DC, Sklar LA. Retinoic acid 
induces aggregation of the acute promyelocytic leu-
kemia cell line NB-4 by utilization of LFA-1 and 
ICAM-2. Blood. 1997;90(7):2747–56.

 94. Dubois C, et al. Modulation of IL-8, IL-1 beta, 
and G-CSF secretion by all-trans retinoic acid 
in acute promyelocytic leukemia. Leukemia. 
1994;8(10):1750–7.

 95. Marchetti M, et al. All-trans retinoic acid modulates 
microvascular endothelial cell hemostatic proper-
ties. Haematologica. 2003;88(8):895–905.

 96. Melnick A, Licht JD. Deconstructing a disease: 
RARalpha, its fusion partners, and their roles in 
the pathogenesis of acute promyelocytic leukemia. 
Blood. 1999;93(10):3167–215.

 97. Emadi A, Gore SD. Arsenic trioxide—an old drug 
rediscovered. Blood Rev. 2010;24(4–5):191–9.

 98. Zhou J, et al. Phosphatidylserine exposure and pro-
coagulant activity in acute promyelocytic leukemia. 
J Thromb Haemost. 2010;8(4):773–82.

 99. Zhang X, et al. [The impact of arsenic trioxide or 
all-trans retinoic acid treatment on coagulopathy in 

5 Acute Promyelocytic Leukemia Coagulopathy



70

acute promyelocytic leukemia]. Zhonghua Nei Ke 
Za Zhi. 2001;40(12):829–33.

 100. Watts JM, Tallman MS. Acute promyelocytic leuke-
mia: what is the new standard of care? Blood Rev. 
2014;28(5):205–12.

 101. Squizzato A, et al. Supportive management strategies for 
disseminated intravascular coagulation. An international 
consensus. Thromb Haemost. 2016;115(5):896–904.

 102. Sanz MA, Lo-Coco F. Modern approaches to treat-
ing acute promyelocytic leukemia. J Clin Oncol. 
2011;29(5):495–503.

 103. Sanz MA, et al. Risk-adapted treatment of acute 
promyelocytic leukemia with all-trans retinoic acid 
and anthracycline monochemotherapy: long-term 
outcome of the LPA 99 multicenter study by the 
PETHEMA Group. Blood. 2008;112(8):3130–4.

 104. Rickles FR, et al. Bleeding and thrombosis in acute 
leukemia: what does the future of therapy look like? 
Thromb Res. 2007;120(Suppl 2):S99–106.

 105. Sanz MA, Montesinos P. Open issues on bleeding 
and thrombosis in acute promyelocytic leukemia. 
Thromb Res. 2010;125(Suppl 2):S51–4.

 106. Sanz MA, et al. Management of acute promyelocytic 
leukemia: recommendations from an expert panel 
on behalf of the European LeukemiaNet. Blood. 
2009;113(9):1875–91.

 107. Rodeghiero F, et al. Early deaths and anti- 
hemorrhagic treatments in acute promyelocytic 
leukemia. A GIMEMA retrospective study in 268 
consecutive patients. Blood. 1990;75(11):2112–7.

 108. Bassan R, et al. Short-term treatment for adult 
hypergranular and microgranular acute promyelo-
cytic leukemia. Leukemia. 1995;9(2):238–43.

 109. Arbuthnot C, Wilde JT. Haemostatic problems 
in acute promyelocytic leukaemia. Blood Rev. 
2006;20(6):289–97.

 110. Zver S, Andoljsek D, Cernelc P. Effective treat-
ment of life-threatening bleeding with recom-
binant activated factor VII in a patient with 
acute promyelocytic leukaemia. Eur J Haematol. 
2004;72(6):455–6.

 111. Alimoghaddam K, Ghavamzadeh A, Jahani M. Use 
of Novoseven for arsenic trioxide-induced bleeding 
in PML. Am J Hematol. 2006;81(9):720.

A. Falanga et al.



71© Springer International Publishing AG, part of Springer Nature 2018 
O. Abla et al. (eds.), Acute Promyelocytic Leukemia, https://doi.org/10.1007/978-3-319-64257-4_6

Early Death in Acute Promyelocytic 
Leukemia

Sören Lehmann

 Introduction

Already in the first report by Hillestad in 1957, 
APL was described as a form of leukemia charac-
terized by a high risk of early mortality [1]. Ever 
since, APL has been known as a medical emer-
gency [2]. With the remarkable improvement in 
cure rates due to the introduction of all-trans reti-
noic acid (ATRA) and arsenic trioxide (ATO), 
APL has gone from being one of the most fatal 
forms of acute leukemia to be the most curable [3]. 
As a result of these improvements and rarity of 
treatment resistance, early death (ED) now consti-
tutes the major obstacle to cure in APL. Thus, we 
can expect to see an increased focus on ED and the 
APL-related coagulopathy in the future. It is still 
unclear to what extent the introduction of ATO 
treatment will affect this coagulopathy and the 
subsequent thrombo- hemorrhagic complications. 
Infection-related ED may decrease due to the less 
myelosuppressive effects of ATO [4, 5].

Causes of ED include APL-specific complica-
tions such as hemorrhagic and thrombotic events 
and the differentiation syndrome (DS) as well as 
complications shared with other types of acute 
leukemia such as infections due to the myelosup-

pression as a result of the disease or cytotoxic 
treatment. Measures to prevent ED have focused 
on early suspicion of the diagnosis, immediate 
start of ATRA treatment at the first suspicion of 
APL, vigilant surveillance of coagulopathy, and 
aggressive blood product transfusions [6]. 
Despite these measures and the increased aware-
ness of ED, high ED rates seem to persist in 
population- based studies. This chapter will give a 
historical background as well as a review of 
the current knowledge regarding the incidence, 
causes, risk factors, and preventive treatment 
strategies of ED in APL.

 Definition and Timing of Early 
Death

Early death is commonly defined as death from 
any cause within 30 days from diagnosis [4, 8–
14], but many clinical trials use a less strict defi-
nition with deaths that occur at any time during 
the induction therapy and the aplasia period [15–
21]. However, other definitions are also used, 
especially in earlier studies where ED was 
defined as death within 5, 7, 10, 14, 28, or 40 days 
from diagnosis [2, 7, 22–25]. Earlier studies 
often discriminate between fatal bleeding that 
occurs within 5 days from diagnosis and subse-
quent death during aplasia [2, 7, 16]. This dis-
tinction partly reflects the true clinical picture 
with the immediate threat of bleeding in contrast 
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to death from infections that typically occurs 
later during induction. However, the situation is 
more complex and includes other causes of ED 
such as thrombotic events, DS, multiorgan fail-
ure, etc. Moreover, nonhemorrhagic death may 
occur very early, and a fatal bleeding may occur 
also after the first week.

The starting time point from which the occur-
rence of ED is calculated, often defined as “day 
0,” also differs between studies [9, 11, 12, 14, 
26]. These differences are important to consider 
for very early deaths and when evaluating which 
EDs could be prevented as a result of earlier 
diagnosis, earlier start of ATRA treatment and 
aggressive transfusions once APL is highly sus-
pected. In clinical trials, day 0 is often synony-
mous with the day of inclusion which usually 
coincides with the first day of ATRA treatment. 
However, in population- and hospital-based 
studies, day 0 is rather defined as the day of 
admission, the day when APL is initially sus-
pected, the day of the first abnormal blood 
counts, the day of the diagnostic bone marrow, 
or the day of diagnosis. In such studies, the start 
of ATRA treatment is often later than day 0, and 
some studies even report deaths that occur 
before day 0 when patients die before diagnostic 
confirmation [11].

One of the most typical features of ED in APL 
is the immediate threat of a sudden death around 
the time of diagnosis. It is not uncommon that the 
presenting symptoms are due to bleeding that 
becomes rapidly fatal within a few days [26]. In a 
population-based study, early death rate was the 
highest at the day of the diagnostic bone marrow 
examination, followed by the successive 4 days 
[10]. In total, the 7-day mortality ranged between 
4.9 and 22% of all patients diagnosed with APL, 
and up to 77% of all EDs occurred during the first 
week after diagnosis [10].

 Early Death in the Pre-ATRA Era

Coagulopathy, hemorrhages, and the risk of 
immediate death were factors that contributed to 
the discovery of APL as a distinct subtype of 

acute myeloid leukemia (AML) [1, 33]. Already 
during those early years, there was a focus on the 
specific coagulopathy that occurred in APL and 
studies from that time included extensive charac-
terization of patients’ coagulopathy with mea-
surement of coagulation factors such as 
fibrinogen, factor V, and prothrombin [33]. 
Didisheim et al. reviewed all 57 APL in the litera-
ture in 1964 and concluded that only three were 
alive after 4 months and that deaths were most 
commonly caused by fatal bleeding [33]. Earlier 
pre-ATRA studies report ED rates approaching 
50%, while later studies showed somewhat lower 
rates between 18 and 43% [2, 7, 24, 27–32] 
(Table 6.1). Of note, the definition of ED in the 
pre-ATRA era was more heterogeneous between 
studies compared to the current definition (see 
above).

The introduction of daunorubicin (DNR) in 
the 1960s substantially increased the chances 
of a complete remission (CR) in APL. Also, 
hemorrhages occurring during the later stages 
of induction therapy decreased when DNR 
was introduced; however, this contrasted with 
the lack of improvement in the deaths that 
occurred at a very early time point [7]. Early 
start of DNR was recommended in the first 
studies in order to decrease fatal bleeding, 
since the clearance of promyelocytes decreased 
the risk of bleeding. On the other hand, the 
introduction of more intensive chemotherapy 
increased the risk of death from infections 
during the weeks following induction chemo-
therapy. The proportion of fatal bleedings as 
the cause of EDs was almost invariably over 
60% and often above 80% during that era [2, 
24, 27–32]. However, these early reports con-
sisted of retrospective studies including con-
secutive patients from one or several centers, 
and these ED rates cannot be compared to 
those of more recent ATRA/ATO clinical trials 
that included selected APL populations with a 
lower risk of ED [2, 4, 5, 7, 15–22, 24–45]. 
Rather, the results of early pre-ATRA trials are 
more similar to recently published population-
based studies [8–14, 23, 47] (Table 6.3) when 
it comes to patient selection.
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 Early Death in Clinical Trials vs. 
Population-Based Studies

The discovery of the beneficial effect of ATRA in 
the late 1980s was followed by a large number of 
clinical trials confirming the benefit of ATRA 
and successively of ATO in phase II and random-
ized phase III trials (Table 6.2) [4, 15, 16, 18, 22, 
26, 34, 36, 39, 42, 48]. These clinical trials are 
usually large and typically report ED rates 
between 3 and 10% with only rare studies report-
ing ED rates >10% (Table 6.2). The median age 
in these studies ranged between 35 and 45 years, 
and the number of high-risk patients was between 
21 and 28%. Compared to the pre-ATRA era, the 
proportion of hemorrhages as the cause of ED 
appeared somewhat lower.

Although inclusion criteria differed between 
these clinical trials, they almost invariably 
excluded patients with the highest risk of ED 
such as patients with poor performance status, 
the most elderly patients, those with severe infec-
tions and significant comorbidities [14, 26]. Also, 
patients with ongoing intracranial or pulmonary 
bleeding and patients that died before the inclu-
sion or even before being considered for a clini-
cal trial were routinely excluded [18, 26]. In a 
population-based study, up to 35% of patients 
suffering from ED did not receive ATRA [11]. 
Rahme et al. reported that up to one third of the 
patients might not be eligible for inclusion in 
clinical trials. The reasons for exclusion included 
refusal of the patient to enter the study, initial 
admissions to ICU, older age and/or comorbidi-
ties, previous cancers, and contraindications to 
anthracyclines as well as rapid death before start 
of treatment. In their study, the ED rate was 2.5% 
in patients included in clinical trials compared to 
17% in patients that were not included. However, 
these figures excluded patients that died before 
the start of ATRA treatment which was reported 
to be 2.2% [14]. The age was higher in patients 
excluded from clinical trials, but other factors 
such as initial white blood cell (WBC) count did 
not differ.

The study by Rahme et al. aimed to include all 
APL patients in selected French centers with 
the goal of capturing also patients within the 

 hospitals’ catchment area who were not eligible 
for a clinical trial. The study showed a larger pro-
portion of ineligible patients compared to reports 
from clinical trials where approximately 5% of 
the patients were ineligible [22, 25, 26]. The 
PETHEMA group showed that two thirds of the 
patients were ineligible due to intracranial hem-
orrhages or infections, while one third of the 
patient were considered too old or having a very 
poor performance status and/or severe comor-
bidities [26]. Poor performance status may also 
be a result of an intracerebral bleeding since 
these conditions may co-occur [45]. Other stud-
ies report lack of confirmed PML-RARA fusion 
by an appropriate method to be the most common 
reason for ineligibility into a trial [19]. In a study 
by Lengfelder et al., 2.6% of the patients were 
excluded from a clinical trial due to a fatal bleed-
ing, and 9% were excluded for any reason [39].

As a consequence of exclusion criteria and 
deaths occurring before inclusion in a trial, we can 
expect clinical trials to underestimate ED rates 
compared to population-based or hospital- based 
studies, as well as compared to the experience in 
clinical practice. Table 6.3 shows characteristics 
and ED rates in population-based registries or in 
studies that include unselected consecutive APL 
patients in one or several hematological centers. 
Indeed, the ED rates in such studies ranged between 
10 and 32% [8, 10–14, 23, 47] (Table 6.2). The age 
and the proportion of high-risk patients in these 
population-based studies were higher than in clini-
cal trials, likely due to the fact that exclusion crite-
ria are directly or indirectly linked to age and WBC 
as well as to factors discussed above. The highest 
ED rates, ranging between 26 and 32%, are 
reported in studies from Brazil, Sweden, and 
Stanford [10–12, 23]. The largest registry-based 
studies from the USA and Canada report rates 
between 17 and 21% [8, 13, 47], while some other 
hospital-based trials from Canada, USA, and 
France reported ED rates of 9–14% [9, 13, 14]. The 
difference in ED rates between these studies is 
unclear but may be due to several factors. Patients’ 
selection may still differ due to differences in the 
actual coverage of the cohort in relation to all APL 
cases in the area, with biases that exclude patients 
with a higher or lower risk of ED. There may also 
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be differences in the staff’s experience and in treat-
ment traditions. However, it is not clear from these 
reports what the most likely reasons for the varia-
tions between studies are. The aim of a population- 
based study is to include all APL patients diagnosed 
within a specific region or country, and such stud-
ies are ideally based on population-based registries 
with a good coverage. However, the coverage may 
also differ between registries depending on the 
methodology of case reporting. Center or hospital-
based studies normally aim to cover all cases 
admitted to one or several centers, usually assum-
ing that all patients within a hospital’s catchment 
area are admitted to a specific hospital.

In conclusion, well-performed clinical trials 
constitute the major driver behind the tremendous 
success story of APL treatment. Nevertheless, 
focusing only on results from clinical trials will 
lead to an underestimation of the most significant 
unmet medical need in APL, such as early deaths. 
Thus, population-based APL registries and other 
studies of unselected APL patient cohorts will be 
crucial in defining and preventing one of the most 
significant challenges for APL in the future.

 Causes of Early Death

 Bleeding

Symptoms and/or signs of bleeding are present at 
presentation in 67–94% of APL patients [15, 19, 
29, 30, 49]. The most common sites of such ini-
tial hemorrhages are the skin and mucous mem-
branes. In contrast, fatal bleedings are dominated 
by intracranial hemorrhage (ICH) followed by 
pulmonary hemorrhage. Other sites of bleeding 
such as the gastrointestinal and the urogenital 
tracts are very rarely reported as being fatal [26]. 
Yanada et al. studied the occurrence of severe 
bleeding in 279 patients and found that 18 (6.4%) 
of the patients developed severe bleeding with a 
median of 7 days from diagnosis, and 9 (56%) of 
the patients with a severe bleeding suffered an 
early death [45]. A large study of 1009 patients 
included in clinical trials reported an incidence of 
hemorrhagic deaths of 3.7% [50]. One study 
showed that for patients with a severe but nonfa-
tal bleeding who achieve a CR, no survival 

 difference was reported compared to patients 
without a severe bleeding [45]. However, other 
studies have shown an increased risk of CNS 
relapse in patients who survive an ICH [51].

In Tables 6.1, 6.2, and 6.3, the proportion of the 
EDs caused by hemorrhages is shown from a large 
number of studies [2, 4, 5, 9–12, 14–32, 34–39, 
42–47]. While the percentage varies considerably, 
most studies reported between 35 and 70% of the 
deaths to be attributed to bleeding and, invariably 
in these studies, ICH dominated as a cause of death. 
The proportion of bleedings appears higher in clin-
ical trials compared to population- based studies, 
although comparisons are difficult due to the het-
erogeneity of the studies. The reason for a lower 
proportion in population- based studies may be the 
older age and poorer performance status; thus a 
larger proportion of deaths are due to infections, 
organ failures, and other nonhemorrhagic causes.

The majority of fatal bleeding events occur 
during the first week of treatment, and several 
studies show a median time of 4–7 days from 
diagnosis to fatal bleeding [9, 11, 26, 39]. Most 
patients who die from bleeding have a fulminant 
course with death occurring within 24 h [26]. 
Hemorrhages may occur up to week 4, although 
they become much less frequent after the first and 
second week. There are data to support that ICH 
tends to occur earlier compared to pulmonary 
bleeding, with a median time of 6 vs. 9 days, 
respectively [26]. Once the patient has achieved a 
CR, the risk of bleeding becomes comparable to 
that of other subtypes of AML, where thrombo-
cytopenia resulting from intensive chemotherapy 
may cause bleeding.

 Infections

Infections are the second most common cause of 
ED in APL occurring in 10–28% of ED cases. 
Compared to bleeding-related deaths, deaths due to 
infections occur later with a median time of 21 days 
after start of treatment [26]. Also, the age of the 
patients that succumb to infections is usually higher 
compared to that of patients who die from bleeding 
[11, 36, 39]. Pneumonia is reported to be the most 
common type of infection followed by septicemia, 
and the type of infection does not appear to be 
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 different from what is seen during induction treat-
ment for other AML subtypes [26]. Some studies 
report lower rates of infections during induction 
therapy for APL compared to other AML subtypes. 
This is potentially due to the younger age of APL 
patients and a less myelosuppressive and cytara-
bine-free induction therapy, especially in low- and 
intermediate- risk APL. ATRA in combination with 
ATO during induction has shown to be significantly 
less myelotoxic compared to ATRA/chemotherapy 
regimens [4, 5]. Induction with ATO also decreases 
the number of fever episodes and the days of anti-
biotic therapy. Thus, infectious complications are 
expected to become less frequent with the intro-
duction of ATO induction as first-line treatment, 
although it is still unclear whether this will translate 
into a decrease in the number of EDs due to 
infections.

 Thrombosis

Thrombosis is reported to occur in 2–15% of 
APLs which represents a higher figure compared 
to other types of AML [52]. De Stefano et al. 
reported thromboembolic events in 9.6% of APL 
patients compared to 3.2% in patients with non- 
APL AML [26]. Indeed, the 3–9% of the ED cases 
caused by thromboembolic events might be an 
underestimation [53]. Fatal thrombosis is domi-
nated by cerebral and cardiac ischemic events, 
although pulmonary emboli have been reported as 
well. Arterial thrombosis usually occurs early on 
during induction, whereas nonfatal deep vein 
thrombosis occurs more often during consolida-
tion phases [52]. Cerebral thrombosis may also 
occur together with ICH, and it may sometimes be 
difficult to distinguish which of these causes is the 
primary cause of death. In one study, cerebral 
thrombosis was considered as the primary fatal 
event in 2 of 24 ICH events [26]. Myocardial 
infarctions are recurrently reported as a cause of 
death in larger ED studies [26, 52, 53], however, 
usually in low numbers. Nevertheless, thrombosis 
constitutes an important ant and potentially under-
estimated cause of death in APL.

Although still controversial, ATRA treatment 
has been implicated in the occurrence of thrombo-
sis in APL. Furthermore, treatment with tranexamic 

acid to prevent lethal hemorrhages has also been 
linked to an increased risk of thrombosis and, in 
addition to the lack of proof of a beneficial effect 
of tranexamic acid, this is one of the reasons why 
the drug is not used routinely in APL. Thrombosis 
has also been associated with DS, while other risk 
factors linked to an increased risk of thrombosis in 
APL includes high WBC, presence of the PML/
RARA bcr3 transcript, morphological variant M3 
type, FLT3- ITD mutations, CD2 and CD15 
expression, low fibrinogen level at baseline and 
high platelet count, male sex, and worse PS [52].

 Differentiation Syndrome (DS)

DS is reported to occur in 2–31% of APL cases, 
although most studies report an incidence of 
around 20% [54]. Notably, the incidence can dif-
fer due to differences in the definition of DS [54]. 
In very early ATRA trials, before steroid treat-
ment was established as a standard therapy for 
suspected DS, the death rate reached almost 30% 
[55]. In later reports, between 14 and 26% of 
patients experienced ED, although this was not 
always attributed to DS since patients with severe 
DS also have an increased risk of fatal bleeding 
[51]. The risk of ED increases primarily among 
patients with severe DS where ED has been 
reported in up to 40% of cases in clinical trials, 
while in moderate DS the risk of ED is not 
increased. Among all ED events, death due to dif-
ferentiation syndrome occurs in between 3 and 
16% of the patients. Usually, these deaths occur 
later during the induction course with a median 
of 17 days after start of ATRA treatment (range 
1–28%) [26, 35]. There is no evidence that pro-
phylactic steroids decrease the risk of death due 
to DS. Poor performance status and low albumin 
are risk factors for death due to DS in univariate 
as well as in multivariable analysis [26].

 Organ Failure

Renal, respiratory, cardiac, and multiorgan fail-
ures are reported to a variable degree (Table 6.4). 
However, these situations are not always clearly 
distinguishable from each other or from other 
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causes of death. Among organ failures, multior-
gan failure is the most commonly reported with 
up to 16% of the EDs. Multiorgan failures are by 
nature complex and may be provoked by other 
potentially lethal events or a combination of life- 
threatening events. Infections and DS are not 
unlikely to be a primary event in such cases. Other 
specific organ failures such as renal and pulmo-
nary organ failures are reported in some studies. 
In one pre-ATRA study, renal failure was reported 
as a significant risk factor for early death [2].

 Early Death Risk Factors

Many factors have been reported to be associated 
with increased risk of ED in APL patients. Even 
though all newly diagnosed and suspected APL 
patients should be subjected to intensive surveil-
lance and supportive care, knowing these risk 
factors is the first step in preventing early mortal-
ity. In addition, as studies suggest that ED risk 
remains high despite the current measures, one 
could anticipate a future ambition to find new 
approaches to prevent ED.

In the far right column in Tables 6.1, 6.2, and 
6.3, factors associated with an increased risk of 
ED are listed for each APL study that included 
risk factor calculations. Although several factors 
are uniformly reported, there are differences 
between studies that partly could be explained by 
the fact that some data were not assessed and fol-
lowed in all the studies. The factors reviewed 
here are based on assessments at presentation of 

the disease. In most studies, risk factor analyses 
are mainly based on univariate analyses while a 
minority of the studies also reported statistically 
independent risk factors (see below). Some stud-
ies also identified factors associated with a failure 
to achieve CR rather than the ED rate [18, 20, 
34]. As primary ATRA resistance is extremely 
rare in APL, such figures are highly dependent on 
the ED rate and therefore, also the risk factors are 
similar to those for ED. However, only risk fac-
tors associated with death during the first weeks 
of treatment will be considered below.

The most commonly reported risk factors 
include initial WBC and peripheral blast counts, 
age, ECOG performance status, creatinine, albu-
min, male gender, microgranular variant, and 
signs of coagulopathy [2, 7–9, 16, 22, 26, 27, 29, 
36, 38]. A high WBC is unanimously reported to 
be associated with an increased ED rate although 
rare studies do not report this [14, 38]. As the 
WBC count is defining the Sanz risk score, Sanz 
risk is also associated with an increased risk of 
ED, even though this risk score was primarily 
developed to predict relapse [56]. Consequently, 
patients with high-risk disease (WBC > 10 × 109/L) 
have a higher risk of ED compared to low and 
intermediate risk, but some studies also show 
intermediate-risk patients (platelets < 40 × 109/L) 
to have a higher risk of ED compared to those at 
low risk [11]. Nevertheless, there are also studies 
that fail to report Sanz score as a risk factor [13]. 
Though Sanz risk uses 10 × 109/L as a WBC 
threshold, the WBC limit that best predicts an 
increased risk of ED remains unclear. Thresholds 
from as low as 2.5 × 109/L ranging up to 30 × 109/L 
have been described. McClellan et al. specifically 
studied the optimal cutoff and found 17 × 109/L to 
be the best discriminator, whereas others report a 
WBC of 5 or 20 × 109/L as relevant cutoffs [10, 
12, 16, 50]. The peripheral blast count, which is 
closely linked to the WBC count, is also repeat-
edly reported as a risk factor [22, 24, 26, 50].

Age is among the most frequently reported 
risk factors [11, 14, 16, 26, 47, 50], and it is usu-
ally but not invariably retained in multivariate 
analysis [26]. The performance status, measured 
as ECOG PS, is another risk factor that is com-
monly reported both in univariate and multivariate 

Table 6.4 Causes of death

Cause
Percentage of ED 
(range)

Hemorrhage 31–64

Infection 10–28

Differentiation syndrome 3–16

Multiorgan failure 6–14

Pulmonary 9–12

Thrombosis 2–9

Myocardial infarction 3–8

Renal failure 4–6

Others or unknown 3–14

Percentages in relation to all early deaths
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analysis [10, 11, 50]. However, PS is not assessed 
in all studies which explains why it is lacking as 
a risk factor in many studies. A frequently 
reported risk factor is the presence of the micro-
granular variant of APL [26, 39, 57, 58], while 
other disease-specific factors such as additional 
chromosomal abnormalities are anecdotally 
reported [42].

Blood chemistry values such as creatinine 
emerge as a risk factor for early death as well as 
for fatal bleeding although the mechanism 
behind the increased risk of bleeding remains 
elusive [10, 26]. Other lab chemistry risk factors 
that have been suggested include serum albu-
min, C-reactive protein (CRP), and lactate dehy-
drogenase (LDH); the latter is usually linked to 
the WBC count. Somewhat surprisingly, the 
platelet count at presentation seldom appears as 
a significant risk factor, although it is reported 
in some studies [10, 11]. However, individual 
studies suggest that deaths commonly occur 
when platelets are low during the initial period 
after diagnosis [2, 9]. On the other hand, 
McClellan et al. could not show an increased 
risk of ED when patients failed to reach the 
desired platelet level during the first 7 days after 
diagnosis [12]. To a variable degree, coagula-
tion factors are reported as risk factors and most 
commonly the fibrinogen level. However, the 
majority of the studies do not find the fibrinogen 
level at presentation to be predictive of ED, and 
as such it clearly differs from more uniformly 
reported risk factors such as WBC, ECOG, and 
age. However, one study showed an association 
between the number of days below 1.0 g/L in 
fibrinogen and ED during the initial week after 
diagnosis [12]. Only few studies show fibrino-
gen as well as other coagulation parameters 
including PTT to be associated with ED [9].

In studies that specifically looked at clinical 
signs of bleeding at diagnosis, such signs are also 
reported as associated with ED. In PETHEMA 
studies, a hemorrhagic score was developed 
based on clinical signs of bleeding where hema-
toma, mucosal bleeding, and hematuria each 
gave 1 point. A hemorrhagic score of 3 was a sig-
nificant risk of hemorrhagic death also in multi-
variate analysis [22]. A Californian study looked 

at ethnical and socioeconomic factors and found 
Hispanic ethnicity, but no other ethnic back-
ground, to be associated with a significantly 
increased risk of ED [33]. Another American 
study based on SEER data did not find an asso-
ciation between ED and any ethnicity [47]. 
Patients without health insurance showed a 
higher ED compared to patients with a private 
health insurance in the Californian study; how-
ever, patients with private versus public health 
insurance did not differ in ED rates [8].

Early death risk factors may vary depending 
on the cause of death. A review of PETHEMA 
studies has provided enough patients to calculate 
factors independently associated with deaths due 
to hemorrhages, infections, and DS [26]. They 
analyzed risk factors both in a univariable and a 
multivariable analysis, and in the multivariable 
analysis, patients that died from hemorrhages and 
infections shared risk factors such as older age 
and increased creatinine level, whereas hemor-
rhagic deaths were associated with high WBC, 
peripheral blast count, and coagulopathy at pre-
sentation. Early deaths due to infections were 
associated with fever at presentation and male 
gender, whereas ED due to DS was indepen-
dently associated with ECOG PS score and serum 
albumin levels. In other studies including multi-
variate analysis, the following factors were most 
commonly reported as independently associated 
with an increased ED: WBC [10, 11, 26, 50], age 
[10, 11, 13, 26], PS [10, 11] time period, Hispanic 
ethnicity, type of health insurance, as well as 
peripheral blasts, creatinine, gender, and bleed-
ing symptoms [22, 26].

 Role of ATRA in Early Death

ATRA has been shown to reverse coagulopathy 
within days from onset of the treatment [16, 59, 60], 
and this reversal is faster compared to treatment 
with chemotherapy alone [16]. Fenaux et al. showed 
that coagulopathy was significantly improved 
within a median of 4 days from start of ATRA com-
pared to 7 days during chemotherapy treatment. 
Thus, with the introduction of ATRA as standard 
therapy in APL, a treatment was introduced that 
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specifically could target and counteract the APL-
related coagulopathy which causes most of the 
early deaths. Several population- based studies 
showed higher ED rates in patients not receiving 
ATRA [9, 10, 12], but these were deaths that 
occurred before the start of treatment, and the stud-
ies did not inform about the role of ATRA for ED. In 
a study by Di Bona et al., ED was lower with a com-
bination of ATRA and idarubicin compared to his-
torical controls treated with idarubucin alone. 
Moreover, bleeding symptoms, the number of days 
with low platelet counts and fibrinogen levels were 
lower in the ATRA trial [22]. Other comparisons 
between studies performed before vs. after the 
introduction of ATRA have suggested that ED rates 
decreased with the introduction of ATRA. However, 
these studies did not compare treatment with and 
without ATRA in a controlled and randomized fash-
ion. Rather, none of the randomized trials compar-
ing ATRA and chemotherapy combinations to 
chemotherapy alone showed any significant differ-
ence in ED rate [16, 25]; thus, evidence regarding 
the role of ATRA in ED is lacking from randomized 
trials. However, these randomized trials generally 
showed low ED rates, likely due to exclusion of the 
patients with the highest risk of ED; thus, these 
studies do not confidently address the role of ATRA 
in ED prevention.

Several studies have evaluated the role of 
delay in ATRA treatment for the risk of ED, but 
most have failed to find such an association [9, 
11, 12, 14]. However, while the population-based 
study by Altman et al. did not find a significant 
increase in ED with delays of ATRA treatment, 
they found an increase in the proportion of hem-
orrhages with delays. Also, when specifically 
studying high-risk patients, the risk of ED was 
80% if ATRA administration was delayed until 
days 3–4 from first suspicion compared to 20% in 
those who received ATRA within 2 days. 
However, these observations are based on very 
few patients [9]. Delays in ATRA treatment once 
APL has been suspected seem generally infre-
quent [9–11, 14], and they are mainly caused by 
delays in suspecting the APL diagnosis. 
Nevertheless, delays from the time of symptoms 
to admission could potentially be linked to an 
increased risk of ED [9].

In conclusion, ATRA remains the most powerful 
tool in reversing the APL specific coagulopathy and 
minimizing the days with coagulopathy through 
early institution of ATRA is logical. Even though 
most studies cannot find a clear association between 
ED and delayed ATRA or even ATRA treatment at 
all, these studies have significant weaknesses and 
do not rule out a beneficial effect of ATRA. Thus, 
giving ATRA at the slightest suspicion of APL 
remains a cornerstone in the prevention of ED.

 Early Death over Time

Several studies have assessed whether ED has 
changed over time during the last decades. The 
lack of improvement or the relatively slight 
improvements presented in such studies sharply 
contrasts to the remarkable improvements in sur-
vival and cure rates during the same period. A 
SEER study from 1977 to 2007 could not find a 
significant decrease in ED comparing the pre- 
and post-ATRA [12]. This is in contrast to an 
average decrease in 3-year mortality of 61% per 
decade in the same study. Another SEER study 
showed a significant decline between the periods 
1992–1995 and 1996–2001, but when comparing 
2002–2007 to the earliest period, this was not sta-
tistically significant [47]. In a Canadian registry 
study, there was no improvement in ED during 
the period 1993–2007. In parallel, the same group 
performed a hospital-based study covering five 
centers where they found a significant decrease in 
ED rate between 1999–2004 and 2005–2010 
from 18.5 to 10.8% [13]. A Californian study 
showed a significant decrease in the 30-day ED 
between the pre-ATRA era and the ATRA from 
26 to 14%; however, there was no change in 
7-day mortality between the two periods. The 
same study could not show a significant differ-
ence between the early and late ATRA era [8]. An 
update from the Swedish registry showed no 
improvement of ED during the period of 1997–
2013 despite increased awareness and early insti-
tution of ATRA treatment [10]. In conclusion, 
although some studies show a decrease in ED 
over time, several studies cannot confirm a statis-
tically significant improvement.
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 Prevention of ED

Early deaths and the risk of fatal bleeding, as well 
as ED prevention methods, have been in focus 
since the first recognition of APL as a medical 
emergency. Treatment with heparin was previ-
ously widely used and often part of the standard 
treatment in the pre-ATRA era [7, 24, 29, 30]. 
However, since no clear benefit has been shown, 
heparin is not routinely recommended anymore 
[6, 24, 29, 61]. Similarly, antifibrinolytic agents, 
such as tranexamic acid, have not been shown to 
decrease the risk of ED [26], but rather to increase 
the risk of thrombotic events. In summary, there 
is no data to support a routine use of heparin, 
tranexamic acid, or any other anticoagulant ther-
apy as part of the standard therapy of APL.

Once APL is suspected on clinical or morpho-
logical basis, ATRA should be started immedi-
ately in order to rapidly alleviate the coagulopathy. 
Since bleeding is the most common cause of 
early fatalities, aggressive blood product transfu-
sions guided by frequent coagulation studies 
monitoring should start promptly. In general, the 
available guidelines recommend keeping a plate-
let count of 30–50 × 109/L and a fibrinogen level 
above or at least equal to 1.5 g/L. In order to 
adhere to these guidelines, platelets and coagula-
tion blood chemistry should be followed at least 
daily and more frequently when needed, and this 
policy should remain until all clinical and labora-
tory signs of coagulopathy have disappeared [6].

Early start of chemotherapy is not considered as 
important as the immediate institution of 
ATRA. However, in high-risk disease and in the 
case of increasing WBC, chemotherapy should not 
be delayed when a chemotherapy-containing pro-
tocol is used. With a rapid increase in the use of 
ATO based-protocols, more data is urgently needed 
on the role of an early start of ATO in preventing 
ED. To date, it is still recommended that ATRA is 
started at the earliest suspicion of APL while ATO 
is started when the diagnosis has been confirmed. 
This recommendation is likely to remain until a 
beneficial role of early ATO simultaneously to 
ATRA has been documented. Cytotoxic therapy 
with oral hydroxyurea is recommended when 
WBC increases above 10 × 109/L during the initial 

ATO/ATRA treatment. However, there is no data to 
indicate that this leukocytosis would increase the 
risk of ED or that using hydroxyurea in this sce-
nario would have an impact on the risk of ED.

As the differentiation syndrome represents 
one of the causes of ED, measures to prevent and 
treat DS are also among available measures to 
prevent ED. The prevention and treatment of DS 
is described in Chap. 21 of this book. Other mea-
sures that are common to any type of leukemia 
are treatment and prevention of infectious com-
plications due to the disease or its treatment. In 
patients with hyperleukocytosis, leukapheresis is 
not recommended as it has been suggested to 
even exacerbate coagulopathy and lead to an 
increased risk of ED [55].

 Conclusions

With improved antileukemic treatment in 
APL, prevention of early mortality is a key 
element in increasing the cure rate. Even 
though the challenges are substantial, the 
excellent prognosis of patients that do not suc-
cumb to ED underlines not only the need to 
adhere to current guidelines but also to find 
new ways to prevent early mortality.
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 Introduction

The prognosis of acute promyelocytic leukemia 
(APL) has extraordinarily improved since the 
introduction of anthracycline-based chemother-
apy [1], but especially after the advent of all- trans 
retinoic acid (ATRA) [2] and arsenic trioxide 
(ATO) [3]. In fact, following the optimization of 
frontline therapy with the use of a simultaneous 
combination of ATRA and anthracycline- based 
chemotherapy, primary resistance during induc-
tion therapy has virtually disappeared, with death 
during induction remaining as the only cause of 
failure [4]. In addition, using ATRA and anthracy-
cline-based approaches, both in induction and 
post-remission therapy, several groups have 

reported a dramatic reduction in relapse rates to 
roughly 10% of patients who achieve first com-
plete remission (CR) [5–9]. Such improvements 
in APL prognosis have also been reported with 
alternative treatments based on the addition of 
ATO to the conventional ATRA plus chemother-
apy combination [10–15], but also with the com-
bination of ATRA and ATO without or with 
minimal use of chemotherapy [16, 17].

Death during induction therapy and relapse 
are currently the major events involved in thera-
peutic failures in patients with APL. However, 
other less frequent but important late events, such 
as death while in first CR during post-remission 
therapy and the development of therapy-related 
neoplasms, have also an impact on patient out-
come and, therefore, should be taken into account 
to design curative strategies for patients with 
APL. In this regard, the study of key characteris-
tics associated with these events (prognostic fac-
tors) has always been considered a matter of 
great interest, since their recognition would 
translate into therapeutic improvements. In fact, 
over the past two decades, most therapeutic 
approaches have been designed following risk- 
adapted strategies in order to optimize the thera-
peutic efficacy by minimizing side effects, 
particularly in those patients considered at low 
risk of developing a given event.

In this chapter, in addition to review the 
prognostic factors of classical composite end 
points, such as CR rate, disease-free survival 
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(DFS), event-free survival (EFS), and overall 
survival (OS), we will also discuss those 
patient and disease characteristics associated 
with specific events which determine the previ-
ously mentioned composite end points. Thus, 
for example, together with the recognition of 
prognostic factors of induction response, typi-
cally analyzed as a binary end point, the iden-
tification of predictive factors of the different 
causes of induction failure would provide an 
added value. The recognition of specific pre-
dictors of the different causes of induction fail-
ure would allow the design of tailored 
approaches according to the specific risk of 
death due to bleeding, infection, or differentia-
tion syndrome (DS). Furthermore, assuming 
that the effectiveness of treatment is a major 
determinant in prognosis, this issue should be 
analyzed today in the context of the two princi-
pal therapeutic approaches currently used for 
APL, such as ATRA plus chemotherapy-based 
and ATRA plus ATO-based therapy.

 Prognostic Factors of Induction 
Response

Classically, prognostic factors of induction 
response have been assessed considering only the 
binary option of CR versus induction failure, 
considering the latter as a whole. Table 7.1 shows 
the prognostic factors found in most representa-
tive series of patients with APL treated using 
modern therapeutic approaches. To analyze prog-
nostic factors of induction response, the vast 
majority of these studies considered all causes of 
induction death as a single event.

The prognostic impact of WBC counts on 
induction response has been demonstrated in vir-
tually all series (Table 7.1). Both in patients 
treated with ATRA plus anthracycline-based che-
motherapy [4, 7, 18–24] and in those managed 
with ATO-based treatment [25, 26], WBC count 
is associated with a higher risk of induction fail-
ure. The cutoff point generally used for WBC 
count is 10 × 109/L at presentation. The prognos-
tic impact of age is also an almost constant find-
ing in series including sufficient patients with a 

wide age range, with older patients being those 
with a higher risk of induction failure.

Other patient and disease characteristics 
have also been reported less consistently as 
prognostic factors of induction failure. The 
presence of coagulopathy, abnormal serum cre-
atinine, and albumin levels at presentation have 
been recognized as prognostic factors in two 
large series [4, 24].

A higher induction mortality rate in CD56- 
positive patients was originally suggested in a 
study based on a small series of patients not 
receiving a state-of-the-art treatment [27]. In a 
large study including 651 patients homoge-
neously treated with AIDA regimen [28], a mul-
tivariable analysis was able to demonstrate an 
independent prognostic value of CD56 positivity 
(≥20% of leukemic cells) not only for relapse 
(which will be discussed below) but also as pre-
dictor of induction death. Despite of the associa-
tion of CD56 expression with other recognized 
adverse factors for induction response [4], this 
phenotypic feature was selected to enter into the 
regression model together with abnormal creati-
nine level, WBC count greater than 10 × 109/L, 
age older than 60 years, male sex, and ECOG 
more than 1 [28].

Carriers of a functional variant in the core pro-
moter of the CD95 cell death receptor gene, who 
were enrolled in the United Kingdom Medical 
Research Council (MRC) AML 12 trial, were 
more likely to die during remission induction and 
had a significantly worse overall survival [29]. To 
the best of our knowledge, this finding has not yet 
been validated in other studies.

A relationship between additional chromo-
somal abnormalities (ACA) and induction out-
come in APL was first suggested in the 1990s in 
two retrospective studies carried out in small 
series of patients mostly treated with chemother-
apy alone [30, 31]. More recently, also in a small 
cohort of patients managed with ATRA plus 
anthracycline-based induction therapy, the 
German AML Study Group [20] found that 
patients dying during induction therapy had sig-
nificantly higher likelihood of trisomy 8 or 
abn(7q). However, other larger studies in 
patients with APL managed with state-of-the-art 
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 treatments have not found such impact on induc-
tion outcome [32–35].

Some additional studies shown in Table 7.2 
have analyzed separately specific induction out-
comes instead of induction response as a whole. 
A study of the Italian GIMEMA group reported a 
significant association between peripheral blast 
counts, hemorrhagic score and early death 
(<day 10) [19]. On the other hand, a study of 
the European APL group was unable to find 
any pretreatment feature associated with mor-
tality due to DS [36]. In contrast, a larger study 
of the PETHEMA-HOVON groups identified 
ECOG score >1 and low albumin levels to be 
associated with an increased risk of death due 
to this syndrome [4]. In addition, this analysis 
identified specific and distinct pretreatment set 
of characteristics associated with an increased 
risk of death due to hemorrhage (abnormal cre-
atinine level, increased peripheral blast counts, 
and presence of coagulopathy) and infection 
(age > 60 years, male gender, and fever at presen-
tation). This study provided clinically relevant 
information for practice and for designing risk-
adapted strategies focused on reducing mortality 
from hemorrhage, infection, and DS during early 
treatment phases of APL.

An increased body mass index at diagnosis 
has also been associated with a higher risk of 
developing DS in APL patients treated with 

AIDA protocols, but not with an increased mor-
tality due to this syndrome [37–39].

Although many prognostic factors that were 
recognized in the pre-ATO era have now been 
challenged in the era of ATO therapy [40], there 
is enough evidence demonstrating a poorer 
induction outcome for patients with elevated 
WBC count also when they are treated with ATO- 
based regimens. In fact, most current ATO-based 
approaches include the addition of anthracyclines 
or gemtuzumab ozogamicin for induction ther-
apy in patients presenting hyperleukocytosis. The 
prognostic impact on induction outcome of other 
presenting features, such as age, gender, coagu-
lopathy, CD56 expression, creatinine, and albu-
min levels, among others, should be confirmed in 
large series treated with ATO-based regimens.

 Prognostic Factors of Induction 
Response in Children

A large retrospective study [41] has recently 
focused on determining the incidence and predic-
tors of thrombo-hemorrhagic deaths during induc-
tion therapy in children and adolescents with APL 
treated with ATRA and chemotherapy by several 
international groups. This study has shown an 
incidence of early thrombo- hemorrhagic deaths 
of 4.7%, with CNS hemorrhage being the most 

Table 7.2 Prognostic factors of specific causes of induction death with modern induction therapy

Prognostic factors identified in multivariable analysis

Study

Group No. of 
patients

CR 
rate

Induction 
death rate

Induction death due to 
bleeding

Induction 
death due to 
infection

Induction 
death due to 
DS

Di Bona 
et al. [19]

GIMEMA 499 92 8 Peripheral blast counta

Hemorrhagic scorea

Not analyzed Not 
analyzed

de la Serna 
et al. [4]

PETHEMA 732 91 9 Creatinine level
PB blast count
Coagulopathy

Age
Sex
Fever

ECOG 
score
Albumin 
level

De Botton 
et al. [36]

European APL 413 92 7 Not analyzed Not analyzed Not found

Yanada 
et al. [72]

JALSG 279 95 5 Fibrinogen levelb

WBC countb

PS scoreb

Not analyzed Not 
analyzed

aPrognostic factors of early death (<day 10)
bPrognostic factors of severe hemorrhage (half of them were not lethal)
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common site for this lethal complication. High 
WBC (>10 × 109/L) and high PB blast 
(>30 × 109/L), M3v morphological subtype and 
black ethnicity were identified as predictors of 
hemorrhagic death during induction therapy in 
univariable analysis. However, in multivariable 
analysis, only high WBC count retained an inde-
pendent prognostic value together with obesity, 
defined as a body mass index ≥95 percentile for 
age. As far as we know, no other studies have 
been reported regarding prognostic factors of 
induction outcomes in children.

 Prognostic Factors of Post- 
remission Outcomes

Prognostic factors of specific post-remission out-
comes, such as relapse, death during remission, 
and development of therapy-related myeloid neo-
plasms (t-MN) have been analyzed in only a mar-
ginal way in the majority of studies in APL. In 
addition, these events have generally been con-
sidered as a whole in a context of composite end 
points, such as EFS, DFS, and OS. However, the 
interpretation of composite end points with coex-
isting competing risks can reduce precision in 
estimating not only the probability of the occur-
rence of primary events [42], but also the prog-
nostic factors involved in these adverse events. 
Therefore, in this chapter, we will review the 
prognostic factors implicated in the classical 
composite end points (EFS, DFS, OS), but also 
those found in the most important primary events 
(relapse, death during remission, t-MN).

 Predictors of Composite End Points

Similar to induction response, the prognostic 
impact of WBC counts on the risk of relapse is 
universally accepted, regardless of the type of 
treatment used, with a higher risk for patients 
with WBC counts greater than 10 × 109/L at pre-
sentation. The prognostic value of WBC counts 
has a variable impact on composite end points in 
which relapse is one of the events directly consid-
ered, such as EFS, DFS, and RFS. Despite the 

indirect effect that relapse may have on OS, the 
impact of WBC counts on this end point may not 
appear evident due to the high antileukemic effi-
cacy of salvage therapy in APL. In this regard, 
the score defined after a joint GIMEMA and 
PETHEMA study [43], based on the presenting 
WBC and platelet counts, has been regarded as 
the mainstay for risk stratification in most APL 
clinical trials, being so widely adopted because 
of its simplicity and reproducibility.

Other prognostic factors, such as male gender 
and morphologic classification, M3V, and classi-
cal M3 APL, have occasionally been associated 
with post-remission outcomes, but they lose their 
prognostic value when adjusted for the WBC or 
relapse risk score [44].

In general, prognostic factors different to WBC 
and relapse risk score have not been incorporated 
into decision-making, with the exception, to the 
best of our knowledge, of age and CD56 expres-
sion. Using a 20% cutoff point of leukemic pro-
myelocytes expressing CD56 in three subsequent 
PETHEMA trials with AIDA- derived approaches 
(LPA96, LPA99, and LPA2005 trials), CD56 was 
found to be an independent prognostic factor not 
only for induction death, as previously mentioned, 
but also for relapse [28]. Subsequent to this study, 
PETHEMA trials have incorporated CD56 
expression for refining risk stratification. In par-
ticular, in the context of risk-adapted consolida-
tion therapy, patients classified according to 
relapse-risk score [43] are now upgraded one 
level when CD56 is positive. Thus, low- and inter-
mediate-risk CD56- positive patients are treated 
for consolidation as intermediate- and high-risk 
patients, respectively.

It has been suggested that various molecular 
features could be useful to predict outcomes in 
APL, but most of these molecular predictors have 
still not been validated. In addition, logistic and 
technical issues have hampered a generalized use 
of these sophisticated tools so far.

The prognostic impact of FLT3 mutations has 
been widely analyzed in the context of ATRA plus 
chemotherapy with controversial results [45–55]. 
The methodological heterogeneity of these studies 
regarding the sample size, diversity of treatments, 
use or not of multivariable analysis, as well as the 
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variables and end points analyzed, make it difficult 
to obtain reliable and definitive conclusions. The 
vast majority of these studies, however, have 
revealed a strong association between leukocytosis 
and FLT3 mutations. In this regard, the results 
reported in a large cohort by the PETHEMA-
HOVON group [52] showed that FLT3-ITD status 
was removed from the regression equation when 
the WBC count was included in the multivariable 
analysis, suggesting that the adverse outcome of 
this mutation is attributable to its relationship with 
elevated WBC count. Furthermore, this study was 
unable to demonstrate the adverse prognostic 
impact that had previously been reported for the 
FLT3-D835 mutation [47] and the ratio and length 
of FLT3-ITD mutations [48].

The prognostic impact of FLT3 mutations has 
been less often studied in APL patients treated 
with ATO-based regimens. In this regard, neither 
the Australasian Leukaemia and Lymphoma 
Group [13] nor the North American Intergroup 
[35], both using ATRA, ATO, and chemotherapy, 
found differences in any post-remission outcome 
by FLT3 status. The Italian-German APL0406 
randomized trial, using ATRA plus ATO without 
chemotherapy, but restricted to non-high risk 
patients, also failed to detect any impact of FLT3 
status on outcome [55]. Finally, an elegant study 
carried out on 535 newly diagnosed APL patients 
treated with an ATRA/ATO-based protocol at 
Shanghai Institute of Hematology and affiliated 
centers [56] deserves special mention. This study 
showed that FLT3-ITD or FLT3-TKD, N-RAS, 
and WT1 mutations were the three most common 
additional gene mutations (15.8%, 4.5%, and 
4.7%, respectively), but none of them had a sig-
nificant impact on OS and DFS. In contrast, 
mutations of epigenetic modifier genes (EMG), 
such as DNMT3A (0.3%), TET2 (4.5%), IDH1 
(0.4%), IDH2 (0.2%), and ASXL1 (1.6%), which 
together account for 6.5%, showed an indepen-
dent prognostic value for DFS in multivariable 
analysis, together with the relapse risk score [43], 
whereas for OS this score was the only factor 
indicating poor prognosis.

In addition to mutations, the expression of 
several genes has also been explored as prognos-
tic molecular markers in APL. Three subsequent 

studies of the German AML Cooperative Group 
(AMLCG) [57–59], carried out on relatively 
small cohorts of patients enrolled in two consecu-
tive trials, showed that the expression levels of 
three different genes, BAALC [57], ERG [58], 
and WT1 [59] had an independent prognostic 
value for APL risk stratification. Based on these 
studies, a molecular risk score, which includes 
the expression level of the three genes, has been 
developed [60]. This integrative risk score was 
able to divide patients into two groups with sta-
tistically significant differences in OS, RFS, and 
CIR. The prognostic value of the expression of 
other genes has also been reported. A study car-
ried out on patients enrolled in the International 
Consortium of APL trial showed that a low 
expression of KMT2E is associated with a shorter 
OS [61] and a higher DNp73/TAp73 RNA 
expression ratio with a lower OS and DFS, as 
well as higher risk of relapse in patients with 
APL. Finally, a Spanish group has reported that 
low PRAME expression defines a subgroup of 
APL patients with a short RFS [62].

Based on a large cohort of 187 PML/RARA- 
positive APL patients enrolled in three subse-
quent trials of the North American Leukemia 
Intergroup, it has been reported that telomere 
length (TL), in particular delta TL, defined as TL 
at remission minus TL at diagnosis, is a strong 
predictor of OS [63]. These findings, as well as 
those previously mentioned regarding mutations 
and gene expression, warrant prospective confir-
mation studies.

Several studies carried out on patients man-
aged with state-of-the-art treatments were unable 
to demonstrate an independent prognostic impact 
of the presence of additional chromosomal 
abnormalities (ACA) on any post-remission out-
come [32–35], with the exception of a recent 
study from the North American Intergroup [35]. 
In this study, the presence of a complex  karyotype 
(≥2 ACAs) was strongly associated with an infe-
rior OS independently of the post-remission 
treatment arm, even when ATO was given for 
consolidation therapy. This novel observation 
deserves further investigation in larger cohorts of 
patients treated with either chemotherapy-based 
or ATO-based state-of-the-art treatments.
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 Predictors of Specific Post-remission 
Events

The limitations of using composite end points for 
the analysis of prognostic factors have been 
widely discussed in the literature [42], but any 
discussion is outside the scope of this chapter. 
The precise estimate of post-remission events of 
primary interest, such as relapse and therapy- 
related adverse events, including death during 
remission and development t-MN, is affected by 
competing risks when analyzed using composite 
end points. Few studies have analyzed specifi-
cally these post-remission events taking into 
account competing risks.

 Relapse

There is a general agreement that the impact of 
WBC count on prognosis of APL patients is not 
only restricted to induction response, mainly 
associated with induction deaths due to hemor-
rhages, but also is associated with the risk of 
relapse. Therefore, with EFS, DFS, and OS, the 
three meaningful composite end points in which 
relapse and death during remission have a con-
siderable weight. Although some previous stud-
ies [18, 64, 65] have found a significantly higher 
incidence of relapse for patients with high WBC 
counts, the crucial prognostic value of this factor 
to predict relapse was definitively established in a 
joint GIMEMA and PETHEMA study [43]. In 
this study, multivariable analysis resulted in a 
simplified predictive model for relapse-free sur-
vival that has been widely adopted around the 
world. This model permits the identification of 
the following patient categories: (1) low-risk 
group, presenting WBC count below or equal to 
10 × 109/L and platelet count above 40 × 109/L; 
(2) intermediate-risk group, presenting WBC and 
platelet counts below or equal to 10 × 109/L and 
40 × 109/L, respectively; and (3) high-risk group, 
presenting WBC count greater than 10 × 109/L.

The expression of CD56 has also been defined as 
a predictor of relapse. This has been suggested in 
previous studies [27, 66, 67], and confirmed in a 
large study of the PETHEMA-HOVON group [28]. 

In addition to relapse risk score, the expression of 
CD56 using a 20% cutoff level is also an indepen-
dent and accurate predictor for relapse in patients 
with APL treated with ATRA and anthracycline- 
based regimens. CD56-positive APL also showed a 
significantly higher risk of extramedullary relapse. 
Interestingly, CD56 positivity, with a prevalence of 
11% of newly diagnosed patients, is correlated with 
the BCR3 isoform and the co-expression of other 
surface antigens, such as CD2, CD34, HLA-DR, 
and CD7 [28]. An increased body mass index at 
diagnosis has also been associated with a higher 
risk of disease relapse [38], but this finding has not 
yet been validated in larger series.

Several molecular markers have also been 
reported to be associated with relapse risk. This 
is the case of the expression of the gene PRAME, 
considered a good predictor of RFS [62], and an 
integrative risk score that includes the expression 
of three genes (BAALC, ERG, and WT1) [60], 
which are able to identify two groups with statis-
tically significant differences in RFS and cumu-
lative incidence of relapse.

Finally, in contrast to the lack of clinical value 
of molecular assessment of PML/RARA per-
formed at the end of induction, it is widely 
accepted that patients with persistent or recurrent 
disease at the molecular level at any stage after 
completion of consolidation will invariably 
relapse, unless additional therapy is given. In 
contrast, continued persistent molecular negativ-
ity by RT-PCR or RQ-PCR is associated with a 
low relapse risk.

 Central Nervous System Relapse

To the best of our knowledge, only two large stud-
ies [68, 69] have specifically analyzed the prog-
nostic factors involved in extramedullary relapse, 
with particular reference to CNS relapse. In mul-
tivariable analysis, a study of the European APL 
group [68] found that only a high WBC count 
(cutoff point 10 × 109/L) is independently associ-
ated with CNS relapse, whereas a PETHEMA-
HOVON study [69] found the occurrence of 
cerebral hemorrhage during induction and the 
relapse risk score, which is a composite of WBC 
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and platelet counts [43], are the most valuable 
predictors of CNS relapse.

Regarding other potential risk factors for CNS 
relapse, some authors have suggested that FLT3- 
ITD mutations, which correlate with leukocytosis 
[47], and an increased expression of adhesion 
molecules, such as CD56, can promote leukemic 
infiltration in CNS and other extramedullary sites 
[28]. In fact, CD56 APL had a significantly 
higher risk of extramedullary relapse in a large 
series of patients included in several PETHEMA- 
HOVON trials [28].

 Development of Therapy-Related 
Myeloid Neoplasms

Regarding risk factors of development of t-MN 
in APL, to our knowledge, only one study has 
addressed this issue [70]. The univariable anal-
ysis in this PETHEMA-HOVON study showed 
the following characteristics were associated 
with the development of t-MN: older age (cut-
off 35 years), lower relapse risk score, and 
higher platelet count (cutoff 40 × 109/L). 
Multivariable analysis, however, only identified 
age and relapse risk score as independent prog-
nostic factors for t-MN. There is no clear expla-
nation for the apparent paradoxical finding of a 
higher risk of developing t-MN in patients with 
a lower risk of relapse, but it has been specu-
lated that a greater frequency of competing 
events in patients with higher risk APL, particu-
larly relapse and death in remission, decreases 
the chance of developing t-MN while in first 
CR [70].

Although a potential relationship between 
dose intensity of topoisomerase II inhibitors or 
intercalating agents and incidence of t-MN has 
been suggested, data from this PETHEMA- 
HOVON study [70] does not clearly support 
this hypothesis, since the increased risk of 
t-MN was observed in lower-risk APL patients, 
who overall were less heavily treated. Therefore, 
it is not clear whether anthracycline dose reduc-
tion, or even its replacement by arsenic triox-
ide, would be effective to decrease the incidence 
of t-MN.

 Death During First Remission

Apart from the classical composite end points, 
such as OS, EFS, and DFS, in which death during 
first remission is one of the events considered, a 
precise estimate of this post-remission event of 
primary interest has hardly been analyzed. 
Nevertheless, it is generally accepted that death 
during first remission is mainly associated with 
age and comorbidities, along with dose intensity 
of post-remission therapy. It should be noted, 
however, that some deaths occur off-therapy due 
to causes not associated directly with therapy- 
related toxicity. The unquestionable impact of 
age on non-relapse mortality has led many groups 
to design age-adapted trials. In this regard, a 
recent report of the PETHEMA group [71] 
showed a significant improvement in long-term 
outcomes, which were mainly attributed to a 
decrease in hematologic toxicity and toxic death 
rates, using a less intensive frontline regimen 
with ATRA and anthracycline monochemother-
apy in elderly patients with APL.

Whether non-relapse mortality can be reduced 
with age-adapted approaches, not only by 
decreasing dose intensity of chemotherapy in 
elderly patients, but also replacing chemotherapy 
by ATO, is still an open issue warranting further 
research.

 Conclusions

The identification of prognostic factors has 
always been considered a matter of great inter-
est in APL, since their recognition would allow 
the use of risk-adapted strategies aimed at opti-
mizing the therapeutic efficacy and minimiz-
ing treatment- related toxicity, which in turn 
would translate into better outcomes. Early 
deaths during induction therapy and relapse 
are currently the most frequent events involved 
in therapeutic failures; however deaths in CR 
during post- remission therapy and even off-
therapy, as well as the development of therapy-
related neoplasms, are other important events 
with negative impact on outcome.

Several patient- and disease-related charac-
teristics have been recognized as prognostic 
factors, but only age and WBC count, as well 
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as a composite risk score including WBC and 
platelet counts to predict relapse and other 
surrogate end points, have been widely used 
for risk-adapted stratification in clinical trials. 
In addition to WBC count and the risk score, 
the expression of CD56 and the occurrence of 
cerebral hemorrhage during induction have 
been identified as independent and accurate 
predictors of hematologic and CNS relapse, 
respectively. Accordingly, patients included in 
the most recent risk-adapted PETHEMA trials 
are upgraded one level based on the relapse 
risk score when CD56 is positive, whereas 
those who develop a cerebral hemorrhage dur-
ing induction are given systematic CNS pro-
phylaxis. Other characteristics, such as an 
increased BMI, presence of additional chro-
mosomal abnormalities, and mutational status 
and expression profiles of a variety of genes 
have also been recognized as independent 
prognostic factors. However, most of these 
predictors have not yet been validated in large 
and independent series.

It should be noted that the body of knowl-
edge acquired over the last two decades on 
prognostic factors in APL has mainly been 
obtained in the context of ATRA plus chemo-
therapy-based regimens, while the impact of 
these factors after the incorporation of ATO in 
frontline therapy has not been established. 
Large studies with prolonged follow-up will be 
necessary to identify the best predictors of out-
come in APL patients receiving ATO contain-
ing regimens, although it appears that age and 
WBC count will continue to play a key role.
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Promyelocytic Leukemia: 
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 Introduction

 The Role of Early ATRA

Patients with APL usually present with cytope-
nias with or without leukocytosis. Life- 
threatening coagulopathy also serves as one of 
the most concerning presentations of APL. In a 
patient with suspected acute leukemia, the pres-
ence of coagulopathy should prompt rapid evalu-
ation of the peripheral smear for the possibility of 
APL. Even as this chapter focuses on chemother-
apy, the paramount role of ATRA in APL must 
always be emphasized. Should APL be suspected, 
early treatment with ATRA must be initiated as 
soon as possible to induce APL blast differentia-
tion and reverse or avert the development of the 
life-threatening coagulopathy. More than resis-
tant disease, early death almost always from 
hemorrhage now represents the most important 
limitation to cure in APL [1–4]. Clinicians should 
not wait for the diagnostic confirmation of APL 
to initiate ATRA, as prompt administration of 
ATRA is likely critical to reduce the rate of early 
death [5].

 Risk Stratification by White Blood Cell 
Count (WBC): Chemotherapy 
as a Component of Therapy for  
High- Risk APL

At diagnosis, patients with APL can be risk strati-
fied for relapse into high-risk and low-risk disease, 
based on the presenting white blood cell count 
(WBC) [6–8]. Patients with high WBC (>10,000/
μL) are considered to have high-risk disease, while 
patients with lower WBC (<10,000/μL) are con-
sidered to have low-risk disease. APL patients 
were previously risk stratified by WBC as well as 
platelet count into high-, intermediate-, and low-
risk disease [7]. However, more recent data sug-
gest that outcomes are similar in low- and 
intermediate-risk groups with contemporary thera-
pies, thereby eliminating platelet count from risk 
stratification and enabling APL patients to be risk 
stratified only by WBC into high- and low-risk 
groups [8] (Fig. 8.1). Beyond blood counts, other 
factors including age greater than 60 years, male 
sex, and renal insufficiency with creatinine greater 
than 1.4 have been shown to be predictive of poor 
prognosis, largely due to death during induction 
[6–8]. Although data are mixed, some studies also 
suggest that APL patients with internal tandem 
duplication (ITD) of the FMS-like tyrosine kinase 
3 gene (FLT3-ITD) may have an inferior progno-
sis, particularly patients treated with combined 
ATRA + idarubicin (AIDA) regimens [9–11]. 
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Emerging data suggest this negative prognostic 
impact of FLT3-ITD in APL may be abrogated by 
the combined use of ATRA plus ATO [12]. 
However, at this time, despite the various prognos-
tic factors noted above, only the presenting WBC 
is used to select the optimal choice of therapy.

The management of low-risk APL patients 
(WBC < 10,000/mcL) which accounts for 
approximately 75% of patients is addressed in 
other chapters. Notably, for patients with low- 
risk APL, recent studies have shown at least 
equivalent and apparently superior outcomes for 
ATRA plus ATO vs. ATRA plus chemotherapy 
[13, 14]. Therefore, in the modern management 
of APL, chemotherapy is generally not a compo-
nent of standard therapy for low-risk disease. As 
this chapter highlights the role of first-line che-
motherapy in APL, the remaining discussion 
focuses predominantly on patients with high-risk 
APL who would warrant combined chemother-
apy + ATRA. Chemotherapy + ATRA also 
remains an option for low-risk patients unable to 
tolerate ATO. A detailed discussion of ATO- 
containing regimens will be provided in Chap. 9.

 Tolerance of Anthracycline-Based 
Therapy

For patients with high-risk APL already started on 
treatment with ATRA, one of the first decision 
points is whether the patient can tolerate 
anthracycline- based chemotherapy. Given the 
potential cardiotoxicity of anthracyclines, cardiac 

evaluation with an echocardiogram or multiple- 
gated acquisition (MUGA) scan should be consid-
ered prior to anthracycline-based chemotherapy 
[8]. Delayed cardiomyopathy is a rare consequence 
of anthracycline-related toxicity in long-term dis-
ease-free survivors of APL [15]. Risk factors for 
anthracycline cardiotoxicity include cumulative 
anthracycline dose, rate of anthracycline adminis-
tration, age, obesity, sex (with females at greater 
risk), and pre-existing cardiac risk factors [16].

 Evolution of Chemotherapy 
and ATRA Regimens for APL

The current standard of care for newly diagnosed 
patients with high-risk APL remains ATRA- and 
anthracycline-based chemotherapy with or without 
ATO [17]. Prior to the introduction of ATRA, APL 
was treated with standard AML induction chemo-
therapy including anthracycline- and cytarabine- 
based chemotherapy. Anthracyclines have excellent 
activity as single agents in APL [18, 19]. One pos-
sible explanation for the high sensitivity of APL 
cells to anthracyclines involves reduced expression 
of the multidrug resistance (MDR1) gene product 
P-glycoprotein in APL in comparison to other leu-
kemias [20, 21]. Even without the inclusion of 
modern therapies such as ATRA and arsenic, the 
majority of APL patients treated with anthracy-
cline-based chemotherapy achieved complete 
remission (CR), with  remission rates of 70–80% 
[22, 23]. However, with chemotherapy alone, early 
death from coagulopathy as well as relapse 
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Fig. 8.1 Relapse-free 
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Blood 2000 [7]
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remained significant clinical barriers to cure for 
most APL patients [22–24]. Chemotherapy alone 
is also unlikely to lead to long-term cure in the 
absence of additional consolidation or maintenance 
therapy. In the North American Intergroup study 
I0129 (ECOG E2491), 5-year disease-free survival 
was 16% for APL patients randomized to induction 
and consolidation chemotherapy followed by 
observation without ATRA [25].

Therefore, the introduction of ATRA provided 
a powerful new tool in the treatment armamen-
tarium for APL. ATRA targets the PML/RARa 
fusion protein, inducing differentiation of leuke-
mic promyelocytes into mature cells [26–28]. 
During the 1980s and 1990s, single-agent ATRA 
was shown to have remarkable activity, with CR 
rates of 85% in APL [29].

The European APL91 trial and the North 
American Intergroup study I0129 (ECOG E2491) 
established that APL patients treated with ATRA had 
improved outcomes over those treated with chemo-
therapy alone [25, 30–32]. In the European APL91 
trial, patients with newly diagnosed APL randomized 
to ATRA followed by chemotherapy had an improved 
survival and reduced relapse rate compared to 
patients randomized to chemotherapy alone [30, 31]. 
In the larger North American Intergroup study, sin-
gle-agent ATRA was compared with daunorubicin 
and cytarabine in 401 patients with previously 
untreated APL. In this study, single-agent ATRA was 
shown to have equivalent rates of CR (70%) as induc-
tion chemotherapy with daunorubicin and cytarabine 
(73%) but markedly improved disease-free (69% vs. 
29%) and overall survival (69% vs. 45%) at 5 years 
[25, 32]. These studies provided justification for the 
standard inclusion of ATRA in the treatment of 
APL. However, resistance and relapse are not uncom-
mon for patients treated with single-agent ATRA, 
particularly if ATRA is only given as induction. The 
North American Intergroup study demonstrated a 
durable benefit for ATRA in both induction and 
maintenance therapy, as patients randomized to 
ATRA for both induction and maintenance had a 
5-year DFS of 74%, in comparison to 55% for 
patients who received ATRA followed by observa-
tion. However, 35% of patients with high-risk APL 
failed to achieve a CR with ATRA alone, suggesting 
that there may be a role for additional chemotherapy 

for these high-risk patients [25]. In addition, differen-
tiation syndrome remains a problem with ATRA 
monotherapy [33]. Multiple studies therefore tested 
combination therapies including ATRA and concur-
rent or sequential chemotherapy.

 ATRA + Chemotherapy

Several large cooperative group studies demon-
strated excellent outcomes with ATRA-based 
induction in combination with anthracycline- 
based chemotherapy, with greater than 90% of 
patients achieving CR [34, 35]. Although some 
of these patients relapsed with induction therapy 
alone, cure rates were increased to greater than 
80% with the use of ATRA-based induction fol-
lowed by consolidation with ATRA + anthracy-
cline or cytarabine + anthracycline [34–36].

The European APL 93 trial demonstrated the 
superiority of concurrent ATRA + chemotherapy 
over sequential ATRA followed by chemother-
apy. Chemotherapy in this study consisted of 
daunorubicin 60 mg/m2/day for 3 days and cyta-
rabine 200 mg/m2/day for 7 days, starting on day 
3 of ATRA for the concurrent group or after 
ATRA-induced CR for the sequential group. 
Chemotherapy was also added early to ATRA for 
increases in WBC. In this study of 413 newly 
diagnosed APL patients, the relapse rate at 
2 years was 6% in the concurrent ATRA + che-
motherapy group vs. 16% in the sequential ATRA 
followed by chemotherapy group [37].

The Italian GIMEMA 93 trial established the 
efficacy of the AIDA regimen (combined 
ATRA + idarubicin), consisting of induction che-
motherapy with ATRA in combination with four 
12 mg/m2 doses of idarubicin given intravenously 
on days 2, 4, 6, and 8. With this regimen, 95% of 
patients achieved a hematologic remission [38, 39]. 
Patients then received three consolidation combi-
nation polychemotherapy regimens, with excellent 
event-free survival (EFS) of 79% at 2 years. The 
AIDA regimen provided the basis for further risk-
adapted approaches that are still listed in NCCN 
Clinical Practice Guidelines in Oncology (NCCN 
Guidelines®) as appropriate first- line therapy for 
patients with high-risk APL [8, 35] (Fig. 8.2).
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The Spanish PETHEMA LPA 96 trial modi-
fied the AIDA regimen to reduce toxicity by 
omitting etoposide and cytarabine from consoli-
dation [40]. In the PETHEMA LPA 96 trial, 51% 
of patients became PCR negative for PML-RARA 
after induction, and 93% were PCR negative after 
induction and consolidation. With this modified 
AIDA regimen, rates of 2-year OS were 82%, 
suggesting that cytarabine and etoposide may not 
be necessary for most APL patients.

Multivariate analysis of the GIMEMA 93 and 
PETHEMA LPA 96 trials demonstrated that the 
initial WBC and platelet counts in newly diag-
nosed APL patients provided robust independent 
prognostic value for patients who received AIDA-
based therapies [7]. This analysis provided further 
evidence that the omission of non- intercalating 
drugs such as cytarabine and etoposide did not 
lead to inferior outcomes for most patients. 
However, APL patients with presenting WBC 
>10,000/mcL had inferior RFS with AIDA induc-
tion, providing justification for risk-adapted 

approaches based on WBC (Fig. 8.1). In the 
PETHEMA LPA99 risk-adapted study by Sanz 
and colleagues, all patients received AIDA induc-
tion followed by consolidation chemotherapy, 
with ATRA added to consolidation cycles 1 and 
3 in all but low-risk patients (WBC < 10,000/mcL 
and platelets > 40,000/mcL) [6]. The LPA99 study 
demonstrated that ATRA in consolidation therapy 
significantly reduced rates of relapse from 20.1 to 
8.7%. This benefit of ATRA in consolidation was 
most notable in intermediate-risk patients, where 
relapse rates decreased from 14 to 2.5% [6].

 Role of Cytarabine in High-Risk APL

Given the excellent outcomes of the modified 
AIDA regimen which eliminated cytarabine, the 
role of cytarabine in APL induction and consolida-
tion chemotherapy remains controversial. 
Comparison of the French APL 2000 trial and the 
PETHEMA LPA 99 trials provides some insight 
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idarubicin 12 mg/m2 on days 2, 4, 6, 8 

OR 
Clinical trial

At count recovery, LP 
and proceed with 
consolidation

At count recovery, LP 
and proceed with 
consolidation

At count recovery, LP 
and proceed with 
consolidation

At count recovery, LP 
and proceed with 
consolidation

Arsenic trioxide 0.15mg/kg/day x 5 days for 5 weeks 
x 2 cycles, then 
ATRA 45mg/m2 x 7 days + daunorubicin 50mg/m2 x 
3 days for 2 cycles

ATRA 45mg/m2 x 28 days + arsenic trioxide 
0.15mg/kg/day x 28 days x 1 cycle, then 
ATRA 45mg/m2 x 7 d every 2 weeks x 3 + arsenic 
trioxide 0.15mg/kg/day x 5 days for 5 weeks x 1 cycle

Daunorubicin 60mg/m2 x 3 days + cytarabine
200mg/m2 x 7 days x 1 cycle, then 
cytarabine 2g/m2 (age<50) or 1.5g/m2 (age 50-60) 
every 12 h x 5 days + daunorubicin 45mg/m2 x 3 
days x 1 cycle
5 doses of IT chemotherapy

ATRA 45mg/m2 x 15 days + idarubicin 5mg/m2 and 
cytarabine 1g/m2 x 4 days x 1 cycle, then 
ATRA x 15 days + mitoxantrone 10mg/m2/day x 5 
days x 1 cycle, then 
ATRA x 15 days + idarubicin 12mg/m2 x 1 dose +
cytarabine 150mg/m2/8h x 4 days x 1 cycle

TREATMENT INDUCTION (HIGH RISK) CONSOLIDATION THERAPY

Fig. 8.2 Contemporary regimens for induction and con-
solidation therapy in high-risk APL. Highly effective 
induction and consolidation regimens supported by con-
sensus guidelines for treatment of high-risk APL. ATRA, 
all-trans retinoic acid. Figure adapted with permission 
from the NCCN Clinical Practice Guidelines in Oncology 
(NCCN Guidelines®) for Acute Myeloid Leukemia 
V.3.2017. © 2017 National Comprehensive Cancer 

Network, Inc. All rights reserved. The NCCN Guidelines® 
and illustrations herein may not be reproduced in any 
form for any purpose without the express written permis-
sion of NCCN. To view the most recent and complete ver-
sion of the NCCN Guidelines, go online to NCCN.org. 
The NCCN Guidelines are a work in progress that may be 
refined as often as new significant data becomes available. 
[8, 35, 41, 44, 49]. ATRA all-trans retinoic acid
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into the role of cytarabine [41, 42]. Both the APL 
2000 and the PETHEMA LPA 99 trials used ATRA 
in combination with chemotherapy for induction. 
The European APL 2000 trial combined ATRA 
with 7 + 3 (cytarabine 200 mg/m2/day × 7 days and 
daunorubicin 60 mg/m2/day × 3 days), while the 
PETHEMA LPA 99 study used an AIDA induction 
regimen. APL 2000 and PETHEMA LPA 99 also 
provided different consolidation approaches that 
were risk stratified based on the presenting 
WBC. No PETHEMA LPA 99 patients received 
cytarabine. However, all high-risk APL 2000 
patients received cytarabine during induction as 
well as consolidation in combination with ATRA 
and daunorubicin. For high-risk patients, rates of 
CR (95.1% vs. 83.6%, P = 0.018) and 3-year OS 
(91.5% vs. 80.8%, P = 0.026) were significantly 
higher in the cytarabine-containing APL 2000 vs. 
LPA 99 trial. In an initial analysis of 104 high- risk 
patients in the LPA 99 trial, there was also a trend 
toward a lower 3-year incidence of relapse in the 
APL 2000 trial (9.9% in APL 2000 vs. 18.5% in 
LPA 99, P = 0.12), further suggesting a potential 
role for cytarabine in high-risk patients. In the final 
analysis of a total of 140 high-risk patients in the 
cytarabine-free LPA 99 trial, the 3-year cumulative 
incidence of relapse (CIR) was even higher at 26% 
[35]. In contrast, for patients with WBC < 10,000/
mcL, CR rates and 3-year OS were similar, but 
rates of relapse were higher in the APL 2000 trial 
vs. the LPA 99 trial (14.3% vs. 4.2%), indicating 
that this non-cytarabine containing AIDA-based 
regimen is appropriate for low-risk patients. Based 
on these data, the APL 2000 induction and consoli-
dation regimen using ATRA + chemotherapy 
including both daunorubicin and cytarabine repre-
sents one standard approach for treatment of high-
risk APL [8, 41] (Fig. 8.2).

Although cytarabine may be reasonably 
excluded from AIDA-based therapy for low-risk 
APL, recent data indicate that cytarabine should 
not be excluded from regimens using daunorubi-
cin [43]. Longer-term follow-up from the APL 
2000 trial demonstrated unacceptably high rates of 
relapse for patients treated without cytarabine. 
Even in low-risk APL patients with WBC < 10,000/
mcL, those who received daunorubicin without 
cytarabine had a 7-year CIR of 28.6% vs. 12.9% 

for those who received daunorubicin and cytara-
bine. This study therefore suggests that if daunoru-
bicin is used as the anthracycline for APL induction 
and consolidation, cytarabine may not be dispens-
able for patients in any risk group [43].

Cytarabine has also been studied in combina-
tion with ATRA and idarubicin during consolida-
tion therapy following AIDA-based induction for 
high-risk APL patients younger than 60 in the 
PETHEMA LPA 2005 trial [35]. The LPA 2005 
trial followed the excellent results of the risk- 
adapted PETHEMA LPA 99 trial and was 
designed with the goal of further improving out-
comes for younger high-risk APL patients. In the 
LPA 2005 trial, for high-risk patients younger 
than 60 years, cytarabine was added to the com-
bination of ATRA and idarubicin during cycles 1 
and 3 of consolidation therapy. Low- and 
intermediate- risk patients received a reduced 
course of mitoxantrone for the second consolida-
tion course and did not receive cytarabine. For 
high-risk patients in the LPA 2005 trial, the 
3-year relapse rate was 11%, significantly lower 
(P = 0.03) than the 3-year relapse rate of 26% in 
the LPA 99 trial. The 3-year DFS rates were 92% 
for the entire LPA 2005 study, with excellent 
3-year DFS of 82% for high-risk patients. 
Therefore, the LPA2005 trial regimen using 
AIDA-based induction followed by ATRA + ida-
rubicin + cytarabine for cycles 1 and 3 of consoli-
dation and ATRA + mitoxantrone for cycle 2 of 
consolidation now represents another standard 
approach for treatment of high-risk APL [8, 35]. 
The APL 2000 and LPA 2005 regimens have 
never been directly compared, and they both rep-
resent highly effective approaches for induction 
and consolidation therapy for high-risk APL 
patients (Fig. 8.2).

In the modern era, following the demonstration 
of arsenic trioxide (ATO) as the most active single 
agent in APL, multiple studies have also tested 
combinations of ATRA, ATO, and chemotherapy. 
In particular, the APML4 regimen including com-
bination ATRA + ATO + idarubicin for induction 
represents a highly efficacious option for treat-
ment of high-risk APL patients [8, 44–46]. Please 
see Chaps. 9 and 10 for details regarding the use of 
ATO with and without ATRA and chemotherapy.
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 Bone Marrow Evaluation After 
Induction Therapy

The timing of bone marrow evaluation after 
induction therapy for APL differs from evalua-
tion in the setting of other subtypes of AML. With 
modern regimens, much of the efficacy of APL 
induction therapy results from prolonged ATRA- 
induced differentiation of APL promyelocytes, in 
addition to the more rapid cytotoxic effects of 
chemotherapy and the induction of apoptosis 
caused by ATO [26–28, 47, 48]. Therefore, an 
initial bone marrow evaluation on day 14 is too 
early to adequately evaluate the effects of APL 
induction therapy. Contemporary consensus 
guidelines recommend marrow evaluation in 
APL after recovery of blood counts, often 
4–6 weeks after induction therapy. While cytoge-
netic evaluation may no longer detect the t(15;17) 
translocation after modern induction therapy, 
PCR for molecular detection of PML-RARa may 
remain positive. Therefore, additional therapy for 
APL in the form of consolidation is required 
before assessment of molecular remission [8].

 Consolidation Regimens

Following the use of induction therapy, the goal of 
additional consolidation therapy is to eliminate 
residual APL cells to achieve a durable molecular 
remission and prevent relapse [8, 17]. As noted 
above, various trials including the North American 
Intergroup study E2491 have shown that outcomes 
for APL patients who underwent induction therapy 
but failed to undergo further therapy had higher 
rates of relapse than patients who received further 
therapy with consolidation or maintenance [25].

For high-risk APL patients, chemotherapy is 
included in consolidation regimens for all modern 
standard therapies with the exception of the 
APML4 trial, which uses ATRA and ATO during 
consolidation and includes chemotherapy only dur-
ing induction and maintenance [44, 45]. 
Anthracyclines, such as daunorubicin and idarubi-
cin, and the related anthraquinone, mitoxantrone 
represent key components of consolidation for con-
temporary regimens including the Intergroup 

C9710, APL 2000, and PETHEMA LPA 2005 tri-
als [35, 41, 49] (Fig. 8.2). As these consolidation 
regimens may include high cumulative doses of 
cardiotoxic medications, repeat cardiac evaluation 
is important prior to initiating each cycle of con-
solidation chemotherapy containing anthracyclines 
or mitoxantrone [8]. The pyrimidine analog cytara-
bine is also a component of consolidation therapy 
in the APL 2000 and LPA 2005 trials, and clini-
cians following these protocols may need to dose 
adjust for age or renal dysfunction [35, 41].

Differentiation or apoptosis-inducing therapies 
such as ATRA ± ATO also serve as critically impor-
tant components of contemporary consolidation regi-
mens for high-risk APL. As described above, the 
inclusion of these agents during consolidation is based 
upon multiple studies showing improvements in DFS 
and OS with the use of ATRA and ATO [6, 35, 41, 44, 
45, 49]. For example, the LPA99 study demonstrated 
that adding ATRA to consolidation therapy signifi-
cantly reduced rates of relapse [6]. This finding was 
confirmed by the GIMEMA AIDA-2000 trial, which 
demonstrated that the inclusion of ATRA in consoli-
dation particularly improved outcomes for high-risk 
patients [36]. The Intergroup C9710 study demon-
strated that adding two cycles of ATO consolidation 
prior to two cycles of ATRA + daunorubicin consoli-
dation improved outcomes including DFS and OS 
across APL risk groups [49]. Even in the ATRA and 
ATO era, chemotherapy likely plays an important role 
for patients with high-risk APL, as evidenced by the 
poor outcomes for high-risk APL patients with ATRA 
or ATO monotherapy [32, 50].

Contemporary protocols therefore still include 
chemotherapy during consolidation or maintenance 
for patients with high-risk APL. Both the Intergroup 
C9710 and PETHEMA LPA 2005 protocols use 
ATRA in combination with chemotherapy during 
consolidation therapy for  high- risk APL, while the 
APML4 trial uses ATRA + ATO without chemo-
therapy for consolidation and reintroduces low-
dose chemotherapy + ATRA during maintenance 
(Figs. 8.2 and 8.3) [44, 45, 49]. Despite the omis-
sion of chemotherapy during consolidation, the 
APML4 trial using only ATRA + ATO consolida-
tion has excellent 5-year OS rates of 87% and DFS 
rates of 95% for high-risk patients [44, 45] 
(Table 8.1). The European APL 2000 study uses 
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Fig. 8.3 Relapse-free survival by risk stratification in 
APML4. Kaplan-Meier curves for relapse-free survival 
following achievement of documented hematologic com-
plete remission (HCR) in the APML4 trial, stratified by 

Sanz risk groups. Figure from Collins M, Di Iulio J, 
Beresford J. Australasian Leukaemia & Lymphoma 
Group APML4 Statistical Report, June 2013, courtesy of 
H Iland (APML4 principal investigator) [46]

Table 8.1 Outcomes for selected trials of ATRA + risk-adapted chemotherapy vs. APML4 in high-risk APL

Number

Median 
follow-up 
(months)

IDA equivalent 
(mg/m2)

Ara-C (g/
m2) DFS (%) CIR (%) OS (%)

ALLG
APML4
[44, 45]

23 50 48 0 95 5 87

European 
APL2000
[43]

74 103 99 22.8 – 7 88

PETHEMA 
LPA2005
[35]

118 28 122 5.8 82 14 79

GIMEMA
AIDA2000
[36]

129 59 122 6.3 85 9 83
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only chemotherapy for consolidation, but these 
cycles of consolidation chemotherapy are sand-
wiched between ATRA + chemotherapy during 
induction and maintenance [41].

In choosing consolidation and maintenance ther-
apies following induction for high-risk disease, cli-
nicians should follow the specific consolidation and 
maintenance regimen for the protocol used for 
induction therapy [8]. With the participation of hun-
dreds of APL patients in numerous clinical trials as 
described above, treatment outcomes have contin-
ued to improve over the last several decades, trans-
forming APL into a largely curable disease. 
However, realization of this success for individual 
patients depends upon rigorous adherence to estab-
lished protocols. Although the outstanding outcomes 
of protocols such as APML4 might tempt clinicians 
to use ATRA + ATO consolidation following any 
induction regimen, mixing and matching regimens 
should be strongly discouraged outside of the con-
text of a clinical trial. One exceptional circumstance 
involves consolidation therapy for a high-risk APL 
patient with cardiotoxicity or for whom an anthracy-
cline is otherwise contraindicated. In that setting, 
consensus guidelines  suggest the use of consolida-
tion with combination ATRA and ATO as recently 
described for low- risk APL [8, 13].

 Maintenance Therapy

The goal of maintenance therapy is to maintain 
molecular remission, decrease rates of relapse, 
and ideally to increase rates of cure. Given the 
high efficacy of treatment strategies in the modern 
era of ATRA + ATO, the role of maintenance ther-
apy in contemporary APL treatment is controver-
sial and may not be necessary for patients who 
achieve a molecular CR [51–53]. In addition, the 
use of chemotherapy in maintenance has the 
potential to harm some patients who might already 
be cured with induction and consolidation therapy 
[17]. Maintenance is therefore no longer a com-
ponent of therapy for low-risk APL patients 
treated with ATRA + ATO induction and consoli-
dation [13]. However, based upon evidence from 
previous clinical trials discussed below, the use of 
maintenance therapy still represents the standard 
of care for patients with high- risk APL [8, 17].

Agents used in maintenance regimens for 
APL include ATRA, the folate antimetabolite 
methotrexate (MTX), and the purine antagonist 
6-mercaptopurine (6-MP). The North American 
Intergroup E2491 study showed superior 5-year 
DFS with maintenance ATRA over observation 
(61% vs. 36%, P < 0.0001) [25, 32]. The 
European APL93 trial tested four different main-
tenance strategies: no maintenance, intermittent 
ATRA, continuous chemotherapy with 6-MP and 
MTX, and combination ATRA + 6-MP + MTX 
[34, 37]. In this study, the 10-year CIR was sig-
nificantly decreased from 43.2% to 33%, 23.4%, 
and 13.4%, respectively, with the regimens 
above, with the lowest incidence of relapse seen 
with ATRA in combination with chemotherapy 
(P < 0.001). The greatest benefit of maintenance 
therapy was seen in patients with WBC > 5000/
μL, with a decrease in CIR from 68.4% to 53.1%, 
32.8%, and 20.6% (P < 0.001). However, this 
decrease in relapse from maintenance therapy 
came at the price of increased toxicity, particu-
larly in older patients, with a marked 21.7% 
10-year cumulative incidence of death in CR for 
patients older than 65 years, primarily from 
myelosuppression [34, 37].

A recent Cochrane review conducted a meta- 
analysis to evaluate the role of maintenance therapy 
for APL in CR1 [51]. In this meta-analysis of ten 
randomized controlled trials in APL, maintenance 
therapy had no statistically significant effect on OS 
but did improve DFS. Studies including the 
Japanese APL 97 study and the AIDA 0493 trial 
have suggested that there are no long-term benefits 
to maintenance therapy [54, 55]. The SWOG 0521 
trial randomized low-risk patients in molecular CR 
after standard induction and consolidation includ-
ing ATO to maintenance ATRA + 6-MP + MTX 
vs. observation. Although enrollment was stopped 
early because of slow accrual, no relapses were 
seen in the 68 patients randomized to either arm 
with a median follow- up of 36 months. This study 
therefore suggests that if an intensive post-remis-
sion consolidation regimen including ATO is used 
to achieve molecular CR, further maintenance may 
not be necessary for low-risk patients [52]. 
However, the best long-term outcomes for high-
risk patients have all been achieved using protocols 
that use maintenance therapy, including the APL 
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2000, LPA 2005, APML4, and Intergroup C9710 
[35, 41, 44, 45, 49]. Improvements in outcomes for 
high- risk APL patients over time are likely due to a 
variety of factors, but combined ATRA + chemo-
therapy maintenance has been suggested as a factor 
leading to reduced rates of relapse in European 
clinical trials [56].

Following the completion of consolidation ther-
apy, APL patients should be assessed for molecular 
remission using RT-PCR on bone marrow samples. 
Patients who are PCR positive and remain so on a 
repeat bone marrow PCR in 2–4 weeks should be 
treated as relapsed APL [8] (see Chap. 13). High-
risk APL patients who are PCR negative following 
consolidation should be treated with maintenance 
therapy per the initial treatment protocol (Fig. 8.4). 
The importance of not mixing and matching treat-
ment regimens applies to maintenance strategies as 
well as consolidation as discussed above, although 
most modern maintenance approaches are nearly 
identical. In contemporary treatment of APL, the 
APL 2000 and PETHEMA LPA 2005 protocols 
include the same regimen of maintenance as the 
LPA 99 trial: 2 years of 6-mercaptopurine (50 mg/
m2/day), methotrexate (15 mg/m2/week), and inter-
mittent ATRA (45 mg/m2/day) for 15 days every 
3 months [6, 35, 41]. The APML4 trial also uses a 
nearly identical regimen for 2 years of maintenance 
 therapy starting 3–4 weeks following the end of 
consolidation cycle 2 [44, 45]. The North American 

Intergroup C9710 attempted to evaluate the role of 
maintenance ATRA vs. ATRA + chemotherapy but 
was underpowered to detect a difference. For those 
patients who received ATRA + chemotherapy 
maintenance, the regimen was a similar combina-
tion of ATRA, MTX, and 6-MP, although only 
given for 1 year [49] (Fig. 8.4). As it is advisable to 
follow an established protocol from induction 
through consolidation and maintenance, foregoing 
maintenance therapy for high-risk APL patients 
should not be undertaken outside of a clinical trial.

 CNS Relapse and the Role 
of Prophylactic Intrathecal 
Chemotherapy

The role of prophylactic intrathecal (IT) chemo-
therapy to prevent CNS relapse remains contro-
versial. However, several lines of evidence 
suggest that prophylactic IT chemotherapy may 
be important for preventing CNS relapse, partic-
ularly in high-risk APL patients. Although ATRA 
and ATO cross the blood-brain barrier, CSF con-
centrations may vary significantly from patient to 
patient and may not be adequate for significant 
antileukemic activity [57]. As treatment of sys-
temic disease improved over time with the use of 
ATRA, relapsed CNS disease was increasingly 
reported in APL patients who presented with 

Powell et al., Blood 2010. Intergroup C9710.
ATRA 45mg/m2 PO x 7 days repeated every other week x 
1 year
MTX 20mg/m2 weekly PO x 1 year
6-MP 60mg/m2/day PO x 1 year

OR

Iland et al., Blood 2012. APML4.
ATRA 45 mg/m2/day PO Days 1-14
MTX 5-15 mg/m2/week PO Days 15-90
6MP 50-90 mg/m2/day PO Days 15-90
Starting 3-4 weeks after end of consolidation cycle 2, 
For 8 cycles, therefore 2 years

OR

Ades et al., Blood 2008. APL 2000.
Sanz et al., Blood 2010. PETHEMA LPA 2005
ATRA 45 mg/m2 per day for 15 days
MTX 15 mg/m2 per week
6MP 50 mg/m2 per day
Every 3 months for 2 years

MAINTENANCE THERAPY (HIGH RISK)

Molecular remission 
(PCR negative)

at completion of 
consolidation

Fig. 8.4 Maintenance 
therapy in high-risk 
APL. Regimens for 
maintenance therapy in 
high-risk APL patients, 
following achievement 
of molecular remission 
at completion of 
consolidation [35, 41, 
44, 49]. ATRA all-trans 
retinoic acid, MTX 
methotrexate, 6MP 
6-mercaptopurine
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high WBC [58]. In the European experience, tri-
als with prophylactic IT chemotherapy for high- 
risk APL patients demonstrated decreased rates 
of relapse. Patients with high-risk APL had a 4% 
incidence of CNS relapse in the APL 93 trial, 
while the APL 2000 trial had no CNS relapses at 
5 years [56]. This decreased rate of relapse may 
have been due to the use of five doses of IT che-
motherapy in high-risk APL patients in APL 
2000, as well as the use of higher doses of cytara-
bine during consolidation [56]. Longer-term 
7-year follow-up from the APL 2000 trial did 
reveal one CNS relapse, although this occurred in 
a patient with low-risk APL treated without cyta-
rabine and without prophylactic IT chemother-
apy [43]. For patients with high-risk APL, lumbar 
puncture should therefore be considered at count 
recovery prior to consolidation therapy as the 
CNS can serve as a sanctuary site for residual 
APL cells [8, 58]. Consensus guidelines support 
the use of four to six doses of IT chemotherapy 
with MTX or liposomal cytarabine combined 
with corticosteroids to be given during consolida-
tion for patients with high-risk APL [8].

 Aggressive Supportive Care 
for Thrombocytopenia 
in the Setting of Chemotherapy 
and Coagulopathy

Life-threatening coagulopathy represents a poten-
tially catastrophic complication of APL and is 
discussed in detail elsewhere (see Chap. 5). With 
the advent of remarkably effective therapies in the 
modern era of treatment for APL, early death 
from coagulopathy has emerged as the single 
most important barrier to cure [1–4, 59–62]. The 
prompt use of ATRA is likely critical to prevent 
early death from hemorrhage [59, 61, 63]. From 
the perspective of induction chemotherapy for 
high-risk APL, cytotoxic chemotherapy including 
anthracyclines and cytarabine has the potential to 
exacerbate thrombocytopenia. In addition to vigi-
lant monitoring of coagulation parameters and 
repletion of fibrinogen with cryoprecipitate, 
meticulous monitoring of the CBC and frequent 
transfusions of platelets are often needed to pre-

vent death from hemorrhage. Platelet counts 
should be maintained above 30,000–50,000/μL 
and fibrinogen above 100–150 mg/dL [5].

 Differentiation Syndrome 
and the Role of Prophylactic 
Steroids and Early Chemotherapy 
for High-Risk APL

Differentiation syndrome represents a unique 
complication of APL therapy (see Chap. 17). 
Upon treatment of APL blasts with ATRA, the 
block to lineage differentiation induced by PML/
RARα is reversed, and the resulting surge of dif-
ferentiated myeloid cells can result in pleural and 
pericardial effusions, pulmonary infiltrates, dys-
pnea, hypotension, and renal failure [64, 65]. 
Prophylactic steroids with either prednisone or 
dexamethasone are recommended for patients 
with high WBC count to prevent differentiation 
syndrome [8, 66]. As the risk of differentiation 
syndrome is increased in patients with high WBC 
[67], early introduction of chemotherapy is rec-
ommended for high-risk disease. For APL 
patients with WBC > 10,000/μL, some expert 
guidelines recommend initiation of  chemotherapy 
as early as day 1 within a few hours of the first 
dose of ATRA, both to reduce the risk of differ-
entiation syndrome and to achieve better control 
of coagulopathy [5, 64].

 Alternate Role of Chemotherapy: 
Patients Unable to Tolerate Arsenic 
Trioxide

Current standard treatment for APL utilizes che-
motherapy mostly in the setting of high-risk dis-
ease. However, unusual circumstances may also 
warrant the use of chemotherapy in low-risk APL 
to increase rates of cure. Rarely, a low-risk APL 
patient on ATRA + ATO may experience a com-
plication from ATO such as pancreatitis or a pro-
longed QT interval leading to significant 
arrhythmia. ATO is commonly associated with 
QT interval prolongation (24–32%), but clinically 
significant arrhythmias are rare and can generally 
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be avoided with appropriate precautions including 
careful monitoring and electrolyte repletion [68]. 
In cases of unusual complications precluding fur-
ther ATO, switching to a non-ATO chemotherapy-
based approach such as APL 2000 or LPA 2005 is 
reasonable, as combined ATRA + chemotherapy 
improves rates of cure over ATRA alone [25, 32].

 Conclusion

Despite the development of highly effective 
disease- directed agents such as ATRA and ATO, 
cytotoxic chemotherapy still plays an important 
role in contemporary treatment of APL. Although 
recent data demonstrate that chemotherapy is 
not required for patients with low-risk APL [13, 
69, 70], chemotherapy remains an important 
component of curative therapy for high-risk dis-
ease. Several ATRA + chemotherapy combina-
tion approaches are appropriate for standard 
induction therapy, and ATRA + ATO + idarubi-
cin induction results in particularly excellent 
outcomes [35, 41, 44, 45, 49]. Early ATRA and 
aggressive supportive care remain critical for 
preventing early death from coagulopathy and 
hemorrhage [5, 59, 61, 63]. Early chemotherapy 
following ATRA is also important to reduce the 
risk of differentiation syndrome and for control-
ling coagulopathy in high-risk patients [5, 64]. 
Prophylactic steroids are recommended to 
reduce the risk of differentiation syndrome in 
this patient population [8, 66].

Various agents are used for consolidation 
and maintenance therapies, including ATRA, 
ATO, anthracyclines, and cytarabine during 
consolidation, as well as ATRA, 6-MP, and 
MTX for maintenance. However, mixing and 
matching induction, consolidation, and main-
tenance regimens should be strongly discour-
aged. Following induction, consolidation and 
maintenance therapy for patients with high-
risk APL should be given according to the ini-
tial protocol. Although controversial, 
prophylactic intrathecal chemotherapy during 
consolidation is advisable to prevent CNS 
relapse in high-risk APL patients [8]. Some 
APL patients experience long-term complica-
tions including therapy-related myeloid neo-
plasms as well as cardiomyopathy [15, 70]. 

Although APL has been transformed over the 
last several decades into a largely curable dis-
ease, future studies are needed to reduce rates 
of early death and increase rates of cure and to 
minimize the use of chemotherapy where 
possible.
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First-Line Therapy: ATRA-ATO/
Reduced Chemotherapy Approach

Harry Iland

 Introduction

As our understanding of the genetic events that 
initiate APL has increased, the treatment para-
digms that have proven successful have diverged 
from standard acute myeloid leukemia (AML) 
chemotherapy protocols. This divergence has 
sequentially involved the addition of ATRA to 
chemotherapy, greater reliance on anthracyclines, 
intensification of chemotherapy with cytarabine 
for Sanz high-risk patients [1], the incorporation 
of ATO, and the subsequent elimination of che-
motherapy for patients with standard (low and 
intermediate)-risk disease. One of the major chal-
lenges that remains is how to balance the com-
bined use of ATRA, ATO, and reduced doses of 
chemotherapy for the subset of patients at great-
est risk of failure [2] in order to maximize effi-
cacy while reducing both short-term and 
long-term toxicity.

 Chemotherapy-Associated Problems

Improved outcomes for patients with APL have 
unfortunately been accompanied by the emer-
gence of several major complications, particu-
larly in the context of risk-adapted chemotherapy 
intensification during consolidation. The most 
important of these are increased deaths in com-
plete remission (CR) resulting from excessive 
myelosuppression, therapy-related myeloid 
neoplasms (t-MN) including myelodysplasia 
(MDS) and AML, and anthracycline-related 
cardiomyopathy.

 Deaths in CR

Virtually all patients who survive induction 
achieve morphological CR. In order to maximize 
their chances of cure, not only must relapse be 
prevented, but death due to post-remission ther-
apy must also be avoided. The vast majority of 
ATRA + chemotherapy protocols have consis-
tently been associated with a low but not insig-
nificant incidence of death in CR (Table 9.1). In 
general, the probability of death in CR is greater 
in those protocols where large doses of cytara-
bine and/or anthracycline have been incorporated 
during consolidation, despite the fact that these 
protocols are usually age-restricted.
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 Therapy-Related Myeloid Neoplasms

The anthracycline-enhanced regimens used for 
the treatment of APL by several cooperative 
groups have included cumulative idarubicin or 
idarubicin-equivalent [3] doses ranging from 100 
to 140 mg/m2. It is well established that higher 
cumulative doses and increasing dose intensity of 
many cytotoxic agents, including anthracyclines, 
alkylating agents, and epipodophyllotoxins, are 
associated with a corresponding increased risk of 
t-MN after treatment of solid tumors [4, 5]. t-MN 
have also been documented after treatment of 
APL with chemotherapy-based regimens [6–14], 
and the reported incidence ranges from 1 to 10% 
[15–18].

The spectrum of cytogenetic abnormalities 
seen in t-MN after the treatment of APL includes 
those associated with topoisomerase II inhibitors 
(such as anthracyclines and etoposide) and also 
those typically seen following alkylating agents, 
despite the fact that alkylating agents are rarely 
used to treat APL. Rearrangements involving 
11q23 (MLL) and 22q11 (RUNX1), abnormalities 
of chromosomes 5 and/or 7, and disruption of 
TP53 have all been described [9, 19–24].

 Cardiotoxicity

Despite the emphasis on anthracyclines in APL 
regimens and the well-established risk of 
anthracycline- induced cardiotoxicity [25], there 
has been little in the way of comprehensive eval-
uation of long-term cardiotoxicity in APL 
patients. Nevertheless, in a study of 34 APL 
patients treated with idarubicin and mitoxan-
trone, echocardiography demonstrated frequent 
regional wall motion abnormalities and subclini-
cal diastolic dysfunction when compared with 47 
well-matched controls [26]. Fatal anthracycline 
cardiotoxicity has also been reported by the 
Japanese Children’s Cancer and Leukemia Study 
Group in 3 of 40 children with APL [27].

Occurrences of death in CR, t-MN, and 
anthracycline-induced cardiomyopathy in 
patients who have a high probability of cure of 
their original APL are of considerable concern 

and provide a compelling argument to devise 
treatment strategies that minimize exposure to 
anthracyclines and large doses of cytarabine.

 Therapeutic Arsenic: Historical 
Aspects

Natural sources of arsenic include rocks, soil, 
water, air, and biota [28] where it is found in both 
inorganic and organic forms. Arsenic exists in 
multiple valence states, primarily +V (arsenate), 
+III (arsenite), +I (arsonium metal), 0 (arsenic), 
and –III (arsine). The major inorganic forms of 
arsenic are red arsenic (As4S4, also known as real-
gar), yellow arsenic (As2S3, also known as orpi-
ment), and white arsenic (As2O3, ATO). The 
metabolism of arsenic species involves repeated 
sequential reduction from the pentavalent to the 
trivalent state, followed by coupled oxidation and 
methylation [29]. Thus AsV → AsIII → mono-
methylarsonic acidV (MMAV) → monomethyl-
arsenous acidIII (MMAIII) → dimethylarsinic acidV 
(DMAV) → dimethylarsinous acidIII (DMAIII).

The origins of inorganic arsenic therapy in tra-
ditional Chinese medicine more than 2000 years 
ago, and subsequently in Western medicine at least 
250 years ago, have been eloquently reviewed [30, 
31]. The use of both realgar and ATO was docu-
mented in the Shennong Materia Medica as far 
back as the Han dynasty around 200BC, but thera-
peutic arsenic did not appear in the Western litera-
ture until the latter part of the eighteenth century. 
The first published report of its use in leukemia 
dates back to 1865 when potassium arsenite 
(Fowler’s solution) was administered to a woman 
with chronic myeloid leukemia (CML), and in 
1931, it was shown to have clinically relevant 
activity in CML with substantial improvements in 
blood counts and reduction of splenomegaly [32].

 Introduction of Arsenic Trioxide 
into the APL Armamentarium

The earliest recognition that arsenic was active 
against APL emerged from a series of experi-
ments performed in 1973 by Dr. TD Zhang using 
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several combinations of ATO, mercuric oxide, 
and toad extracts against various leukemias. He 
identified ATO as the active antileukemic agent 
and subsequently reported the use of 1% ATO 
with a trace of mercury chloride (Ai-Lin I) given 
intravenously to 73 patients with APL [33]. The 
same group from Harbin Medical University sub-
sequently reported over 100 cases of previously 
untreated and relapsed patients treated with 
Ai-Lin I who achieved CR rates ranging from 52 
to 73% [34, 35].

The first report of ATO use in APL appeared 
in the Western literature in 1997; investigators 
from Shanghai and Harbin documented the out-
come of ATO therapy in 15 patients that had 
relapsed after ATRA induction and chemother-
apy consolidation [36]. CR was achieved in 9 of 
10 patients treated only with intravenous ATO 
10 mg/day and in all 5 of those treated with ATO 
and either low-dose chemotherapy or ATRA. The 
overall CR rate was 93% and was reached after a 
median of 38 days of ATO therapy (range 28–54). 
Five patients exhibited transient leukocytosis 
(peak WBC count 12.5–167 × 109/L), similar to 
ATRA-induced hyperleukocytosis, and signifi-
cant myelosuppression was not seen. Fibrin deg-
radation products and D-dimers fell rapidly after 
commencement of ATO. The most frequent side 
effects involved the skin (dryness, itching, ery-
thema), the gastrointestinal tract (anorexia, nau-
sea, vomiting), and elevation of liver enzymes, 
but no patients discontinued arsenic because of 
toxicity. These investigators extended their 
results with additional relapsed and previously 
untreated patients [37]. The CR rates were 85% 
and 73%, respectively. Molecular CR was infre-
quently seen in both subgroups at the time hema-
tological CR was achieved but was documented 
in some patients after maintenance chemotherapy 
and/or ATO. Whereas hepatic toxicity in relapsed 
patients was mild, significant hepatic toxicity 
occurred in 7 of the 11 previously untreated 
patients and was regarded as a contributory factor 
in the deaths of 2. The first experience with ATO 
in Australia for relapsed APL was also reported 
around that time, with two cases showing differ-
ent outcomes. One patient responded promptly to 
Ai-Lin I after failing reinduction with 

ATRA + chemotherapy, whereas the second was 
overtly refractory to Ai-Lin I [38].

 Arsenic Trioxide as Standard 
Therapy for Relapsed APL

The impressive results reported from China were 
promptly reproduced in a pilot study in New York 
[39], and the success of the pilot study paved the 
way for a subsequent US multicenter study of 40 
patients with APL in first or second relapse who 
had previously received ATRA and anthracycline- 
based chemotherapy [40]. They were treated with 
intravenous ATO for up to 60 days, and patients 
who achieved CR were eligible for consolidation 
with ATO for 25 days and up to four similar main-
tenance cycles. The CR rate was 85%, and 86% of 
those tested after consolidation achieved molecu-
lar remission. Overall survival (OS) at 18 months 
was 66%, and disease-free survival (DFS) was 
56%, although these results were not censored for 
patients who underwent transplantation. There 
were no treatment-related deaths. Frequent adverse 
events included hypokalemia, hyperglycemia, 
neutropenia, prolongation of the corrected QT 
interval (QTc), transient elevation of liver function 
tests, and neuropathic symptoms which were pre-
dominantly mild and reversible. Coagulopathy 
resolved a median of 11 days from the start of 
ATO. Hyperleukocytosis and other features con-
sistent with APL DS were also common.

Despite the small sample size, these data 
secured regulatory approval for ATO in the treat-
ment of relapsed/refractory APL in the USA, 
Europe, and Australia, and the effectiveness of 
ATO in the treatment of relapsed APL was subse-
quently demonstrated in reports from centers 
around the world [41–49]. In the majority of 
these reports, the daily dose of ATO was either 
10 mg or 0.15–0.16 mg/kg. Of note, a study from 
Shanghai described comparable results with less 
toxicity in 20 patients treated with approximately 
half-dose ATO (0.08 mg/kg) [50]. As a result, 
when ATO dose reduction rather than cessation is 
deemed appropriate because of moderate toxic-
ity, 0.08 mg/kg/day is generally chosen as this 
represents the lowest dose with proven efficacy.

9 First-Line Therapy: ATRA-ATO/Reduced Chemotherapy Approach
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 Incorporating ATO into Initial 
Therapy

Although ATO achieved recognition as the treat-
ment of choice for relapsed APL following fail-
ure of ATRA and chemotherapy, concern about 
its use as initial therapy lingered for some time, 
based on higher than expected fatal toxicity in 
some reports [37, 51]. An important study from 
Shanghai [52] did much to dispel these concerns, 
and also rebutted in vitro data that had suggested 
ATO and ATRA were antagonistic when used 
concurrently [53]. In the Shanghai study, 61 
patients were randomized to induction with 
ATRA (n = 20), ATO (n = 21), or the combination 
(n = 20). The CR rates were comparable (95%, 
90%, and 95%, respectively), but the median 
time to achieve CR was significantly shorter with 
ATO than with ATRA (31 vs. 40.5 days, 
P = 0.0233) and occurred even more rapidly with 
the combination (median 25.5 days, P = 0.0003). 
Synergism was also shown by the fact that PML- 
RARA transcripts were reduced by a significantly 
greater extent after induction with combination 
therapy (118.9-fold reduction) than with ATRA 
(6.7-fold, P = 0.0001) or ATO (32.1-fold, 
P = 0.0079) monotherapy. These findings trans-
lated into a reduced relapse rate and improved 
DFS in the group induced with combination ther-
apy. Liver dysfunction was more common in the 
two cohorts that received ATO compared with the 
ATRA monotherapy group, but all patients had 
recovery of liver function within 2 weeks.

In 2009 the Shanghai group updated their 
experience with 85 patients treated with the com-
bined ATRA + ATO induction regimen [54] and 
subsequently reported the long-term experience 
with this regimen in 217 patients [55]. The CR 
rate was 91.7% with 7.4% early deaths (ED) and 
0.9% failure to respond. The 10-year DFS for 
standard-risk patients was 91% but was only 73% 
for patients with high-risk APL. The difference 
was primarily attributable to a significantly 
higher cumulative incidence of relapse (CIR) in 
high-risk patients (26.9% vs. 8% for standard-
risk, P = 0.003). Although the Shanghai protocol 
is appropriately acknowledged as the originator 
of ATRA + ATO combination therapy, high-risk 

patients also received idarubicin during induc-
tion, and 61.6% of standard-risk patients required 
idarubicin or hydroxyurea to control treatment- 
induced leukocytosis. Furthermore,  combinations 
of daunorubicin or idarubicin, conventional- and 
intermediate-dose cytarabine, and homohar-
ringtonine were utilized in three cycles of con-
solidation, followed by five cycles of maintenance 
therapy each involving monthly rotations through 
ATRA, ATO, 6-mercaptopurine (6MP), and 
methotrexate (MTX). Two other Chinese groups 
have also published data attesting to the superior-
ity of ATRA combined with ATO during induc-
tion for previously untreated APL [56, 57]. 
Collectively, these studies provide a convincing 
argument for the use of combination 
ATRA + ATO during induction rather than either 
used alone.

In North America, incorporation of ATO into 
frontline therapy has predominantly focused on 
its use in consolidation. In the North American 
Leukemia Intergroup Study C9710 [58], induc-
tion with ATRA, 7 days of infusional cytarabine, 
and four doses of daunorubicin were followed by 
consolidation with two cycles of ATRA and dau-
norubicin. The investigational arm involved the 
same induction and consolidation but also 
included two cycles of ATO (0.15 mg/kg/day, 
5 days per week for 4 weeks per cycle) sand-
wiched between induction and consolidation. 
Event-free survival (EFS), the primary end point, 
was significantly better at 3 years in the ATO arm 
(80% vs. 63%, P < 0.0001), and the benefit was 
evident in both high-risk and standard-risk 
patients. ATO was also associated with superior 
DFS in both risk categories, but the improvement 
in OS with ATO did not quite reach statistical sig-
nificance. ATO was also used in consolidation in 
an American single-arm study with the aim of 
reducing anthracycline exposure [59, 60]. The 
results (OS 93%, EFS 89%, and DFS 92%) were 
comparable with the ATO arm of C9710, despite 
a 28% reduction in daunorubicin. These North 
American data clearly demonstrated that one or 
two cycles of ATO could be safely added to a 
protocol that was predominantly based around 
ATRA + chemotherapy and could effectively 
facilitate a reduction in chemotherapy intensity.
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In some countries, the high cost of ATRA and 
chemotherapy, combined with the relatively low 
cost of ATO in the absence of patent protection, has 
encouraged the use of ATO monotherapy for induc-
tion and consolidation ± maintenance, despite the 
fact that the combination of ATRA + ATO is supe-
rior [52, 56, 57]. Studies from Vellore (India) [61] 
and Tehran (Iran) [62] have both reported a CR rate 
of 86% with ATO monotherapy, although both pro-
tocols employed hydroxyurea for patients with 
high initial WBC counts, and limited anthracycline 
was used in a minority of patients in Vellore. 
Mature survival data show 5-year DFS, and OS in 
Vellore [63] was 80% and 74%, respectively, com-
pared with 67% and 64% in Tehran [64], and the 
better outcomes observed in Vellore most likely 
reflect differences in ATO scheduling. In both stud-
ies, high-risk patients had inferior outcomes. 
Accordingly, in countries where ATO monotherapy 
is more affordable than ATRA + chemotherapy, it 
provides a reasonable option for patients who have 
standard-risk disease but is clearly inadequate for 
high-risk patients.

 Optimizing Outcomes by 
Combining ATRA, ATO, 
and Chemotherapy

Following the pivotal studies from Shanghai 
which utilized ATRA + ATO in induction and 
maintenance, with intensive chemotherapy as 
consolidation, other Chinese investigators have 
demonstrated the ability to successfully combine 
ATRA, ATO, and chemotherapy for previously 
untreated patients with APL [65]. As with the 
Shanghai approach, additional limited chemo-
therapy was combined with ATRA and ATO dur-
ing induction for high-risk patients. Post-remission 
therapy was based on multiple cycles of chemo-
therapy for consolidation and maintenance 
together with additional ATRA and ATO given 
sequentially over a 3-year period [65].

The Australasian Leukaemia and Lymphoma 
Group (ALLG) adopted a different approach to the 
combination of ATRA, ATO, and chemotherapy. 
Their rationale was based on a desire to maximize 
antileukemic efficacy by combining the three most 

active agents (ATRA, ATO, and idarubicin) while 
simultaneously minimizing overall anthracycline 
exposure. In their APML4 protocol [66], the ALLG 
used an AIDA backbone in induction (ATRA days 
1–36 with idarubicin days 2, 4, 6, 8) and added 
ATO 0.15 mg/kg from days 9 to 36. The ability to 
successfully deliver ATRA, ATO, and idarubicin 
concurrently was confirmed in an analysis of the 
proportion of patients who received the protocol-
specified maximum and minimum cumulative 
doses of each drug during induction [66]. The syn-
ergism of ATRA and ATO was further exploited in 
two chemotherapy-free cycles of consolidation. 
Two years of maintenance (ATRA, 6MP, and 
MTX) were also included, as this had proven effec-
tive in the ALLG’s previous AIDA-based APML3 
protocol [67]. Despite controversy over the value 
of prophylactic corticosteroids [68–70], all patients 
received prednisone for at least the first 10 days of 
induction as prophylaxis against DS, as well as 
protocol-specified hemostatic support.

The results were initially published in 2012 with 
a median follow-up of 2 years [66] and were 
updated in 2015 with extended follow-up (median 
4.2 years) [71]. Hematological CR was documented 
in 118 of 124 (95%) patients after induction. The 
ED rate was 3.2%, and none were due to DS. The 
only pre-treatment variable significantly associated 
with ED was age > 70. One hundred and twelve 
patients commenced consolidation; the first cycle 
comprised ATRA and ATO given daily for 28 days, 
and the second cycle utilized intermittent therapy 
(ATO 5 days per week for 5 weeks and ATRA daily 
on weeks 1, 3, and 5). All 112 patients completed 
both consolidation cycles, and all achieved molecu-
lar CR. The outcomes were durable with extended 
follow-up, as shown by the 5-year figures for CIR 
(5%), DFS (95%), EFS (90%), and OS (94%) [71]. 
The results were particularly gratifying in the high- 
risk subgroup (n = 23), since the 5-year CIR and 
DFS were virtually identical in high-risk patients 
(5%, 95%, respectively) with the results in standard- 
risk patients (5%, 96%, respectively, Fig. 9.1a). The 
only statistically significant association with DFS in 
multivariate analysis was the presence or absence of 
a complex karyotype, defined as two or more cyto-
genetic abnormalities in addition to t(15;17) or 
PML-RARA positivity (Fig. 9.1b).
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The APML4 outcomes were compared with 
the results of the ALLG’s previous APML3 
trial [67], which involved AIDA induction fol-
lowed by a second cycle of idarubicin and three 
blocks of ATRA in consolidation. Maintenance 
was not part of the original APML3 protocol 
but was added in an amendment after an unac-
ceptably high relapse rate was noted and 
proved to be the only factor that significantly 
influenced DFS in multivariate analysis. The 
use of APML3 as a historical control for 
APML4 was restricted to the 70 patients who 
were registered after the maintenance amend-
ment to eliminate confounding effects of dif-
ferences in post-consolidation therapy. There 
was no significant difference in the rates of CR 
(APML4 95%, APML3 90%) or ED (APML4 

3.2%, APML3 7.1%). In contrast, highly sig-
nificant differences in freedom from relapse 
(FFR), DFS, and EFS favoring APML4 were 
already apparent at the time of the initial anal-
ysis [66], and these endpoint differences were 
even more pronounced in 5-year data at the 
final analysis (FFR 95% vs. 80%, P = 0.002, 
Fig. 9.2a; DFS 95% vs. 79%, P = 0.001, 
Fig. 9.2b; EFS 90% vs. 72%, P = 0.002, 
Fig. 9.2c). The extended follow-up also 
revealed a statistically significant 5-year OS 
advantage for the ATO- based APML4 protocol 
(94% vs. 83%, P = 0.02, Fig. 9.2d), despite the 
availability of ATO as salvage therapy for 
APML3 patients who had experienced relapse. 
Whereas the presence of FLT3 internal tandem 
duplications (ITD) or kinase domain (KD) 
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point mutations was the single most important 
determinant of OS in the APML3 trial [67], 
ATO-based therapy in the APML4 trial com-
pletely abrogated the adverse effect of FLT3 
mutations [71]. The overwhelming superiority 
of APML4 over APML3 was clearly a conse-
quence of incorporating ATO, since the total 
idarubicin content had contemporaneously 
been reduced by 50% (48 mg/m2 in APML4 vs. 
96 mg/m2 in APML3). Although APML4 was 
not specifically powered for subgroup compar-
isons with APML3, a post-hoc subgroup analy-
sis, stratified by risk category, showed high-risk 
APML4 patients had significantly better FFR 
(P = 0.024) and DFS (P = 0.011) than high-risk 
APML3 patients, thereby confirming the ben-
efit of ATRA + ATO + reduced chemotherapy 
in the high-risk context.

 Eliminating Chemotherapy 
from Frontline Treatment

Given the data supporting synergism between 
ATRA and ATO in induction and given the 
short- and long-term toxicity concerns related 
to intensive chemotherapy, an obvious question 
that arises is whether there still exists a role for 
any chemotherapy in the initial management of 
APL? In the following chapter, the use of 
chemotherapy- free protocols is reviewed in 
detail, but as the distinction between (1) che-
motherapy-free protocols and (2) ATRA + ATO 
protocols with reduced chemotherapy is some-
what blurred, it is appropriate to briefly discuss 
these regimens here.

Pioneering work at the MD Anderson Hospital 
showed that a chemotherapy-free protocol 
involving ATRA + ATO was highly effective in 
patients with standard-risk disease [72, 73]. That 
experience has been validated conclusively in a 
GIMEMA-AMLSG-SAL prospective random-
ized study (APL0406) which demonstrated the 
superiority of ATRA + ATO over ATRA + che-
motherapy for EFS, CIR, DFS, and OS in patients 
with standard-risk disease up to the age of 70 [74, 
75]. A comparable NCRI study (AML17) [76] 
also showed superiority for ATRA + ATO over 
ATRA + chemotherapy as demonstrated by sig-
nificantly fewer relapses.

Whereas the APL0406 study was restricted to 
patients with standard-risk disease, high-risk 
patients were included in both the MD Anderson 
program and in AML17. Consequently, in order 
to minimize the consequences of hyperleukocy-
tosis in high-risk patients, both induction proto-
cols included gemtuzumab ozogamicin (GO), a 
recombinant humanized anti-CD33 monoclonal 
antibody covalently linked to the cytotoxic anti-
tumor antibiotic calicheamicin. Despite the addi-
tion of GO, compared to patients with 
standard-risk disease, high-risk patients had infe-
rior DFS and OS in the MD Anderson study, and 
OS was also lower in AML17. Together with the 
excellent DFS of high-risk patients in APML4, it 
seems reasonable to conclude that there is still a 
role for limited chemotherapy combined with 
ATRA and ATO in patients with high-risk 
APL. Table 9.2 summarizes the treatment pro-
grams and outcomes of patients with high-risk 
APL, grouped according to ATO and chemother-
apy content.

H. Iland



123

Ta
b

le
 9

.2
 

Se
le

ct
ed

 tr
ea

tm
en

t p
ro

gr
am

s 
an

d 
ou

tc
om

es
 f

or
 p

at
ie

nt
s 

w
ith

 h
ig

h-
ri

sk
 A

PL
, g

ro
up

ed
 a

cc
or

di
ng

 to
 A

T
O

 a
nd

 c
he

m
ot

he
ra

py
 c

on
te

nt

R
ef

er
en

ce
 —

 tr
ia

l

U
pp

er
 

ag
e 

lim
it 

(y
ea

rs
)

N
um

be
r 

of
 

hi
gh

-r
is

k 
pa

tie
nt

s

M
ed

ia
n 

fo
llo

w
-u

p 
(m

on
th

s)
In

du
ct

io
n 

dr
ug

sa

C
on

so
lid

at
io

n 
dr

ug
s

M
ai

nt
en

an
ce

 
dr

ug
s

C
um

ul
at

iv
eb  

id
ar

ub
ic

in
- 

eq
ui

va
le

nt
 

do
se

 (
m

g/
m

2 )
c

C
um

ul
at

iv
e 

cy
ta

ra
bi

ne
 

do
se

 (
g/

m
2 )

C
um

ul
at

iv
e 

A
T

O
 d

os
e 

(m
g/

kg
)d

C
R

E
D

T
im

e 
of

 
ou

tc
om

e 
es

tim
at

es
 

(y
ea

rs
)

C
IR

D
FS

O
S

T
ri

al
s 

co
m

bi
ni

ng
 A

T
R

A
 w

ith
 c

he
m

ot
he

ra
py

L
en

gf
el

de
r, 

20
09

 
[9

1]
G

er
m

an
 A

M
L

C
G

≤
60

37
72

A
T

R
A

, 
6T

G
, 

D
N

R
, 

A
R

A
C

, 
H

ID
A

C
, 

M
IT

D
N

R
, 

A
R

A
C

, 6
T

G
D

N
R

, 
A

R
A

C
, 

6T
G

, C
PX

13
3

56
.8

–
84

%
16

%
10

11
%

80
%

73
%

L
o-

C
oc

o,
 2

01
0 

[1
10

]
G

IM
E

M
A

 
A

ID
A

20
00

≤
61

12
9

59
A

T
R

A
, 

ID
A

A
T

R
A

, I
D

A
, 

H
ID

A
C

, 
M

IT
, E

T
O

P,
 

A
R

A
C

, 6
T

G

A
T

R
A

, 
6M

P,
 M

T
X

12
2

6.
3

–
ns

e
ns

6
9%

85
%

83
%

Sa
nz

, 2
01

0 
[1

13
]

PE
T

H
E

M
A

 
L

PA
20

05

–
11

8
28

A
T

R
A

, 
ID

A
A

T
R

A
, I

D
A

, 
H

ID
A

C
, 

M
IT

, A
R

A
C

A
T

R
A

, 
6M

P,
 M

T
X

12
2

5.
8

–
83

%
17

%
4

14
%

82
%

79
%

A
de

s,
 2

01
3 

[9
2]

Fr
en

ch
-B

el
gi

an
- 

Sw
is

s 
A

PL
20

00

≤
60

74
10

3
A

T
R

A
, 

D
N

R
, 

A
R

A
C

D
N

R
, 

A
R

A
C

, 
H

ID
A

C

A
T

R
A

, 
6M

P,
 M

T
X

99
22

.8
–

97
%

3%
7

7%
ns

88
%

Sh
in

ag
aw

a,
 2

01
4 

[1
15

]
JA

L
SG

 A
PL

20
4

≤
70

70
52

A
T

R
A

, 
ID

A
, 

A
R

A
C

M
IT

, A
R

A
C

, 
D

N
R

, I
D

A
A

T
R

A
vs

.
TA

M
I

11
9.

5
3.

4
–

87
%

11
%

4
ns

58
%

 
(A

T
R

A
)

vs
.

87
%

 
(T

A
M

I)

ns

R
öl

lig
, 2

01
5 

[1
16

]
SA

L
 A

ID
A

20
00

–
41

55
A

T
R

A
, 

ID
A

D
N

R
, 

A
R

A
C

, 
H

ID
A

C
, 

M
IT

A
T

R
A

, 
6M

P,
 M

T
X

10
9 

(a
ge

 ≤
 6

0)
10

0 
(a

ge
 >

 6
0)

25
.4

 
(a

ge
 ≤

 6
0)

8.
7 

(a
ge

 >
 6

0)

–
88

%
ns

6
ns

78
%

71
%

T
ri

al
s 

co
m

bi
ni

ng
 A

T
O

 w
ith

 A
T

R
A

 a
nd

 c
he

m
ot

he
ra

py

Po
w

el
l, 

20
10

 [
58

]
N

or
th

 A
m

er
ic

an
 

L
eu

ke
m

ia
 

In
te

rg
ro

up
 C

97
10

 
(A

T
O

 a
rm

)

–
11

3
29

A
T

R
A

, 
D

N
R

, 
A

R
A

C

A
T

R
A

, 
D

N
R

, A
T

O
A

T
R

A
±

6M
P,

 
M

T
X

10
0

1.
4

7.
5

71
%

20
%

4
ns

87
%

f
ns

(c
on

tin
ue

d)

9 First-Line Therapy: ATRA-ATO/Reduced Chemotherapy Approach



124

Ta
b

le
 9

.2
 

(c
on

tin
ue

d)

R
ef

er
en

ce
 —

 tr
ia

l

U
pp

er
 

ag
e 

lim
it 

(y
ea

rs
)

N
um

be
r 

of
 

hi
gh

-r
is

k 
pa

tie
nt

s

M
ed

ia
n 

fo
llo

w
-u

p 
(m

on
th

s)
In

du
ct

io
n 

dr
ug

sa

C
on

so
lid

at
io

n 
dr

ug
s

M
ai

nt
en

an
ce

 
dr

ug
s

C
um

ul
at

iv
eb  

id
ar

ub
ic

in
- 

eq
ui

va
le

nt
 

do
se

 (
m

g/
m

2 )
c

C
um

ul
at

iv
e 

cy
ta

ra
bi

ne
 

do
se

 (
g/

m
2 )

C
um

ul
at

iv
e 

A
T

O
 d

os
e 

(m
g/

kg
)d

C
R

E
D

T
im

e 
of

 
ou

tc
om

e 
es

tim
at

es
 

(y
ea

rs
)

C
IR

D
FS

O
S

H
ua

ng
, 2

01
2 

[1
17

]
N

an
to

ng
 

U
ni

ve
rs

ity
 

A
ffi

lia
te

d 
H

os
pi

ta
l, 

Ji
an

gs
u

–
33

37
A

T
R

A
, 

A
T

O
, 

D
N

R

D
N

R
, 

A
R

A
C

, 
H

ID
A

C

A
T

R
A

, 
A

T
O

, M
T

X
, 

6M
P

72
11

.0
18

.8
8

88
%

12
%

4
7%

ns
85

%

Z
hu

, 2
01

5 
[5

5]
Sh

an
gh

ai
 I

ns
tit

ut
e 

of
 H

em
at

ol
og

y

–
53

72
A

T
R

A
, 

A
T

O
,

ID
A

 o
r 

O
H

U

ID
A

, A
R

A
C

, 
H

ID
A

C
, 

H
H

T

A
T

R
A

, 
A

T
O

, 6
M

P 
or

 M
T

X

48
7.

4
26

.8
8

87
%

ns
10

27
%

73
%

78
%

T
ri

al
s 

co
m

bi
ni

ng
 A

T
R

A
 a

nd
 A

T
O

 w
ith

 r
ed

uc
ed

 c
he

m
ot

he
ra

py

R
av

an
di

, 2
00

9 
[7

3]
M

D
 A

nd
er

so
n

–
26

23
A

T
R

A
, 

A
T

O
, 

G
O

A
T

R
A

, A
T

O
–

N
ot

 
ca

lc
ul

ab
le

 
(G

O
 9

 m
g/

m
2 )

0
16

.2
81

%
19

%
4

ns
56

%
f

57
%

f

Il
an

d,
 2

01
5 

[7
1]

A
L

L
G

 A
PM

L
4

–
23

50
A

T
R

A
, 

A
T

O
, 

ID
A

A
T

R
A

, A
T

O
A

T
R

A
, 

6M
P,

 M
T

X
48

0
12

.1
5

87
%

g
9%

g
5

5%
95

%
87

%

B
ur

ne
tt,

 2
01

5 
[7

6]
N

C
R

I 
A

M
L

17
(A

T
R

A
 +

 A
T

O
 

ar
m

)

–
30

31
A

T
R

A
, 

A
T

O
, 

G
O

A
T

R
A

, A
T

O
–

N
ot

 
ca

lc
ul

ab
le

 
(G

O
 

6–
12

 m
g/

m
2 )

0
17

.0
ns

ns
4

ns
ns

87
%

a A
R

A
C

 c
on

ve
nt

io
na

l d
os

e 
cy

ta
ra

bi
ne

 (
<

1 
g/

m
2 /

da
y)

, A
TO

 a
rs

en
ic

 tr
io

xi
de

, A
T

R
A

 a
ll-

tr
an

s 
re

tin
oi

c 
ac

id
, C

P
X

 c
yc

lo
ph

os
ph

am
id

e,
 I

D
A

 id
ar

ub
ic

in
, D

N
R

 d
au

no
ru

bi
ci

n,
 G

O
 g

em
tu

zu
m

ab
 

oz
og

am
ic

in
, H

H
T

 h
om

oh
ar

ri
ng

to
ni

ne
, H

ID
A

C
 i

nt
er

m
ed

ia
te

- 
or

 h
ig

h-
do

se
 c

yt
ar

ab
in

e 
(≥

1 
g/

m
2 /

da
y)

, M
IT

 m
ito

xa
nt

ro
ne

, 6
M

P
 6

-m
er

ca
pt

op
ur

in
e,

 M
T

X
 m

et
ho

tr
ex

at
e,

 O
H

U
 h

yd
ro

xy
-

ur
ea

, T
A

M
I 

ta
m

ib
ar

ot
en

e,
 6

T
G

 6
-t

hi
og

ua
ni

ne
, V

P
16

 e
to

po
si

de
b C

um
ul

at
iv

e 
do

se
 f

or
 id

ar
ub

ic
in

 (
or

 e
qu

iv
al

en
t)

, c
yt

ar
ab

in
e,

 a
nd

 A
T

O
 in

cl
ud

es
 a

ll 
ex

po
su

re
 d

ur
in

g 
in

du
ct

io
n,

 c
on

so
lid

at
io

n,
 a

nd
 m

ai
nt

en
an

ce
c I

da
ru

bi
ci

n 
eq

ui
va

le
nc

e 
ca

lc
ul

at
ed

 a
s 

10
 m

g 
id

ar
ub

ic
in

 =
 1

2 
m

g 
m

ito
xa

nt
ro

ne
 =

 5
0 

m
g 

da
un

or
ub

ic
in

 [
3,

 1
14

]
d W

he
re

 A
T

O
 w

as
 g

iv
en

 to
 C

R
 d

ur
in

g 
in

du
ct

io
n,

 th
e 

m
ed

ia
n 

tim
e 

to
 C

R
 h

as
 b

ee
n 

us
ed

 to
 e

st
im

at
e 

th
e 

nu
m

be
r 

of
 d

ay
s 

of
 A

T
O

 u
se

d 
du

ri
ng

 in
du

ct
io

n
e N

ot
 s

ta
te

d 
in

 th
e 

or
ig

in
al

 p
ub

lic
at

io
n

f E
st

im
at

ed
 f

ro
m

 th
e 

su
rv

iv
al

 c
ur

ve
s 

in
 th

e 
or

ig
in

al
 p

ub
lic

at
io

n
g N

ot
 p

re
vi

ou
sl

y 
pu

bl
is

he
d

H. Iland



125

 ATRA + ATO ± Reduced 
Chemotherapy: The New 
Standard of Care

The successes associated with the ATRA + 
ATO ± reduced chemotherapy studies have 
resulted in a number of changes to standard prac-
tice. In Australia, the Therapeutic Goods 
Administration has approved the use of ATO as 
initial therapy for all risk categories of APL based 
primarily on data from the APML4 and APL0406 
studies. Frontline approval for standard-risk APL 
has also been secured in Europe but not yet in 
the USA. Despite that, the US National 
Comprehensive Cancer Network (NCCN 
Guidelines: Acute Myeloid Leukemia, version 
3.2017; www.nccn.org, cited 3-Oct-2017) has 
endorsed the ATRA + ATO arms of APL0406 and 
AML17 for standard-risk disease, and APML4 
for high-risk disease, and a panel of Canadian 
experts [77] has also recommended ATRA + ATO 
(APL0406) and APML4 for standard-risk and 
high-risk disease, respectively.

 The Spectrum of Arsenic Toxicity

Consistent with its unique antileukemic activity in 
APL, ATO therapy is also characterized by a 
spectrum of distinguishing toxic effects [78]. 
APL DS can occur with ATO [79], though it is 
generally less severe than with ATRA, despite 
comparable degrees of hyperleukocytosis. Dose 
reduction from 0.15 to 0.08 mg/kg is recom-
mended for mild-moderate DS, but ATO should 
be temporarily suspended if severe DS develops. 
Prophylactic prednisone has gained popularity in 
some protocols employing ATRA + ATO [66, 74], 
despite the lack of high-quality randomized trials 
proving its efficacy, and the use of intravenous 
(IV) dexamethasone 10 mg bid is recommended 
for established DS. Biochemical hepatotoxicity is 
common, particularly elevation of ALT and AST, 
though resolution usually occurs promptly after 
cessation of ATO, and dose reduction strategies 
for hepatotoxicity are well established [66, 74].

The potential for cardiac conduction abnormali-
ties, particularly QT prolongation with an associ-

ated risk of polymorphic ventricular arrhythmias 
such as torsade de pointes [80], dominates intrave-
nous administration of ATO. The concomitant use 
of other drugs that prolong QT [81], and electrolyte 
depletion (especially of K+ and Mg2+), accentuates 
the risk of QT prolongation. Frequent monitoring of 
electrolytes and intravenous or oral replacement is 
essential with the aim of keeping the serum K+ 
above 4 mmol/L and the serum Mg2+ above 
0.9 mmol/L. Since the QT interval is also rate 
dependent, several algorithms for calculation of 
corrected QT (QTc) are available. A detailed review 
of these algorithms has recommended the 
Framingham (Sagie), Hodges, or Fredericia algo-
rithms rather than the commonly employed Bazett 
formula, since the latter was associated with sub-
stantially higher QTc values than the other methods 
[82]. ATO should be withheld if the QTc exceeds 
500 ms until the relevant corrective measures have 
been instituted and the QTc normalizes.

Other ATO side effects include dermatological 
problems (rashes, hyperpigmentation), neurologi-
cal disorders, particularly peripheral neuropathy 
[83], gastrointestinal disturbances, and metabolic 
abnormalities such as hyperglycemia. An 
increased risk of herpetic infections has also been 
reported [84], though this was not evident in the 
APML4 [66], APL0406 [74], or AML17 trials 
[76], despite the lack of protocol- specified antivi-
ral prophylaxis. Not surprisingly, the toxicity of 
ATO is to some extent dependent on scheduling 
and on the concomitant use of other drugs [66].

Chronic environmental exposure to arsenic 
(e.g., by long-term ingestion of contaminated 
groundwater) has been associated with a range of 
nonmalignant disorders and with an increased risk 
of cancers [85, 86], especially involving the skin, 
lung, liver, kidney, and bladder. Reversible myelo-
dysplastic features following arsenic poisoning 
have also been described [87]. Arsenic has been 
designated a human carcinogen by the US 
Environmental Protection Agency and by the 
International Agency for Research on Cancer. 
Whether short-term therapeutic arsenic exposure 
used in the treatment of APL, as opposed to chronic 
environmental exposure, will result in an increased 
risk of secondary malignancies is still uncertain 
[88], but to date no appreciable increase has been 
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reported. The long-term safety of therapeutic ATO 
exposure has been assessed by the Shanghai group 
in a detailed survey of 112 ATO- treated APL 
patients and an age- and gender- matched control 
group [89]. A significant increase in grade 1 liver 
dysfunction and hepatic steatosis was observed in 
the APL patients, but there was no appreciable 
increase in second malignancies, diabetes, neuro-
logical, renal, or electrocardiographic disorders. 
Based on currently available data, the benefits of 
therapeutic ATO outweigh the potential risks.

 Central Nervous System Relapse 
with ATO-Based Protocols

High-risk disease and central nervous system 
(CNS) hemorrhage during induction are associ-
ated with an increased risk of CNS relapse after 
ATRA and anthracycline-based chemotherapy 
[90]. However, there is no clear consensus on 
whether intrathecal chemoprophylaxis is of ben-
efit. Intermediate- and high-dose cytarabine may 
provide some CNS protection, especially when 
total cytarabine administration exceeds 10 g/m2 
[91, 92]. Protocols that rely almost exclusively 
on ATRA and ATO also appear to be associated 
with a low risk of CNS relapse, despite the omis-
sion of CNS prophylaxis. Only one instance of 
CNS relapse was observed in each of the MD 
Anderson [73], APML4 [71], and AML17 [76] 
studies, and this may be related to the fact that, 
even when given orally, ATO is detectable in 
cerebrospinal fluid at therapeutically meaningful 
levels [93]. Concomitant administration of idaru-
bicin, as in the APML4 protocol, may provide 
additional protection, since idarubicinol (its 
major active metabolite) has been detected at 
potentially antileukemic concentrations in the 
cerebrospinal fluid of children treated for acute 
lymphoblastic leukemia [94].

 Maintenance in the ATO Era

Another area of controversy is the role of mainte-
nance, which was associated with significantly 
better outcomes in both the European APL93 

[95] and North American Intergroup APL [96] 
trials. In contrast, the GIMEMA AIDA0493 [97] 
study showed no advantage for maintenance, and 
it proved disadvantageous in the Japan Adult 
Leukemia Study Group (JALSG) APL97 trial 
[98]. A Cochrane meta-analysis [99] of 10 stud-
ies and over 2000 patients concluded that mainte-
nance improved DFS but not OS, and maintenance 
with ATRA + chemotherapy was superior to 
ATRA alone.

While randomized studies comparing mainte-
nance with no maintenance in the context of 
ATRA + ATO have not been conducted, the 
APL0406 [75] trial demonstrated that ATRA + ATO 
without maintenance was superior to ATRA + che-
motherapy with maintenance. Accordingly, there 
seems no role for maintenance in standard-risk 
patients treated with ATRA + ATO. Whether that 
conclusion can be extrapolated to high-risk patients 
is unclear, but it is conceivable that merging 
APML4-style induction (ATRA + ATO + idarubi-
cin) with the more prolonged ATRA + ATO con-
solidation utilized in APL0406 will eliminate the 
need for maintenance in high-risk patients.

 Alternative Arsenic Formulations

The vast majority of the published arsenic data in 
APL relate to IV ATO, which is administered by 
daily 2-h infusions spanning several weeks/
months, presenting considerable logistic issues for 
patients and hospital resources. A liquid oral ATO 
formulation developed in Hong Kong has shown 
efficacy in the relapsed setting [100–102] and has 
also been used extensively as maintenance after 
first remission [103]. Although oral ATO is more 
convenient and much less resource intensive [104], 
the CML experience with tyrosine kinase inhibi-
tors indicates compliance may be a problem [105]. 
Limited pharmacokinetic data suggest that in com-
parison with IV administration, oral ATO is asso-
ciated with lower peak blood levels, but exposure 
is comparable as estimated by area under the curve 
(AUC) [106]. Accordingly, it has been claimed 
that oral ATO may have an improved cardiac 
safety profile [101], but a clear safety benefit has 
not yet been proven.

H. Iland



127

Realgar is well established in traditional 
Chinese medicine, and its major constituent is 
tetra-arsenic tetra-sulfide (As4S4). It is 
 administered orally and has been shown to be 
effective in previously untreated and relapsed 
APL and as long-term maintenance therapy 
[107]. The Chinese APL Cooperative Group has 
conducted a multicenter 2-year DFS non-inferi-
ority study in which ATRA and IV ATO were 
compared with ATRA and oral realgar-Indigo 
naturalis formula (RIF) in induction and mainte-
nance [108]. DFS with ATRA + RIF was non-
inferior, and there were no significant differences 
in CR rates, OS, or toxicity. In a follow-up pilot 
study of 20 standard- risk patients, investigators 
from Beijing utilized a chemotherapy-free proto-
col combining ATRA and RIF in a schedule that 
mimicked the ATRA + ATO arm of APL0406 
[109]. The primary endpoint, molecular CR, was 
achieved in 100% of patients, and with very lim-
ited follow-up (median 14 months), no relapses 
had occurred. That program has now been 
extended to two multicenter phase III studies 
comparing ATRA + RIF with ATRA + IV ATO in 
standard-risk APL (ChiCTR- TRC- 13004054 and 
NCT02899169). RIF is not available outside 
China, and therefore the development of a conve-
nient and high-quality oral ATO formulation is 
eagerly awaited. A novel capsule formulation, 
developed in Australia, is being evaluated by the 
ALLG in a phase I bioavailability study (APML5) 
which opened for accrual in June 2017 
(ACTRN12616001022459).

 Conclusion

The standard of care for APL has evolved 
dramatically in the last few years. While 
ATRA remains a fundamental part of treat-
ment, chemotherapy has largely been 
replaced by ATO. In patients with standard-
risk disease, a chemotherapy- free approach 
has been validated, but for patients with 
high-risk disease, current evidence suggests 
that an additional cytotoxic agent, typically 
idarubicin, is still required during induction 
but is no longer  necessary in consolidation. 
If available,  gemtuzumab ozogamicin is an 
appropriate alternative. The need for main-

tenance in  high-risk disease is increasingly 
doubtful, though definitive studies have not 
yet been  performed. Simplification of ther-
apy through the substitution of oral for 
intravenous formulations of arsenic will fur-
ther improve the therapeutic experience of 
patients with APL.
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Cure of Acute Promyelocytic 
Leukemia Without Chemotherapy

Mary-Elizabeth M. Percival and Elihu H. Estey

 Introduction

Acute promyelocytic leukemia (APL) is an 
uncommon subtype of acute myeloid leukemia 
(AML) which accounts for around 5–10% of all 
AML cases in adults and children. APL is char-
acterized by a recurrent translocation between 
chromosome 15 (the promyelocytic gene or 
PML) and chromosome 17 (the retinoic receptor 
alpha gene or RARA); the resulting fusion pro-
tein PML-RARα leads to specific morphologic, 
molecular, and biologic properties that distin-
guish APL from other subtypes of AML. In par-
ticular, because of complications such as the 
thrombohemorrhagic syndrome, APL has a high 
early death rate [1, 2]. High-risk APL is defined 
as having an initial WBC count ≥10 × 109 cells/L 
(which occurs in approximately one-quarter of 
patients) [3]; all other cases are considered stan-
dard risk. As with all acute leukemia, the first 
step in the treatment of APL is induction ther-
apy. This chapter will focus on the options for a 

chemotherapy-free approach to APL induction. 
The combination of all-trans retinoic acid 
(ATRA) and arsenic trioxide (ATO) has been 
widely adopted since the seminal randomized 
trial first reported by Lo-Coco et al. in 2013 [4]. 
The drugs are both naturally occurring, leading 
to the description of treatment with “a vitamin 
and a mineral.” However, the development of 
this chemotherapy-free combination took over 
four decades of intensive research and clinical 
trials before becoming the current standard of 
care for most APL patients.

 ATRA Monotherapy

ATRA, also known as tretinoin, is the agent most 
associated with APL (though ATO is more effica-
cious when used as a single agent). ATRA is a 
derivative of vitamin A; vitamin A and its ana-
logues are generically known as retinoids. ATRA 
became the backbone of treatment for newly 
diagnosed APL based on a series of seminal trials 
in the 1980s, primarily from China. ATRA is 
often heralded as the first “targeted” therapy in 
human cancer, thereby preceding the use of ima-
tinib in chronic myeloid leukemia (CML) in the 
following decade. This description is not com-
pletely borne out by the historical record, since 
retinoic acid derivatives were identified as differ-
entiating agents for cell lines during drug screens 
(which led to clinical trials); only later was it 
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determined that the target of ATRA was the 
fusion protein PML-RARα. However, as 
reviewed by some of the principal Chinese scien-
tists involved in initial trials, investigators began 
to seek a novel treatment for APL that did not 
involve traditional chemotherapy, perhaps based 
on Confucian principles, and the newly identified 
drug ATRA which led to differentiation of APL 
cells seemed to be an excellent candidate [5].

 Early Experimentation with ATRA

Retinoic acid derivatives were first discovered in 
the early 1980s through drug screens examining 
promyelocyte differentiation. Preclinical work by 
Breitman et al. demonstrated that continuous 
exposure to retinoic acid led to optimal terminal 
cellular differentiation in an AML cell line (HL- 
60) [6, 7]. Only later were the mechanisms worked 
out by which retinoic acid was effective in APL 
cell lines. The PML-RARα fusion protein under-
goes a conformational change in the presence of 
ATRA, which leads to significant changes at the 
transcriptome and proteome levels in addition to 
gain of apoptotic potential [8]. Additionally, 
ATRA leads to destruction of the PML-RARα 
fusion protein. Interestingly, early in vitro studies 
with retinoids were performed in other subtypes 
of AML, using both cell lines and primary patient 
samples, and retinoids appeared to effect differen-
tiation and inhibit growth in non-APL AML cells 
as well [9], a finding that has not been borne out 
in subsequent clinical practice.

The provocative findings in APL cell lines 
were quickly taken into the clinic. In one of the 
earliest clinical publications, bone marrow pro-
myelocytes were harvested from a patient with 
chemotherapy-refractory APL and treated with 
retinoic acid in vitro [10]. After the cultured cells 
were found to exhibit differentiation without 
active proliferation, the patient was treated with 
oral 13-cis-retinoic acid at a dose of 100 mg/m2/
day for 13 days. Preliminary analysis suggested 
that the patient had a response to the retinoic acid, 
with a higher percentage of maturing cells in the 
blood and bone marrow, but unfortunately the patient 
died on day 13 from disseminated candidiasis [10]. 

Subsequent case studies were reported for patients 
with refractory APL treated with 13-cis-retinoic 
acid; this single-agent treatment led to normaliza-
tion of peripheral blood counts for 20 weeks and 
1 year, respectively [11–13]. Notably, 13-cis-reti-
noic acid is a retinoic acid isomer identical to 
ATRA except for the orientation of its carboxy 
terminus. Subsequent reports demonstrated that 
outcomes with ATRA were superior to those with 
13-cis-retinoic acid [14, 15].

 Induction of APL with Single-Agent 
ATRA

Because of the accessibility of ATRA and the 
promising published case reports, the Shanghai 
group began clinical trials with this agent in 
APL. Many of the patients had relapsed/refrac-
tory (R/R) disease, but this chapter will focus on 
the patients with newly diagnosed APL receiving 
their first treatment. The studies of single-agent 
ATRA in newly diagnosed APL are summarized 
in Table 10.1. The first six patients enrolled by the 
Shanghai group who received ATRA were 
described in 1987, though importantly ATRA was 
co-administered with cytarabine [16]. A larger 
trial, with single-agent ATRA, was conducted by 
Huang et al. in a cohort of 24 APL patients, 16 
with newly diagnosed APL and 6 with R/R dis-
ease [17]. The untreated patients ranged in age 
from 18 to 61 years and had peripheral white 
blood cell (WBC) counts ranging from 0.9 to 
15.8 × 109 cells/L. The doses of ATRA in the 
untreated patients ranged from 45 to 50 mg/m2/
day for induction therapy, which is in line with the 
current recommended dosing of 45 mg/m2/day in 
a divided dose. Remarkably, of the newly diag-
nosed patients, all but one achieved CR (defined 
as <5% blasts plus promyelocytes in a normo cel-
lular marrow with normal peripheral blood 
counts); the final newly diagnosed patient 
achieved a CR when cytarabine was added to 
induction, and all eight of the R/R patients 
achieved CR. The description of the treatment 
course of the patients in the trial closely  resembles 
what is seen in current clinical practice: “The total 
WBC count rose progressively starting with initia-
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Table 10.1 Summary of patient outcomes for studies using single-agent retinoic acid derivatives for induction treat-
ment of newly diagnosed APL

Reference Patients (n)
Induction 
treatment CR rate Overall survival Comments

Huang ME et al. 
1988 [17]

16 ATRA 94% (15/16) Not reported 1 patient achieved CR 
with addition of 
cytarabine; all patients 
received chemotherapy 
consolidation

Castaigne S 
et al. 1990 [19]

4 ATRA 50% (2/4) Not reported 2 patients had early 
death (days +6 and 
+12); all patients 
received chemotherapy 
consolidation

Warrell RP 
et al. 1991 [20]

6 ATRA 83% (5/6) Not reported 1 patient who did not 
achieve CR did not 
have t(15;17); all 
patients received 
chemotherapy 
consolidation

Chen ZX et al. 
1991 [21]

47 ATRA 94% (44/47) Not reported 3 patients had early 
death (days +4, +4, 
+5); all patients 
received chemotherapy 
consolidation

Frankel SR 
et al. 1994 [22]

34 ATRA 87% (26/30) 31 months 
(median)

5 patients had early 
death; most patients 
(22) received 
chemotherapy 
consolidation

Kanamaru A 
et al. 1995 [23]

28 ATRA 89% (25/28) Not reported Other patients on the 
study received ATRA 
plus chemotherapy

Fenaux P et al. 
1993 [24]

54 ATRA 91% (49/54) 91% at 1 year 5 patients had early 
death; study patients 
were randomized to 
ATRA vs. 
chemotherapy, with 
both arms followed by 
chemotherapy 
consolidation

Tallman MS 
et al. 1997 [26]

124 ATRA 72% (124/172) 71% at 3 years 19 patients had early 
death; study patients 
were randomized to 
ATRA vs. 
chemotherapy, with 
both arms followed by 
chemotherapy 
consolidation

Estey E et al. 
2001 [83]

34 lipoATRA 79% (27/34) Not reported 6 patients had early 
death; consolidation 
was also with 
lipoATRA

Abbreviations: all-trans retinoic acid (ATRA), complete remission (CR), liposomal ATRA (lipoATRA)
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tion of treatment and reaching a peak between 7 
and 14 days. The WBC count then fell with the 
progressive maturation of granulocytes. Increase 
in platelets was most prominent after 3 weeks. 
Elevation of the hemoglobin concentration 
appeared reluctant and slow. Bone marrow aspi-
rate revealed that hypercellularity existed through-
out RA [retinoic acid] treatment.” The responses 
were transient, however, and patients relapsed 
after a period of months, though it should be noted 
that patients received a variety of maintenance 
regimens that are not routinely used today (ATRA 
at 20–30 mg/m2/day, ATRA plus low-dose cytara-
bine or harringtonine, low-dose cytarabine, or 
multidrug consolidation followed by maintenance 
chemotherapy) [17]. This trial would change the 
treatment algorithm for APL, ultimately turning 
APL into a disease curable in 90% of people 
treated in academic centers [1]. Further enroll-
ment on the clinical trial demonstrated a CR rate 
of 84% at 42 days after initiation of ATRA (48 out 
of 57 total patients), with the caveat that the study 
population contained both newly diagnosed and 
R/R patients and many patients received chemo-
therapy as consolidation [18].

The remarkable findings from the Shanghai 
group using single-agent ATRA were quickly rep-
licated in a worldwide series of studies in the 
early 1990s. The French group induced 22 patients 
with single-agent ATRA, but only 4 of these were 
previously untreated; only 2 of the 4 untreated 
patients achieved CR, with the other 2 dying at 
day 6 and day 12 after initiation of treatment with 
a pronounced, and unusual, hyperleukocytosis 
[19]. A similar study treated 11 patients with sin-
gle-agent ATRA; five of the six previously 
untreated patients achieved CR [20]. Patients in 
both of these studies went on to receive consolida-
tion therapy with chemotherapy and sometimes 
hematopoietic stem cell transplantation (HSCT).

Another Chinese study, from the Jiangsu 
Institute of Hematology, examined induction 
treatment with single-agent ATRA in 50 patients, 
47 of whom were newly diagnosed [21]. The CR 
rate for this group was a remarkable 94%, with 
only three patients not achieving a CR because 
they died within the first week after treatment ini-
tiation (two of hemorrhagic complications). The 

CR1 duration ranged from 3 to 30 months, though 
it should be noted that patients generally received 
subsequent chemotherapy with a variety of agents 
(homoharringtonine, vincristine, cytarabine, and 
prednisone) [21]. A subsequent study from 
Memorial Sloan Kettering examined 56 consecu-
tive patients treated with ATRA at 45 mg/m2/day 
in New York; 26 out of the 30 newly diagnosed 
patients with a confirmed reverse transcriptase 
polymerase chain reaction (RT-PCR) PML-RARA 
gene rearrangement achieved CR (86%) [22]. 
Twenty-two of these patients received consolida-
tion chemotherapy; the group as a whole had a 
median relapse-free survival of over 28 months 
(range 1–34) with an overall survival of over 
31 months (range 0.4–36). The New York group 
performed a comparison to a historical control 
cohort of 80 patients treated with conventional 
chemotherapy, demonstrating the superiority of 
induction with ATRA (p = 0.014) [22]. The Japan 
Adult Leukemia Study Group also investigated 
ATRA induction, but only 28 of 109 patients 
received ATRA alone because daunorubicin and 
cytarabine were administered if patients had a 
WBC > 3 × 109/L at diagnosis; the CR rate for 
these 28 patients was 89%, and the survival data 
were favorable in a retrospective comparison to a 
previous study [23]. The conclusion from these 
studies as a whole was that ATRA was highly 
effective at inducing CR in patients with untreated 
APL, but that remissions were transient if patients 
were not consolidated with chemotherapy 
because ATRA resistance developed rapidly.

The next series of studies confirming the 
effectiveness of ATRA as induction therapy 
included randomized comparisons of ATRA fol-
lowed by chemotherapy versus ATRA plus 
simultaneous chemotherapy in newly diagnosed 
APL patients. Two large intergroup studies com-
pared these approaches. The goal was to decrease 
the risk of the so-called ATRA differentiation 
syndrome, as well as to prolong the duration of 
CR. The European APL 91 study included 101 
patients from 46 centers, who were randomized 
to receive 7 + 3 chemotherapy (with cytarabine 
200 mg/m2/day on days 1–7 plus daunorubicin 
60 mg/m2/day on days 1–3) versus ATRA 45 mg/m2/
day until CR, followed by 7 + 3 chemotherapy [24]. 
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Both arms were consolidated with two further 
courses of combination chemotherapy (one 7 + 3 
and one with intermediate-dose cytarabine). The 
study was terminated early because the event-
free survival was significantly higher in the 
ATRA group, and 49 patients (91%) achieved CR 
[24]. The North American Intergroup examined a 
slightly different question of the effect of ATRA 
maintenance chemotherapy after initial induc-
tion, to determine if the early benefits seen with 
ATRA were sustained at the time of long- term 
follow-up. Three hundred fifty patients were ran-
domized to receive induction with ATRA 45 mg/
m2/day until CR or one to two cycles of 7 + 3 
chemotherapy (with cytarabine 100 mg/m2/day 
on days 1–7 plus daunorubicin 45 mg/m2/day on 
days 1–3); consolidation was similar to the APL 
91 study with two further courses of combina-
tion chemotherapy [25, 26]. Patients in CR fol-
lowing consolidation underwent a second 
randomization to receive maintenance ATRA for 
1 year of observation. The CR rate was not sig-
nificantly different between the two groups (70% 
in the ATRA group and 73% in the chemother-
apy group); however, long-term follow-up dem-
onstrated that the 5-year disease-free survival 
and overall survival were significantly longer for 
the ATRA maintenance group (69% for both in 
the ATRA group, but with relapse-free survival 
of only 29% and overall survival of 45% in the 
chemotherapy cohort) [25].

 Toxicity of ATRA

The initial toxicities of ATRA described in the 
Shanghai study by Huang et al. closely resemble 
those identified in clinical practice today. The drug 
is extremely well tolerated, but common toxicities 
included “dryness of the lips and skin (100%), 
headache (25%), nausea or vomiting (20.8%), 
moderate bone or joint pain (12.5%), and mild 
exfoliation (8.3%)” [17]. Two other notable toxici-
ties of ATRA include teratogenicity (part of the 
black box warning for tretinoin) and development 
of intracranial hypertension (pseudotumor cerebri, 
PTC). The latter was first identified in a small 
early study of ATRA in 2 of 11 patients [20]. 

Though it is a recognized toxicity of ATRA, PTC 
is likely much less common than initially observed; 
a large analysis of 240 patients treated with ATRA 
on an intergroup protocol showed that only 1.7% 
of patients had “probable” PTC [27]. However, the 
incidence of PTC appears to be higher in children 
with APL (16% in the APL93 trial, which com-
bined ATRA and chemotherapy), particularly in 
those aged <10 years [28].

The most concerning toxicity of ATRA is that 
of the differentiation syndrome (DS), which was 
first described by Frankel et al. in 1992 [29] and is 
identified in approximately 25% of patients 
treated with ATRA. Symptoms include fever, 
respiratory distress, weight gain, edema, pleural 
or pericardial effusions, and hypotension, occur-
ring between 2 and 21 days after initiation of 
treatment in the initial description of the syn-
drome. Then as now, steroids were the mainstay 
of treatment; prompt administration of dexameth-
asone at 10 mg every 12 h led to symptomatic 
improvement in three of four patients [29]. Multi-
organ failure and even death can occur as a result 
of DS, leading to a black box warning on tretinoin 
formulations. A retrospective analysis of patients 
from the European APL group described the 
“ATRA syndrome” or DS in 15% of patients (64 
of 413) during induction; though steroids and sup-
portive care led to a low rate of death, patients 
with DS still had lower event-free and overall sur-
vival rates [30]. Interestingly, though pretreat-
ment WBC count has been posited as an important 
factor in the development of differentiation syn-
drome based on a previous analysis of data from 
the New York Group [31], no predictive signifi-
cant factors (including WBC count) could be 
identified in the larger European group [30]. As 
will be discussed later, ATO can also lead to a dif-
ferentiation syndrome.

 Current Use of ATRA in APL

Single-agent ATRA is highly effective at induc-
ing CR in patients with newly diagnosed 
APL. Since these remissions are transient, how-
ever, it is generally combined with other agents; 
we will next discuss the most significant of these, 
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ATO. However, because of the low level of 
 toxicity, high level of efficacy, and ease of admin-
istration with oral gelatin capsules, ATRA is fre-
quently administered as a single agent to patients 
with a new diagnosis of AML while awaiting 
confirmatory testing for APL, usually by fluores-
cence in situ hybridization.

 Arsenic Trioxide (ATO) Monotherapy

ATO, also known by its chemical compound 
As2O3, is more effective than ATRA in APL. It is 
a naturally occurring metallic element, analogous 
to phosphorus on the periodic table, and arsenic’s 
inorganic forms are known to be poisonous to 
humans and animals. In large doses, arsenic and 
many of its commonly occurring compounds dis-
rupt signaling pathways, glutathione conjugation, 
and the intracellular production of adenosine tri-
phosphate (ATP) through a variety of mecha-
nisms, leading to cellular necrosis and fairly rapid 
death [32]. In smaller doses, which can affect 
humans through contaminated groundwater or 
foods such as seafood, rice, and mushrooms, arse-
nic has been reported to adversely and perma-
nently affect hematologic, cardiovascular, and 
neurologic systems, among others [33–35].

However, despite the fact that it is a toxic chemi-
cal, arsenic has a long history as an ancient remedy. 
Arsenic has been described in a comprehensive 
review of its medicinal uses as moving from “noto-
riety to respectability” [36]. Medicinal use of arse-
nic was described by Hippocrates, and 
arsenic-containing compounds have been a main-
stay of traditional Chinese medicine for thousands 
of years [37]. Fowler solution (which contains 1% 
potassium arsenite) was developed in the 1700s 
and used for the treatment of malignant, rheumato-
logic, and infectious diseases, including the 
 treatment of chronic myeloid leukemia (CML) for 
over a century [37]. ATO, currently the most clini-
cally relevant arsenic-containing compound, is 
under investigation for the treatment of multiple 
non-APL malignancies. Data demonstrating activ-
ity in phase 2 trials for patients with multiple 
myeloma and other diseases have been reviewed 
previously [38], and there are multiple active or 

recently closed trials in other non-hematologic 
malignancies.

 Mechanism of Action of ATO

Interestingly, the mechanism of action of ATO 
was discovered only after the clinical benefit was 
observed. Two arsenic-containing compounds 
(ATO and arsenic disulfide) were found to be 
components of traditional Chinese medicine that 
seemed to be beneficial in APL patients, particu-
larly in those who were resistant to ATRA. Later 
studies were conducted to help determine the 
mechanism of action of ATO in APL. In vitro 
analysis of the NB4 cell line (derived from an 
APL patient) showed that ATO led to selective 
apoptosis of malignant cells, likely through 
downregulation of BCL-2 expression and modu-
lation of the PML-RARα fusion protein [39]. 
Importantly, this pathway is independent of the 
mechanism of ATRA and was not affected by 
ATRA pretreatment. Later work, also by the 
Shanghai group, examined an ATRA-resistant 
cell line (MR2 subclone) and primary patient 
samples and found what appeared to be a dose- 
dependent effect of ATO: induction of apoptosis 
at higher doses and differentiation at lower doses, 
with both likely mediated by degradation of the 
PML-RARα fusion protein [40]. The induction 
of apoptosis may be the most important effect of 
ATO, but there is no doubt that it can also act as 
an agent to promote differentiation in APL [41]. 
ATO also seemed to have a negative effect on 
other leukemia cell lines, similar to preclinical 
studies of ATRA that have not been borne out in 
clinical practice (at least not for use as a single 
agent) [42].

 Treatment of APL with ATO

ATO had been used for the treatment of CML in 
the Western world, as previously mentioned, but 
it became a compound of interest when it was 
found to be a component of traditional Chinese 
medicines. A systematic study of the effect of 
ATO was begun in the 1970s by the Harbin group 
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in Northeastern China, and APL was found to be 
particularly responsive to ATO in a series of pub-
lications starting in 1992 [43, 44].

ATO was not widely applied to the treatment 
of APL outside of the northernmost part of China 
until the 1990s. The studies of single-agent ATO 
in the induction treatment of newly diagnosed 
APL are summarized in Table 10.2. In 1997, the 
Shanghai group reported on the use of ATO in 15 
patients with R/R APL [45], along with accompa-
nying laboratory-based study that was mentioned 
previously [40]. Ten of these patients had been 
induced with ATRA and received single- agent 
ATO at the time of first relapse (the remaining five 
patients had received multi-agent therapy includ-
ing ATO); 90% (9 out of 10) achieved CR with 
single-agent ATO [45]. This study confirmed the 
efficacy of ATO as a single agent in APL and 
paved the way for larger studies in the future.

Shortly afterward, ATO was studied in the 
Western world, again in patients with R/R APL [46]. 
Twelve patients were studied, who had relapsed 

between one and three times, and 11 achieved 
CR. The current standard dosing of ATO (0.15 mg/
kg) was derived from this study as well; the first few 
patients received a fixed dose, but the investigators 
moved to weight-based dosing after the enrollment 
of two pediatric patients [46]. With correlative stud-
ies on patient samples, the investigators confirmed 
that ATO led to the so-called nonterminal differen-
tiation followed by apoptosis of leukemic cells.

Investigators from the Harbin and Shanghai 
groups next began to include patients with newly 
diagnosed APL in their studies of ATO. This drug 
that appeared to be so effective in the R/R state 
might lead to profound improvements in the upfront 
treatment of APL as well. Eleven patients with 
newly diagnosed APL were included in the study of 
Niu et al. which was published in 1999, though only 
seven were treated with ATO alone (the remaining 
four received chemotherapy in addition) [47]. Six of 
seven achieved CR (86%), after a range of 30 to 
36 days receiving ATO. Consolidation consisted of 
further courses of ATO and chemotherapy. Three of 

Table 10.2 Summary of patient outcomes for studies using single-agent arsenic compounds for induction treatment of 
newly diagnosed APL

Reference Patients (n)
Induction 
treatment CR rate Overall survival Comments

Niu C et al. 1999 
[47]

7 ATO 86% (6/7) Not reported 1 patient had early 
death; most patients 
received 
chemotherapy 
consolidation

Mathews V et al. 
2010 [52]

72 ATO 86% (62/72) 74% at 
5 years

10 patients had early 
death (8 from 
intracranial bleeding); 
8 patients received 
anthracycline; 
consolidation was also 
with ATO

Ghavamzadeh A 
et al. 2011 [54]

197 ATO 86% (169/197) 64% at 
5 years

Early death more 
common in high-risk 
patients

Zhu HH et al. 2013 
[98]

112 ATO 97% (114/117) 97% at 
3 years

Patients received 
chemotherapy 
consolidation and 
maintenance

Zhu HH et al. 2013 
[98]

108 RIF 99% (113/114) 99% at 
3 years

Patients received 
chemotherapy 
consolidation and 
maintenance

Abbreviations: arsenic trioxide (ATO), complete remission (CR), Realgar-Indigo naturalis (RIF)
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the 11 newly diagnosed patients had early death 
within the first 15 days of treatment, but the remain-
ing 8 remained in CR for a period of 8–20 months 
with a median follow-up of 12 months [47].

Many studies were conducted to cement the 
role of ATO as an effective agent for R/R APL, 
even showing that it was as effective as consolida-
tive HCT [48, 49], but the Indian and Iranian 
groups asked the question of whether single- agent 
ATO could be an effective treatment for newly 
diagnosed patients. The Indian group first demon-
strated the efficacy of single-agent ATO in 2002, 
with the publication of a small series of 14 patients 
treated with ATO at a fixed dose of 10 mg/day 
[50]. Three patients died within the first 4 days, 
and one died at day 21; impressively, the remain-
ing 10 attained CR (71%). This study confirmed 
that ATO was a highly effective agent in the treat-
ment of APL and that the major risk associated 
with the disease at the time of diagnosis was early 
death. Notably, part of the impetus of these stud-
ies was the expense of ATRA in the setting of the 
relative affordability of ATO on clinical trial. The 
positive results were extended in a 2006 study 
[51] and further updated in the large 2010 analysis 
by Mathews et al. [52]. In all of these studies, 
ATO was administered as a single- agent induction 
therapy until approximately day 60 or CR. After a 
4-week interval, another 4-week course was 
administered; finally, after another 4-week inter-
val, ATO was administered 10 days per month for 
6 months. Occasional patients were treated with 
anthracycline (at the clinician’s discretion if there 
was profound leukocytosis, or concern for differ-
entiation syndrome), and many received concur-
rent hydroxyurea. Seventy-two patients were 
treated, and 62 achieved CR (86%); the remaining 
10 patients died during induction, the majority of 
bleeding complications. What is most remarkable 
is that the 5-year OS is 74% ± SE 5.2%, meaning 
that the large majority of patients were cured with 
this powerful single-agent regimen [52].

Similar impressive findings for single-agent 
ATO were shown in the same timeframe by the 
Iranian group. The Iranian group treated 111 
patients with single-agent ATO, 94 of whom 
were previously untreated [53]. The dose of ATO 
was 0.15 mg/kg daily for a 2-h IV infusion until 

CR or day 60; consolidation consisted of ATO at 
the same dose 6 days/week for 28 doses. CR was 
achieved in 82 of the 94 newly diagnosed patients 
(86%). Notably, 23 patients had the APL differ-
entiation syndrome, and 8 died of this complica-
tion. Approximately half of the patients in the 
study were followed for minimal residual disease 
(MRD) by RT-PCR, and 92% had no evidence of 
MRD. Interestingly, 24 patients relapsed; 5 died 
during re-induction with ATO, but the remaining 
19 achieved a second CR with the same ATO 
induction regimen [53]. Long-term follow-up of 
197 newly diagnosed patients treated with ATO 
alone demonstrated impressive survival results 
[54], with the accompanying editorial noting that 
ATO is moving “front and center” in the treat-
ment of APL and that results with single-agent 
ATO surpassed those seen with single-agent 
ATRA [55]. The study population consisted of 
197 patients enrolled between 1999 and 2010. 
These patients received the same induction as 
previously described but starting in 2006 received 
a total of four courses of 28-day consolidation 
with ATO: one that started 1 month after CR, 
another that started 1 month later, and then repeat 
courses at 1 and 2 years after CR. The CR rate 
was 86% (169 of 197 patients); the major reason 
for not achieving CR was early death, which 
occurred in 29 patients (15%), primarily as a 
result of bleeding complications. The disease- 
free survival was 66.7% ± 4% at 5 years, and the 
overall survival at 5 years was 64.4% ± 4% [54].

Controversy exists about the conduct of the clin-
ical trials utilizing single-agent ATO in the upfront 
treatment setting, since the impetus for moving this 
agent into the frontline was because of cost con-
cerns related to ATRA [56]. However, ATO has 
clearly been shown through these comprehensive 
studies to be a highly effective and well-tolerated 
drug for APL induction as a single agent.

 Toxicity of ATO in APL

From the first clinical trials of ATO in APL, it is 
clear that the drug has recurrent side effects aside 
from its history as a toxic chemical. As the dosing 
was being established, some patients had evi-
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dence of acute and chronic arsenic toxicity while 
being treated for APL [57], and some studies had 
analysis of hair and nail clippings built in for 
analysis of dosing, toxicity, and timing of arsenic 
exposure [52]. Predictably, since it leads to 
in vitro differentiation in tissue culture, ATO 
leads to a differentiation syndrome quite similar 
to that seen with single-agent ATRA, which is 
also treated with high-dose steroids and which 
also had led to a black box warning. It was first 
described in patients with R/R APL treated with 
single-agent ATO, and, as for patients with ATRA 
differentiation syndrome, symptoms were found 
in 31% of patients and appeared more likely to 
develop in those with leukocytosis [58].

The cardiac toxicity of ATO is also notable, 
with most current protocols requiring regular 
electrocardiographic monitoring and aggressive 
electrolyte (potassium and magnesium) repletion 
of patients while receiving ATO to help prevent 
toxicity. A black box warning also exists for this 
cardiac toxicity, noting the QT-interval prolonga-
tion and complete atrioventricular block that can 
develop with ATO exposure [59]. Many physi-
cians will limit the use of concomitant QT-interval 
prolonging drugs. At least two reports have sug-
gested that the ATO-associated cardiac toxicity 
has a genetic basis, with African-American 
patients having a predisposition to sudden car-
diac death [60, 61]. Cardiac toxicity can usually 
be mitigated with a decrease in the ATO dose.

Hepatotoxicity was reported in some of the 
early studies of single-agent ATO, including two 
cases of fulminant liver failure [47]. However, 
this study was published before the dose of ATO 
was standardized, and the frequency of hepato-
toxicity appears lower in subsequent clinical 
practice than previously noted.

 Combination of ATRA and ATO 
in APL

The next logical step in the progression of treat-
ment of APL was to combine ATRA and ATO, 
each highly efficacious on their own, into one 
regimen. The ultimate goal of such a regimen 
would be to minimize or completely remove che-

motherapy and complete the transformation of 
APL from a highly lethal subtype of AML into 
the most highly curable one.

 Preclinical Studies

ATRA and ATO were found to act in synergistic 
ways through a variety of elegant experiments. 
One early report suggested that ATO caused 
apoptosis without differentiation [41], but subse-
quent experiments (and clinical experience) have 
borne out the claim that ATO is a potent agent of 
differentiation for promyelocytes. Later in vitro 
work showed that the ATRA/ATO combination 
appeared to lead to differentiation and apoptosis 
in the ATO-resistant NB4 cell line, though it was 
not clear if sequential or concurrent therapy 
would be most beneficial [62]. In vivo mouse 
models transplanted with APL leukemic blasts 
further suggested that ATRA and ATO in combi-
nation led to improved responses and survival 
when compared to either agent alone [63, 64].

 ATO and ATRA in Standard-Risk APL

The promising combination of ATRA and ATO, 
which has now become the standard for all 
patients with newly diagnosed standard-risk 
APL, was investigated in a fascinating case report 
of a Jehovah’s Witness with newly diagnosed 
APL [65]. The patient presented with pancytope-
nia and refused all blood product support; since 
anthracycline chemotherapy was contraindicated, 
the investigators administered single-agent 
ATRA (at a reduced dose of 25 mg/m2/day), fol-
lowed by repeated courses of concurrent ATRA 
and ATO consolidation therapy. Remarkably, the 
patient achieved a molecular remission without 
requiring blood product support.

This case report, along with the preclinical data 
showing that ATRA and ATO targeted different 
intracellular pathways, laid the groundwork for the 
development of clinical trials with combination 
induction therapy (summarized in Table 10.3). The 
Shanghai group published a randomized trial of 61 
patients, who received ATRA alone at 25 mg/m2/
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day, ATO alone at 0.16 mg/kg/day, or ATRA/ATO 
concurrently at the same doses as single agent for 
induction therapy [66]. Notably, the trial was not 
free of chemotherapy. Patients with high WBC 
count (>10 × 109 cells/L) received cytarabine and 
idarubicin in a 7 + 3 pattern during induction; also, 
all patients received three consolidation cycles with 
chemotherapy (7 + 3, intermediate-dose cytarabine, 
and homoharringtonine plus cytarabine). Nearly all 
patients achieved CR after induction, including 20 
of 21 patients in the ATRA/ATO arm; the four who 
did not all died of cerebral hemorrhage. Remission 
induction was significantly faster in the combina-
tion arm (median 25.5 days) than in the other two 
(median 40.5 days in the ATRA arm and 31 days in 
the ATO arm); the combination arm also led to the 
greatest decrease in the levels of PML-RARA tran-
script when assessed by RT-PCR [66].

Spurred onward by these provocative results, 
Estey et al. performed the first clinical trial in 
newly diagnosed APL that did not include 

required chemotherapy [67]. The 44 evaluable 
patients received ATRA at 45 mg/m2/day starting 
on day 1; ATO was added at 0.15 mg/kg on day 
10. Once in CR, patients received consolidation 
therapy with alternating courses of ATRA and 
ATO (see Fig. 10.1). Patients received 
 chemotherapy with the CD33-targeted antibody-
drug conjugate gemtuzumab ozogamicin (GO) 
only in certain predefined circumstances: (1) 
high-risk APL with initial WBC > 10 × 109 
cells/L, (2) PCR positivity for PML-RARA tran-
script 3 months after morphologic CR, (3) molec-
ular relapse, or (4) ATRA or ATO toxicity forcing 
discontinuation. Eighteen patients received che-
motherapy, primarily due to having a high WBC 
count at diagnosis and thus falling into the high- 
risk APL group; three patients also received ida-
rubicin due to individual physicians’ discomfort 
with the GO prescribed by the study. The CR rate 
was an impressive 89% (39 of 44), with four 
early deaths in the first 3 days on study [67]. This 

Table 10.3 Summary of patient outcomes for studies using retinoic acid and arsenic derivatives together for induction 
treatment of newly diagnosed APL

Reference
Patients 
(n)

Induction 
treatment CR rate Overall survival Comments

Shen ZX et al. 
2004 [66]

21 ATRA/ATO 95% (20/21) Not reported 1 patient had early death; 
patients received 
chemotherapy consolidation 
and maintenance; disease-free 
survival was 100%

Estey EH et al. 
2006 [67]

44 ATRA/ATO 89% (39/44) Not reported GO was given for high WBC 
count during induction; only 3 
patients relapsed

Burnett AK 
et al. 2015 [72]

116 ATRA/ATO 94% 
(109/116)

93% at 4 years Included standard- and 
high-risk APL; study patients 
were randomized to ATRA/
ATO vs. ATRA/
chemotherapy; GO was given 
for high WBC count during 
induction

Platzbecker U 
et al. 2016 [69]

127 ATRA/ATO 100% 
(127/127)

99% at 
50 months

Included only standard-risk 
APL; study patients were 
randomized to ATRA/ATO vs. 
ATRA/chemotherapy

Zhu HH et al. 
2014 [98]

20 ATRA/RIF 100% (20/20) Not reported 10 patients completed all 
therapy on an outpatient basis; 
this combination is the basis 
of an ongoing larger clinical 
trial (NCT02899169)

Abbreviations: all-trans retinoic acid (ATRA), arsenic trioxide (ATO), Realgar-Indigo naturalis (RIF), complete remis-
sion (CR)
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groundbreaking study set up future trials with the 
combination of ATRA and ATO without tradi-
tional chemotherapy, while demonstrating that 
high-risk APL patients could have similar and 
excellent outcomes.

The large randomized trial by Lo-Coco et al. 
confirmed that the chemotherapy-free approach 
to induction was non-inferior (and likely supe-
rior) to the standard incorporation of chemother-
apy [4]. This cooperative multicenter phase 3 
study was conducted through Gruppo Italiano 
Malattie Ematologiche dell’Adulto, the German- 
Austrian Acute Myeloid Leukemia Study Group, 
and the Study Alliance Leukemia. The study ran-
domized 162 standard-risk newly diagnosed APL 
patients to receive induction and consolidation 
ATRA and ATO alone, as per the study of Estey 
et al. [67] or to receive ATRA and idarubicin at 
12 mg/m2 on days 2, 4, 6, and 8 of induction (the 
AIDA regimen, plus further anthracycline ther-
apy during consolidation) [68]. Of the 156 evalu-
able patients, all 77 (100%) in the ATRA/ATO 
group achieved CR, and 75/79 (95%) in the 
ATRA/chemotherapy group achieved CR 
(p = 0.12). EFS was significantly different 
between the two groups (97% vs. 85%, p < 0.001 
for non-inferiority), as was the 2-year OS proba-
bility of 99% (95% CI 96, 100) in the ATRA/
ATO group versus 91% (95% CI 94, 100) in the 
ATRA/chemotherapy group (p = 0.02). These 
remarkable findings of high CR rates and impres-
sive OS in the ATRA/ATO group have been borne 
out by the final follow-up data [69].

What is perhaps most noteworthy about this 
series of studies is that the investigators were not 
content with the known high cure rate with ATRA 

plus chemotherapy in APL (over 80%) and 
instead strove for (and achieved) an even higher 
goal. In the final results, the OS in the ATRA/
ATO arm at 50 months is 99.2% (compared to 
92.6% in the ATRA/chemotherapy arm, 
p = 0.0073) [69]. The superiority of ATRA/ATO 
compared to ATRA/chemotherapy has been con-
firmed by a meta-analysis, in terms of improved 
CR rate, EFS, and OS [70]. Additionally, by not 
receiving traditional cytotoxic chemotherapy, 
patients may have fewer short-term complica-
tions (viz., decreased myelosuppression) and 
long-term side effects (such as less anthracycline- 
related cardiac toxicity and a decreased rate of 
therapy-related AML). It is worth noting that 
patients still require the inconvenience of daily 
ATO infusions, in the setting of the known man-
ageable toxicities of ATRA and ATO.

 ATO and ATRA in High-Risk APL

Though the aforementioned study of Estey et al. 
included all patients with APL [67], as did the 
follow-up analysis from MD Anderson Cancer 
Center [71], the Lo-coco et al. randomized study 
did not, instead limiting the study to standard- risk 
patients with a WBC < 10 × 109 cells/L at diagno-
sis [4]. The Medical Research Council (MRC) in 
the United Kingdom included all-risk APL patients 
in their AML17 trial [72]. Patients were random-
ized to receive ATRA/chemotherapy (n = 119, 
using idarubicin in the AIDA regimen) or ATRA/
ATO (n = 116, with the option for high-risk 
patients to receive an initial dose of GO 6 mg/m2 
for rapid cytoreduction). In the ATRA/ATO group, 
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Fig. 10.1 Schema of ATRA and ATO induction in newly 
diagnosed APL, as published by Lo-coco et al. [4]. The 
dose of ATO is 0.15 mg/kg/day, and the dose of ATRA is 
45 mg/m2/day administered in a divided dose. After 

complete remission (CR) is established, patients enter 
consolidation for 28 weeks. The regimen leads to cure 
rates in excess of 95% for standard-risk APL
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28 of 30 high-risk patients ultimately received GO 
(the remaining two received idarubicin because 
GO was not available). Seven low- risk patients 
were administered a dose of GO due to increasing 
WBC count. Therefore, 30% of patients in the 
ATRA/ATO group received GO (35 of 116). 
Though the CR rates were not different between 
the two groups, the 4-year EFS was significantly 
different and superior in the ATRA/ATO arm; dif-
ferences in OS and quality of life outcome mea-
sures did not reach statistical significance [72].

The role and efficacy of GO in the treatment of 
APL will be discussed next in this chapter, but in 
short, high-risk APL may require initial cytoreduc-
tion during induction, but patients can then likely 
receive maximal benefit with a chemotherapy- free 
consolidation.

 Combination Therapy 
with Gemtuzumab Ozogamicin 
(GO) in APL

The combination of ATRA and ATO, as described 
previously, leads to impressive response rates 
and survival with limited toxicity in newly diag-
nosed APL patients. The antibody-drug conju-
gate GO, a monoclonal antibody against CD33 
which is targeted to the potent calicheamicin che-
motherapeutic agent, has been explored in APL 
as another alternative to traditional cytotoxic 
chemotherapy. Because of the nearly ubiquitous 
expression of CD33 on the surface of APL cells, 
GO was suspected to be particularly effective in 
the treatment of APL. GO also holds a role in the 
treatment of relapsed APL patients, and its use in 
APL (both upfront and R/R) has been previously 
reviewed [73]. GO received accelerated approval 
for the treatment of older patients with 
AML. However, this medication with significant 
efficacy in APL was voluntarily withdrawn from 
the market in the United States in 2010 after 
required post- marketing surveillance suggested 
minimal benefit in unselected patients with AML, 
despite a positive meta-analysis and public pleas 
for its reinstatement [74, 75]. In 2017, the United 
States Food and Drug Administration approved 
GO for the treatment of AML, but the label makes 
no particular reference to APL.

In APL, GO was first studied in the consolida-
tion phase of treatment for newly diagnosed patients 
who had achieved CR with ATRA and/or chemo-
therapy; addition of GO led to a high response rate 
with a low level of detection of RT-PCR transcript 
[76]. GO was quickly moved into the upfront treat-
ment of APL [77]. This study combined ATRA 
(45 mg/m2/day during induction, then switched to 
an alternating 14 days on/14 days off schedule) with 
GO (9 mg/m2) administered during induction on 
day 1 or 5, then in CR every 4–5 weeks for 8 further 
doses. Nineteen patients were enrolled, and 16 
achieved CR (84%, the remaining three died early 
before marrow evaluation) [77].

A follow-up study from MD Anderson Cancer 
Center confirmed that the administration of GO 
with ATRA and ATO for newly diagnosed APL 
patients was safe and effective, with 74 of 85 
patients achieving CR (92%) [71]. Twenty-five 
patients received GO on the first day of treatment, 
and four received a dose later in induction because 
their WBC count increased to >30 × 109 cells/L. This 
study suggested that the chemotherapy- free treat-
ment option for APL (ATRA/ATO plus or minus 
GO) could be expanded to include a larger patient 
population, including those who are traditionally 
considered unfit for intensive (aka, anthracycline- 
containing) chemotherapy.

 Special Populations

The use of ATO in children and the elderly with 
APL is discussed in Chaps. 14 and 15, respectively.

 Emerging Therapies

A number of interesting non-chemotherapy drugs 
may modify the treatment of APL upfront or may 
have utility in the setting of relapse. These 
include retinoic acid variants (liposomal ATRA 
and tamibarotene) and oral arsenic formulations.

 Liposomal ATRA

Early studies identified single-agent ATRA as a 
powerful agent for attaining CR in newly diag-
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nosed APL, as has been discussed previously. 
However, since pharmacokinetic analyses indi-
cated that the drug levels of ATRA decreased 
after a few days of administration [78], a novel 
liposomal formulation of ATRA was developed 
(lipoATRA). Preclinical data suggested 
lipoATRA- circumvented hepatic clearance of 
oral ATRA, leading to sustained high levels after 
intravenous (IV) administration [79, 80]. A phase 
1 study of lipoATRA was conducted in patients 
with R/R APL at MD Anderson Cancer Center, 
which showed that the drug was well tolerated in 
19 patients [81]. Investigators quickly moved the 
drug as a single agent to induction therapy for 
newly diagnosed APL [82]. Eighteen patients 
were enrolled and received single-agent lipoA-
TRA at 90 mg/m2; twelve achieved CR (67%), 
with four dying of hemorrhagic complications 
within the first weeks of treatment. Three patients 
required the addition of idarubicin to their treat-
ment regimen (all after 6 months) because of per-
sistent PCR positivity for the PML-RARA fusion 
product. This and a follow-up study which 
described a total of 34 newly diagnosed patients 
treated with single-agent lipoATRA in induction 
and consolidation noted a high percentage of 
long-term PCR-negative CR rates [83, 84]. 
Eleven of 26 evaluable patients remained PCR 
negative at a median follow-up of 18 months (and 
up to 34 months) [83]; in contrast, administration 
of single-agent oral ATRA invariably leads to 
relapse, usually within 1 year of attainment of 
CR for newly diagnosed APL. A final update of 
the MD Anderson experience showed that 10 of 
26 responders to lipoATRA who never received 
idarubicin remained in CR at a median of 
6.4 years (range 3.1–7.7 years) [85]. Despite 
these impressive results, lipoATRA was never 
approved for the treatment of APL.

 Tamibarotene

Tamibarotene, also known as Am80, is a highly 
potent novel synthetic retinoid. This oral drug is 
currently approved in Japan for the treatment of 
APL and was initially developed for use in 
patients who relapsed after previous treatment 
with ATRA [86, 87]. The drug has shown striking 

responses in relapsed patients, even in those with 
unusual manifestations such as extramedullary 
disease [88, 89]. A recent trial studied 14 patients 
who had relapsed after induction with ATRA/
ATO, and the overall response rate was 64% [90]. 
Tamibarotene has been studied for APL mainte-
nance [91]. Patients received single-agent ATRA 
induction, followed by chemotherapy courses, 
the composition of which depends on initial 
peripheral WBC count and blast count. A total of 
344 patients were enrolled upfront, and 269 ulti-
mately completed the three planned courses of 
consolidation and were randomly assigned to 
maintenance therapy with ATRA (45 mg/m2/day) 
or tamibarotene (6 mg/m2/day) for 14 days every 
3 months for a total of 2 years. No difference was 
found for relapse-free survival (RFS) between 
the two maintenance groups, though an explor-
atory analysis of the 52 high-risk APL patients 
showed a 4-year RFS of 58% in the ATRA arm 
and 87% in the tamibarotene arm (HR 0.26; 95% 
CI, 0.07–0.95) [91]. None of the patients in the 
study received ATO, limiting applicability of the 
results in the modern era when ATO has been 
moved to frontline therapy. Additionally, the cur-
rent chemotherapy-free paradigm of ATRA and 
ATO for induction and consolidation does not 
include maintenance therapy. Whether tamibaro-
tene will be incorporated into future trials in the 
setting of newly diagnosed APL remains to be 
determined. In 2017, tamibarotene received 
orphan drug approval in the United States for cer-
tain subtypes of AML.

 Oral Arsenic Formulations

The agent perhaps most likely to be widely 
adopted for induction therapy of APL is oral 
arsenic, which is particularly attractive because it 
may improve patient compliance due to ease of 
administration; the use of oral arsenic trioxide in 
APL has been recently reviewed [92]. An oral 
formulation of arsenic was first published in 
2002; Chinese investigators manipulated com-
mercial grade ATO to create an oral solution and 
then administered the resulting compound to nine 
patients with R/R AML [93]. Oral and IV arsenic 
trioxide have not been compared head to head in 
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a randomized fashion, though the oral formula-
tion appears to achieve similar drug levels [93, 
94]. Long-term follow-up of 76 patients with 
APL who received chemotherapy-based induc-
tion followed by oral ATO maintenance has been 
published, with a 3-year OS of 91% [95].

Another inorganic oral formulation of arsenic 
has been studied in APL, tetra-arsenic tetra- 
sulfide (As4S4), which can be isolated from a 
mined ore known as realgar. The pharmacokinet-
ics of tetra-arsenic tetra-sulfide were first studied 
in APL patients by a Chinese group who described 
129 APL patients at all stages of the disease (19 
with new diagnosis, 7 with first relapse, and 
103 in hematologic CR) [96]. The most widely 
available formulation of tetra- arsenic tetra-sulfide 
is the Realgar-Indigo naturalis formula (RIF), 
which was recently studied in a randomized phase 
3 trial versus an IV ATO formulation in 242 
patients with APL receiving induction and main-
tenance [97]. The RIF solution confirmed non-
inferiority to IV ATO with disease-free survival of 
98.1% vs. 95.5% at 2 years; CR rate and OS were 
not significantly different [97]. Patients in this 
study received combination therapy with ATRA 
during induction and then after CR received con-
solidation chemotherapy with homoharringto-
nine, cytarabine, and daunorubicin.

A large follow-up study is ongoing in China to 
evaluate oral arsenic (administered as the RIF 
solution) and ATRA without chemotherapy for 
newly diagnosed APL (NCT02899169). A pilot 
study of 20 patients with standard-risk APL 
showed 100% CR rate (20 out of 20 patients) at a 
median of 29.5 days [98]. The regimen was 
administered on an almost entirely outpatient 
basis, which can decrease healthcare-related costs 
[98–100]. Oral formulations of arsenic, whether 
oral ATO or tetra-arsenic tetra-sulfide, seem likely 
to convert the treatment of standard- risk APL to a 
completely oral regimen. Whether such a regimen 
can be safely administered on an outpatient basis 
remains to be seen; patients may benefit from a 
period of hospitalization, since the risk of compli-
cations from coagulation cascade dysfunction and 
differentiation syndrome is highest in the first 
2–3 weeks after initiation of treatment [101].

 Conclusions

Through 40 years of clinical trials, APL has 
progressed from being the most lethal subtype 
of AML to the most curable. ATRA and ATO 
are the two most active agents in the induction 
treatment of APL; ATO was identified in 
China as a component of traditional medicine 
in the 1970s with activity in APL and ATRA in 
the 1980s. Both ATRA and arsenic compounds 
lead to differentiation of promyelocytes 
through distinct, complementary mechanisms. 
The drugs were moved initially into clinical 
trials as single agents or in combination with 
chemotherapy, but treatment of standard-risk 
newly diagnosed APL has moved into a che-
motherapy-free era. Patients with high-risk 
APL due to a high WBC count as presentation 
should still receive leukodepletion, whether 
with GO or anthracycline, in addition to ATRA 
and arsenic therapy. The cure rates are so high 
for patients treated with ATRA and ATO, espe-
cially for patients with low-risk disease that 
there seems to be little utility for routine PCR 
monitoring of the PML-RARA transcript after 
the completion of therapy.

Single-agent ATO is highly efficacious in 
the treatment of APL and leads to long-term 
cure in somewhere between two-thirds and 
three- quarters of all patients [52, 54]. Single-
agent ATRA, in contrast, has a high rate of CR 
during induction, but patients invariably relapse 
after approximately 1 year; though lipoATRA 
can lead to long-term disease-free survival and 
even cure as a single agent, the rates of both are 
lower than for ATO. Taking together with the 
very high early death rate in APL, these find-
ings suggest that patients might benefit from 
the initiation of both ATRA and ATO for initial 
treatment when APL is suspected clinically, 
before final confirmation of the diagnosis.

The role of the newer agents, including 
lipoATRA, tamibarotene, and oral arsenic 
preparations, has yet to be fully established. 
However, the current standard of ATRA and 
ATO in the chemotherapy-free induction of 
APL is a collaborative, international success 
leading to cure in over 95% of patients.
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Minimal Residual Disease in Acute 
Promyelocytic Leukemia

Laura Cicconi and Eva Barragàn

 Introduction

The genetic hallmark of acute promyelocytic leu-
kemia (APL) is the balanced reciprocal translo-
cation t(15;17)(q22;q11–12) leading to a fusion 
of the promyelocytic leukemia (PML) and the 
retinoic acid receptor alpha (RARA) gene. The 
fusion gene results in a chimeric PML-RARA 
oncoprotein which plays a causative role in APL 
pathogenesis [1]. The t(15;17) is present in 
almost all cases of morphologically defined APL, 
while a small minority of cases harbor variant 
rearrangements generally involving RARA and 
partner genes other than PML [2].

Detecting the unique PML-RARA fusion 
transcript is of utmost importance for the genetic 
diagnosis of APL, and its presence in leukemic 
cells predicts favorable response to targeted 
treatments including all-trans-retinoic acid 
(ATRA) and arsenic trioxide (ATO). The gene 
fusion is readily detectable with sensitive tech-
niques such as reverse transcriptase-polymerase 
chain reaction (RT-PCR) or quantitative PCR 
(RQ-PCR), and its levels can be longitudinally 
monitored during patient follow-up to assess 
minimal residual disease (MRD). A number of 

well-designed prospective studies have now 
clearly established the clinical value of MRD in 
APL and provided a model for new outcome 
definitions and therapeutic measures in leukemia 
such as molecular remission, molecular relapse, 
and preemptive treatment of disease recurrence 
[3–5] (Table 11.1).

 Molecular Remission 
as a Therapeutic End Point in APL

The identification of the APL-specific genetic 
lesion at diagnosis in leukemic cells is feasible at 
the chromosome, DNA, RNA, and protein levels 
with the use of conventional karyotyping, fluo-
rescence in situ hybridization (FISH), RT-PCR, 
and anti-PML monoclonal antibodies, respec-
tively [3, 4, 6–8]. Of the various molecular tech-
niques available, RT-PCR remains mandatory 
because it offers the advantage of defining the 
PML-RARA isoform type and therefore enables 
precise and sensitive detection of residual PML- 
RARA transcript levels. The PML-RARA fusion 
gene is generated by the breakpoint within RARA 
intron 2 and the disruption of PML gene in three 
different breakpoint regions. PML breakpoint 
regions are located in intron 6 (bcr1), intron 3 
(bcr3), and exon 6 (bcr2) and give rise to long 
isoform, short isoform, and variable PML-RARA 
isoform when rearranged with RARA exon 2 [7].

Early studies using RT-PCR suggested that 
this approach could improve outcome prediction 
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in APL by providing relevant information on 
prognosis. The first data on longitudinal RT-PCR 
monitoring of APL were reported in the early 
1990s and were mainly derived from retrospec-
tive studies [9–11]. The analysis of MRD con-
ducted in large patient series using RT-PCR 
indicated that APL treatment with ATRA as a 
single agent was almost invariably associated 
with persistence of PML-RARA transcripts and 
that this agent alone was unable to eradicate the 
leukemic clone. By contrast, combining ATRA 
with chemotherapy as induction therapy was 
associated in approximately half of the cases 
with negativity of the PCR test for PML-RARA; 
furthermore, patients in long-term remission 
after ATRA plus chemotherapy approaches tested 
negative for the hybrid transcript [12–15]. 
Prospective molecular studies conducted in the 
late 1990s by Lo Coco et al. within the Gruppo 
Italiano Malattie Ematologiche dell’Adulto 
(GIMEMA) on APL patients homogeneously 
treated with standard AIDA therapy (ATRA plus 
anthracycline-based chemotherapy) demon-
strated that the persistence of RT-PCR positivity 
for PML-RARA after the completion of treat-
ment, in particular at the end of consolidation 
therapy, was almost invariably followed by 
relapse. In contrast, also in prospective studies, 
patients in long-term molecular remission were 
found to lack detectable PML-RARA [16]. 
Several studies conducted in the context of ATRA 
and chemotherapy-based regimens by European 
cooperative groups have confirmed that PML- 
RARA positivity at the end of consolidation ther-
apy was detectable from 2 to 8% of APL patients 
and was highly predictive of impending relapse 
requiring additional intensification of therapy 
including allogeneic hematopoietic stem cell 
transplantation (HSCT) [16–19]. Based on these 
results, the revised recommendations of the 
International Working Group on acute myeloid 
leukemia included the achievement of “molecu-
lar remission” at the end of consolidation therapy 
as the therapeutic end point in APL. Molecular 
remission for APL was conventionally defined as 

the absence of the PML-RARA fusion transcript 
using RT-PCR methods with a sensitivity thresh-
old of 10−3/10−4 [5]. On the other hand, MRD 
studies conducted in patients receiving chemo-
therapy in addition to ATRA reported a very high 
proportion (>90–95%) of RT-PCR negative cases 
at the end of consolidation [6, 16, 18], implying 
that MRD evaluation at this sampling time failed 
to identify most patients who will eventually 
relapse (≈25–30%).

Regarding the post-induction time point, the 
majority of studies reported high rates of PML- 
RARA positivity, ranging from 40 to 64%. In par-
ticular, in the GIMEMA study employing the 
AIDA (All-trans-retinoic and IDArubicin) 
scheme, a positive MRD analysis at the end of 
induction was not predictive of subsequent relapse 
[12–15]. This lack of correlation probably results 
from the effect of differentiation therapy. Indeed, 
the high rate of persistence of PML-RARA tran-
script at the end of induction may result from late 
maturation of leukemic cells undergoing subse-
quent apoptosis, rather than from the persistence 
of blasts that are resistant to therapy. Of note, 
APL resistance after induction chemotherapy is 
virtually absent in those patients treated with 
modern therapies including ATRA and anthracy-
clines and has not been reported in several series 
now including thousands of patients [4].

Subsequent studies have also explored the 
clinical value of analyzing the reciprocal fusion 
RARA-PML as target for MRD monitoring. 
Grimwade and colleagues reported that nested 
PCR for the RARA-PML fusion could increase 
by 20% the detection of the transcript in patients 
in morphologic CR either at the end of induction 
or end of consolidation therapy [18]. However, 
contrary to PML-RARA RT-PCR, the RARA- 
PML expression status after consolidation ther-
apy was not predictive of subsequent relapse in 
the reported series [20, 21]. Furthermore, the 
RARA-PML fusion is transcribed in only 70% of 
APL patients; thus its use for longitudinal MRD 
studies has remained limited after the above men-
tioned initial studies.
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 Longitudinal Monitoring of Minimal 
Residual Disease and Molecular 
Relapse

The application of PCR strategies during patient 
follow-up introduced the novel concept of 
“molecular relapse,” preceding the overt hemato-
logical reappearance of APL blasts and therefore 
clinical manifestations of the disease. Data from 
the GIMEMA group had already shown that the 
elimination of the RT-PCR signal after therapy 
was associated with long-term remission, 
whereas a confirmed positive assay after comple-
tion of therapy was highly predictive of relapse 
[16]. This strategy was applied to molecular 
monitoring during follow-up and after the end of 
therapy by the same GIMEMA investigators, 
with bone marrow RT-PCR for PML-RARA per-
formed every 3 months after the completion of 
therapy. Diverio et al. prospectively analyzed a 
cohort of 163 APL patients receiving the AIDA 
protocol and detected conversion to PCR positiv-
ity during follow-up in 21 patients [6]. Twenty of 
these 21 patients developed hematologic relapse 
at a median time of 3 months (range, 1–14) from 
the first positive PCR test. In keeping with the 
GIMEMA results, several other studies demon-
strated that conversion from negative to positive 
PML-RARA PCR test during remission was 
highly predictive of a subsequent hematological 
relapse [14, 15]. These data, together with the 
evidence that most relapses occur during the first 
2 or 3 years after consolidation, allowed the 
implementation of molecular monitoring as an 
integral part of the treatment with PCR performed 
every 3 months at least for the first 3 years after 
the end of consolidation.

The ability to predict hematologic relapse at 
the molecular level was particularly important for 
APL patients, because overt disease is frequently 
accompanied in this condition by coagulopathy 
and potentially fatal thrombo-hemorrhagic com-
plications. The advent of molecular strategies to 
prevent relapse prompted the design of preemp-
tive strategies aimed at treating molecular relapse 
before hematologic manifestations of APL. Two 
major studies in the pre-ATO era have evaluated 
the survival benefit for patients treated either in 

molecular or in hematologic relapse with the 
combination of ATRA and various chemotherapy 
regimens [22, 23]. The first study performed by 
the GIMEMA group on 14 patients in molecular 
relapse showed a 2-year survival estimate from 
the time of first molecular relapse of 92% (95% 
CI: 61–98%), compared to the 44% (95% CI: 
35–52%) 2-year survival rate of the historical 
series of 37 APL patients treated at the time of 
hematologic relapse [22]. A subsequent study 
conducted by the PETHEMA group substantially 
confirmed the GIMEMA data, with survival out-
come of patients treated while in molecular 
relapse comparing favorably with those treated in 
hematologic relapse, with longer survival (5-year 
survival: 64% vs. 24%, P = 0.01) and lower risk 
of second relapse (5-year relapse risk: 30% vs. 
64%; P = 0.044) [23].

 Role of MRD Monitoring 
in the Setting of Hematopoietic 
Stem Cell Transplantation

Another context in which MRD assessment has 
emerged as an important tool for clinical decision- 
making is hematopoietic stem cell transplanta-
tion (HSCT). In this setting, the assessment of 
PCR status immediately prior to transplant repre-
sents a powerful predictor of the relapse-free 
probability after stem cell harvesting [24]. An 
Italian pivotal study prospectively studied by 
RT-PCR for PML-RARA transcript, a cohort of 
15 APL patients undergoing autologous HSCT in 
second morphologic CR, achieved in the major-
ity of cases with ATRA plus chemotherapy [24]. 
Seven out of 15 patients tested positive for PML-
RARA before transplant and all remained PCR- 
positive post-HSCT, ultimately relapsing at a 
median time of 5 months after transplant. As to 
the remaining eight patients who tested RT-PCR 
negative before autologous stem cell harvesting, 
all but one who relapsed at 10 months maintained 
long-term remissions. This study suggested that 
patients undergoing autologous HSCT after 
obtaining a second molecular remission are likely 
to have prolonged clinical and molecular remis-
sions. Conversely, a PCR positivity after salvage 
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therapy would require a more aggressive 
approach such as allogeneic HSCT. Similar 
results were obtained by investigators of the 
British MRC group, who reported results on a 
small cohort of APL patients enrolled on the 
ATRA trial undergoing autologous HSCT in CR2 
with stem cell collection performed in CR1 [25]. 
In this series, four patients who tested PCR nega-
tive prior to HSCT and received PCR-negative 
marrow remained disease-free at a median fol-
low- up of 28 months. Similar data were obtained 
by Japanese investigators in a small series of 
APL patients undergoing autologous HSCT [26].

Only limited data are available on the MRD 
assessment pre-transplant in patients undergoing 
allogeneic HSCT, given the rarity of patients 
requiring this approach. A US multicenter study 
including 294 patients with APL in CR2 receiv-
ing either allogeneic (n = 232) or autologous 
(n = 62) HSCT was reported by the Center for 
International Blood and Marrow Transplantation 
Research (CIBMTR) [27]. In the 155 patients for 
whom PML-RARA pre-transplant status was 
available, a positive test either before allogeneic 
(17/114) or autologous (6/41) transplant did not 
seem to impact on probability of relapse or sur-
vival. However, a more recent pan-European 
registry study collecting outcome data on 155 
relapsed APL patients reported that a transplan-
tation approach including allogeneic or autolo-
gous in CR2 (n = 93) produced a superior 3-year 
overall survival (OS) compared with approaches 
not including transplantation (80 vs. 59%; 
P = 0.03) [28]. In this context, multivariable 
analysis demonstrated that beside the duration of 
first remission and the employment of transplant 
procedures, the achievement of molecular CR 
retained its impact both on OS and on leukemia-
free survival.

As for the post-HSCT evaluation, studies 
reported that the presence of residual disease at 
3 months after HSCT is predictive of relapse, 
suggesting a prognostic role for minimal residual 
disease after transplant. In line with this assump-
tion, PCR negativity has been consistently docu-
mented in the marrow derived from patients in 
long-term remission following autologous and 
allogeneic HSCT. The successful eradication of 

residual disease in these patients suggests that 
molecular monitoring should be routinely per-
formed post-transplant, particularly in view of 
the relatively large number of treatment options 
available for treating molecular relapse in this 
setting.

 Results with Real-Time Quantitative 
PCR (RQ-PCR)

The advent of more sensitive PCR techniques in 
the molecular biology field has allowed their 
application in the context of minimal residual 
disease studies. Early molecular studies employ-
ing RT-PCR technique highlighted limitations in 
the use of conventional reverse RT-PCR assay for 
clinical decision-making [3, 4, 25]. In fact, poor- 
quality samples can escape detection using this 
technique, giving rise to false-negative results. In 
addition, RT-PCR lacks the capacity to distin-
guish between decreasing and increasing levels 
of leukemia-specific transcripts, which may help 
in guiding decision-making. Finally, the long 
post-PCR handling needed in nested RT-PCR 
procedure might be subject to contamination. An 
international effort to standardize RQ-PCR for 
most frequent leukemia fusion transcripts, 
including PML-RARA, was finalized by Gabert 
and colleagues in 2003 with the development of 
standardized protocols for RQ-PCR analysis, 
providing robust and well-established methods 
for molecular determination of MRD levels in 
leukemia [29]. In the context of ATRA and 
chemotherapy- based protocols as front-line ther-
apy of APL, the use of standardized RQ-PCR 
assays led to a slightly increase in MRD detec-
tion rates compared to nested RT-PCR. Several 
small retrospective series and only few prospec-
tive studies evaluating the impact of RQ-PCR for 
PML-RARA have been reported. A study by 
Santamarìa and colleagues from the Spanish 
PETHEMA group analyzed by RQ-PCR bone 
marrow samples of APL patients enrolled in 
PETHEMA trials in different phases of treat-
ment, and the results were compared with those 
obtained by conventional qualitative RT-PCR 
[30]. This study did not show correlations 
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between positive RQ-PCR after induction ther-
apy and risk of relapse. In contrast, there was a 
strong correlation between RQ-PCR positivity 
and subsequent overt relapse after the end of con-
solidation therapy or during maintenance therapy 
and off treatment for all patients with >10 PML- 
RARA normalized copy number (NCN). A more 
recent study by Grimwade and colleagues from 
the MRC cooperative group investigated the use 
of rigorous sequential MRD monitoring in APL 
by means of RQ-PCR in a large series of 406 
patients treated with ATRA and chemotherapy 
[31]. Sequential MRD monitoring according to 
the upfront recommended schedule provided 
information on kinetics of PML-RARA clear-
ance in response to therapy, role of peripheral 
blood in longitudinal MRD monitoring, risk of 
relapse, and role of preemptive therapy with arse-
nic trioxide in preventing overt relapse. In agree-
ment with the previous study by Santamarìa and 
colleagues, the majority of patients tested posi-
tive for RQ-PCR after induction therapy despite 
being in morphologic CR, which indicates that 
the high-level fusion transcripts detected were 
predominantly related to APL blast differentia-
tion. No association was found between the mag-
nitude of PML-RARA log reduction after 
induction and relapse risk. At the end of consoli-
dation, 13/259 (5%) patients tested positive by 
RQ-PCR; however, in only 4 of these patients 
RQ-PCR positivity was confirmed by rising 
PML-RARA transcripts in the subsequent sam-
ple indicating persistent disease. Longitudinal 
monitoring of MRD allowed the identification of 
most patients who subsequently underwent 
relapse and proved to be the most powerful tool 
to predict relapse-free survival (RFS) in multi-
variable analysis, even superior to presenting 
WBC, currently used to stratify patients at risk. 
In fact, in 11 out of 20 patients who experienced 
frank relapse, conversion to RQ-PCR positivity 
was detected in remission samples taken 
24–650 days (median, 74 days) prior to hemato-
logic relapse. In the remaining patients, the abil-
ity to predict molecular relapse was limited 
mostly by low compliance to scheduled monitor-
ing. Kinetics of molecular relapse was different 
in the analyzed patients, with a median rise of 1.1 

log of PML-RARA transcripts per month, and 
the doubling time was generally faster than that 
reported for other leukemia fusion genes [31, 32]. 
Interesting information was provided also by the 
comparison of the paired bone marrow and 
peripheral blood samples during patient follow-
 up. Despite the high concordance of the two 
sources for RQ-PCR results, conversion to PCR 
positivity for PML-RARA was detected earlier 
when performed on bone marrow as compared to 
peripheral blood in the majority of patients by 
29 days (range: 14–72 days). Finally, the delivery 
of a preemptive approach with ATO for the ther-
apy of molecular relapse was applied success-
fully in this study, confirming that such strategy 
is relevant to reduce rates of clinical relapse in 
patients with APL [4, 31].

 MRD Evaluation in the Era 
of Arsenic Trioxide

ATO is currently considered the most effective 
single agent in the therapy of APL. The current 
clinical use of this compound alone or in combi-
nation with ATRA as front-line therapy in APL 
has prompted more investigation on its efficacy at 
the molecular level [33–37]. Molecular studies 
have been performed both in the therapeutic set-
ting of ATO as single agent and, more recently, in 
the context of ATO combined with ATRA. The 
first comparative study was conducted by Chinese 
investigators who used the RQ-PCR technique to 
evaluate prospectively the ability of ATO alone, 
ATRA alone, or ATRA and ATO in combination 
to reduce PML-RARA transcript levels [38]. 
PML-RARA transcripts decreased quickly after 
exposure to ATRA, ATO, or ATRA-ATO, but the 
decrement was more pronounced in the combina-
tion arm. This enhanced molecular response in 
the ATRA-ATO combination arm was confirmed 
also after consolidation chemotherapy. The 
greater reduction of disease burden obtained with 
ATRA and ATO combination as compared to 
either ATRA or ATO monotherapy translated 
also into a better DFS outcome. In 2013, an 
Indian study prospectively evaluated MRD by 
means of RT-PCR in APL patients treated with 
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single-agent ATO [39]. The results of this study 
by Chendamarai and colleagues were slightly 
different from those previously reported in 
patients treated with ATRA plus chemotherapy. 
At the end of induction, 63.8% of patients tested 
RT-PCR positive; differently most studies pro-
duced in the ATRA and chemotherapy context; a 
positive RT-PCR reading at the end of induction 
therapy was significantly associated in multivari-
ate analysis with an increased risk of relapse. A 
more recent experience from the GIMEMA 
group reported the direct comparison of PML- 
RARA transcript clearance measured by RQ-PCR 
in patients treated with ATRA-ATO or ATRA and 
chemotherapy within the randomized trial 
APL0406 [34]. Cicconi et al. analyzed the kinet-
ics of PML-RARA transcripts by RQ-PCR in 
bone marrow samples from 184 patients enrolled 
on this trial in Italy. After induction therapy, most 
patients tested positive for PML-RARA, but the 
log reduction of PML-RARA transcripts was sig-
nificantly greater in patients receiving ATRA- 
CHT compared to those treated with ATRA-ATO 
(3.4 vs. 2.9 logs; P = 0.0182) [40]. Conversely, a 
greater log reduction of PML-RARA transcripts 
was observed at the end of consolidation in the 
ATRA-ATO group compared to the ATRA-CHT 
group (6.3 vs. 5.3 logs; P = 0.0024). In agreement 
with data published in the context of ATRA plus 
chemotherapy [31], PML-RARA levels at the 
time point of post-induction were not predictive 
of subsequent relapse. This study provided a for-
mal proof of the efficacy of ATRA-ATO at the 
biologic level, showing that such combined ther-
apy is able to exert a clearance of PML-RARA 
transcript similar if not superior to that exerted by 
ATRA-CHT.

 Future Perspectives

Acute promyelocytic leukemia is currently a cur-
able disease using targeted approaches. 
Occurrence of relapse, especially in the low and 
intermediate risk patients treated with modern 
ATO and ATRA based regimens, is very rare and 
does not exceed 2% in recent trials. These figures 
may put into question the cost-effectiveness of 

longitudinal molecular monitoring in such risk 
category. Thus, one reasonable policy could be to 
avoid routine monitoring in these patients (pro-
vided that adequate therapy with modern ATRA- 
ATO is in place). To date, only a small number of 
high-risk patients have been included in trials 
using ATO and ATRA with minimal chemother-
apy, and their probability of relapse appears to be 
similar to that of lower-risk categories receiving 
ATO-ATRA. However, given the small numbers 
and limited data, the standard of care for high- 
risk APL remains at present ATRA plus chemo-
therapy. It is suggested that stringent monitoring 
be continued in this patient category within con-
trolled clinical studies using well-standardized 
RQ-PCR approach.
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Abbreviations

AML Acute myeloid leukemia
APL Acute promyelocytic leukemia
Ara-C Cytosine arabinoside
ATO Arsenic trioxide
ATRA All-trans retinoic acid
CIR Cumulative incidence of relapse
CNS Central nervous system
CR Complete remission
EBMT European Society for Blood and 

Marrow Transplantation
GVHD Graft versus host disease
HSCT Hematopoietic stem cell transplantation
NCCN National Comprehensive Cancer 

Network
OS Overall survival
PML Promyelocytic leukemia
RARA Retinoic acid receptor alpha
RT-PCR Reverse transcriptase polymerase chain  

reaction
TRM Transplant related mortality
WBC White blood cell

 Introduction

The prognosis of patients with acute promyelo-
cytic leukemia (APL) has significantly improved 
over the past decades. At least 80% of adult 
patients included in clinical trials can be cured. 
The first important step in the successful develop-
ment of APL therapy was the availability of 
anthracyclines, the first drugs with a curative 
potential in APL [1]. The outcome was further 
improved by the introduction of the differentiat-
ing agent all-trans-retinoic acid (ATRA) and 
more recently by arsenic trioxide (ATO) [2]. 
Major challenges are the unresolved problem of 
early death and the optimal management of 
relapsed patients.

Although the recent use of ATO in frontline 
therapy was associated with an extremely low 
relapse rate [3, 4], the optimal management of 
relapse after ATO is not well defined. Current lit-
erature is mainly restricted to patients in first 
relapse after ATRA plus chemotherapy, and ATO-
based salvage therapy enables cure in a consider-
able proportion of these patients. Further, current 
data suggest that long-term stabilization and cure 
may be possible even after subsequent relapses. 
This chapter focuses on current problems, treat-
ment options, and outcome of patients with 
relapsed APL.
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 Molecular Monitoring for Early 
Detection of Relapse

The induction and persistence of a molecular 
remission (negative RT-PCR for PML/RARA) are 
the prerequisites for long-term remission and cure 
in APL. Molecular relapse is conventionally 
defined as recurrence of a positive reverse tran-
scriptase (RT) PCR or real-time quantitative PCR 
confirmed in two tests of bone marrow samples 
taken 2–4 weeks apart. As shown by follow-up 
studies, patients with molecular relapse usually 
developed an overt hematological relapse after a 
median time of 3 months [5]. Therefore, PCR mon-
itoring offers the possibility to detect the relapse 
earlier on the molecular level and to avoid the prob-
lems and risks of an overt hematological relapse.

The benefit of molecular monitoring and of 
early intervention at the time of molecular relapse 
was shown in two retrospective studies comparing 
patients with APL in molecular and hematological 
relapse [6, 7]. Treatment at the time of molecular 
relapse was associated with a lower rate of compli-
cations during therapy such as early death and 
APL differentiation syndrome with a positive 
impact on survival. In a prospective British study 
for newly diagnosed APL patients, preemptive 
therapy with ATO for patients with molecular 
relapse was integrated in the study design. The 
cumulative incidence of overt hematological 
relapse (CIR) at 3 years was only 5% (on the 
UK-MRC AML 15) as compared to 12% in a pre-
vious British APL (AML 12) study [8]. The results 
argue in favor of regular molecular monitoring in 
first remission at least in high-risk patients treated 
with conventional ATRA and chemotherapy.

Given the high rate of stable remission after 
ATO frontline therapy, the value of molecular 
follow-up in this setting is questioned; thus 
molecular monitoring and its duration have to be 
determined individually.

 Results with Conventional Treatment 
Strategies in Relapsed APL

The primary objective of relapse therapy in APL 
is the re-induction of molecular remission. With 
conventional approaches based on ATRA and 

intensive chemotherapy, remission rates of 
around 90% can be achieved, similar to frontline 
therapy [9–11]. But in the setting of salvage ther-
apy, ATRA plus chemotherapy is no longer cura-
tive, and cure is only possible with subsequent 
allogeneic or autologous hematopoietic stem cell 
transplantation (HSCT) [12]. Especially for allo-
geneic HSCT, this approach may be problematic 
due to the reduced feasibility and failure rate of 
transplantation due to the high toxicity of intensi-
fied chemotherapy associated with neutropenia 
and infections. This was represented by the 
results of a French study including 50 patients 
with relapsed APL treated with ATRA, mitoxan-
trone, etoposide, and higher doses of Ara-C. Of 
11 patients who underwent allogeneic transplan-
tation, the 3-year survival rate was only 11% and 
the median survival 8.2 months. Causes of death 
in remission were infections or GVHD. Among 
34 patients who were scheduled to receive an 
autologous HSCT, only 22 patients could be 
transplanted [11]. This demonstrates the need for 
less toxic salvage therapies for relapsed APL.

 Current Approaches with ATO- 
Based Salvage Therapy

 ATO-Based Induction 
and Consolidation Therapy

In the 1990s, authors from China reported the 
first clinical results on the successful outcome of 
patients with relapsed APL treated with 
ATO. Prominent results were the ability of the 
drug to induce long-lasting second molecular 
remissions and the low toxicity profile [13]. 
Subsequently, the high efficacy of ATO in 
relapsed APL was confirmed by phase II studies 
(reviewed in [14]). The drug was approved in the 
United States and in Europe for relapsed APL 
based on the results of the US Intergroup pivotal 
study, the largest trial including 40 patients in 
first relapse of APL. In this study, patients 
reached a complete remission (CR) rate of 85% 
and an estimated overall survival of 66% at 
18 months [15]. A literature review summarized 
the results of more than 300 patients with relapsed 
APL treated with ATO between 1997 and 2011. 
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Approximately 40% of patients were already in 
second or more advanced relapse. The patients 
uniformly received ATO induction therapy 
(mostly 0.15 mg/kg/day). Post-induction treat-
ment comprised up to five ATO courses and was 
often combined with chemotherapy. In, total, 59 
patients proceeded to autologous or allogeneic 
HSCT. The average hematological CR rate was 
86%, while early death and resistance rates were 
both at 7%. The rate of molecular CR reached 
86% in the largest study with consequent molec-
ular monitoring. The overall survival probability 
at 2 years ranged between 50 and 81% [14].

The clinical efficacy of the combination of the 
two differentiating drugs ATO plus ATRA was 
investigated in newly diagnosed and relapsed 
APL. The advantage of this combination was 
demonstrated by a faster and more extensive 
reduction of the PML/RARA burden and by a 
lower relapse rate [16]. A benefit of the combina-
tion was further suggested by the results of a 
meta-analysis of seven studies. These data 
showed that the combination of ATRA and ATO 
induced higher rates of CR and overall survival 
compared to ATO or ATRA alone without 
increasing early mortality or toxicity [17].

A registry study from the European 
LeukemiaNet included 155 patients with APL 
treated with ATO-based salvage therapy in first 
relapse after state-of-the-art frontline therapy 
with ATRA and chemotherapy (104 patients with 
hematological, 40 with molecular, 11 with extra-
medullary, mainly central nervous system (CNS) 
relapse) [18]. Salvage therapy was uniformly 
performed with one induction cycle 
ATO ± ATRA, followed by at least one identical 
consolidation course. Post-consolidation therapy 
consisted of autologous (n = 60) or allogeneic 
(n = 33) HSCT or of further ATO or chemother-
apy (n = 55). After a median follow-up of 
3.2 years, 3-year overall survival (OS) and cumu-
lative incidence of relapse (CIR) of the whole 
population were 70% and 44%, respectively 
(Fig. 12.1a, b). This suggests a survival improve-
ment of approximately 20% compared to previ-
ous results with ATRA and chemotherapy [10]. 
Patients treated for molecular relapse had 
decreased early death rate and better tolerance of 
the therapy (significantly lower rates of APL 

 differentiation syndrome and of infections) in 
comparison to patients treated for hematological 
relapse. However, the survival advantage of 
patients with molecular relapse disappeared with 
longer follow-up (Fig. 12.2a, b). The multivari-
able analysis of prognostic factors for overall and 
leukemia-free survival demonstrated a positive 
impact of CR1 duration ≥1.5 years and achieve-
ment of a second molecular remission and of 
transplantation in second CR (allogeneic or 
autologous) [18].

 Options for Post-consolidation 
Therapy

There is evidence from the literature that post- 
consolidation therapy with autologous or allo-
geneic HSCT or with prolonged ATO plus 
ATRA improves the outcome as compared to no 
further therapy [14]. In lack of randomized 
studies, the presently available guidelines 
(Europe, USA, Canada) are based on consensus 
recommendations.

In 2009, a panel of European APL experts pub-
lished recommendations for the management of 
relapses on the basis of the available literature. 
The European recommendations indicate two 
cycles of ATO ± ATRA for induction and consoli-
dation therapy followed by autologous HSCT, if a 
molecular remission was achieved after consoli-
dation. For patients who fail to obtain a second 
molecular remission or who relapse after short 
CR1 duration of less than 1–1.5 years, allogeneic 
HSCT should be favored. For patients who do not 
qualify for transplantation, prolonged ATO plus 
ATRA therapy or chemotherapy intensification is 
recommended (Fig. 12.3) [19]. For the latter 
group of patients, the Canadian  guidelines pro-
vided detailed information and recommended a 
sequence of six cycles of ATO plus ATRA [20]. 
The NCCN guidelines 2016 for APL relapse rec-
ommend an ATO-containing regimen for patients 
not previously exposed to ATO and for patients 
with later relapse (≥6 months) after previous ATO 
therapy. In patients with early relapse (<6 months) 
after an ATO/anthracycline containing regimen, 
standard ATRA plus idarubicin with the addition 
of ATO is recommended [21].
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There are no randomized studies comparing 
autologous and allogeneic transplantation. Most 
data are available from retrospective compari-
sons. In general, autologous transplantation was 
associated with higher relapse probability but 
lower toxicity compared to allogeneic transplan-
tation. The results of 122 relapsing patients 
included in the French/European APL91 and 93 
trials showed a 7-year relapse-free survival rate 
of 79.4%, event-free survival of 60.6%, overall 
survival of 59.8%, and transplant-related mortal-
ity (TRM) of 6% in the autologous group. The 
respective results of the allogeneic group were 
92.3%, 52.2%, and 51.8% and a TRM of 39% 

[22]. Similar data were reported from the EBMT 
registry and other smaller series [23]. A prospec-
tive Japanese study of 35 patients in first relapse 
treated with ATO and subsequent autologous 
transplantation showed a 5-year event-free and 
overall survival of 65% and 77%, respectively 
[24]. In a retrospective study of 31 Italian 
patients, who underwent allogeneic transplanta-
tion in CR2 or beyond, 4-year OS was 45%. 
Favorable prognostic factors for OS and CIR 
were molecular remission at transplantation and 
a lower number of relapses [25].

Other retrospective studies compared the 
outcome of transplantation, almost always 
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autologous, with prolonged administration of 
ATO. Even if continuation of ATO therapy 
seems to prolong the remission duration, the 
majority of data suggests a longer survival after 
treatment intensification with autologous trans-
plantation [26, 27].

 Special Situations of Relapse

 Extramedullary Relapse

Extramedullary APL relapses are rare, and most 
of them involve the CNS. Therapy mostly con-
sisted of intrathecal chemotherapy (methotrex-
ate ± Ara-C ± steroids) with or without cranial 
irradiation. Sporadic relapses in other locations 
(e.g., cutaneous, paraspinal mass, etc.) were pub-
lished as case reports [28–31].

The Spanish PETHEMA group reported a 
5-year cumulative incidence of 1.7% CNS 
relapses and a median survival of 13 months 
observed in 11 of 739 patients treated with ATRA 
and anthracyclines in the LPA96 and 99 trials. An 
initial high WBC count and intracranial hemor-
rhage at first diagnosis were independent prog-
nostic factors for CNS relapse [32]. A combined 
analysis of 806 patients included in the studies of 
the French/European APL group and of the 
PETHEMA group showed a cumulative inci-
dence of extramedullary relapse at 3 years of 
1.1% (n = 10; nine in CNS, one cutaneous) com-
pared to isolated bone marrow relapse of 15.5%, 
respectively. Median survival from time of extra-
medullary relapse was 6.7 months [33].

In the European relapsed APL registry, 11 
patients in first relapse at extramedullary sites 
(CNS n = 9, other n = 2) were registered. 
Treatment consisted of ATO ± ATRA induction 
and consolidation with the addition of intrathecal 
chemotherapy. Post-consolidation therapy was 
variable including autologous transplantation in 
six cases and allogeneic transplantation in one 
case. The 3-year OS of these patients was 90% 
and the CIR 11% [18]. These results suggest an 
improvement of survival caused by ATO, as the 
drug was reported to penetrate the CNS over a 
broad range of plasma levels [34]. As reported by 

Chinese authors, arsenic concentration in the 
cerebrospinal fluid could be increased to the level 
of the peripheral blood, when intravenous man-
nitol was given prior to ATO administration [35].

 Current Management of Advanced 
Relapses and Newer Treatment 
Options

Re-induction of remission, if possible, is still the 
main goal in advanced APL relapses. Despite 
reduced chances for another remission, patients 
may achieve a CR with various salvage 
approaches repeatedly. Patients pretreated with 
ATO may respond to ATO again. In those who 
became resistant after previous ATO therapy, 
mutations in the PML gene may be the underly-
ing reason [36]. Allogeneic transplantation is 
currently the only curative chance for patients 
with advanced relapse.

Conservative treatment options include gem-
tuzumab ozogamicin (GO), which induced 
remissions in patients with several grades of 
molecular or hematological relapse [37, 38]. The 
synthetic retinoid tamibarotene (not approved in 
Europe) has a higher differentiation induction 
potential than conventional ATRA and induced 
remission in 58% of relapsed/refractory APL 
patients in an early study [39]. Recently tamibar-
otene monotherapy was reported to induce hema-
tological remission in 65% and molecular 
remission in 21% of patients with advanced 
APL. The authors conclude that the efficacy of 
the drug warrants further studies in combination 
with ATO [40].

 Conclusion

Despite improvement in the prognosis of 
relapsed APL with the introduction of ATO, 
the rate of subsequent relapses is still high. 
This requires further efforts to better define 
patients at risk of relapse and to improve the 
strategies for salvage therapy. Currently, ATO 
plus ATRA is the treatment of choice for 
patients in first relapse of APL after conven-
tional therapy with ATRA and chemotherapy. 
Even in relapse after frontline therapy with 
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ATO, a second approach with ATO seems jus-
tified; however, the data in this setting are 
scarce. Treatment intensification with autolo-
gous HSCT remains an appropriate option for 
younger patients in molecular remission. In 
elderly patients with contraindications for 
HSCT, prolonged therapy with ATO may be 
an option. Patients with persistent positive 
RT-PCR or with higher degrees of relapse are 
candidates for allogeneic HSCT.
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 Introduction

The outcome of patients with acute promyelo-
cytic leukemia (APL) has improved dramatically 
during the recent decades with the introduction 
of all-trans retinoic acid (ATRA) and arsenic tri-
oxide (ATO). The interest of hematopoietic stem 
cell transplantation (HSCT) in modern APL is 
marginal since most patients will be cured with 
front-line treatment without HSCT [1–3]. 
However, around 10–15% of APL patients will 
eventually relapse [4]. After salvage therapy, 
some kind of transplant strategy is recommended 
for relapsed APL patients [5].

Information on the role of HSCT in patients 
with APL is very limited and is based on small 
retrospective series [5–7] from single institutions 
or cooperative groups [6–8] and registry-based 
studies [9–12]. These studies can be classified 

according to the therapy available at that time, 
such as the pre-ATRA [9], ATRA [10], and ATO 
eras [6, 11]. Although some information can be 
withdrawn from older studies, these included 
patients in first remission that had not received 
differentiating agents and had no information on 
molecular status at time of transplantation. In 
addition to the most recent studies analyzing sal-
vage strategies using ATO, there is no informa-
tion on those patients failing ATO when used as 
front-line therapy. Well-designed studies are 
unlikely since the expected population that could 
potentially benefit from a transplant modality is 
small and diverse.

 Role of HSCT in Front-Line Therapy

The indication of HSCT in patients with APL 
has evolved historically from a widespread use 
of this procedure in front-line therapy during the 
pre- ATRA era to a virtual rejection of this indi-
cation when patients are treated with modern 
treatments containing ATRA. Except for the 
beginning of the ATRA era, in which many 
groups still continued to indicate an HSCT in 
CR1 [9, 10], this has gradually been abandoned 
and explicitly rejected by the 2009 European 
LeukemiaNet recommendations [5]. The vast 
majority of patients with APL treated with mod-
ern front-line therapy with ATRA and either che-
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motherapy or ATO, without using HSCT, will 
achieve molecular remission at the end of con-
solidation (97–99%) [2], and more than 85% of 
APL patients will eventually be cured. Even in 
patients with high-risk disease [13], commonly 
defined as those with an initial white blood cell 
count (WBC) greater than 10 × 109 per liter, the 
probability of cure with risk-adapted strategies is 
around 90% [3]. There is therefore no role for 
HSCT for patients in first complete remission 
(CR), even in high-risk patients. The only excep-
tion is the very small fraction of patients with 
persistent minimal residual disease (MRD) at the 
end of consolidation, given that they have a very 
poor prognosis unless they are promptly man-
aged aggressively prior to the occurrence of a 
hematologic relapse [14]. However, it should be 
noted that molecular persistence at this point 
was already rare in early studies (3–4%) [15] 
but has almost disappeared (<1%) in patients 
receiving state-of-the-art treatments with either 
ATRA plus ATO or ATRA plus chemotherapy-
based approaches [3, 16]. Decisions based on 
molecular status are sometimes crucial and 

should therefore be made with caution and to 
rely on highly experienced laboratories. If con-
firmed in at least two different samples, alloge-
neic HSCT should be considered as the first 
option. For those candidates to allogeneic HSCT, 
it should be performed ideally after achieving 
molecular negativity before transplantation with 
additional chemotherapy, ATO or gemtuzumab 
ozogamycin. For patients unsuitable for alloge-
neic HSCT, due to poor overall performance and 
clinical condition, autologous HSCT can be con-
sidered as consolidation therapy provided that 
the patient achieves molecular remission in the 
bone marrow and has a PCR negative harvest 
[5].

 Role of HSCT in Salvage Therapy 
for Relapsed APL

ELN recommendations for the management of 
relapsed APL are summarized in Table 13.1. Before 
the introduction of ATO as salvage therapy in 
relapsed APL, treatment usually consisted of the 

Table 13.1 Management of relapse

Recommendation Level of evidence Grade of recommendation

1.  For patients with confirmed molecular relapse (defined as two 
successive PCR positive assays, with stable or rising PML-RARA 
transcript levels detected in independent samples analyzed in two 
laboratories) preemptive therapy has to be started promptly to 
prevent frank relapse

IIa B

2.  Although ATRA in combination with chemotherapy can be used 
as salvage therapy, ATO-based regimens are presently regarded 
the first option for treatment of relapsed APL

IV C

3.  Patients achieving second CR should receive intensification with 
SCT or chemotherapy, if possible

IV C

4.  Allogeneic HSCT is recommended for patients failing to achieve 
a second molecular remission

IV C

5.  Autologous HSCT is a valid option for patients without 
detectable MRD in the marrow and with an adequate PCR 
negative harvest

IIa B

6.  For patients in whom HSCT is not feasible, the available options 
include repeated cycles of ATO with or without ATRA with or 
without chemotherapy

IV C

7.  For patients with CNS relapse, induction treatment consists of 
weekly triple intrathecal therapy (ITT) with methotrexate, 
hydrocortisone, and cytarabine until complete clearance of blasts in 
the cerebrospinal fluid, followed by 6–10 more spaced out ITT 
treatments as consolidation. Systemic treatment should also be given

IV C

J. Sanz and M.A. Sanz



173

readministration of ATRA and chemotherapy for 
induction, generally containing high-dose  cytarabine 
and an anthracycline, followed by further post-
remission chemotherapy and/or HSCT [1, 8, 17, 
18]. Nevertheless, although this  combination can 
still be used as salvage therapy, ATO- based regi-
mens are presently regarded as the first option for 
treatment of relapsed APL. The best consolidation 
strategy after ATO-induced second remission is 
unknown. Options include continued treatment 
with repeated cycles of ATO, the use of standard 
chemotherapy in combination with ATRA and/or 
ATO, and HSCT. The selection of the most appro-
priate post-remission treatment option for patients 
achieving second CR, as well as the modality of 
HSCT, depends on a range of prognostic and logis-
tic variables (e.g., molecular status, duration of first 
remission, age, donor availability, etc.). The most 

relevant studies evaluating HSCT in relapsed APL 
during the ATRA era are shown in Table 13.2.

Several retrospective studies have suggested 
that treatment intensification with HSCT may 
improve outcomes of patients achieving second 
remission with ATO or chemotherapy [6, 7, 11, 
19]. Overall survival (OS) ranged from 65 to 83% 
for transplanted patients (autologous or alloge-
neic) with increased antileukemic efficacy com-
pared to 34–42% in non-transplanted patients. In 
all reports, due to the study design, the compara-
bility of the different cohorts was limited, since 
there were important differences in patient charac-
teristics. The non-transplanted group generally 
included an older and heterogeneously treated 
population of patients who probably did not qual-
ify for transplantation in the majority of cases. 
Although a proportion of patients can maintain 

Table 13.2 Selected studies evaluating HSCT in relapsed APL during the ATRA era

Reference Study period
No. of 
patients Salvage therapy Type of HSCT

MR 
pre-
HSCT, 
%

TRM, 
% CIR, % DFS, % OS, %

De Botton 
et al. [7]

1992–2001 50 Chemotherapy Autologous 93a 6 – – 60 
(7 years)

23 Chemotherapy Allogeneic – 39 – – 52 
(7 years)

Sanz et al. 
[10]

1993–2003 195 Chemotherapy Autologous – 16 37 
(5 years)

51 
(5 years)

–

137 Chemotherapy Allogeneic – 24 17 
(5 years)

59 
(5 years)

–

Yanada 
et al. [20]

2005–2009 35 ATO Autologous 97 0 –b – 77 
(5 years)

Holter 
Chakrabarty 
et al. [12]

1995–2006 62 Chemotherapy Autologous – 7 30 
(5 years)

63 
(5 years)

75 
(5 years)

232 Chemotherapy Allogeneic – 31 18 
(5 years)

50 
(5 years)

54 
(5 years)

Lengfelder 
et al. [6]

2003–2011 60 ATO based Autologous 98 – 37 
(3 years)

– 77 
(3 years)

33 ATO based Allogeneic 48 – 39 
(3 years)

– 79 
(3 years)

Ganzel et al. 
[11]

<2000–2011 140 ATO Autologous – – – ≈68 
(5 years)

78 
(5 years)

Yanada 
et al. [26]

1995–2004 43 Non ATO Autologous 85 2.7 22 
(4 years)

– 80 
(4 years)

2006–2012 141 ATO Autologous 95 3.3 8.5 
(4 years)

– 93 
(4 years)

MR molecular remission
aTested in 30 patients
b3 relapses
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long-term remissions without HSCT, overall prog-
nosis is far from satisfactory, and outcomes seem 
much better for those who receive autologous or 
allogeneic HSCT. Available data supports the use 
of a HSCT modality for all transplant candidates.

 Impact of Pretransplant Molecular 
Status

Molecular remission is a prerequisite for long- 
term disease control in APL. In ATO-naïve 
patients, ATO can induce hematological remis-
sions in roughly 90% of patients. In addition, the 
use of at least two cycles of ATO results in the 
achievement of a second molecular remission in 
nearly 80% of patients [6, 20]. Whether or not, 
these results will be obtained after salvage ther-
apy in patients receiving ATO as front-line ther-
apy is unknown and may challenge treatment in 
the future, since relapsed patients will be from a 
more selective and high-risk population.

The presence of MRD positivity with detectable 
PML-RARA rearrangement tested by RT-PCR in 
the bone marrow before HSCT has a major impact 
on outcome and should guide the choice of HSCT 
modality. For instance, MRD positivity in the bone 
marrow at the time of autologous HSCT was highly 
predictive of relapse in most [5, 6] but not all 
reports [12]. The impact of MRD positivity in the 
allogeneic setting is not so well established [6] and 
potentially may be counterbalanced by the graft-
versus-leukemia (GVL) effect.

Another important issue is whether the pres-
ence of molecular disease in harvested hematopoi-
etic cells hampers autologous HSCT. Long-term 
molecular remission has been reported in two 
patients transplanted in second hematologic and 
molecular remission immediately prior to condi-
tioning and who received an PML/RAR positive 
autograft [21, 22]. It was subsequently described 
in four patients who had molecular evidence of 
disease in at least one of the harvested samples and 
remained RT-PCR negative after autologous 
HSCT [8]. Leukemic contamination of stem cell 
grafts in APL patients undergoing HSCT, while 
bone marrow is in molecular remission at time of 
transplant, does not necessarily lead to leukemic 

relapse or preclude long-term remission. This 
could be explained by still unclear mechanisms of 
surveillance and the control of low numbers of leu-
kemic cells or by the non-clonogenic nature of the 
PML/RARA-positive cells present in the graft. 
The persistence of differentiating elements which 
carry this specific rearrangement and spontane-
ously cleared during follow-up is a common event 
in patients receiving ATRA. In addition, long-term 
hematopoiesis after autologous HSCT would be 
sustained by the subset of CD34+/CD38− progen-
itor cells administered, and these immature pro-
genitors have been shown to lack the PML/RAR 
rearrangement in APL patients.

 HSCT in Patients with CNS Relapse

Central nervous system (CNS) involvement at 
time of relapse is uncommon in low- and 
intermediate- risk patients (≈1%), but the risk is 
increased in patients with high WBC counts at 
diagnosis (≈5%) and those who have had a CNS 
hemorrhage during induction (≈20%) [23, 24]. 
Patients with CNS relapse have classically been 
associated with a poorer outcome than those with 
isolated bone marrow relapse [24]. The recom-
mended approach for patients with CNS relapse, 
even for patients with isolated CNS relapse, con-
sist of weekly triple intrathecal therapy (ITT) with 
methotrexate, hydrocortisone, and cytarabine 
until complete clearance of blasts in the cerebro-
spinal fluid, followed by six to ten more spaced 
out ITT treatments as consolidation [5]. Since 
CNS disease is almost invariably accompanied by 
hematologic or molecular relapse in the marrow, 
systemic treatment should also be given following 
the same rules as for patients in hematologic 
relapse. Chemotherapy agents with high CNS 
penetrance (e.g., high-dose cytarabine) have been 
used in this situation. In patients responding to 
treatment, the consolidation treatment of choice, 
including appropriate CNS irradiation, should be 
allogeneic or autologous HSCT. It appears that an 
ATO-based salvage therapy, an agent with good 
CNS penetration, may contribute to improved 
prognosis when consolidated with HSCT, with a 
reported OS of 90% [6].
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 Autologous or Allogeneic HSCT

There are no strict guidelines as regards the 
choice of autologous or allogeneic HSCT once 
achieving a second CR in relapsed APL patients. 
The relative efficacy of autologous and alloge-
neic HSCT in relapsed APL has not been com-
pared in randomized controlled studies. 
Autologous HSCT offers antileukemic efficacy 
through high-dose chemo-/radiotherapy with 
subsequent stem cell support, while the effect of 
allogeneic HSCT is mainly based on the immu-
nologic surveillance of donor cells to residual 
blasts, the so-called GVL effect. Autologous 
HSCT is obviously associated with a lower 
transplantation- related mortality (TRM) and is a 
reasonable option in patients without detectable 
MRD and prolonged duration of first CR (more 
than 1 year). In contrast, allogeneic HSCT 
involves a greater risk of nonrelapse mortality but 
offers a potentially greater antileukemic activity 
due to the GVL effect. Allogeneic HSCT could 
be, therefore, recommended in patients failing to 
achieve a second molecular remission and for 
those with a short first CR duration [25]. Large 
retrospective series of transplanted APL patients 
have been reported by the European Bone 
Marrow Transplantation (EBMT) Cooperative 
Group, before the availability of ATRA [9] and 
after the introduction of this drug [10], by other 
European [6, 7] and Japanese [20, 26] groups, as 
well as the Center for International Blood and 
Marrow Transplant Research (CIBMTR) in the 
USA [12]. Focusing on patients in second CR, all 
studies showed that the relapse rate was lower in 
patients who received an allogeneic HSCT as 
compared to patients who underwent autologous 
HSCT. However, TRM was higher in the allo-
grafted than in the autografted group. Overall, 
patients achieved better survival and leukemia- 
free survival after autologous HSCT. However, 
most studies could not estimate the relapse rate 
on the basis of the RT-PCR status at time of trans-
plantation. Due to the high risk of relapse for 
patients with detectable MRD undergoing auto- 
HSCT, allogeneic HSCT is only recommended in 
patients failing to achieve a second molecular 
remission.

Allogeneic HSCT offers potent antileukemic 
efficacy through donor-derived and immune- 
mediated mechanisms. Evidence of GVL effect 
in APL was elegantly shown in two patients with 
persistent RT-PCR positivity after allogeneic 
HSCT that converted to sustained RT-PCR nega-
tivity 1 month after withdrawal of immunosup-
pression [27]. Cumulative incidence of relapse 
ranged from 17 to 39% in a selected population 
of high-risk patients with early relapse or persis-
tent MRD after salvage therapy [6, 10, 12, 27]. 
Interestingly, allogeneic HSCT was able to over-
come the negative impact of pretransplant PCR 
positivity on relapse [6, 7, 12, 27].

The high antileukemic efficacy has been coun-
terbalanced by an elevated TRM that ranged from 
24 to 80% [7–10, 12, 27]. It is unclear whether 
these results can be extrapolated to more recent 
and up-to-date transplant programs. The vast 
majority of the reported experience in allogeneic 
HSCT is from transplants performed over a 
decade ago, since the allogeneic HSCT activity 
has been decreasing overtime favoring autologous 
HSCT [10]. Most transplants used myeloablative 
conditionings with either TBI or oral busulfan-
based regimens. The type of salvage treatment 
before HSCT is likely to have a major impact on 
toxicity. In fact, higher TRM was observed after 
more intensive salvage chemotherapy [7]. The use 
of reduced-intensity and reduced-toxicity condi-
tioning regimens, improved supportive care, and 
optimized graft- versus- host disease prophylaxis 
have certainly contributed to reduce TRM in 
recent years. Another step forward in the HSCT 
field has been the universal donor availability 
with the use of alternative donors and stem cell 
sources. However, there is little data on unrelated-
donor transplants and no reports on umbilical 
cord blood transplants or haploidentical HSCT in 
patients with APL.

 Conclusions

The high cure rate currently obtained in 
patients with APL using modern treatments 
with ATRA plus chemotherapy or ATRA plus 
ATO indicates that there is no role for HSCT 
in front-line therapy. The HSCT in first com-
plete remission has been relegated only to the 
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very small fraction of patients with persistent 
MRD at the end of consolidation or relapsed 
patients. Relapsed patients with APL who 
achieve second CR after salvage therapy with 
ATRA and chemotherapy or ATRA plus ATO 
must be additionally treated with further post-
remission therapy, including HSCT when pos-
sible. The selection of the most appropriate 
post-remission treatment option for patients in 
second CR, as well as the modality of HSCT 
when indicated, depends on a variety of prog-
nostic and logistic variables, mainly pretrans-
plant molecular status, duration of first 
remission, age, and donor availability. There 
are no strict guidelines as regards the choice of 
autologous or allogeneic HSCT. Autologous 
HSCT is associated with a lower TRM and is 
a reasonable option in patients without detect-
able MRD and prolonged duration of first CR 
(more than 1 year). In contrast, allogeneic 
HSCT involves a greater risk of nonrelapse 
mortality, but offers a potentially greater anti-
leukemic activity due to the GVL effect. 
Allogeneic HSCT could be, therefore, recom-
mended in patients failing to achieve a second 
molecular remission and for those with a short 
first CR duration.
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Acute Promyelocytic Leukemia 
in Children

Matthew A. Kutny and Anna Maria Testi

 Introduction

Acute promyelocytic leukemia (APL) is rare in 
children, but it is now one of the most curable 
forms of acute leukemia. Both children and adults 
with APL have shared in the great success of 
advances in treatment of this disease. While new 
cancer therapies in children frequently wait for 
safety demonstration in adult populations, cur-
rent standard treatments for children with APL 
now include all-trans retinoic acid (ATRA) and 
arsenic trioxide (ATO). These treatments have 
demonstrated tolerability and excellent activity 
in children. Further advances in treatment of chil-
dren with APL will come from regimens proven 
in adult patients, and currently under investiga-
tion in pediatric patients, that remove or reduce 
traditional chemotherapy through repeated cycles 
of ATRA and ATO.

 Epidemiology

While leukemia is the most common type of can-
cer in children, acute myeloid leukemia (AML) 
accounts for only 15% of childhood leukemia 
and acute promyelocytic leukemia accounts for 
approximately 10–15% of AML. Thus due to its 
rarity, larger cooperative group or multinational 
trials are required to study this disease. There 
does appear to be some variance in prevalence 
among different geographic areas. Some parts of 
Central and South America as well as 
Mediterranean countries have reported that APL 
comprises over 20% of AML cases in those 
regions [1–3]. It is unclear whether this is due to 
genetic factors among different ethnic groups or 
if environmental exposures play a role. In chil-
dren, APL most often occur de novo without an 
identified predisposing cause. APL can more 
rarely occur as a secondary cancer following 
prior chemotherapy, and such cases have been 
reported in pediatric patients [4, 5].

 Clinical Characteristics

 Diagnosis

Children presenting with signs and symptoms 
concerning for leukemia are often first identified 
as potential cases of APL by the unique appear-
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ance of the blasts either in peripheral blood or 
bone marrow. APL most often has a characteristic 
morphology with hypergranular promyelocytes 
which may contain Auer rods. This comprises the 
M3 morphologic category in the French-
American-British (FAB) classification of AML. It 
is important to note that non-APL AML cases 
may also have Auer rods, and thus this should not 
be used as the sole diagnostic criteria. There is 
also a microgranular variant of APL designated 
M3v which may be more difficult for clinicians to 
initially distinguish from other AML cases due to 
the lack of the more classic APL granules and 
Auer rods. In children with APL, the M3v micro-
granular variant accounts for a minority of cases 
(up to 30%) but occurs at higher rates than among 
adults with APL [6, 7]. Flow cytometry markers 
are useful in diagnosis, but confirmation of an 
APL diagnosis is made by cytogenetic analysis 
including fluorescence in situ hybridization 
(FISH) and chromosome analysis. The 2008 
WHO classification of AML includes APL due to 
t(15;17) as a distinct diagnosis under the category 
of AML with recurrent genetic changes. Recent 
pediatric cooperative group studies have further 
required confirmation of PML-RARA transcript 
by reverse transcriptase PCR (RT-PCR). This car-
ries the advantage of high specificity for PML-
RARA including cryptic lesions (those not 
demonstrable by standard chromosome analysis) 
and establishes the breakpoint- specific transcript 
for monitoring for persistent MRD or for surveil-
lance to detect relapse. While t(15;17) accounts 
for most cases of APL, there are rare variant 
fusion gene partners [8]. Due to their rarity, the 
prevalence of these variants has not been ade-
quately described in a pediatric population.

 CNS Disease

Due to coagulopathy risk, lumbar puncture at 
diagnosis is not standard in the initial evaluation 
of APL. Thus, the true incidence of CNS disease 
in pediatric APL is difficult to estimate. However, 
there have been evaluations of the incidence of 
CNS relapse in pediatric APL. A review of trials 
including children with standard-risk APL found 

isolated CNS relapse in less than 1% of patients 
[9]. This is similar to data from adult patients 
with APL such as the LPA96 and LPA99 trials 
conducted by the Spanish PETHEMA group 
which demonstrated a 1.1% 3-year incidence of 
CNS relapse [10].

 Risk Grouping

WBC at initial diagnosis is the most validated 
risk marker in both adult and pediatric 
APL. Pediatric trials have used Sanz modified 
criteria to identify high-risk patients as those 
with WBC ≥ 10,000/μL. Patients with 
WBC < 10,000/μL are considered standard risk 
(including Sanz low and intermediate risk). The 
AIDA 0493 trial demonstrated that pediatric 
patients with high-risk disease had a significantly 
worse EFS compared to those with standard-risk 
disease [11]. In the Children’s Oncology Group 
(COG) Study AAML0631 and the European 
I-BFM study ICC-APL 01, patients with high- 
risk disease were treated with an extra cycle of 
consolidation compared to those with standard- 
risk disease. Early induction deaths due to dif-
ferentiation syndrome and coagulopathy occur 
more frequently in patients with high-risk dis-
ease. The risk of relapse has also been higher in 
patients with high-risk disease, although recent 
data from the COG AAML0631 study suggests 
that with arsenic trioxide (ATO) consolidation, 
the risk of relapse is not significantly different 
between standard- and high-risk APL [personal 
communication, John Gregory, MD].

There are some studies suggesting that worse 
outcomes may be seen in other subsets of patients 
including those with M3v, certain immunopheno-
types, or FLT3 mutant [6, 12]. These factors, how-
ever, are associated with higher WBC, and thus it 
has been unclear whether any of these represent 
independent risk criteria. Further, there is limited 
data on these risk factors specific to pediatric 
patients. A COG study did demonstrate an increased 
risk of early death in pediatric patients with APL 
who had mutations of the FLT3 gene [13].

The effect of age on APL outcomes within the 
pediatric population has been studied and there 
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have been disparate results. Data from two con-
secutive trials conducted by the European APL 
group showed similar outcomes for children 
<13 years old compared to adolescents. Among 
children, however, those less than 5 years old had 
a higher risk of relapse compared to older chil-
dren. For patients <5 years old (N = 12), the 
relapse rate was 52%, and for patients 5–12 years 
old (N = 16), the relapse rate was 17.6% [7]. In 
contrast, the COG analyzed pediatric patients 
treated on the North American Intergroup Trial 
CALGB 9710 and found no difference in out-
comes between young children <5 years old 
(N = 16), older children 5–12 years old (N = 25), 
and adolescents 13–18 years old (N = 45) [14].

 Disease Complications

 Differentiation Syndrome

Differentiation syndrome is a constellation of 
symptoms including weight gain, pulmonary edema 
with respiratory distress, pleural and pericardial 
effusions, hypotension, and renal failure. This was 
initially described as “retinoic acid syndrome” or 
“ATRA syndrome” as it most often occurs follow-
ing initiation of treatment with ATRA during induc-
tion therapy prior to achievement of remission [15]. 
Differentiation syndrome can occur without ATRA 
treatment due to effects of the APL blasts alone. 
Standard treatment includes use of steroids (most 

commonly dexamethasone) and holding doses of 
ATRA. Differentiation syndrome is associated with 
higher WBC including both high WBC at diagnosis 
and also high WBC (hyperleukocytosis) that devel-
ops due to the differentiating effect of ATRA and/or 
ATO treatment.

Children treated on the first North American 
Intergroup study (INT0129) were randomized to 
induction with ATRA 45 mg/m2/day divided BID 
(N = 27) or chemotherapy with daunorubicin and 
cytarabine (N = 26). Per protocol, differentiation 
syndrome was managed with dexamethasone and 
temporary cessation of ATRA. Differentiation 
syndrome occurred in 19% of children receiving 
ATRA, and one patient died of this toxicity during 
induction [16]. In the Italian GIMEMA- AIEOP 
AIDA 0493 trial, children with APL were treated 
in induction with ATRA 25 mg/m2/day divided 
BID and idarubicin. Differentiation syndrome was 
managed similar to INT0129 with dexamethasone 
and holding of ATRA. Among 107 patients, only 
three had differentiation syndrome, and no deaths 
were attributed to this toxicity [11]. It is difficult to 
know whether the lower rate of differentiation syn-
drome seen on AIDA0493 compared to INT0129 
might be due to the lower ATRA dose, the use of 
idarubicin or other confounders including patient 
characteristics such as WBC.

Rates of differentiation syndrome in chil-
dren with APL have been reported from several 
other multi-institutional studies (Table 14.1). 
Pediatric patients with APL from France, 

Table 14.1 Differentiation syndrome (DS) in pediatric APL clinical trials

INT0129 AIDA0493 APL93 + 2000 C9710 AAML0631

ATRA daily dose 45 mg/m2 25 mg/m2 45 mg/m2 45 mg/m2 25 mg/m2

Other chemo None Idarubicin +/−daunorubicin
+/−cytarabine

Daunorubicin
Cytarabine

Idarubicin

Treatment of DS Dexamethasone Dexamethasone Dexamethasone Dexamethasone Dexamethasone

Prophylaxis 
against DS

None None None None None

Total # patients 27 107 26 children
58 adolescents

83 101

Rate of DS % 19% 2.8% 16% (children)
26.7% 
(adolescents)

37% 20%

Death due to DS 
# (%)

1 (3.7%) 0 0 0 2 (2%)

14 Acute Promyelocytic Leukemia in Children
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Belgium, Switzerland, Spain, and Germany 
treated on APL93 and APL 2000 all received 
ATRA at 45 mg/m2/day divided BID during 
induction and randomizations (assigned by ini-
tial WBC) included addition of daunorubicin 
with or without cytarabine. Differentiation syn-
drome was managed with dexamethasone. 
Differentiation syndrome occurred in 16% of 
26 children and in 26.7% of 58 adolescents 
treated on these trials, and there were no deaths 
due to differentiation syndrome [7]. The second 
North American Intergroup study C9710 induc-
tion therapy included ATRA 45 mg/m2/day 
divided BID along with cytarabine and dauno-
rubicin. Among 83 patients <18 years old 
treated on this study, the rate of differentiation 
syndrome was 37%, but there were no deaths 
due to differentiation syndrome. On the COG 
AAML0631 trial, patients received ATRA 
25 mg/m2/day divided BID along with idarubi-
cin. Differentiation syndrome was managed 
with dexamethasone. Among 101 patients, dif-
ferentiation syndrome occurred in 20% of 
patients and resulted in two deaths (personal 
communication, John Gregory, MD).

All the studies above utilized dexamethasone 
to treat differentiation syndrome once symp-
toms arose. More recently, some studies includ-
ing predominantly adult APL patients have 
utilized  prophylactic treatment with steroids to 
prevent differentiation syndrome. There are 
multiple variations in these strategies including 
choice of steroid (oral prednisone, IV methyl-
prednisolone, or dexamethasone), the duration 
of prophylactic treatment, and the target popula-
tion (selected based on WBC versus all patients). 
Since death due to differentiation syndrome 
occurs in <5% of patients, it has been impossi-
ble to conclude from these studies whether ste-
roid prophylaxis impacts death rate due to 
differentiation syndrome [17].

 Coagulopathy

In comparison to other types of leukemia, APL is 
associated with a unique propensity toward coag-
ulopathy. This complication is associated with 

fatal bleeding and thrombotic events that occur 
early in the course, either at presentation or dur-
ing induction therapy. The risk of coagulopathy 
is directly correlated with WBC, and patients 
with high-risk APL (WBC ≥ 10,000 at diagnosis) 
more commonly experience this deadly compli-
cation. An analysis of pediatric patients treated 
on the North American intergroup trial C9710 
demonstrated that presence of a FLT3 mutation 
was associated with increased risk of early death 
due to coagulopathy. Patients with elevated WBC 
and FLT3 mutation had a 47% induction death 
rate compared to no deaths among patients with 
elevated WBC and no FLT3 mutation [13]. Other 
clinical characteristics including laboratory 
results of prothrombin time, platelets, and 
D-dimer have been used in computation of bleed-
ing risk based upon the International Society on 
Thrombosis and Haemostasis (ISTH) DIC scor-
ing system, and a report on adult APL patients 
suggested that a score ≥ 6 was correlated with 
risk of fatal coagulopathy events [18]. An analy-
sis of pediatric APL patients treated on the COG 
AAML0631 also demonstrated that a ISTH DIC 
score ≥ 6 was significantly correlated with risk of 
both fatal and significant but nonfatal bleeding 
and thrombotic events [19].

Supportive care recommendations on pediat-
ric APL trials have included correction of abnor-
mal prothrombin time (PT), abnormal partial 
thromboplastin time (PTT), thrombocytopenia, 
and hypofibrinogenemia with aggressive blood 
product support. Specific thresholds for platelet 
support have varied but most often include main-
tenance of platelets above 50,000 during the ini-
tial risk period of coagulopathy (1–2 weeks). The 
role of fibrinolytic therapy has not been well 
studied in pediatric patients, but data in adult 
patients does not support their routine use [20–
23]. Recent studies of recombinant thrombomod-
ulin (rTM) suggest this is a very promising new 
therapy for coagulopathy arising from various 
etiologies including APL [24, 25]. Use of rTM 
remains investigational, and it is currently only 
approved for use in Japan. Further there has only 
been a few case reports of pediatric patients 
receiving rTM for coagulopathy due to leukemia 
[26, 27].

M.A. Kutny and A.M. Testi



183

 Treatment

 ATRA Plus Chemotherapy Regimens

Prior to the discovery of ATRA as an effective 
APL treatment, pediatric APL was treated simi-
larly to other types of AML with chemotherapy 
including combination of cytarabine and anthra-
cyclines. Combination therapy with ATRA and 
chemotherapy still required high cumulative 
doses of anthracyclines to achieve high cure 
rates for this subtype of AML. The Italian 
AIDA0493 regimen demonstrated long-term 
survival near 90%, but therapy included 80 mg/
m2 of idarubicin and 50 mg/m2 of mitoxantrone 
which is approximately 600 mg/m2 daunorubi-
cin equivalents (assuming a 5:1 conversion ratio 
for idarubicin:daunorubicin and a 4:1 conver-
sion ratio for mitoxantrone:daunorubicin as 
used in the Children’s Oncology Group, Long-
Term Follow-up Guidelines, Version 4.0, Oct 
2013, www.survivorshipguidleins.org) [11]. On 
the LPA96/99 trials, the PETHEMA group used 
dose intensification of anthracycline plus ATRA 
(without any cytarabine) to achieve an overall 
survival of 87%, but this therapy used a very 
high cumulative anthracycline dose of 600–
735 mg/m2 [28]. Treatment with anthracyclines 
places patients at significant risk for cardiac 
toxicity [29, 30]. The risk increases with higher 
cumulative doses (especially over 300 mg/m2 
daunorubicin equivalents), and the risk is higher 
when children are exposed at a young age [31]. 
There were 26 children and 58 adolescents on 
the European APL93 and APL2000 trials in 
which the treatments included a total of 495 mg/
m2 of daunorubicin. Three cases of severe car-
diac toxicity occurred in these young patients 
including one patient with fatal heart failure 
while on treatment, one patient with heart fail-
ure occurring 6 years after therapy, and one 
patient with heart failure requiring heart trans-
plant occurring after treatment for relapsed APL 
[7]. In the North American Intergroup C9710 
trial, 56 children were treated with 400 mg/m2 
of daunorubicin, and there were two deaths due 
to cardiac toxicity (personal communication, 
James Feusner, MD) [32].

High-dose cytarabine consolidation has been 
reported to reduce relapse risk in APL when stud-
ied in cohorts including predominantly adult 
patients [33, 34]. A direct comparison of treat-
ment with and without high cytarabine has not 
been studied in a larger group of pediatric APL 
patients. The AIDA0493 trial and AML-BFM 
93/98/2004 series both included high-dose cyta-
rabine treatment of pediatric patients and reported 
82–89% overall survival at 10 years. The CI 
relapse at 5 years was 14% on the AML-BFM 
series and 19% on the ADIA0493 trial. In con-
trast, the C9710 trial did not include high-dose 
cytarabine and reported a relapse risk of 36% at 
5 years [32].

Following discovery of ATRA as an effective 
medication to induce APL remission, the efficacy 
of this targeted therapy was evaluated in children 
treated on the first North American Intergroup 
trial (INT0129). Patients randomized to receive 
ATRA during induction, maintenance, or both 
had a superior 5-year disease-free survival of 
48% compared to 0% for patients not receiving 
ATRA [16]. In addition to reducing relapse risk, 
treatment with ATRA during induction has 
resulted in reduction of early deaths in children 
with APL [35]. The rates of induction death on 
pediatric APL trials including ATRA in induction 
range from 3–8% (Table 14.2) [7, 11, 28, 32, 36, 
37]. An analysis of multiple pediatric hospitals in 
the United States including 163 pediatric patients 
presenting with APL and treated with ATRA 
found a 7.4% early death rate. Resource utiliza-
tion during the first week of treatment included 
vasopressors, steroids, and diuretics used in 
approximately 11%, 40%, and 50% of patients, 
respectively. Pediatric APL patients required sig-
nificantly more blood product support (platelets, 
fresh frozen plasma, and cryoprecipitate) com-
pared to non-APL AML patients treated during 
the same period [38].

A particular side effect of ATRA called pseu-
dotumor cerebri (PTC) involves increased intra-
cranial pressure causing headache and blurry 
vision. Children and adolescents treated with 
ATRA have higher rates of PTC compared to 
adults. Decreased doses of ATRA, however, 
result in lower rates of PTC. Thus, a number of 
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pediatric trials (including the most recent coop-
erative group trials of the COG and I-BFM) have 
now adopted the standard pediatric dose of ATRA 
as 25 mg/m2/day divided BID. The COG 
AAML0631 trial required sites to report detailed 
information on PTC during each course of ther-
apy. With an ATRA dose of 25 mg/m2/day, the 
incidence of PTC was ≤6% during each cycle 
(personal communication, John Gregory, MD).

 Arsenic Trioxide

Arsenic trioxide (ATO) was initially used as a 
highly effective salvage therapy for relapsed 
APL. The North American Intergroup C9710 
trial randomized patient’s ≥15 years old to ther-
apy with or without two cycles (5 weeks each) of 
ATO consolidation. Adult patients receiving ATO 
had significantly improved outcomes [39]. 
Among adolescents 15–18 years old (N = 21), 12 
patients received ATO with 92% EFS and 0% 
relapse, while 9 patients received standard con-
solidation without ATO with 56% EFS and 44% 
relapse risk (personal communication, Jim 
Feusner, MD). In the COG AAML0631 trial, 
children received 10 weeks of ATO (given as two 
courses of 5 weeks each) similar to the C9710 
ATO consolidation cycles. This trial  demonstrated 
excellent outcomes with 3-year EFS and OS 
>90% and a low relapse risk of 4%. The European 
ICC APL 01 included chemotherapy but without 
ATO consolidation and the 3-year EFS was lower 
at 83% due to increased relapses. Overall sur-
vival on AIDA 0493 (no ATO), ICC APL 01 (no 
ATO but reduced anthracycline), and AAML0631 
(ATO consolidation and reduced anthracycline) 
all demonstrate that pediatric APL is a highly 
curable disease with even relapsed patients hav-
ing a good salvage rate using ATO therapy, but 
high-risk APL patients do have a worse survival 
than standard-risk APL patients due to increased 
incidence of early death events (Fig. 14.1).

ATO has also been given as monotherapy for 
newly diagnosed APL in trials conducted in Iran 
and India. These studies, including both children 
and adults, reported 5-year OS rates of 64–74% 
[40, 41]. Combination therapy of ATO and ATRA 

has been more effective achieving excellent 
results for adult patients with standard-risk dis-
ease on the Italian-German APL0406 trial [42]. 
Based upon those results, trials for pediatric APL 
are currently active in the COG (AAML1331) 
and the I-BFM (ICC APL 02) which include an 
ATO/ATRA regimen with the addition of either 
idarubicin (COG) or gemtuzumab ozogamicin 
(I-BFM) during induction therapy for high-risk 
APL patients.

Similar to ATRA, ATO can induce differentia-
tion of APL blasts, and thus differentiation and 
hyperleukocytosis may occur during ATO ther-
apy. ATO is also known to prolong the QT inter-
val with risk for cardiac dysrhythmia. In the COG 
AAML0631 trial, children received 10 weeks of 
ATO (given as two courses of 5 weeks each), and 
QT interval prolongation was monitored closely 
on the trial. Twenty-four patients had prolonged 
QT interval during their ATO cycles, but all were 
Grade 1 or 2, were transient, and did not require 
dose adjustment [43].

 Maintenance Therapy

The Italian AIDA 0493 trial included four arms 
for maintenance randomization. Patients could 
receive no maintenance (observation arm), oral 
chemotherapy including mercaptopurine and 
methotrexate, ATRA alone, or a combination of 
both ATRA and oral chemotherapy. The first two 
arms (without ATRA) were closed early, but an 
analysis of the ATRA arms in pediatric patients 
showed a superior disease-free survival in the 
combination ATRA plus chemotherapy arm ver-
sus ATRA alone (77% vs. 42%, P = 0.018) [11]. 
An evaluation with long-term follow-up of adult 
patients treated on AIDA0493, however, showed 
no significant difference in survival between the 
four maintenance arms [44]. The North American 
Intergroup C9710 study began with a mainte-
nance randomization to ATRA alone versus 
observation. Only three pediatric patients were 
randomized before the maintenance randomiza-
tion was amended to ATRA alone versus ATRA 
plus oral chemotherapy with mercaptopurine and 
methotrexate. There was a nonsignificant trend 
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toward lower EFS in the ATRA only maintenance 
compared to ATRA plus chemotherapy mainte-
nance (41% vs. 72%, P = 0.12) (personal com-
munication, James Feusner, MD).

The benefit of maintenance therapy for 
patients who receive ATO consolidation is uncer-
tain. Among adult patients enrolled on C9710, 
there was no difference in survival for the initial 
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randomization to observation versus ATRA, and 
patients who received ATO consolidation had 
similar survival in both arms of the amended ran-
domization to ATRA alone versus ATRA plus 
oral chemotherapy maintenance [45, 46]. Adult 
patients with standard-risk APL treated with 
ATO/ATRA on APL0406 had excellent outcomes 
without maintenance therapy [42]. The current 
COG AAML1331 and I-BFM ICC APL 02 trials 
include ATO/ATRA regimens without mainte-
nance therapy and will thus determine if ATO 
treatment can allow maintenance-free regimens 
in pediatric patients with APL.

 Novel Therapies

APL blasts have robust expression of CD33, and 
thus the anti-CD33 immunoconjugate gemtu-
zumab ozogamicin (GO) has been an agent of 
great interest in APL treatment. Following initial 
expedited approval by the FDA, this medication 
was later voluntarily withdrawn due to failure to 
achieve superiority in a confirmatory study. With 
these supply challenges, there has been limited 
experience with GO in pediatric APL. However, 
the current I-BFM ICC APL 02 is studying the 
efficacy of GO in conjunction with ATO/ATRA 
for treatment of children with high risk APL.

 Disease Response

Reverse transcriptase PCR (RT-PCR) is a very 
sensitive assay to detect very low levels of resid-
ual PML-RARA transcript. Quantified RT-PCR 
(RQ-PCR) allows standardization to a house-
keeping gene and ensures adequate RNA quality. 
Failure to enter molecular remission (persistent 
of PCR detectable PML-RARA transcripts) at the 
end of consolidation prior to maintenance ther-
apy is correlated with high risk of relapse [47, 
48]. In the COG study AAML0631, which 
included ATO consolidation, all patients tested 
PCR negative at end of consolidation (personal 
communication, John Gregory, MD). In the 
I-BFM ICC APL 01 trial (which did not include 
ATO consolidation) 4% of patients failed to enter 

molecular remission at end of consolidation, and 
these patients were eligible for treatment with 
ATO salvage therapy [37].

PCR monitoring is often employed during 
remission to monitor for disease recurrence. It is 
preferable to detect molecular relapse rather than 
awaiting an overt hematologic relapse in order to 
minimize the risk of coagulopathy or differentia-
tion syndrome [49]. Molecular relapse as detected 
by PCR will invariably progress to hematologic 
relapse if left untreated [50, 51].

RQ-PCR testing should be performed on bone 
marrow samples every 3 months. With the assay’s 
sensitivity of 1 in 104 cells in bone marrow and the 
kinetics of relapse disease progression at approxi-
mately 1.1 log fold increase in RQ-PCR transcript 
per month, testing every 3 months generally allows 
detection before frank hematologic disease [52]. 
However, in pediatric patients, bone marrow eval-
uations are frequently done with sedation. Thus, 
risks of these sedated procedures must be balanced 
with the benefit of such monitoring particularly as 
patients are treated with ATO consolidation, and 
the relapse risk is expected to be very low.

 Management of APL Relapse

 Incidence of Relapse and Risk Factors

In pediatric patients with APL, despite the improve-
ment in survival rate after modern combination 
regimens including ATRA and anthracycline- based 
first-line therapy, 17–27% of children have been 
reported to relapse [11, 7, 16, 34, 36, 37]. 
Retrospective studies involving both adults and 
children have clearly demonstrated that high WBC 
count (≥10 × 109/L) at diagnosis and persistence of 
PML/RARA positivity after first-line consolidation 
phase are associated with increased risk of disease 
recurrence [11, 53]. In adults, complex karyotype, 
expression of CD56, and FLT3 mutation are other 
poor prognostic factors with ATRA and chemo-
therapy regimens [12, 54]. In APL, most relapses 
occur within 3 years from consolidation treatment, 
but rare very late relapses (>36 months from diag-
nosis) have also been described (incidence 4–6%). 
The majority of relapses occur in the bone marrow 
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as hematological or molecular relapse. 
Hematological relapse is defined as the reappear-
ance of >5% leukemic promyelocytes; molecular 
relapse is conventionally defined as two consecu-
tive PML/RARA RT-PCR positive tests in marrow 
samples collected 2 weeks apart after previous 
negative results. Rarely, other sites such as CNS, 
the skin and the testis (extramedullary relapse) can 
be involved at disease recurrence [55, 56]. 
Interestingly, several reports in adults and children 
have suggested that the external auditory canal and 
the skin at sites of vascular access may be unique 
sites of extramedullary APL relapse and are mostly 
associated with concomitant bone marrow molecu-
lar relapse [57–59].

In APL, early identification of disease recur-
rence and preemptive therapy at the time of 
molecular relapse have clearly demonstrated 
benefits including better tolerated treatment, 
reduced hospitalization time, and decreased inci-
dence of reinduction deaths [60–62]. Although 
MRD monitoring by sequential RT-PCR mea-
surement of PML/RARA can predict overt relapse, 
some hematological relapses occur in patients, 
both adult and children, with previous PCR 
 negativity. Recently, the quantitative RQ-PCR 
assays offer the possibility of measuring the 
kinetics of PML/RARA transcript and better mon-
itoring for minimal residual disease (MRD) [63, 
64]. This increases the opportunity to deliver 
early salvage treatment and consequently 
improve the outcome of patients who present 
with only MRD positive disease compared with 
those treated at the time of hematological relapse.

 Reinduction Salvage Therapy

Current literature on the treatment of relapsed 
APL comes predominantly from adult studies 
and is mainly available for patients relapsing 
after ATRA and chemotherapy. During the past 
decades, the widely adopted strategy for the 
treatment of APL relapse included ATRA and 
cytotoxic chemotherapy as salvage reinduction 
therapy with autologous or allogeneic transplan-
tation for consolidation after second or greater 
remission. These regimens applied in adults and 

only in small series of children induced high sec-
ond remission rates (CR2) but had low cure rates. 
They were often associated with severe toxicity 
leading to fatal outcome or to a considerable rate 
of contraindications against subsequent stem cell 
transplantation [65, 66]. In particular, the high 
cumulative doses of anthracycline delivered in 
the front-line therapy could result in significant 
cardiac toxicity for which pediatric patients are at 
increased risk [30, 31]. Other drugs such as GO 
have also been successfully tested in relapsed 
APL. A number of preliminary reports have high-
lighted the sensitivity of APL to GO given alone 
or in combination with other agents. GO, as sin-
gle agent, has demonstrated strong activity for 
the treatment of 16 patients with APL who had 
relapsed at the molecular level [67]. Quantitative 
RQ-PCR studies showed that responding patients 
experienced a dramatic decline of the PML/
RARA transcript after the first GO dose. At high 
doses, GO can favor the occurrence of the hepatic 
sinusoidal obstructive syndrome (SOS); lower 
doses of GO have been employed in patients at 
high risk of complications, and comparable 
results have been reported with reduced treat-
ment toxicity [68, 69].

Currently, the salvage strategy for relapsed 
APL includes the administration of ATO-based 
reinduction. The first experience with ATO in 
relapsed APL was reported by a group from 
China, and several subsequent studies, mainly in 
adults, demonstrated that approximately 80–90% 
of patients who relapse following initial ATRA 
and chemotherapy can achieve a CR2 with lim-
ited toxicity from ATO therapy [70]. Some 
reports suggest that remission duration is longer 
when ATO is combined with either ATRA or che-
motherapy; a synergistic effect between ATO and 
ATRA accelerates the differentiation and apopto-
sis of abnormal promyelocytes. For this reason, 
the current adult guidelines support ATO ± ATRA 
as salvage therapy for relapsed APL. In 2008, a 
European registry of relapsed APL was estab-
lished by the European LeukemiaNet; data of the 
outcome were available for 155 patients (141 
adults and 14 children) treated, in first relapse, 
with ATO, after front-line therapy with ATRA 
and chemotherapy [59]. The results confirmed 

M.A. Kutny and A.M. Testi



189

the efficacy of ATO in reinduction remission, 
with 91% CR2. The rate of molecular CR, after 
induction and consolidation therapy, did not dif-
fer significantly in patients with hematological or 
molecular relapse. However, induction deaths 
occurred only in patients with hematological 
relapse.

In pediatric APL patients, ATO-containing 
salvage therapy has been only sporadically 
described, but reports demonstrate that ATO as a 
single agent, or in combination with ATRA, can 
induce CR2 in 85% of relapse/refractory child-
hood APL and result in long-term molecular 
remission [71–73]. Based on reports in limited 
pediatric series and adult data, ATO has become 
the current preferred pediatric salvage treatment. 
In this age group, the formulation of oral ATO is 
particularly interesting; oral ATO in association 
with ATRA has demonstrated to be equally effec-
tive and better manageable [66]. Limited data are 
available on the efficacy of ATO treatment in 
relapsed patients who had prior ATO-containing 
therapy. These reports suggest that ATO-based 
reinduction regimens remain effective despite 
prior ATO therapy with a CR2 rate of approxi-
mately 80% [74–76].

 Consolidation Salvage Therapy

Despite high remission rate with ATO ± ATRA in 
relapsed cases of APL, second or subsequent 
relapses are observed in a high proportion of 
these cases. Thus, post-remission treatment is 
very important to prolong remission and achieve 
a long-term cure. Hematopoietic stem cell trans-
plant (HSCT) represents a widely adopted strat-
egy as part of salvage therapy in relapsed 
APL. However, the optimal strategy for post- 
remission therapy remains controversial. Options 
for consolidation include repeated courses of 
ATO ± ATRA, conventional chemotherapy (with 
or without ATO), or HSCT. In retrospective stud-
ies, mostly performed during ATRA + chemo-
therapy era, autologous (auto)-HSCT showed a 
trend toward better outcomes compared with 
allogeneic (allo)-HSCT or consolidation chemo-
therapy [77, 78]. Allo-HSCT decreased the 

relapse risk, but this advantage was outweighed 
by higher treatment-related mortality compared 
with auto-HSCT and other treatments. However, 
the major limitation of these studies is their retro-
spective nature and missing data; in particular, 
the pre-transplant PML/RARA status was often 
lacking in these reports. More recently, the regis-
try study of the European LeukemiaNet has 
clearly demonstrated the role of allogeneic HSCT 
as consolidation therapy for patients with relapse 
not achieving a molecular CR and suggested 
autologous HSCT as a suitable option for patients 
in molecular CR2 [59]. In this report, that 
included the largest cohort of APL patients in 
first relapse treated with ATO, the results of uni-
variable and multivariable analyses demonstrated 
that first CR duration <18 months and persistent 
PCR positivity after consolidation are poor prog-
nostic factors on overall survival (OS) and 
leukemia- free survival (LFS). Other studies have 
confirmed the unfavorable impact of first CR 
duration and failure to achieve molecular CR on 
OS after relapse. In the more recent studies 
including the administration of ATO-based rein-
duction, the long-term survival for those patients 
who received previous ATO-based regimens was 
inferior compared to those never treated with 
ATO (ATO-naïve) [74]. Prior ATO treatment has 
shown to be independently associated with worse 
relapse-free survival (RFS) [74].

 Recommendations in Pediatric Age

In an attempt to develop therapy guidelines for 
children with relapsed APL, pediatric APL 
experts including members of the North American 
Children’s Oncology Group (COG) and the 
International Berlin-Frankfurt-Munster Study 
Group (I-BFM SG), have recently published treat-
ment recommendations that are based upon infor-
mative literature and personal experience with 
relapsed APL [79]. Prognostic factors such as 
time to relapse <18 months from diagnosis, prior 
ATO therapy, and failure to achieve a second 
molecular remission were used to predict the risk 
of further relapse and consequently to guide 
the salvage treatment. In summary, ATO-naïve 
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children with late (>18 months from diagnosis) or 
very late relapse (≥36 months) can be reinduced 
with ATO-ATRA plus GO followed by ATO con-
solidation without HSCT if they demonstrate 
molecular remission after four salvage cycles. 
ATO-naïve children with early relapse or children 
with prior ATO exposure and early or late relapse 
who demonstrate molecular remission after four 
cycles can be consolidated with auto-HSCT. In 
selected children who are ATO- and GO-naïve 
with early relapse who rapidly reach molecular 
remission after four cycles, or not suitable for 
auto-HSCT, consolidation with ATO-based ther-
apy could represent a reasonable alternative. 
Children with primary/refractory APL, those with 
previous ATO exposure and early relapse, those 
with ≥ second relapse, or those with persistence 
of PML/RARA after four cycles should be consid-
ered for consolidation with allo-HSCT. Relapsed 
APL patients, however, are a heterogeneous pop-
ulation and these schemas may require modifica-
tions based on individual patient characteristics as 
well as the resources that are available to the treat-
ing physician [79].

 Very Late Relapse

Only sporadic reports of patients with very late 
APL relapses (>36 months from diagnosis) have 
been published [80, 81]. Late relapse seems to 
occur in less than 5% of APL patients. In these 
cases, bone marrow involvement is frequently 
associated with relapse in extramedullary sites as 
well. Most of the patients present at late relapse 
with the same immunophenotypic, cytogenetic, 
and molecular pattern as at diagnosis suggest that 
the relapse is due to reemergence of the initial 
disease clone. There are no systematic trials eval-
uating treatment of late relapses in adults and 
children. Given the long period of disease-free 
survival (DFS), drug resistance is unlikely in 
these patients. However, for patients who previ-
ously received intensive chemotherapy, the risk 
of cumulative toxicity must be weighed as a con-
traindication for the reemployment of these drugs 
in the salvage schemas. It has been reported that 
patients with late relapse can be salvaged with 

regimens similar to those used at initial diagnosis 
with CR2 achieved in a majority of patients [82]. 
As previously reported, in the recent years, 
ATO ± ATRA demonstrated high efficacy and 
low toxicity for the treatment of APL relapses; 
although very limited data are available on the 
use of ATO in very late relapse in children, the 
use of this agent should be considered. While the 
role of ATO in remission reinduction is now well 
established, the best consolidation therapy for 
patients with late relapses, is still controversial. 
The utility of transplant can be questioned for 
patients relapsing after very prolonged first CR 
since ATRA-ATO salvage alone might be cura-
tive. Though limited to a small number of 
patients, a prolonged molecular CR2 with ATO- 
based salvage therapy has been described in the 
literature. Eight out of nine Italian APL patients 
were salvaged with prolonged ATO-ATRA ther-
apy without transplant procedures [83]; an 
8-year-old boy with bone marrow relapse occur-
ring at 7 years from initial diagnosis achieved a 
durable molecular CR2 with prolonged ATO as 
single treatment [72]. As previously reported, 
GO has also been demonstrated to be safe, toler-
able, and particularly active in APL patients with 
molecular relapse. Thus, GO is an appealing 
therapeutic option for patients with very late 
relapse. A very late relapse occurring after more 
than 15 years of molecular remission has been 
recently described in a pediatric patient previ-
ously treated with ATRA + chemotherapy. In this 
case, molecular relapse was also associated with 
extramedullary involvement of the left mastoid 
[84]. The patient was rescued with an ATO-based 
protocol including GO without HSCT consolida-
tion. Combinations of these new drugs, in 
repeated consolidation courses, together with 
PML/RARA quantitative monitoring may be used 
to avoid HSCT in patients with late relapse 
achieving a molecular CR2.

 Extramedullary Relapse

Extramedullary relapse is an uncommon compli-
cation of APL occurring in about 3–5% of 
patients. Several factors that increase the risk of 
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extramedullary relapse have been identified 
including WBC count at diagnosis (≥10 × 109/L), 
expression of CD56, bcr3 isoform, and FLT3 
gene mutation. The most common site of extra-
medullary relapse is the CNS, and it is often 
accompanied by disease in the bone marrow [85]. 
The PETHEMA group has also identified ele-
vated serum dehydrogenase (LDH) levels and 
previous CNS hemorrhage during induction as 
risk factors for subsequent CNS relapse [10]. The 
best management of such patients is still contro-
versial. The European LeukemiaNet has recom-
mended treating CNS relapse with intrathecal 
chemotherapy together with systemic therapy 
that should include drugs with high CNS pene-
trance [59]. In these patients, high-dose cytara-
bine has been used successfully. In patients who 
achieve CNS remission and molecular CR2, con-
solidation with auto- or allo-HSCT should be 
considered. It has also been shown that ATO and 
its metabolites are capable of crossing the blood- 
brain barrier and may be beneficial as a 
 therapeutic agent for CNS disease. However, the 
concentration of ATO in cerebral spinal fluid 
(CSF) is probably not adequate to treat menin-
geal leukemia alone, and further studies are nec-
essary to identify the exact role of ATO treatment 
in patients with CNS relapse [86]. APL extra-
medullary relapse can involve other sites such as 
the skin, the testis, or the external auditory canal. 
Infiltration of the ear is exceedingly infrequent in 
other types of leukemia, and the anatomical and 
biological reasons underlying this particular APL 
localization are unknown. Some authors sug-
gested a role of ATRA during initial therapy as a 
predisposing factor. ATRA has been shown to 
influence the expression of adhesion molecules 
on leukemic cells; this could explain the patho-
physiology of extramedullary involvement in 
APL patients treated with this agent. However, 
APL relapse in the ear was also observed before 
the advent of ATRA. Patients with extramedul-
lary relapse frequently also have bone marrow 
molecular recurrence.

ATO accumulates well in epidermal tissue, and 
thus it could represent a therapeutic choice in 
cutaneous relapses. In patients with external audi-
tory canal relapse, ATO ± ATRA demonstrated 

high efficacy and low toxicity [86]. These obser-
vations suggest that ATO is reasonable as single 
agent or in combination with ATRA, for the treat-
ment of non-CNS extramedullary relapse. Local 
radiotherapy has also been used in extramedullary 
relapse with mixed results [87, 88]. The optimal 
therapeutic approach for these patients is still 
unknown especially for those with isolated and/or 
very late extramedullary relapse. Management of 
these patients should be individualized.
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Management of Acute Promyelocytic 
Leukemia in the Elderly

Ramy Rahmé, Lionel Adès, and Pierre Fenaux

 Introduction

Despite considerable improvement in the manage-
ment of APL over the last two decades, the outcome 
of inpatients >60 years of age has remained poorer 
than in younger patients with conventional therapy 
combining all-trans- retinoic acid (ATRA) and che-
motherapy [1–3]. This poorer outcome is mainly due 
to a higher rate of early death during induction ther-
apy and a higher death rate during consolidation and 
maintenance (due to sepsis) in elderly patients, as 
opposed to disease resistance like in other AML sub-
types [4, 5]. Recent treatment approaches incorporat-
ing arsenic trioxide (ATO) and reducing or avoiding 
chemotherapy especially anthracyclines are less 
myelosuppressive and more promising in the elderly.

 Epidemiology of APL in the Elderly

In multicenter APL clinical trials, the median age 
at presentation is between 40 and 45 years, and 
the rate of patients older than 60 and 70 years 
ranged from 6% to 26% and from 3% to 9%, 
respectively [6–14]. However, recently published 
population-based studies support a higher propor-
tion of older patients among APL cases [15–18]. 
Therefore, the frequency of APL in the elderly 
may be underestimated because many patients are 
not enrolled on clinical trials, mostly due to poorer 
performance status at presentation [19–21]. In a 
French retrospective multicenter study, patients 
not included in an APL clinical trial (APL 2006 
trial) were mainly characterized by their older age 
(median 62 vs. 47 years, p = 0.0001) [22].

 Specific Characteristics of APL 
in the Elderly

The proportion of high-risk APL, defined by a 
baseline white blood cell (WBC) count >10 × 109/L 
according to Sanz classification, is generally simi-
lar in older and younger patients [23], although 
some studies reported a slightly lower proportion 
of high-risk patients in the elderly [24]. Therapy-
related APL (tAPL), mainly reported after the use 
of topoisomerase II inhibitors for the treatment of 
cancers (or multiple sclerosis in the case of mito-
xantrone), also tends to be more frequent in elderly 
than in younger adults, probably reflecting the fact 
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that cancer treatment is mainly administered to 
elderly people [19–21]. Other APL characteristics 
are similar in elderly and younger adults, except 
for a possible increase in the frequency of addi-
tional chromosomal abnormalities in the former, 
without any impact on prognosis [25].

 Outcome of Elderly APL Patients 
with Frontline Conventional ATRA- 
Chemotherapy Regimens

All published studies using ATRA-chemotherapy 
regimens showed poorer outcome in elderly 
patients, compared to younger adults: this poorer 
outcome resulted from lower complete remission 
(CR) rates and higher rates of deaths in CR in the 
elderly, without differences in relapse rates 
according to age. Poorer CR rates in the elderly 
are the consequence of a higher incidence of 
early death rather than of resistant leukemia, 
which is almost nonexistent in APL irrespective 

of age. While CR rates in patients older than 60 
are high (around 85%), they are significantly 
lower than those reported in younger patients 
(around 95%) [1–3, 26–28]. Early death (ED) is 
the main cause of failure, observed in 10–18% of 
patients enrolled on clinical trials (Table 15.1). 
ED rates are even greater in population-based 
reports (Table 15.2) and in patients >70 years of 
age (Table 15.3). In addition, the rates of death in 
CR are uniformly higher in elderly patients, rang-
ing from 8 to 22% (Table 15.1) and occurring 
mainly during consolidation cycles, but also dur-
ing maintenance treatment with 6- mercaptopurine 
and methotrexate [4, 5, 14, 23, 24, 26, 29].

Reducing the intensity of chemotherapy may 
improve outcome in elderly APL patients, at least 
those with standard-risk APL. The Italian 
GIMEMA group reported an improvement in sur-
vival when elderly patients received a single con-
solidation course instead of three, with a reduction 
in the rate of death in CR from 13 to 7.4% and 
with a similar relapse rate [29]. The Spanish 

Table 15.1 Outcome in elderly APL patients treated with ATRA and chemotherapy in clinical trials

Author
Number of 
patients

Follow-up 
(years) ED (%)

Death in 
CR (%) OS (%) DFS (%) CIR (%)

Mandelli et al. (2003) [4] 134 – 12 12 56 59 –

Sanz et al. (2004) [24] 104 6 15 8 – 79 9

Adès et al. (2005) [5] 129 4 14 18.6 58 – 16

Latagliata et al. (2011) [29] 60 5 10 8 69 65 27

Ono et al. (2012) [26] 46 10 11 22 63 65 15

Lengfelder et al. (2013) [14] 56 7 18 19.6 45 48 24

ED early death, OS overall survival, DFS disease-free survival, CIR cumulative incidence of relapse

Table 15.2 Results of population-based studies

Author
Age groups 
(years)

Number of 
patients

Incidence per 
100,000 ED rate (%) Outcome

Lehmann et al. (2011) [15] <40
40–59
≥60

28
37
40

– 19.0
16.0
50.0

5-year OS
82.0%
74.0%
24.0%

Park et al. (2011) [16] <35
35–54
≥54

433
463
502

0.13
0.26
0.42

12.3
16.0
24.2

3-year OS
76.3%
72.0%
46.4%

Chen et al. (2012) [17] <20
20–39
40–59
≥60

149
372
427
449

0.06
0.19
0.22
0.36

– 5-year relative survival
0.52
0.57
0.57
0.24

Early death (ED) rates are higher and long-term outcome worse in older patients
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PETHEMA group showed that ATRA plus anthra-
cycline monochemotherapy treatment (avoiding 
cytarabine) improved long-term disease- free sur-
vival (DFS) in elderly APL, by reducing the rate 
of deaths in CR without increasing the relapse 
rate [24]. Reducing the intensity of chemotherapy, 
and in particular avoiding cytarabine, may how-
ever increase relapse in higher-risk APL as shown 
by a French-Spanish joint study [30].

 Treatment with Arsenic Trioxide 
(ATO) in Elderly

Recently, ATRA-ATO combinations (without 
chemotherapy) have demonstrated, at least in 
standard-risk APL, that such regimens were at 
least equivalent and probably superior to ATRA- 
chemotherapy combinations in terms of CR and 
relapse rates, because they combined both a supe-
rior antileukemic effect with fewer relapses and 
less myelosuppression reducing the frequency of 
early deaths and deaths in CR [31–33].

In the British AML17 trial, the 4-year survival 
of patients older than 60 years (37 low-risk and 
12 high-risk patients) was 80% in the ATRA and 
ATO group, compared with 74% in patients 
receiving ATRA and chemotherapy [33]. Ravandi 
et al., in 23 APL patients aged >60 years treated 
with ATRA-ATO during induction, reported a 
CR rate of 83%. With a median follow-up of 
more than 2 years, event-free survival (EFS) and 

overall survival (OS) in the older population were 
69.5% and 74%, respectively [34]. Adès et al. 
reported in standard-risk APL aged >70 years, 
treated with ATRA-ATO and reduced chemother-
apy, a CR rate of 92% and a 5-year EFS of 80% 
[35]. Interestingly, reduction of mortality in CR 
with this regimen was only seen when consolida-
tion chemotherapy was reduced from 3 days to 1 
single day of idarubicin [35].

 Conclusions

Given the excellent results reported with ATRA 
and ATO regimens without chemotherapy in 
standard-risk APL patients (irrespective of age, 
with very high CR rates, very few relapses, and 
very limited mortality in CR), those regimens 
should be favored in elderly patients. This less 
toxic therapeutic strategy is currently tested in 
high-risk younger patients, in combination with 
very limited chemotherapy, for example, 2 days 
of anthracycline or reduced-dose gemtuzumab 
ozogamicin during induction treatment. 
Whether this strategy is also feasible in elderly 
patients will have to be confirmed.
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Special Situations in Acute 
Promyelocytic Leukemia

Massimo Breccia, Gloria Iacoboni, 
and Miguel A. Sanz

 Introduction

Therapeutic strategies in acute promyelocytic 
leukemia (APL) have changed greatly since the 
introduction of all-trans-retinoic acid (ATRA) 
and, more recently, arsenic trioxide (ATO) in the 
treatment of this disease, improving enormously 
the outcome of these patients. Several treatment 
strategies using these agents, alone or usually in 
combination with chemotherapy, have provided 
excellent therapeutic results, in fit patients whose 
clinical situation does not generate special diffi-
culty for the administration of conventional ther-
apy. However, there are conditions that prevent 
partially or completely the administration of 
ATRA, ATO, or chemotherapy, complicating the 
management of these patients. In this chapter, we 
review some of these peculiar clinical situations 

which, differently from the standard of care, 
require more careful attention. Thus, we will dis-
cuss the management of APL in older and other 
frail patients, children and pregnant women, as 
well as those with therapy-related leukemia, 
extramedullary relapse and the extremely rare 
situation of the genetic variants of APL.

 Management of Special Situations

 Older and Other Fragile Patients

APL is uncommon in older patients. This group 
tends to have a worse outcome, even if stratified 
as lower risk at baseline, due to a higher therapy- 
related toxicity leading to an increased treatment- 
related mortality, not only during induction but 
also during consolidation, maintenance, and 
even off therapy. The reported mortality rate in 
complete remission (CR) ranges from less than 
1% in patients younger than 60 to 19% in patients 
older than 70 years [1]. It should be noted, how-
ever, that lower rates of relapse are observed in 
patients over 70 years of age receiving ATRA 
and moderately reduced anthracycline-based 
chemotherapy [1–4]. Therefore, it is reasonable 
to design less intensive therapeutic strategies 
aiming to reduce morbidity and mortality in this 
group. With the aim of decreasing the rate of 
treatment-related deaths, the Gruppo Italiano 
Malattie Ematologiche Maligne dell’Adulto 
(GIMEMA) group amended the AIDA protocol 
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and reduced the number of consolidation courses 
from three to only one, which resulted in an 
improved overall survival (OS) [5]. The outcome 
with ATO-based treatments in elderly patients 
has not specifically been reported, except for a 
small series of 33 patients aged 60 years or older 
[6]. This study showed 88% CR rate and a 
10-year cumulative incidence of relapse, OS, 
and disease-free survival (DFS) of 10.3%, 
69.3%, and 64.8%, respectively, which are com-
parable to those reported in younger APL 
patients. The main reported side effect was leu-
kocytosis, and no increased rate of secondary 
malignancies was reported after long-term fol-
low- up. Based on these results, ATO could be 
considered as a first-line treatment option for 
elderly patients with APL, but more data is 
needed to really turn it into the standard of care 
for patients unfit for conventional therapy in this 
age group. The APL0406 trial reported similar 
efficacy in patients aged 60–70 years when com-
pared to younger patients, with an improved EFS 
and toxicity rate [7]. Gemtuzumab ozogamicin 
(GO) has also been tested in the elderly, with 
efficacy reported also at lower doses [8, 9]. 
Unfortunately, the drug was temporarily with-
drawn from the market in 2010 and reapplied for 
US and EU approval in early 2017. Therefore, 
we can conclude that an ATRA-ATO regimen 
may be appropriate in the elderly setting, but fur-
ther data are still required to validate its use. See 
Chap. 15, “APL in the Elderly,” for more details.

Similar to the outlined approach for older 
patients, in younger patients who are not can-
didates for first-line intensive chemotherapy 
due to certain comorbidities (in particular, 
severe cardiac impairment or other organ dys-
functions), there are alternative treatment 
approaches which minimize the use of cyto-
toxic agents. These would be based on the use 
of ATRA in combination with ATO, with mini-
mal or no chemotherapy. The outcome in this 
particular setting is not sufficiently docu-
mented. It should be noted that any therapeutic 
strategy used in these patients should aim to 
achieve molecular remission and guide the 
need for additional therapy with minimal resid-
ual disease (MRD) monitoring.

 Children

APL is a rare disease in children, with a reported 
median age of 9–12 years and a female preva-
lence. At presentation, there is a reported higher 
rate of hyperleukocytosis (40% versus 20–25% 
in adults) and of the variant morphologic hypo-
granular (M3v) subtype, with an increased inci-
dence of the bcr2/bcr3 transcript type [10]. It has 
been suggested that the difference in the WBC 
count is mainly observed in children under the 
age of 12 years old [10]. Apart from two rela-
tively small pediatric series from the German- 
Austrian- Swiss group [11] and the European 
APL group [12], as well as two larger series from 
the GIMEMA [13] and PETHEMA [14] groups, 
there is a recent analysis from the European APL 
group [15] that reports the outcome in different 
age groups of children and adolescents. In this 
analysis, children under 4 years old presented the 
highest relapse rate (52% versus 18% in children 
age 5–12 years old), a new finding owing to the 
lack of studies with different age groups in chil-
dren. This observation was not attributed to a 
higher WBC count or other high-risk features. 
The treatment strategy with the simultaneous 
combination of ATRA and chemotherapy derives 
from adult trials. The GIMEMA and PETHEMA 
groups reported the larger cohorts of patients, 
with a CR rate higher than 90% and OS ranging 
between 71 and 89% [13, 14]. In children with 
APL, a reduction in the dose of ATRA, from 45 
to 25 mg/m2/day, is recommended to reduce the 
incidence of severe headache and pseudotumor 
cerebri (PTC), still maintaining excellent thera-
peutic results [16]. The study by Castaigne et al. 
[17] showed no difference in terms of pharmaco-
kinetics, therapeutic efficacy, triggering of hyper-
leukocytosis, or differentiation syndrome with 
ATRA at the reduced dose as compared to the 
standard dose. Headache is a relatively common 
complication during ATRA therapy in children, 
but it is always necessary to rule out PTC, CNS 
leukemia, and bleeding. PTC diagnosis is based 
on increased intracranial pressure with normal 
cerebrospinal fluid (CSF) composition and nega-
tive cerebral imaging studies, usually accompa-
nied by papilledema at the fundoscopic exam. 
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This latter evidence is not a requirement for the 
diagnosis of PTC but is helpful in the differential 
diagnosis [18]. Sometimes, the symptoms of 
PTC resolve with the initial “diagnostic” lumbar 
puncture. If this occurs, no further medical treat-
ment is required. If symptoms persist, temporary 
discontinuation or dose reduction of ATRA and 
analgesics and administration of steroids and 
acetazolamide are the mainstays of the medical 
treatment of this neurological complication. 
Acetazolamide is administered in an initial dose 
of 25 mg/kg/day and progressively increased 
until clinical response is attained (maximum dose 
100 mg/kg/day). Electrolytes must be monitored 
for an early detection of hypokalemia and acido-
sis, common side effects during acetazolamide 
treatment. If this diuretic treatment is ineffective, 
then prednisone can be given at a dose of 2 mg/
kg/day for 2 weeks followed by a 2-week taper.

Given the long life span in children cured 
from this disease, there is a wide concern about 
the potential long-term cardiac toxicity that high- 
dose anthracyclines can produce. Therefore, 
there have been some attempts to simply reduce 
the exposure to these agents without any addi-
tional treatment modifications, which has resulted 
in worse outcomes in the past [19]. The Japanese 
group tried to minimize anthracycline exposure 
with a single administration in second induction 
and consolidation courses: only two deaths were 
reported, but no cardiac adverse events or 
treatment- related deaths were observed in subse-
quent phases [20]. Similarly to older patients, 
other therapeutic options are being studied in 
order to reduce the dose of cytotoxic agents, with 
ATO being one of the most promising alterna-
tives. Indeed, ATO appears to be effective in 
pediatric APL [21, 22], similarly to adults, but 
there is still very limited data. See Chap. 14, 
“APL in Children,” for more details.

 Pregnancy

The diagnosis of APL during pregnancy is uncom-
mon, and most reports are based on individual 
cases or very small series. The risk of thrombo-
hemorrhagic complications and infections may be 

higher during pregnancy, whereas identification 
of differentiation syndrome (DS) could be more 
difficult. This is a challenging situation in which 
decision-making must be carried out with a multi-
disciplinary perspective, involving the patient, 
hematologist, obstetrician, and neonatologist. With 
this approach, there is a higher chance for a suc-
cessful outcome for both mother and baby, as was 
highlighted in the guidelines on the management of 
AML in the United Kingdom [23]. A recent sys-
tematic analysis showed 43 articles with 71 
patients with new- onset APL during pregnancy 
[24]. The results suggested that in case of preg-
nancy, the start of treatment should not be delayed, 
or it could compromise the chance for a successful 
remission: pregnancy in APL must be considered 
a medical emergency. The key problem in this spe-
cial situation is the teratogenic potential of chemo-
therapy, ATRA, and ATO on the fetus. Therefore, 
the gestational age is key in this situation, and 
management should be adapted accordingly.

 Management of APL During the First 
Trimester of Pregnancy
A conventional therapeutic approach is not pos-
sible during the first trimester of pregnancy, due 
to the highly teratogenic side effects of ATRA 
[25]. Five out of the nine reported APL cases 
diagnosed in early pregnancy ended in abortion 
(four induced and one spontaneous). The remain-
ing four pregnant women delivered two healthy 
infants, one with transient dilated cardiomyopa-
thy and one with low birthweight, jaundice, and 
respiratory distress syndrome at birth [24, 26]. In 
a Spanish series, all early pregnancies terminated 
in abortion (four induced and one spontaneous) 
[26]. During the first trimester, the only option is 
anthracycline-based chemotherapy. The use of 
daunorubicin is usually preferred over idarubicin, 
probably due to a wider experience with the for-
mer drug and because idarubicin is more lipo-
philic and can favor an increased placental 
transfer [27]. Even with chemotherapy, there is 
an increased risk of fetal malformations, abor-
tion, and low birthweight [28]. Therefore, the 
first decision that should take place when APL is 
diagnosed in the first trimester is whether or not 
to continue with the pregnancy. Women who, 
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after receiving all the accurate information, wish 
to continue with their pregnancy should receive 
anthracycline chemotherapy alone; in case of 
pregnancy interruption, they can receive conven-
tional treatment with ATRA and cytotoxic agents. 
It should be taken into account that chemother-
apy alone can increase the risk of hemorrhage 
due to release of procoagulants and plasminogen 
activators from malignant promyelocytes. If 
remission is achieved with chemotherapy and the 
pregnancy is progressing normally, ATRA could 
be safely administered during the second and 
third trimesters. Although ATO is an alternative 
treatment in other groups of patients, it is not an 
option during pregnancy due to a high potential 
for teratogenicity; in fact, this drug cannot be rec-
ommended at any stage of pregnancy. Human 
data are very limited and restricted to people 
exposed to arsenic from drinking water, working 
in, or living near metal smelters. Low birth-
weight, spontaneous abortion, and stillbirth were 
reported in this population [29]. Taking the above 
into account, female APL patients who are 
receiving conventional treatment should be 
advised against becoming pregnant during expo-
sure to ATRA and/or ATO. On the other hand, it 
appears that fertility is maintained after ATO 
treatment is finalized [30].

 Management of APL During the Second 
and Third Trimesters of Pregnancy
During the second and third trimesters of preg-
nancy, conventional treatment with ATRA and 
chemotherapy is a reasonable option, even though 
the literature on this subject is extremely scarce. 
The maternal outcome seems to be the same as in 
nonpregnant women when conventional therapy 
is used. ATRA does not seem to be teratogenic 
past the first trimester [24, 26, 28]. This agent can 
be safely administered, preferably monitoring the 
cardiac function, due to some reports of revers-
ible fetal arrhythmias and other cardiac compli-
cations at birth. On the other hand, although 
chemotherapy does not seem to cause congenital 
malformation, it increases in some cases the risk 
of abortion, premature delivery, low birthweight, 
neonatal neutropenia, and sepsis. Two different 
possible approaches could be adopted:

 (a) Sequential use of ATRA and chemotherapy. 
This approach implies the administration of 
ATRA alone until CR, delaying the admin-
istration of chemotherapy until elective 
delivery is possible. A gestational age of at 
least 32 weeks is considered relatively safe 
when appropriate neonatal care is provided 
[31]. For deliveries before 36 weeks of ges-
tation, antenatal corticosteroids are recom-
mended to reduce the risk of respiratory 
distress syndrome [32]. ATRA alone 
induces similar CR rates as compared to 
ATRA plus chemotherapy, but it can have 
an unfavorable impact on the risk of relapse 
and a possible increased rate of DS (approx-
imately 25%) [33, 34]. If this strategy is fol-
lowed, the administration of chemotherapy 
should not be delayed excessively to avoid 
resistance and disease recurrence, and post-
remission therapy should be reinforced.

 (b) Simultaneous administration of ATRA and 
chemotherapy. This approach provides the 
best chances of cure for the pregnant women 
and is a reasonable option for high-risk 
patients with hyperleukocytosis and for 
those in which appropriate RQ-PCR moni-
toring is not possible. Daunorubicin is pre-
ferred to idarubicin, as mentioned previously. 
Vaginal delivery is preferred, due to its asso-
ciation with a reduced risk of bleeding. 
Caesarean section should only take place if 
it is required for other reasons [28]. After 
delivery, breastfeeding is contraindicated if 
chemotherapy or ATO is needed. The rest of 
management does not differ from nonpreg-
nant women with APL.

 Therapy-Related APL

The true incidence of therapy-related APL (tAPL) 
is still a matter of discussion since these patients 
are less likely to be enrolled into clinical trials. 
Available data is based on retrospective series [35, 
36] or experience of single referral centers [37, 
38]. The incidence reported in these studies ranges 
from less than 5–22% of all APL cases. The inci-
dence of tAPL has increased over the last few 
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years due to the use of topoisomerase II-targeted 
drugs in both malignant and nonmalignant dis-
eases. Breast carcinoma is the most frequent 
 previous cancer, followed by lymphoma, with a 
large predominance of non-Hodgkin lymphoma, 
whereas other tumor types have a lower incidence 
[35]. Epirubicin and mitoxantrone are the most 
common implicated drugs in tAPL, but a number 
of cases have been reported after exposure to 
radiotherapy alone [39–42]. Cases of secondary 
APL occurring in patients whose primary tumor 
was treated only by surgery, without chemother-
apy or radiotherapy, have also been reported [35, 
36]. The latency period between chemotherapy 
exposure and onset of tAPL is usually relatively 
short (less than 3 years) and occurs without a pre-
vious myelodysplastic phase. Hematologic find-
ings are similar to de novo APL, as also previously 
reported for other tAML with a specific karyotype 
[43, 44]. Cases of tAPL are increasingly reported 
in patients treated for nonmalignant diseases, in 
particular in patients affected by aggressive forms 
of multiple sclerosis treated with mitoxantrone 
[45]. The risk of developing this complication has 
been estimated at approximately 1 in 400 patients 
with multiple sclerosis treated with this topoisom-
erase II inhibitor [45]. In these patients, specific 
genomic loci were identified, such as PML intron 
6 and RUNX1 intron 5, containing preferential 
sites of topoisomerase II-mediated DNA cleavage 
[46, 47].

In the past, a higher incidence of early death 
during treatment was reported [35, 48]. However, 
a more precise knowledge on the outcome of 
patients with tAPL treated with state-of-the-art 
therapy should be prospectively established. At 
present, there is no specific reason to manage 
these patients differently from those with de novo 
APL. However, in a significant number of patients 
with tAPL, the use of anthracycline-based regi-
mens is limited by previous exposure to topoi-
somerase II inhibitors. In such situations, ATO in 
combination with ATRA provides an option for 
consolidation following standard induction ther-
apy or as first-line treatment using schedules such 
as those published by the MD Anderson and 
GIMEMA groups [49]. See Chap. 19, “Therapy-
Related APL,” for more details.

 Genetic Variants of APL

Less than 1% of APL cases are due to rare variant 
translocations, which typically involve RARA 
[50]. No APL variants with PML involvement 
alone have been identified to date; thus, RARA is 
assumed to have a key role in the pathogenesis of 
APL. Several variant translocations have been 
identified, including ZBTB16/RARA (previously 
named PLZF-RARA), NMP/RARA, NUMA/
RARA, STAT5B/RARA, PRKAR1a/RARA, BCOR/
RARA, and FIP1L1/RARA [51]. APL with com-
plex, cryptic, or variant translocations usually 
present with the same clinical features of typical 
APL. There are no specific guidelines for rare 
genetic variants of APL, because the available 
evidence is mostly based on single case reports. 
Nevertheless, it is a general rule that patients with 
ATRA-sensitive variants (NUMA-RARA, NPM1- 
RARA, BCOR/RARA, PRKAR1a/RARA, and 
FIP1L1-RARA) should be treated with standard 
protocols involving ATRA combined with 
anthracycline-based chemotherapy, while those 
with ATRA-resistant variants (ZBTB16/RARA, 
STAT5b-RARA) should be managed with AML- 
like approaches [51]. For those relatively ATRA 
resistant (PLZF-RARA), it is reasonable to com-
bine ATRA with AML-like chemotherapy. 
Sensitivity to ATO has not been documented out-
side PML-RARA-positive APL, except for PLZF- 
RARA- positive APL that has been shown to be 
resistant [52]. See Chap. 20, “Rare APL Variants,” 
for more details.

 Central Nervous System and Other 
Extramedullary Relapses

Central nervous system (CNS) and other extra-
medullary relapses are uncommon in APL. In par-
ticular, CNS involvement can occur  as an isolated 
event or associated with bone marrow involvement 
at first relapse or, more frequently, after two or 
more hematological relapses. The reported inci-
dence of CNS relapses in APL ranges from 0.6 to 
2% [53, 54]. Hyperleukocytosis at presentation is 
a predisposing factor, and the optimal manage-
ment of such patients is still controversial [55]. 
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The literature on this subject is scarce, but it seems 
pragmatic to manage these cases just like an extra-
medullary relapse of acute lymphoblastic leuke-
mia or non-APL AML. In this regard, treatment of 
CNS relapse should consist of weekly triple intra-
thecal therapy (ITT) with methotrexate, hydrocor-
tisone, and cytarabine until complete clearance of 
blasts in the CSF, followed by six to ten more 
spaced-out ITT treatments as consolidation [56]. 
Since CNS disease is almost invariably accompa-
nied by hematologic or molecular relapse in the 
marrow, systemic treatment should also be given. 
Chemotherapy regimens with high CNS pene-
trance (e.g., high-dose cytarabine) have been used 
in this situation, and, in patients responding to 
treatment, allogeneic or autologous transplant 
should be the consolidation approach of choice 
with appropriate craniospinal irradiation. In case 
of any extramedullary localization (peculiar local-
izations include the ear, scalp, and skin [53, 54, 
57]), local radiation and intensive systemic ther-
apy should be considered. See Chap. 12, 
“Treatment of Refractory and Relapsed APL,” for 
more details.
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Acute Promyelocytic Leukemia 
in Developing Countries: 
A Chemotherapy-Based Approach

Luisa Corrêa de Araújo Koury, Raul Ribeiro, 
and Eduardo M. Rego

 Geographical Differences in APL 
Frequency Among AML Subtypes

Although the actual incidence of acute promyelo-
cytic leukemia (APL) is not known, studies show 
that it can vary by ethnic group. Large coopera-
tive groups in the United States and Europe have 
reported that APL comprises 5–13% of acute 
myeloid leukemia (AML) in Caucasian patients 
[1–4]. A population-based report from the 
Swedish Adult Acute Leukemia Registry that 
included 98% of all cases of acute leukemias 
found that APL constituted 3.2% of all AML 
cases [5]. In contrast, several studies reported an 
APL frequency of more than 20% among patients 
with AML in Latin American countries [6–11].

In 1996, Douer et al. reported a significantly 
higher frequency of APL (37.5% in those with 
AML) in patients of Latino origin than in those 
of non-Latino origin (6.5%) at the Los Angeles 
County—University of Southern California 

Medical Center [4]. Although this study suggested 
a genetic predisposition to APL, it was limited by 
the absence of a clear definition of the genetic 
background of Latinos. However, these findings 
were corroborated by studies reporting that APL 
represents 20% or more of all patients with AML 
in Brazil (28.2%) [6, 7], Mexico (20%) [8], 
Venezuela (27.8%) [9], Peru (22%) [10], and Costa 
Rica (34%) [11]. It is important to note that all 
these studies were based on hospital registries, and 
it was therefore not possible to estimate the actual 
incidence and prevalence of APL in patients from 
these countries. In a study data from 709 patients 
with APL in the Surveillance, Epidemiology, and 
End Results (SEER) Program, Matasar et al. [12] 
found that Hispanics did not have greater lifetime 
incidence rates than did whites. However, the age 
distribution for Hispanics was significantly differ-
ent from that for non-Hispanic whites, with chil-
dren aged 1–19 years and adults aged 20–44 years 
having a higher incidence of APL.

 Challenges in the Diagnosis 
and Treatment of APL in Developing 
Countries

In an analysis of 157 patients with APL treated 
from January 2003 to March 2006 at 12 Brazilian 
institutions, Jácomo et al. reported a death rate 
of 32% during induction and 10.5% during 
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 consolidation and a 2-year overall survival (OS) 
rate of less than 60% [13]. In contrast, long-term 
disease- free survival (DFS) rates of approxi-
mately 85% have been reported by European and 
North American groups [14].

The poor outcomes of patients with APL at 
Brazilian institutions were attributed to a com-
bination of factors such as high frequency of 
patients with severe bleeding and infectious 
complications at presentation, difficulties in 
accessing healthcare services, and delay in 
establishing a diagnosis and initiating specific 
treatment. Another important barrier in the 
management of patients with APL was the high 
cost of mandatory tests required for genetic 
confirmation of APL, shipping of bone marrow 
samples to central reference laboratories for 
diagnosis, and the availability of medications 
[13, 15].

In 2004, the International Consortium on 
Acute Promyelocytic Leukemia (IC-APL), an ini-
tiative of the International Members Committee 
of the American Society of Hematology, was cre-
ated with the objective of improving the outcomes 
of patients with APL. The consortium published 
guidelines for the management of patients with 
APL, including diagnosis, supportive care, and 
specific treatment adapted to the local or regional 
capacities [16].

 Diagnostic Tests for APL

APL is considered a medical emergency, and 
therefore a method for rapid diagnosis needs to 
be readily available. Although the morphologic 
and immunophenotypic features of leukemia 
cells are usually suggestive of the diagnosis, it 
is necessary to identify the APL-specific trans-
location t(15;17), which results in the PML–
RARA fusion in leukemic cells, at the 
chromosome, DNA, RNA, or protein levels. 
The most common diagnostic tests are karyo-
typing, fluorescence in situ hybridization 
(FISH), and reverse transcription polymerase 
chain reaction (RT-PCR). Although all these 
methods have high specificity, some consider-
ations need to be made when selecting an assay 

suited for local healthcare settings. FISH is a 
rapid test, but its use is limited in developing 
countries due to high costs. Karyotyping is 
expensive and time-consuming and needs spe-
cialized laboratories and personnel. RT-PCR is 
the gold standard to confirm the diagnosis of 
APL with high specificity and sensitivity and is 
less expensive than FISH and karyotyping; 
however, it takes approximately 2 days to 
obtain the results.

The anti-PML immunofluorescence assay is 
an alternative to the more sophisticated and 
expensive assays for confirming the diagnosis 
of APL. The anti-PML antibody is directed 
against the amino-terminal region of the human 
PML gene product and produces a characteris-
tic speckled nuclear pattern that reflects the 
localization of the protein into discrete struc-
tures (5–20 per nucleus) called PML nuclear 
bodies. The architecture of PML nuclear bod-
ies appears to be disrupted in APL cells that 
harbor the t(15;17), thus resulting in a change 
in the nuclear staining pattern from speckled 
(wild-type PML protein) to microgranular 
(PML–RARA fusion protein) (Fig. 17.1). This 
assay is a simple, rapid (<6 h), and inexpensive 
method to diagnose APL and has been essen-
tial for the success of the collaborative proto-
col of IC-APL [17–19].

In an interim analysis of 130 patients in the 
IC-APL protocol, the anti-PML assay showed 
excellent concordance with RT-PCR and/or 
karyotyping. In 15 patients, diagnosis of APL 
was suspected on the basis of morphologic 
analysis, but results of the anti-PML assay were 
negative. Further, RT-PCR did not reveal the 
PML/RARA rearrangement, and cytogenetic 
analysis did not detect t(15;17) in any of these 
patients. Further, of 115 patients in whom the 
anti-PML assay was positive, PML/RARA tran-
scripts were confirmed by RT-PCR in 59, by 
cytogenetics in 5, and by both methods in 51 
patients [19]. These findings support the agree-
ment between the anti- PML assay and RT-PCR 
and cytogenetic analysis. However, although 
the anti-PML test is very specific, it has low 
sensitivity and is not reliable to monitor mini-
mal residual disease (MRD).
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 Supportive Care Measures

The prompt initiation of all-trans-retinoic acid 
(ATRA) treatment is key to determining patient 
outcome, because it reduces the risk of fatal 
bleedings and early mortality. In the IC-APL pro-
tocol, the timely administration of ATRA was 
ensured by making it available in satellite phar-
macies at the emergency rooms of participant 
institutions. ATRA treatment was initiated on the 
basis of suspicion of APL before genetic confir-
mation. In addition, aggressive transfusion sup-
port was immediately initiated to maintain 
platelet counts above 30,000–50,000/μL and the 
fibrinogen level above 150 mg/dL, and levels 
were monitored at least once daily [16, 19, 20].

 IC-APL 2006 Treatment Regimen

The IC-APL 2006 treatment regimen consisted 
of the combination of ATRA and anthracycline- 
based chemotherapy, which was previously used 
in the Programa Español de Tratamiento en 
Hematologia/Dutch–Belgian Hemato-Oncology 
Cooperative Group (PETHEMA/HOVON) 
LPA2005 trial. However, idarubicin was replaced 
by daunorubicin because of its lower cost and 
easier availability in participating countries. 
Idarubicin was replaced by daunorubicin at a 
ratio of 1:5 (Fig. 17.2) [19].

After the genetic confirmation of APL, induc-
tion treatment was initiated with daunorubicin 
(60 mg/m2/day given as an intravenous (IV) bolus 
on days 2, 4, 6, and 8 (except for patients aged 
>70 years, who received only three doses)). Oral 
ATRA (45 mg/m2 divided in two daily doses or at 
25 mg/m2/day for patients aged ≤20 years) was 
administered until complete hematological 
response (CHR) was achieved. Patients with 
white blood cell (WBC) counts higher than 5000/
μL at presentation or during the first 2 weeks of 
ATRA therapy received prophylaxis against dif-
ferentiation syndrome (DS) with IV dexametha-
sone (2.5 mg/m2/12 h for 15 days).

Patients who achieved CHR received three 
monthly consolidation courses with ATRA 
(45 mg/m2/day divided into two daily doses for 
2 weeks) and anthracycline-based chemotherapy, 
with the dose and duration adapted to the assessed 
risk of relapse, as outlined by the PETHEMA and 
Gruppo Italiano per le Malattie Ematologiche 
dell’Adulto (GIMEMA). This regimen was cho-
sen to provide more intensive treatment for high- 
risk patients and minimize toxicities in low-risk 
patients [20, 21].

Low-risk patients received ATRA in combina-
tion with daunorubicin (25 mg/m2 on days 1–4) 
in cycle 1, mitoxantrone (10 mg/m2 on days 1–3) 
in cycle 2, and daunorubicin (60 mg/m2 on day 1) 
in cycle 3. Intermediate-risk patients received 
intensified consolidation by increasing the dose 

a b

Fig. 17.1 Anti-PML immunofluorescence assay. (a) 
Negative: a characteristic nuclear speckled pattern show-
ing the localization of the protein into discrete structures 
(PML nuclear bodies). (b) Positive: architecture of PML 

nuclear bodies appears to be disrupted in APL cells that 
harbor the t(15;17), thus resulting in a nuclear microgran-
ular pattern (PML–RARA fusion protein)
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of daunorubicin to 35 mg/m2 in cycle 1 and 
repeating the infusion at 60 mg/m2 for 2 days in 
the third cycle. For high-risk patients, consolida-
tion was further intensified by adding cytarabine 
in cycle 1 (1000 mg/m2 on days 1–4) and cycle 3 
(150 mg/m2 every 8 h on days 1–4). In addition, 
mitoxantrone (10 mg/m2/day) was administered 
for 5 days in cycle 2; the dosage of anthracyclines 
in cycles 1 and 3 was similar to that for low-risk 
patients. High-risk patients older than 60 years 
were treated as intermediate-risk patients.

At the end of the third consolidation, the 
presence of the PML/RARA rearrangement was 
assessed by RT-PCR. Patients in molecular 
remission received maintenance treatment for 
2 years with ATRA (45 mg/m2/day divided into 
two doses for 2 weeks each every 3 months) 
along with intramuscular or oral methotrexate 
(15 mg/m2/week) and oral mercaptopurine 
(50 mg/m2/day) during the ATRA pause. Central 
nervous system prophylaxis was not given. 
MRD was evaluated every 3 months for 2 years 
after the end of maintenance by RT-PCR for 
PML/RARA.

The IC-APL 2006 trial resulted in improved 
treatment outcomes for patients with APL in 
developing countries. The CHR rate was of 85%, 
and the mortality rate during induction was 15%. 
The main causes of early death were hemorrhage 
(48.1%), infection (25.9%), and DS (18.5%) 
[19]. Compared with the results reported by 
Jácomo et al. [13], there was a reduction in the 
mortality rate (~50%) during induction and an 
improvement in the 2-year OS of approximately 

30% over historical controls. The DFS was 91%, 
and the 2-year cumulative incidence of relapse 
was 4.5%.

Because of the similarity in the design of the 
IC-APL 2006 trial and PETHEMA/HOVON 
LPA2005 trials [19, 21], a matched-pair analy-
sis was performed to compare the efficacies of 
daunorubicin and idarubicin. Eligibility criteria 
for both trials were as follows: a diagnosis of de 
novo APL with demonstration of the t(15;17) 
and/or of the PML/RARA rearrangement in leu-
kemic blasts, normal hepatic and renal function, 
no cardiac contraindication to anthracyclines, 
and an Eastern Cooperative Oncology Group 
performance status of less than 4. The study 
matched 175 patients in the IC-APL trial with 
350 patients from the PETHEMA/HOVON 
LPA2005 trial [21]. Daunorubicin and idarubi-
cin had similar antileukemic efficacy in terms of 
primary resistance, molecular persistence, and 
molecular and hematologic relapse. There were 
no significant differences in the number of 
deaths due to hemorrhage, infection, and DS 
between both cohorts [21].

The complete remission (CR) rate was sig-
nificantly higher in the PETHEMA/HOVON 
(94%) cohort than in the IC-APL cohort (85%) 
(P = 0.002), but all induction failures in both 
cohorts were due to death during induction. 
There was also a significantly higher non-
relapse mortality rate during consolidation in 
the IC-APL cohort than the PETHEMA/
HOVON cohort (4.8% vs. 1.2%, respectively; 
P = 0.04), likely due to suboptimal prevention 
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Course #1

Course #2

Course #3

WBC£10,000
PLT>40,000

DNR 25 mg/m2/day × 4
ATRA 45 mg/m2/day × 15

DNR 35 mg/m2/day × 4
ATRA 45 mg/m2/day × 15

DNR 25 mg/m2/day × 4
Ara-C 1000 mg/m2/day × 4
ATRA 45 mg/m2/day × 15

DNR 60 mg/m2/day × 1
Ara-C 150 mg/m2/8h × 4

ATRA 45 mg/m2/day × 15

MTZ 10 mg/m2/day × 3
ATRA 45 mg/m2/day × 15

MTZ 10 mg/m2/day × 3
ATRA 45 mg/m2/day × 15

MTZ 10 mg/m2/day × 5
ATRA 45 mg/m2/day × 15

DNR 60 mg/m2/day × 1
ATRA 45 mg/m2/day × 15

DNR 60 mg/m2/day × 2
ATRA 45 mg/m2/day × 15

WBC£10,000
PLT>40,000

WBC>10,000

High risk*Interm risk

Fig. 17.2 The IC-APL 
2006 treatment regimen
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and treatment of infections during consolida-
tion. Another important finding was a signifi-
cantly higher DS-associated mortality among 
those with moderate or severe DS in the IC-APL 
cohort than in the PETHEMA/HOVON cohort 
(12% vs. 3%, respectively; P = 0.01), possibly 
due to differences in supportive care and man-
agement of DS [21]. Nonetheless, the IC-APL 
trial is ongoing, because it has already demon-
strated that global networking and the use of 
protocols adapted to local resources can help 
reduce the gap between developed and develop-
ing countries with regard to the quality of care 
and treatment outcomes.

A chemotherapy-free ATRA and arsenic tri-
oxide (ATO) regimen has recently emerged as 
the new standard care for patients with 
APL. Patients with the most curable form of 
AML who receive this regimen have higher cure 
rates than those given the standard ATRA plus 
chemotherapy regimen [22, 23]. Unfortunately, 
the high cost of ATO limits the access of this 
treatment for Latin American patients with 
APL. The results obtained for ATO by hematolo-
gists in India, where the drug is affordable, are 
very promising [24]. The future challenge for 
hematologists working in developing countries 
is to overcome the hurdle of ATO availability 
and compare the results obtained with ATRA 
plus chemotherapy versus ATRA plus ATO.

 Lessons Learned 
and Recommendations

• A suspected diagnosis of APL is considered a 
medical emergency. ATRA and aggressive 
supportive care need to be initiated even 
before the molecular confirmation of APL.

• Anti-PML antibody test is a simple, rapid, and 
inexpensive method to diagnose APL.

• When used in combination with ATRA, dau-
norubicin and idarubicin have comparable 
efficacy.

• DS prophylaxis with dexamethasone (2.5 mg/
m2/12 h IV for 15 days) is indicated in patients 
with WBC counts higher than 5000/μL at pre-
sentation or during the first 2 weeks of ATRA.

• Risk-adapted consolidation courses provide 
more intensive treatment in high-risk patients 
and minimize toxicities in those with low-risk 
disease.

• Cure rates seen for patients with APL in devel-
oped countries can be achieved in developing 
countries by collaborative networking and 
using protocols adapted to local resources.
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Acute Promyelocytic Leukemia 
in Developing Countries:  
ATO- Based Approach

Vikram Mathews

 Introduction

Significant and rapid advances in the manage-
ment of acute promyelocytic leukemia (APL) 
over the last few decades have transformed it 
from a leukemia with the worst to one with the 
best prognosis [1]. With current diagnostic and 
treatment strategies, it is reasonable to expect 
greater than 90–95% remission rates along 
with long-term survival and possible cure 
exceeding 80%, even in high-risk APL [1]. 
Remarkably, most of these improvements in 
clinical outcome occurred without intensifica-
tion of conventional chemotherapy but with the 
combination of non- myelotoxic differentiating 
agents such as all- trans retinoic acid (ATRA) 
and arsenic trioxide (ATO). This in turn was 
facilitated and paralleled by the detailed under-
standing of the cellular and molecular patho-
genesis of this leukemia, and as a result APL 
has become a model of bench to bedside and 
back scientific progress. In the developed 
world, challenges remain in the management 
of patients with high-risk APL and a small sub-
set of patients with relapsed APL. There 
also remain significant challenges with early 
 mortality in newly diagnosed patients. In 

developing countries, there are even more fun-
damental challenges related to access to proper 
diagnosis and therapy primarily dictated by the 
high cost of treating acute myeloid leukemia 
(AML) and APL with conventional myelosup-
pressive regimens. However, an advantage in 
developing countries is the ease of access to 
low-cost generics which can offset the high 
costs of conventional therapy.

 Challenges in Treating Myeloid 
Leukemia in a Developing Country

That the financial cost of treating AML is very 
high is a well-recognized fact [2]. However, 
there is limited data that has systematically 
addressed this issue [2–4]. Available data would 
suggest that the cost of treating AML in a devel-
oped country varies from US$ 80,000 to 
>100,000/patient [2–5]. With conventional treat-
ment of AML, it is recognized that most of this 
cost is not related to the individual chemothera-
peutic drugs used to treat this condition, but 
rather from the high cost of supportive care mea-
sures during repeated cycles of prolonged neu-
tropenia induced by conventional chemotherapy. 
In contrast, with ATO-based regimens in APL, 
when the so-called expensive patented and inno-
vator ATO was used, the 3-year direct pharmacy 
cost of drugs was higher with an ATO + ATRA 
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regimen compared with a conventional 
ATRA + chemotherapy regimen (Euro 46,700 
vs. 6700), though the cost of supportive care was 
a third of conventional therapy [6]. In spite of 
these costs, the combination of ATO + ATRA 
was found to be cost-effective compared to con-
ventional ATRA + chemotherapy in an analysis 
done in the United States (US) [7].

It is important to place all the above cost anal-
ysis in the context that 70% of the countries in the 
world, contributing >70% of the world’s popula-
tion, have a gross national income (GNI)/capita 
of less than US$10,000 [8] and that in many of 
these countries in the absence of universal health- 
care insurance, for most patients, these expenses 
are “out-of-pocket” self-paid expenses. As a 
result, it is estimated that approximately 39 mil-
lion people in India alone (a figure which is 
greater than the entire population of Australia) 
will fall below the poverty line every year [9, 10].

Even in developed countries with well- 
established cancer registries, such as the US 
“Surveillance, Epidemiology, and End Results 
(SEER)-Medicare database,” there is up to 50% 
underreporting of the diagnosis of AML [11]. In 
developing countries, in the absence of such reg-
istries, there are limited available records of the 
actual incidence or prevalence of patients with 
myeloid leukemia. However, it is recognized that 
outside the major metropolis in many of these 
countries, the access to even basic diagnostic 
tests such as flow cytometry and molecular stud-
ies is not available [12, 13].

While significant advances have been made 
in the management of APL, the majority of 
these advances are based on well-controlled 
clinical trials from countries with universal 
health-care access which tend to have a sig-
nificant bias in the patients enrolled being 
younger and having better performance scores 
and less comorbidities than the average patient 
with this diagnosis. There is limited real-world 
data of clinical outcomes with conventional 
ATRA + chemotherapy. In AML and in APL, 
when such data is available, the observations 
and conclusions often seem at odds with pub-
lished clinical trial data [14].

 Advantage and Access to Generic 
Pharmaceutical Agents 
in a Developing Country

The importance of access to generic pharmaceuti-
cal agents in reducing the cost of medical therapy 
is well recognized, even in developed countries 
[15, 16]. This is even more relevant in developing 
economies and countries due to the combination 
of the absence of health insurance and a predomi-
nantly self-pay system. In India, a country which 
fulfills the above criteria, data suggests that the 
use of generic chemotherapy drugs results in an 
annual savings of approximately US$ 843 million 
[17]. Whether ATO should have been patented or 
not has been a controversy that has been exten-
sively debated in the past [18, 19]. Regardless of 
which side of the argument one favors, the reality 
is that there is a significant difference in the cost 
of ATO depending on whether the patent applies 
in a particular country or not. At the author’s cen-
ter in 1998, the actual costing of in-house manu-
facturing of 10 mg of ATO was approximately 20 
Indian rupees, which at that time was the equiva-
lent of US50 cents. Subsequently, the manufactur-
ing was transferred to a local pharmaceutical 
company (INTAS Ltd., Ahmedabad, India), and 
the current cost for a 10 mg vial is 450 Indian 
rupees (~US$ 7). Currently the cost of ATO in 
North America and Europe is US$676 and 393 
Euros/vial, respectively. As a result, the use of 
ATO is considered very expensive in many devel-
oped countries, while it is considered the least 
expensive option in many developing countries, 
when costing analysis is limited to drug costs.

 Experience with Arsenic Trioxide 
in Treating Acute Promyelocytic 
Leukemia

Arsenical compounds were used as a medicine as 
early as 2000 BC [20] and were familiar to the 
early physicians (Hippocrates (460–377 BC) and 
Aristotle (384–322 BC)). Paracelsus (1493–1541 
AD) used arsenical compounds extensively and 
was quoted saying what we now consider a 
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 universal truth for most therapeutic drugs, “All 
substances are poisons; the right dose differenti-
ates a poison from a remedy” [20].

The prominence of ATO in the treatment of 
APL historically followed the studies with a tra-
ditional Chinese recipe called “Ailing 1.” These 
early studies were conducted by Chinese inves-
tigators at Harbin Medical University, and they 
labeled this native preparation 713 (for the year 
and month that the study was initiated). Using 
this agent, more than 1000 patients with various 
malignancies were evaluated [21]. They soon 
noted that this agent worked best in the treat-
ment of patients with APL. Two subsequent 
Chinese studies confirmed the benefit of this 
agent in APL [22, 23].

It was subsequently reported that a dual effect 
of ATO was seen on promyelocytic cell lines. At 
low doses (0.1–0.5 μmol/L), there was partial 
differentiation, and at higher doses, there was 
preferential apoptosis (0.5–2 μmol/L) [24]. This 
has been subsequently demonstrated by a num-
ber of other groups independently [25, 26]. The 
differentiation with ATO is incomplete and usu-
ally proceeds only until the myelocyte stage, fol-
lowing which it appears that apoptosis is the 
predominant mode of action [24]. More recent 
data suggests that ATO, and not ATRA, can 
eliminate the leukemia-initiating compartment 
in APL [27, 28]. This could partly explain why 
single agent ATO, but not ATRA, is able to 
induce durable remissions in the clinic. Since 
then, numerous reports on the use of ATO in the 
treatment of relapsed and newly diagnosed cases 
of APL have been published and summarized in 
a recent review [29].

 Pharmacokinetics, 
Pharmacogenomics, Dose, 
and Schedule of Arsenic Trioxide

The lethal dose recorded in the literature is a sin-
gle dose of more than 100 mg [11]. The dose of 
arsenic trioxide in the initial published study by 
Zhi-Xiang et al. [30] was 10 mg/day for adults 
until complete hematological remission (CR) 

was achieved. Subsequently a break of 30 days 
was given and a second course of 28 days admin-
istered. It is important to recognize that this dos-
ing was based on earlier experience with doses 
used in native Chinese medicine and not on con-
ventional phase I clinical trials addressing dose- 
limiting toxicity. The study reported by Soignet 
et al. [31] used a similar dose for adults but used 
a dose of 0.15 mg/kg/day for children with a 
maximum dose of 10 mg. From their experience, 
they noted that ATO is active in APL at a dose 
ranging from 0.06 to 0.2 mg/kg. Within this 
range, no difference in efficacy was noted. 
Subsequent studies have used similar dosages of 
ATO. Pharmacokinetic studies done at this dos-
age demonstrated that mean peak plasma levels 
of 6.85 μmol/L (range, 5.54–7.30) were achieved. 
The plasma half-life was 12.13 ± 3.31 h. 
Importantly, these parameters did not change 
with continuous administration [30]. Reports of 
daily urinary excretion in the literature vary from 
1–8% to 32–65% of the daily administered dose 
and more importantly are continued even after 
the drug administration had been stopped [30, 
32]. There is limited data on the dose and sched-
uling of ATO in the event of significant renal fail-
ure or for patients on dialysis [33]. While the 
cumulative level of arsenic increases in the body 
(as demonstrated in hair and nail analysis) with 
continuous administration, the urinary excretion 
continues even after the ATO administration has 
stopped leading to a gradual decrease in the 
cumulative amount of the drug in the body. In our 
own experience, there was no significant differ-
ence in the ATO content from patients and nor-
mal control hair and nail samples during 
long-term follow-up [34]. This was the rationale 
for giving the 4-week intervals between the 
courses of ATO in our regimen [35], since these 
intervals were intended to reduce the cumulative 
dose significantly.

This pattern of ATO exposure is very different 
from that seen with environmental exposure 
where there is a slow but constant accumulation 
of arsenic leading to a toxicity profile that is 
 different from that seen when ATO is used in ther-
apy at the currently recommended doses and 
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 schedules. Extrapolating and anticipating the tox-
icity profile seen with chronic environmental 
exposure to the potential toxicity with currently 
used dosage schedules of ATO are unfair, unwar-
ranted, and without any scientific basis. In the 
absence of a dose-finding phase I clinical trial, 
there is insufficient data on the upper limit of a 
safe therapeutic dose. It is of interest to note that 
in our initial cohort we noted a decreased risk of 
relapse among patients who had hepatotoxicity 
versus those who did not follow treatment with 
ATO [36]. This would suggest that there is either 
a significant interindividual variation in biotrans-
formation of this agent, and as a result some 
patients were receiving less than an optimal dose, 
or that there were yet unknown variables that 
resulted in this association [36]. There is a need to 
revisit what is the optimal dose of ATO to treat 
APL in a large clinical trial. Furthermore, there is 
very limited data on the optimal duration of 
administration of ATO as a single agent in the 
management of APL. Based on the general con-
sensus that maintenance was required in the man-
agement of APL, at our center, we arbitrarily 
opted for a 6-month duration of maintenance [35]. 
Recently published data from Iran suggests that 
four courses of ATO were significantly better than 
two [37]. Zhou et al. reported treating children 
with ATO for prolonged periods of up to 3 years 
with very good efficacy and without significant 
toxicity [38]. However, the optimal schedule and 
cumulative dose of ATO remain to be defined.

It has been noted that there is considerable 
interindividual variation in susceptibility to ATO- 
induced toxicity, which is probably related to dif-
ferences in the in vivo biotransformation of 
arsenic. This in turn could be a result of age, 
nutritional status, comorbid conditions, environ-
mental factors, and genetic polymorphisms [39]. 
In addition to a poorly characterized arsenic 
methyltransferase, a number of other enzyme 
systems and polymorphisms have been shown to 
have an effect on arsenic methylation [39, 40]. 
Among these, polymorphism in the methylene-
tetrahydrofolate reductase (MTHFR) gene, 
which results in MTHFR deficiency in 10–20% 
of the Caucasian population, has been reported 
to be associated with increased arsenic-related 

 neurotoxicity [41]. The glutathione S-transferases 
(GST) are a family of proteins that conjugate glu-
tathione (GSH) to various electrophiles [42]. 
Chiou et al. reported that genetic polymorphisms 
of GST M1 and GST T1 altered the methylation 
of arsenic [43]. GSTs catalyze the GSH- 
dependent reduction of hydroperoxides to their 
corresponding alcohols and help prevent propa-
gation of free radicals. It is conceivable that 
genetic polymorphisms in these genes could alter 
the biotransformation of ATO, which in turn 
could have an impact on the efficacy and toxicity 
profile of this drug. We had earlier reported that 
the hepatotoxicity profile in a cohort of patients 
with newly diagnosed APL treated at our center 
with a single agent ATO regimen was signifi-
cantly associated with the homozygous mutant of 
MTHFR 1298 (C/C) (RR = 8.75, P = 0.004), and 
there was a trend toward an increased risk of hep-
atotoxicity associated with the GST M1 null gen-
otype (RR = 3.28, P = 0.06) [36]. We had 
hypothesized then that alteration in biotransfor-
mation possibly leads to quantitative and qualita-
tive differences in the methylated intermediaries 
that are generated; these differences could have 
an effect on the efficacy and toxicity profile of 
ATO. A recent study, in part, validates this 
hypothesis by suggesting that dimethylarsinous 
acid is more toxic than inorganic ATO and mono-
methylarsinic acid [44], which are some of the 
methylated intermediaries produced in vivo in 
humans and animals. It is possible to consider in 
future the use of pure or combination of methyl-
ated ATO derivatives with optimal therapeutic 
and toxicity profiles.

 Clinical Experience with the Use 
of ATO in APL

The earliest clinical data available on the use of 
ATO in the treatment of APL was from two 
Chinese publications [45, 46]. In these studies, 
the CR rates varied from 65.6 to 84%, and long- 
term survival (>10 years) was seen in 9/32 
patients in one of these studies [30]. Most of the 
early trials involved relapsed cases of APL. There 
is limited data on the use of this as a single agent 
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in the management of newly diagnosed cases of 
APL. Even when used as a single agent for induc-
tion chemotherapy, the subsequent consolidation 
therapy varies making comparisons between the 
published data difficult to interpret.

Our early experience with ATO consisted of 
two patients who were treated in the early 1990s 
with what was then considered standard of care 
regimens, one with ATRA and one without. Both 
these patients relapsed and were sent on pallia-
tive care considering that therapeutic options 
were limited, very expensive, and associated with 
poor clinical outcome. These patients subse-
quently took treatment from an “Ayurvedic” 
(indigenous Indian medicine) practitioner and 
went into durable remissions. We were aware that 
the agent used by the practitioner contained ATO, 
but we were not sure of the dose used. The thera-
peutic “Ayurvedic” mix was administered con-
tinuously in these cases and for more than 5 years 
in one case. One of these patients developed 
severe arsenic keratosis and died of a secondary 
squamous epithelial carcinoma [47].

It was only after the publication in 1997 by 
Shen et al. that we had a sense of the dose of pure 
ATO that could be used in humans [30]. In 1998, 
we initiated a study using single agent ATO to treat 
APL, with intravenous ATO being manufactured 
in-house in our hospital pharmacy with appropri-
ate quality control measures. Due to legal-related 
issues, we transferred this manufacturing process 

to the industry in 2001 (INTAS Pharmaceuticals 
Ltd., Matoda, Gujarat, India). Our observation was 
that there was no significant difference with the 
agent prepared by us or that subsequently manu-
factured by industry in terms of infusion-related 
toxicity or efficacy (unpublished data).

From January 1998 to December 2004, 72 
newly diagnosed cases of APL were treated with a 
regimen of single agent ATO at our center. The 
details of the regimen were as previously reported 
[34, 35]. Overall 62 (86.1%) achieved a hemato-
logical remission, and a total of 13 patients 
relapsed. As previously reported by us, at a median 
follow-up of 60 months, the 5-year estimate of 
event-free survival (EFS), disease-free survival 
(DFS), and overall survival (OS) were 69 ± 5.5%, 
80 ± 5.2%, and 74.2 ± 5.2%, respectively 
(Fig. 18.1) [35]. This data has since been validated 
by a subsequent multicenter trial in India involving 
seven centers across the country [48].

However, until very recently, large multicenter 
randomized controlled clinical trials (RCT) to vali-
date such low toxicity ATO-based regimes were not 
available to challenge the conventional ATRA plus 
chemotherapy regimens. The first large multicenter 
phase II study that reported such an approach and 
relied predominantly on the synergistic effect of 
ATRA and ATO combination with a conventional 
anthracycline administration being limited to induc-
tion therapy came from the Australasian Leukaemia 
and Lymphoma Group (ALLG) APML4 study. 
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Fig. 18.1 Five-year Kaplan-Meier product limit estimate of (a) overall survival (n = 72) and (b) event-free survival 
(n = 72)
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This was initially published in 2012 and was fol-
lowed up with long-term data in 2016 [49]. Along 
with a similar approach but in a RCT design and 
with a regimen structure that was completely elimi-
nated, all anthracyclines and other chemotherapeu-
tic agents were reported by the combined Gruppo 
Italiano Malattie Ematologiche dell’Adulto, 
German-Austrian Acute Myeloid Leukaemia Study 
Group, and Study Alliance Leukaemia (GIMEMA-
AMLSG-SAL) APL 0406 study in 2013 [50]. The 
APL 0406 study was limited to low- and intermedi-
ate-risk patients which account for two third to three 
quarters of patients with APL. This study demon-
strated for the first time that the combination of 
ATRA and ATO without chemotherapy in induction 
and consolidation (four courses) and without main-
tenance therapy was superior to a conventional 
ATRA plus chemotherapy induction with repeated 
cycles of myelotoxic chemotherapy and 2 years of 
maintenance therapy. A similar RCT was reported 
by the UKMRC AML-17 trial which again demon-
strated the superiority of ATO + ATRA over con-
ventional chemotherapy in all risk groups [51]. A 
significant difference in the MRC-AML17 trial was 
the addition of gemtuzumab ozagomycin (GO) in 
the treatment of high-risk cases.

Based on the published literature [34, 52, 53] 
and experience, the data would suggest that it 
would be possible to cure APL in about 40–60% 
of patients with single agent ATO alone, and for 
the remaining low- and intermediate-risk patients, 
probably a combination of ATRA and ATO 
would suffice as demonstrated in the GIMEMA- 
AMLSG- SAL-APL 0406 study, without mainte-
nance therapy in either of these hypothetical 
subsets. This approach would be truly beneficial 
for patients with APL in developing countries 
since with generic ATO, the cost of treatment 
would be very low in the absence of significant 
cytopenias and requirement of supportive care, 
especially post induction therapy. For the truly 
high-risk patients, the addition of an anthracy-
cline, at least, in induction is probably warranted, 
and the role of maintenance therapy remains to 
be further evaluated. The data from major studies 
using either single agent ATO or ATO as a major 
component in frontline therapy [37, 38, 49–51, 
54–56] is summarized in Table 18.1.

 Toxicity Profile of Arsenic Trioxide

The toxicity profile in most studies reported to 
date was mild as illustrated in a publication from 
our center [35]. Our experience with single agent 
ATO was that there were no infusion-related 

Table 18.1 Summary of studies using arsenic trioxide in 
frontline therapy in the treatment of APL

N CR EFS/DFS

Mathews et al. [34] 72 86% 5-year EFS 
69%

5-year OS 
74%

Ghavamzadeh et al. 
[37]

197 86% 5-year OS 
64%

5-year 
DFS 67%

Hu et al. [56]
(+ATRAa+chemo)

85 94% 5-year EFS 
89%
5-year OS 
92%

Ravandi et al. [54]
(+ATRA, +GOb)

82 91% 3-year OS 
85%

Niu et al. [60] 11 73% 1-year OS 
73%

Powell et al. [80] 244 NAc 3-year EFS 
80%

(RCTd ATO post 
induction)

3-year OS 
86%

Gore et al. [55] 45 NA 3-year EFS 
76%

(ATO post 
induction)

3-year OS 
88%

Iland et al. [49] 124 95% 2-year OS 
93.2%

Lo-Coco et al. [50] RCT: only low- and 
intermediate-risk groups

  ATO + ATRA 77 100% 2-year EFS 
97%

  Conventional 79 95% 2-year EFS 
86%

AK Burnett et al. 
[51]

RCT: all risk groups. High-risk 
group also received GO

  ATO + ATRA 119 94% 4-year EFS 
91%

  Conventional 116 89% 4-year EFS 
70%

aATRA all-trans retinoic acid
bGO gemtuzumab
cNA not applicable
dRCT randomized controlled trial
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 toxicities, alopecia, or evidence of exacerbation 
of coagulopathy. Post induction, almost all 
patients for the rest of the duration of treatment 
had ECOG performance scores of 0 or 1. The 
non- hematological toxicities in most studies 
were mild, were frequently reverted on continu-
ing ATO, and in the rest were reversible on dis-
continuing the drug for an interval of 1–2 weeks 
[35]. There were no sudden deaths attributable to 
a cardiac event in this series of patients, and dur-
ing long-term follow-up, there were no cases 
with clinical cardiac dysfunction. There were 
no documented second malignancies in any of 
the long-term follow-up cohorts to date that 
could be attributed to the use of ATO. With the 
exception of some early reports of increased 
hepatic and cardiac toxicity [57–60], the major-
ity of subsequent reports using ATO in newly 
diagnosed cases is similar to our experience 
[37, 38, 54–56].

There have been periodical major concerns 
raised about the administration of ATO. Very 
early there was a concern about cardiac 
arrhythmia- related sudden deaths in patients with 
APL who were treated with ATO. Almost all 
these deaths occurred during induction in previ-
ously heavily treated patients [57–59]. There 
have been no such deaths reported when ATO 
was used for treating a number of other malig-
nancies, albeit in stable patients. Similarly, sud-
den death does not seem to occur when ATO is 
administered to APL patients who are in remis-
sion (none reported in the literature). The role of 
QTc interval prolongation and limitations of the 
corrected QTc interval value generated with 
tachycardia due to any cause such as infection 
have been reviewed previously, and it is increas-
ingly recognized and accepted that QTc prolon-
gation is an electrocardiographic phenomenon 
with little clinical significance in the majority of 
patients [61]. This does not mean we should not 
monitor it or ignore it, though response should be 
judicious and clinically appropriate. It has been 
reported that in more than 2900 cases treated by 
US FDA-approved ATO, there have been no 
arrhythmia-related deaths [61]. Secondly, there 
was a suggestion that acute hepatic failure and 
death from hepatotoxicity occurred with ATO 

[60]. There have been no other major reports 
since this initial publication about two decades 
ago. This has definitely not been our experience 
with more than 250 newly diagnosed and relapsed 
APL patients treated to date at our center.

There has always been a concern of second 
malignancies with the use of ATO. This is based 
on in vitro experiments suggesting oxidative 
DNA damage [62] and clinical observations from 
cases with long-term environmental exposure. 
This theoretical concern is in contrast to the 
available clinical data. In early reports of investi-
gators from China, it was noted that there was no 
increase in second malignancies in patients fol-
lowed up for 10 years [30]. A similar observation 
was made in 1982, in a cohort of 479 patients 
who had been treated with Fowler’s solution 
[potassium arsenite] for duration varying from 
2 weeks to 12 years during the period 1945–1969. 
The median cumulative dose in this cohort was 
448 mg. There was a marginal increase in fatal 
and nonfatal skin cancers but no increase in the 
incidence of internal malignancies [63].

There have been concerns raised about embryo 
toxicity based on animal models and some data 
from cases with environmental exposure [64]. 
Again, this is not based on data in humans 
exposed to what is currently defined as a thera-
peutic dose of ATO, and for obvious ethical rea-
sons, this data is unlikely to be ever generated. 
However, in our series, seven of the patients (four 
women and three men) have had eight normal 
babies delivered after completing treatment with 
ATO [34], though all happened after completion 
of therapy. In this relatively young cohort, there 
were no reports of abortions, fetal abnormalities, 
or stillbirths in any couple. While we did not 
actively evaluate fertility, there were no reports of 
couples requesting evaluation for sterility [34].

In studies looking at long-term accumula-
tion of ATO in the body by studying hair and 
nail  levels, there was no significant difference 
in the ATO retention in controls and patients 
who had completed therapy at least 2 years ear-
lier [34]. The median levels, even among the 
patients who had just completed therapy, were 
below the lower limit of the normal range 
described for normal controls by the Agency 
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for Toxic Substances and Disease Registry 
(ATSDR based in Atlanta, Georgia, USA) 
(http://www.atsdr.cdc.gov/) [34].

 Pattern and Timing 
of Hematopoietic Recovery 
Following Treatment with Single 
Agent ATO

In our initial series, the median time to achieve 
CR was 42 days (range, 24–70) [35]. However, 
this figure does not reflect the entire details of the 
kinetics of leukemia clearance and pattern of nor-
mal hematopoietic recovery. As reported initially 
by us, about two thirds of patients have a leuko-
cytosis response after initiation of single agent 
ATO, while in about a third, there is prolonged 
leucopenia prior to gradual normalization [65]. 
The leukocytosis can at times be very rapid and 
alarming, and based on our early observations, 
we had introduced hydroxyurea to control it with 
a recommended sliding scale to adjust the dose 

depending on the WBC count [35]. We also noted 
that this was at times not adequate; thus, we 
allowed the use of an anthracycline in induction 
if there was rapid rise in the WBC counts after 
initiation of therapy at predefined levels and time 
points [35]. Some cases of leukocytosis were fol-
lowed by a second leukopenic phase (variable 
duration) and then recovery to normal values [65] 
(a triphasic response; Fig. 18.2). Unlike ATRA 
plus chemotherapy schedules, the WBC count 
remains high (in two thirds) or very low (in one 
third), with a low platelet count and significant 
circulating promyelocytes for the first 2 weeks as 
illustrated in Fig. 18.3. At this time point, there is 
often a concern raised, among those not familiar 
with this agent, as to whether ATO is doing any-
thing at all to the disease, and a consideration to 
change protocol or add on additional drugs is dis-
cussed. However, if the diagnosis is correct, with 
adequate support during this period and continu-
ing ATO, all patients will go on to achieve 
CR. Another common observation in some cases 
is a clinically stable patient in the fourth week of 
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Fig. 18.2 Average WBC count among patients with a leukocytic response and who achieved complete remission 
(n = 6), illustrating the triphasic response
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therapy, with a normal platelet count but very low 
WBC count, and a consideration to stop ATO is 
made based on the argument that the ATO is 
causing a myelosuppressive effect. Our experi-
ence would suggest that ATO can be safely con-
tinued for the intended duration, and one would 
probably be compromising treatment efficacy by 
prematurely stopping therapy at this time point.

 Impact of Additional Cytogenetic 
and Molecular Markers Such 
as FLT3 Mutations on Clinical 
Response Following Treatment 
with ATO

The presence of cytogenetic abnormalities at diag-
nosis remains an important prognostic variable in 
patients with newly diagnosed AML [66]. 
Secondary cytogenetic changes have been reported 
to have an adverse impact in some subsets of 
AML, though in patients with APL treated with 
conventional chemotherapy, a similar adverse 
effect was not reported [67, 68]. At our center, we 
initially reported a small series of newly diagnosed 
patients with APL treated with single agent ATO 
in which there was no significant adverse impact 
of the presence of an additional karyotypic abnor-
mality at diagnosis [69]. However, more recent 
analysis of our data (larger cohort) does suggest 
that there may be an adverse impact of an addi-
tional cytogenetic finding at diagnosis in newly 
diagnosed patients, though it was not significant in 
a multivariate analysis (unpublished data).

Fms-like tyrosine kinase 3 (FLT3) is a member 
of the class III receptor tyrosine kinase family and 
is expressed on hematopoietic progenitors [70, 
71]. Mutations in the FLT3 receptors have been 
reported to be associated with a poor prognosis in 
both adult and pediatric patients with AML [70]. 
Mutations in the FLT3 receptor are commonly 
seen in patients with APL [70]. The common acti-
vating mutations of FLT3 in  leukemia include the 
FLT3 internal tandem duplication (FLT3-ITD) 
and a point mutation in the activation loop 
(D835V) [70]. A recent gene expression profiling 
study reported that patients with APL could be 
segregated into those with and without a FLT3-
ITD mutation, suggesting that these groups were 
biologically different [72]. A retrospective analy-
sis of the impact of FLT3 mutations in patients 
with APL, treated with conventional ATRA plus 
chemotherapy regimens, reported a higher inci-
dence of induction deaths in one study [73], while 
another study reported a trend toward a shorter 
OS [74]. More recently Chillon et al. [75] ana-
lyzed the Spanish cooperative group data and 
showed that patients with increased ITD mutant/
wild-type ratio or longer ITD size displayed 
shorter 5-year relapse-free survival (RFS) 
(P = 0.048 and P < 0.0001,  respectively), though 
patients with D835 mutations did not show differ-
ences in RFS or OS. In our series, we found that 
FLT3-ITD mutation in 21% and its presence did 
not impact the clinical outcome of patients treated 
with ATO [69]. We did however note a longer 
time to achieve molecular remission among those 
who were FLT3 mutation positive [69].
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Fig. 18.3 The mean WBC and platelet count ± 1SE over 
time among patients treated on single agent ATO regimen. 
(a) WBC response among those with leukocytosis 

(n = 40). (b) WBC response among those without leuko-
cytosis (n = 18). (c) Platelet count recovery (n = 60)

18 Acute Promyelocytic Leukemia in Developing Countries: ATO-Based Approach



226

 ATO for the Treatment of Relapsed 
APL

Patients who relapse following an ATRA/
chemotherapy- based regimen can achieve a sec-
ond CR in 60–95% of cases with chemotherapy, 
although the toxicity with such a regimen in this 
population approaches that seen with high-dose 
chemotherapy for AML [61]. There is a high 
incidence of ATRA resistance in this population 
especially if the relapse occurred within a year of 
completing an ATRA/chemotherapy protocol. In 
this setting, ATO is extremely effective in induc-
ing molecular remissions in the majority of 
patients without the toxicity profile of combina-
tion chemotherapy and does not have cross- 
resistance with ATRA [61]. This is the only 
indication for which it is approved by the US 
Food and Drug Administration (FDA). Achieving 
molecular remission prior to a consolidation with 
an autologous hematopoietic stem cell transplant 
(HSCT), the preferred option in this setting, has a 
significant effect on long-term outcome. The use 
of single agent ATO as consolidation therapy 
after achieving molecular remission was less 
effective in this population with a 2-year OS of 
41% in one series [61] and an EFS of 33% in 
another [60]. In our own series, we reported a sig-
nificantly better clinical outcome in patients who 
were consolidated with an autologous HSCT ver-
sus those consolidated with ATO or ATO + ATRA 
following treatment of a frank hematological 
relapse of APL [76]. Based on the available data, 
it would be reasonable in patients with a hemato-
logical relapse to induce molecular remission 
with ATO and consolidate with an autologous 
HSCT in those who achieve molecular remission 
and consider an allogeneic HSCT for those who 
fail to achieve a molecular remission. We recently 
demonstrated the considerable synergy between 
ATO and a proteasome inhibitor. With in vitro 
studies, in vivo animal models, and preliminary 
clinical data, we have shown that the combina-
tion of bortezomib with ATO and ATRA is com-
parable to the effect of anthracycline with ATRA 
and ATO on malignant promyelocytes [77, 78]. 
In the evolving strategy of de-escalation of ther-
apy in APL [79], the addition of bortezomib with 

ATO along with ATRA has the potential to fur-
ther de-escalate the therapy in high-risk and 
relapsed APL by replacing the myelotoxic 
anthracycline with a relatively non-myelotoxic 
proteasome inhibitor.

 Conclusions

There is no doubt as to the efficacy of ATO in 
the management of APL, and its position in 
the treatment algorithm of this condition has 
been recently re-defined as it can be consid-
ered standard of care for newly diagnosed 
cases. Based on the available data, it is clear 
that as a single agent, it is the most effective 
drug in the management of APL. For patients 
who have relapsed following conventional 
ATRA plus chemotherapy regimens, ATO is 
the established agent of choice to induce a 
second molecular remission. Preliminary 
concerns of fatal toxicity profile appear to be 
related more to the associated comorbid con-
ditions than the drug itself, as noted by their 
absence when used in patients with newly 
diagnosed APL without comorbid conditions 
and in other malignant conditions. The ongo-
ing concerns about potential long-term toxic-
ity are not based on significant data. Better 
understanding of its in vivo biotransformation 
and the effect of the different methylated 
derivatives that are generated in this process 
might help further reduce its toxicity profile 
while enhancing its efficacy. This could be 
achieved by better methods to predict toxicity 
or efficacy, based on genetic polymorphisms 
that have an impact on biotransformation 
pathways, or by the use of specific methylated 
derivatives for therapy rather than the native 
compound. More research may potentially 
 demonstrate that these derivatives have a 
more favorable therapeutic profile. In the 
developing world where the cost of generic 
ATO is low, the absence of grade III/IV neu-
tropenia and mucositis along with the ability 
to administer the regimen in the outpatient 
setting post remission induction significantly 
reduces the cost of treating this condition in 
comparison to a standard ATRA plus chemo-
therapy regimen.
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Therapy-Related Acute 
Promyelocytic Leukemia

Kristen Pettit and Richard A. Larson

Abbreviations

AML Acute myeloid leukemia
APL Acute promyelocytic leukemia
ATO Arsenic trioxide
ATRA All-trans retinoic acid (tretinoin)
CR Complete remission
DNMT3A DNA methyltransferase 3A
FLT3 FMS-like tyrosine kinase-3 receptor
GIMEMA Gruppo Italiano Malattie 

EMatologiche dell’Adulto
IDH1/2 Isocitrate dehydrogenase 1 and 2
LCH Langerhans cell histiocytosis
MDS Myelodysplastic syndrome
MS Multiple sclerosis
OS Overall survival
PML Promyelocytic leukemia
RARA Retinoic acid receptor alpha
RT Radiation therapy
t-APL Therapy-related acute promyelo-

cytic leukemia
TET2 Tet oncogene family member 2 

isocitrate
t-MN Therapy-related myeloid neoplasm

 Introduction

Exposure to DNA-damaging agents, either by 
certain cytotoxic drugs or by radiation therapy, 
has been shown to predispose to later develop-
ment of myeloid malignancies including myelo-
dysplastic syndrome (MDS), myeloproliferative 
neoplasms (MPN), and acute myeloid leukemia 
(AML), which together constitute the World 
Health Organization category of therapy-related 
myeloid neoplasms (t-MN) [1]. t-MN currently 
accounts for about 10–20% of AML and MDS 
cases and exhibits characteristic chromosomal 
abnormalities and latency periods as well as poor 
prognoses in most cases [2]. t-MN after exposure 
to alkylating agents or radiation typically devel-
ops 5–7 years after initial therapy and is most 
often associated with a complex karyotype or 
abnormalities of chromosomes 5 or 7. There is 
often an antecedent myelodysplastic phase [3, 4]. 
t-MN after exposure to topoisomerase II inhibi-
tors develops more quickly, generally within 
1–3 years, and often involves rearrangements at 
chromosome bands11q23 or 21q22 [5, 6].

Less commonly, t-MN will present with a 
t(15;17)(q22;q21) and clinical features of acute 
promyelocytic leukemia (APL). These cases of 
therapy-related acute promyelocytic leukemia 
(t-APL) most commonly arise after exposure to 
topoisomerase II inhibitors but have also been 
observed after alkylating agents, antimitotic 
agents, and radiation therapy. t-APL represents a 
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distinct subset of t-MN with clinical features, 
treatment options, and prognosis similar to those 
now seen in de novo APL.

Several rich sources of clinical information 
on t-APL are available in the literature and 
will be discussed throughout this chapter (see 
Table 19.1). In the largest series of t-APL 
cases to date, Beaumont et al. examined in 
detail 106 cases of t-APL diagnosed at 45 
medical centers in three European countries 
between 1982 and 2001 [7]. In the same arti-
cle, that group reviewed 77 pooled case 
reports from the literature up to that point [8]. 
In 2000, the International Workshop on the 
relationship of prior therapy to balanced chro-
mosome aberrations in therapy-related myelo-
dysplastic syndromes and acute leukemia was 
held in Chicago and described 511 cases of 
t-MNs, including 41 cases of t-APL [9]. In 
addition, Pulsoni et al. reported on the Italian 
cooperative group Gruppo Italiano Malattie 
EMatologiche dell’Adulto (GIMEMA) expe-
rience between 1984 and 1998 comparing 51 

cases of t-APL to 641 cases of de novo APL 
[10]. Together, these reports help form the 
basis of clinical knowledge of t-APL.

 Epidemiology

t-APL is an uncommon disease that accounts for a 
small proportion of all APL and t-MN cases.  
Earlier studies in particular highlighted the infre-
quency of t-APL diagnoses. Detourmignies et al. 
examined 284 cases of APL that were diagnosed 
between 1982 and 1991 at 7 European medical 
centers and found that only 16 cases (5.6%) were 
related to prior cytotoxic therapy [8]. Among the 
GIMEMA APL cohort, t-APL accounted for 4.8% 
of the 51 cases studied [10]. Kantarjian et al. 
reported on 112 patients with t-MNs seen at the 
MD Anderson Cancer Center between 1973 
and1985 and found that only two cases (1.8%) had 
a t(15;17) [11]. Among 63 patients with t-MNs 
seen at the University of Chicago prior to 1985, 2 
(3%) had a t(15;17) and clinical characteristics of 

Table 19.1 Key t-APL case series

Series
Number of 
patients Primary diagnosis Exposure

Latency, 
months Outcomes

French, 
Spanish, and 
Belgian report 
[7]

106 Breast cancer 60%
Non-Hodgkin lymphoma 15%
Hodgkin lymphoma 2%
Other solid tumors 23%
Nonmalignant disorders 2%

Combined 
chemotherapy and 
RT 46%
Chemotherapy alone 
28%
RT alone 26%

25 
(range, 
4–276)

Those in 
pre-ATRA era 
(n = 14), CR 87%
In ATRA era, CR 
80%
8-year OS 59%

Literature 
review [7, 8]

77 Breast cancer 17%
Non-Hodgkin lymphoma 5%
Hodgkin lymphoma 16%
Other solid tumors 31%
Nonmalignant disorders 29%

Not reported 25 Not reported

International 
Workshop [9]

41 Breast cancer 44%
Non-Hodgkin lymphoma 17%
Hodgkin lymphoma 10%
Other solid tumors 27%
Nonmalignant conditions 2%

Combined 
chemotherapy and 
RT 54%
Chemotherapy alone 
17%
RT alone 21%

29 
(range, 
9–175)

CR 74%
Number in 
continuous CR at 
5 years 57%

GIMEMA [10] 51 Breast cancer 29%
Non-Hodgkin lymphoma 18%
Hodgkin lymphoma 6%
Other solid tumors 47%

Combined 
chemotherapy and 
RT 20%
Chemotherapy alone 
20%
RT alone 33%
Surgery alone 27%

36 
(range, 
8–366)

CR 97%
4-year OS 84%

K. Pettit and R.A. Larson



233

APL [12]. The 2000 International Workshop in 
Chicago identified 8% of t-MN with balanced 
chromosome aberrations as t-APL [9].

While still rare, the incidence of t-APL 
appears to be on the rise although this may be the 
result of greater recognition for this striking dis-
ease. Beaumont et al. reported on 106 patients 
with t-APL diagnosed between 1982 and 2001 in 
France, Spain, and Belgium and found that 26 of 
those patients were diagnosed with t-APL in the 
first 10-year period, compared to 80 who were 
diagnosed in the second 10-year period [7]. Other 
centers have noted an apparent increase in the 
number of cases of t-APL as well, even after ret-
rospectively examining all prior APL diagnoses 
to determine whether prior cytotoxic exposure 
had been overlooked and the therapy-related 
cases had been misclassified in earlier years. At 
the University Hospital of Lille, France, the pro-
portion of APL cases that occurred after prior 
cytotoxic therapy rose considerably from 5% in 
the 1984–1993 period to 22% between 1994 and 
2000 [7, 13]. A similar trend was noted at the MD 
Anderson Cancer Center, where 2% of all APL 
cases were therapy-related in 1986, compared to 
12% in 1996 [11, 14]. Therefore, there may be a 
true increase in the incidence of t-APL as opposed 
to increased recognition of t-APL as an entity. 
This rise largely parallels the rising incidence of 
t-MN overall over the past few decades and may 
reflect increased use of specific leukemogenic 
therapies as well as improved survivorship from 
primary malignancies [15, 16].

 Disease Presentation

 Clinical Features

In general, clinical characteristics seen in t-APL 
parallel those of de novo APL. t-APL is seen 
across all adult age groups, with median age at 
diagnosis between 49 and 57 years [7–10]. 
Hematologic parameters are comparable between 
therapy-related and de novo groups [7, 9, 10]. 
Female predominance of t-APL has been demon-
strated in multiple studies, most likely reflecting 
the frequency of topoisomerase II inhibitor use 

and radiation therapy for the treatment of breast 
and gynecologic malignancies [7, 9, 10, 14]. This 
differs from de novo APL, which exhibits no pre-
disposition by sex. The GIMEMA group noted 
several other differences in those with t-APL 
compared to de novo disease in their study [10]. 
They found that those with t-APL presented with 
a worse performance status (P < 0.005) and older 
age (P < 0.05). Those with therapy-related dis-
ease also had higher fibrinogen levels and few 
hemorrhagic complications than their de novo 
counterparts. Elliott et al. found a slightly lower 
BMI in patients with therapy-related disease, but 
other clinical features were similar [17]. Overall, 
these few small differences in clinical features do 
not translate to differences in clinical outcome, as 
will be discussed below.

 Pathologic Features

Pathologic features of t-APL, including cyto-
logic, cytogenetic, and molecular abnormalities, 
have been shown to be similar to those seen in de 
novo APL. Duffield et al. compared bone marrow 
specimen from nine patients with t-APL to those 
with de novo disease and found no differences in 
morphology or immunophenotype between the 
two groups [18]. In contrast to non- promyelocytic 
t-MN where an antecedent myelodysplastic 
phase is common, cases of t-APL lack such a 
phase and present with overt leukemia [7, 19].

In addition to t(15;17), other chromosomal 
abnormalities occasionally occur in APL. The 
incidence and types of additional abnormalities 
found in t-APL are similar to those also seen in 
de novo APL. While the prognostic impact of 
additional chromosomal abnormalities in APL 
has been a matter of debate in the past, in the cur-
rent era of therapy, they do not seem to confer 
adverse risk [20–23]. Overall in APL, 26–33% of 
cases harbor additional chromosomal abnormali-
ties, the most common being trisomy 8 (12%), 
followed by abnormalities in chromosomes 9 
(2%), 7 (2%), 21 (2%), and 17 (1%) [20]. 
Beaumont et al. reported a similar incidence of 
additional chromosomal abnormalities in t-APL, 
with a slightly different distribution. Within this 
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group, trisomy 8 was seen in only 5% of cases, 
and the remaining abnormalities predominantly 
involved chromosomes 5, 7, or 17 [7]. Among the 
41 cases analyzed through the International 
Workshop, 41% of cases included additional 
abnormalities, most frequently trisomy 8 in 12%. 
There was no association between additional 
chromosomal abnormalities and either age or 
type of previous therapy in this series. While 
occasional variant translocations involving 
RARA that confer resistance to standard therapy 
have been reported in de novo APL, they are rare, 
and such cytogenetic variants have not been 
reported in t-APL.

Molecular profiling has been reported for a 
small number of patients with t-APL. FMS-like 
tyrosine kinase-3 receptor (FLT3) gene mutations 
are commonly seen in de novo APL. However, 
they do not appear to connote the same negative 
prognosis that is seen in non- promyelocytic 
AML. Several groups have compared the fre-
quency of FLT3 mutations between therapy-
related and de novo APL cases and reported 
somewhat discordant results. Yin et al. found a 
high incidence of FLT3 mutations (42% of 12 
t-APL cases studied) [24]. Ottone et al. found a 
similar incidence, 30% in t-APL compared to 
44% in de novo APL (P = 0.50) [25]. Duffield 
et al. found that all five t-APL cases studied had a 
FLT3 mutation compared to 59% of de novo cases 
(P = 0.41) [18]. This variation may be due to the 
small numbers in each series and to differences in 
the patient population studied. One study focused 
on patients with prior malignancies, while another 
focused on patients with multiple sclerosis (MS). 
Ottone et al. also tested for mutations in several 
other genes associated with myeloid malignan-
cies, including tet oncogene family member 2 
(TET2), isocitrate dehydrogenases 1 and 2 (IDH1 
and IDH2), and DNA methyltransferase 3A 
(DNMT3A) [25]. They found a DNMT3A patho-
genic mutation in one t-APL case but none in the 
de novo APL group. They reported one IDH1 
mutation in a de novo case. TET2 polymorphisms 
were common in both groups. Further evaluation 
with larger cohort sizes and more extensive muta-
tion panels will clarify the mutational profiles of 
these two disorders.

 Prior Diagnosis and Exposures

t-APL has been reported following a variety of 
therapies used for several different malignant and 
nonmalignant disorders (see Table 19.2). The 
most commonly implicated antecedent therapies 
are topoisomerase II-targeting agents such as 
mitoxantrone, etoposide, and anthracyclines (par-
ticularly epirubicin) [7, 9, 10]. The mechanism by 
which topoisomerase II inhibitors initiate devel-
opment of t-APL has been described in detail by 
Grimwade and colleagues and will be discussed 
below (see Pathogenesis). However, t-APL has 
also been described after treatment with other 
DNA-damaging therapies such as alkylating 
agents, antimetabolites, external beam radiation, 
and radioactive iodine. The leukemogenic risk 
may be dose-dependent for some agents such as 
etoposide, but not for others such as mitoxantrone 
[26–28]. While t-APL typically develops rapidly 
with a median latency of 25–32 months, cases 
have been reported as early as 4 months after first 
exposure and as late as 276 months after therapy 
[7, 9, 28, 29]. Thus, the latency period, both at 

Table 19.2 Risk factors for the development of t-APL

t-APL risk factors

Primary diagnosis

Malignant

  Breast cancer

  Non-Hodgkin lymphoma

  Hodgkin lymphoma

  Uterine cancer

  Testicular cancer

  Other solid tumors

Nonmalignant

  Multiple sclerosis

  Psoriasis

  Langerhans cell histiocytosis

Exposures

Topoisomerase II inhibitors

  Mitoxantrone

  Etoposide

  Anthracyclines

  Bimolane

Radiation therapy

  External beam radiation

  Radioactive iodine
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median and the range, is similar to what is 
observed in cases of  non- promyelocytic t-MN 
that develops after topoisomerase II inhibitors.

The majority of t-APL cases have arisen after 
treatment for solid malignancies. In the Beaumont 
series of 106 t-APL cases, the most common pri-
mary disorder was breast cancer (60%) followed 
by non-Hodgkin lymphoma (15%), Hodgkin lym-
phoma (2%), uterine cancer (4%), lung cancer 
(1%), other solid tumors (19%), and, rarely, non-
malignant disorders (2%). Treatments for these 
primary tumors included chemotherapy alone 
(28%), radiation alone (26%), or both (46%). 
Most patients received an alkylating agent or a 
topoisomerase II inhibitor, in 64% and 57%, 
respectively [7]. Findings were similar in the 41 
patients included in the International Workshop, 
where breast cancer was again the most common 
primary diagnosis (44%), followed by non- 
Hodgkin lymphoma (17%), Hodgkin lymphoma 
(10%), other solid tumors (27%), and nonmalig-
nant conditions (2%). Most had received both 
chemotherapy and radiation (54%), though in this 
series, fewer received chemotherapy alone (17%) 
and more received radiation alone (29%) [9].

While the largest series of t-APL cases have 
primarily identified those that develop after treat-
ment of primary cancers, the literature is ripe with 
smaller series and case reports describing t-APL 
after treatment for nonmalignant disorders. 
Multiple reports describe an association between 
APL and psoriasis, particularly after treatment 
with the antimitotic drugs, bimolane and razox-
ane. Both of these drugs function through inhibi-
tion of topoisomerase II and were previously used 
in China to treat both neoplastic disorders and 
psoriasis [30, 31]. Ge et al. reported on 17 cases of 
APL in patients with psoriasis diagnosed over 
10 years at the First Affiliated Hospital at Harbin 
Medical University, China [32]. These cases rep-
resented 8.3% of all APL diagnoses at that center 
during that time period. Only four patients had 
received prior therapy with bimolane, suggesting 
that there could be additional risk conferred by 
the underlying psoriasis itself. Another report by 
Wang et al. examined 100 cases of acute leukemia 
that developed in patients with psoriasis [33]. In 
their series, APL was by far the most common 

leukemia subtype, present in 53 of the cases. Of 
those, 40% had been treated with bimolane or 
related analogues, 42% had been treated with 
agents other than bimolane, and 18% had not been 
treated. Various theories have been proposed to 
explain the increased leukemia susceptibility 
among patients with psoriasis even in the absence 
of treatment, including antigenic stimulation, and 
the presence of chromosomal fragile sites [34, 
35]. Interestingly, downregulation of the retinoic 
acid receptor alpha (RARA) in the epidermis 
leads to abnormal keratinocyte proliferation that 
is responsive to retinoic acid therapy, suggesting 
some biologic similarity between APL and psori-
asis. These authors speculate that additional pre-
disposition to APL may exist in these psoriasis 
patients even prior to DNA-damaging agents [36, 
37].

Children treated for Langerhans cell histiocy-
tosis (LCH) with etoposide have also been found 
to have increased risk for t-APL. In an analysis 
of 77 case reports of t-APL, 12 of those cases 
were found to have occurred in children with 
LCH. All 12 had been treated with etoposide, 
and 9 of the 12 had received cumulative doses 
>4500 mg/m2 [7, 26, 27]. However, in another 
series of 348 patients with LCH treated at sev-
eral European medical centers with etoposide, 
no cases of t-APL were reported. In this series, 
all patients received total etoposide doses of 
<2000 mg/m2, suggesting a dose-dependent leu-
kemogenic effect of this agent [26].

Similarly, patients with multiple sclerosis (MS) 
treated with the topoisomerase II inhibitor mito-
xantrone have developed t-APL. Ammatuna et al. 
reported on 33 patients at various European medi-
cal centers who had MS and were subsequently 
diagnosed with t-APL [28]. Among those patients, 
30/33 had received mitoxantrone. Their median 
cumulative dose of mitoxantrone was 112 mg and 
ranged from only 14 mg in one patient up to 
242 mg, suggesting an idiosyncratic relationship 
and the lack of a dose-response risk in this situa-
tion. The three patients who had not received mito-
xantrone had been treated with steroids alone, 
interferon beta with sequential  steroids, and inter-
feron beta plus azathioprine. Many additional case 
reports of t-APL after mitoxantrone for MS can be 
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found in the literature [38–46]. Other leukemo-
genic risk factors may be present in some patients 
with MS, such as genetic variants involving DNA 
repair (BRCA2 and XRCC5) that could predispose 
to translocation events or variants affecting the 
metabolism of chemotherapeutics (such as 
CYP3A4) that could result in increased cellular 
exposure to drugs such as mitoxantrone [47].

Several cases of APL after immunosuppres-
sive treatment alone for nonmalignant conditions 
have been reported, but it is controversial whether 
these cases should be considered therapy-related. 
In Japanese centers, two children developed APL 
after receiving living donor partial orthotopic 
liver transplantation. The first was 12 years old 
and received a liver transplant for ornithine trans-
carbamylase deficiency, followed by tacrolimus 
and azathioprine immunosuppression posttrans-
plant. Azathioprine has been associated with 
t-MN after solid organ transplantation [48]. The 
second, a 4-year-old girl, received a liver trans-
plant for congenital biliary atresia and received 
tacrolimus after transplant. APL developed after 
latencies of 21 months and 46 months, respec-
tively. Both were treated with all-trans retinoic 
acid (ATRA, tretinoin) and chemotherapy, and 
both attained complete remissions (CR), which 
were ongoing at the time of publication [49]. One 
case of APL in a patient with Crohn’s disease 
treated with the anti-TNF alpha monoclonal anti-
body infliximab has been reported in the litera-
ture [50]. It would be difficult to infer causality 
from this single case report alone. Treatment with 
TNF antagonists and the presence of inflamma-
tory bowel disease have both been associated 
with increased risk of developing lymphoid neo-
plasms, but a causal link to myeloid neoplasms 
remains unclear [51–54].

 Pathogenesis

In virtually all cases of APL, a balanced transloca-
tion between the long arms of chromosomes 15 
and 17 results in juxtaposition of the promyelocytic 
leukemia (PML) gene with the retinoic acid recep-
tor alpha (RARA) gene [55, 56]. The resulting 
PML-RARA fusion protein functions as an aberrant 
retinoid receptor that resists physiologic retinoid-
induced differentiation of myeloid cells [57]. In 

cases of de novo APL, the inciting factors that lead 
to this translocation event are largely unknown. In 
contrast, in t-APL, the molecular mechanisms 
underlying the cleavage of DNA strands and subse-
quent translocation are well described. This is par-
ticularly true after treatment with topoisomerase II 
inhibitors, which represents the most common set-
ting for development of t-APL.

Topoisomerases are enzymes that regulate the 
DNA topology through the introduction of sin-
gle- or double-stranded DNA breaks at specific 
breakpoints. In the case of topoisomerase II, the 
enzyme generates transient double-stranded 
breaks through the formation of a covalent cleav-
age complex, thus allowing for modulation of 
DNA supercoiling and release of knots or tangles. 
DNA repair mechanisms subsequently religate 
the cleaved DNA strands. Modern pharmacology 
has been successful in exploiting these mecha-
nisms for therapeutic purposes, and today topoi-
somerase II is a crucial target for a number of 
chemotherapeutic agents. Chemotherapeutics 
that affect topoisomerase II can be divided into 
two categories. The first includes compounds that 
decrease the overall activity of the enzyme, such 
as anthracyclines (i.e., epirubicin, daunorubicin, 
and doxorubicin). The second group increases 
transition levels of the topoisomerase II-DNA 
cleavage complexes, leading to inhibition of cell 
replication and transcription. Drugs in this cate-
gory are referred to as topoisomerase II poisons 
and include etoposide and mitoxantrone [58, 59].

The association between myeloid neoplasms 
and topoisomerase II-damaging agents has been 
recognized for quite some time, but only more 
recently have the molecular mechanisms underly-
ing this relationship come to light. Mistry et al. 
examined differences in the genomic breakpoint 
regions between three groups of patients: those 
with t-APL that developed after exposure to mito-
xantrone, those with t-APL that developed after 
other exposures (e.g., radiation therapy or epirubi-
cin), and those with de novo APL [60]. They found 
that the breakpoints in cases of t-APL arising after 
mitoxantrone treatment were clustered in an eight 
base pair region in intron 6 within the PML gene. 
This breakpoint region corresponded to a site that 
was preferentially cleaved by mitoxantrone at nine 
times the frequency that was seen in the absence of 
the drug. While breakpoints in RARA were more 
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dispersed, they similarly corresponded to prefer-
ential sites of DNA cleavage by mitoxantrone. 
Short, homologous sequences in PML and RARA 
were observed, suggesting that DNA repair 
occurred by nonhomologous end joining. One of 
their patients had only received 15 mg of mitoxan-
trone, supporting previous observations for an 
absence of dose- response effect with mitoxan-
trone. A subsequent series of 12 patients with 
t-APL that developed after treatment with mito-
xantrone for MS demonstrated that the PML 
breakpoint fell within the previously identified 
breakage “hotspot” in 42% of cases [41]. An 
extension of this study included 23 patients with 
t-APL and demonstrated DNA breakpoints within 
the PML “hotspot” in 39% of t-APL cases overall, 
compared to none of the de novo cases (P = 0.007) 
[61]. In addition, breakpoints in RARA were found 
to cluster in a region of intron 2 in 65% of t-APL 
cases compared to 28% of de novo cases.

Patients who developed t-APL after treatment 
with epirubicin have also been found to share 
breakpoints that cluster within specific hotspots. 
Mays et al. examined genomic features in six 

patients who developed t-APL after treatment with 
epirubicin for breast cancer and observed specific 
breakpoint clustering within both PML and RARA 
loci [62]. Within PML, three of the six patients 
were found to have breakpoints in intron 6 that 
occurred at close approximation to one another, 
which was unlikely to occur by chance (P = 0.014). 
These intron 6 breakpoints occurred outside of the 
hotspot region that had previously been identified 
for mitoxantrone-induced APL cases. Other PML 
breakpoints were found in intron 3 and exon 7. 
The RARA breakpoints occurred within intron 2 in 
all six cases. In two of those cases, the breakpoints 
occurred within four nucleotides of each other, 
which was unlikely to occur by chance (P = 0.017). 
In all cases, the breakpoints in both chromosomes 
were found to occur at preferential sites for epiru-
bicin-induced DNA cleavage by topoisomerase II.

From these observations, models have been 
generated by Grimwade and coworkers to depict 
the formation of the leukemogenic balanced 
translocation of chromosomes 15 and 17 after 
exposure to a topoisomerase II inhibitor (see 
Fig. 19.1) [62]. In this model, topoisomerase II 

PML
1

2

3

PML

PML-RARA

RARA

RARA

Fig. 19.1 Model for the mechanism of PML-RARA trans-
location in topoisomerase II inhibitor-induced t-APL. (1) 
Topoisomerase II induces 4-bp nicks in double- stranded 
DNA at preferential sites within PML and RARA genes. 
(2) Exonucleases digest bases from 5′ overhang (indicated 

by black box). (3) Nonhomologous end joining occurs 
(indicated by black box), followed by template- directed 
DNA polymerization (indicated by gray text) and strand 
ligation, resulting in the formation of a PML-RARA fusion 
gene (Reproduced with permission) [62]
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induces 4 base pair nicks in double-stranded 
DNA at preferential sites within PML and RARA 
genes on chromosomes 15 and 17, respectively, 
and on other genes. Exonucleolytic processing 
occurs, followed by nonhomologous end joining. 
Gaps are filled by template-directed DNA polym-
erization and mismatch repair mechanisms, and 
strands are ligated. If this results in translocation 
between chromosomes 15 and 17, the PML- 
RARA fusion gene may be generated. The discov-
ery of susceptible breakage sites and creation of 
this model for translocation formation have illu-
minated the likely molecular mechanisms for 
t-APL development and perhaps represent a step 
toward discovering mechanisms for the patho-
genesis of de novo APL.

 Treatment Approaches

While most t-MN confer a significantly worse 
prognosis compared to their cytogenetically 
matched de novo counterparts, those with APL 
seem to do similarly well regardless of whether 
the disease is related to prior cytotoxic therapy 
[2, 7, 10, 63, 64]. A report from the GIMEMA 
retrospectively identified 51 patients with APL 
after a prior cancer diagnosis and compared the 
outcomes of these patients to those with de novo 
APL [10]. The majority of t-APL patients (31 out 
of 51) were treated with a standard regimen of 
ATRA plus idarubicin. Despite older age and 
worse performance status among the t-APL 
patients in this series, outcomes were equally 
good between the two groups. CR rates were 
97% and 93% in the t-APL group and de novo 
APL group, respectively, and 4-year overall sur-
vival (OS) was 85% and 78%, respectively. Other 
case series similarly show encouraging long-term 
survival for patients with t-APL treated with 
ATRA plus chemotherapy [7, 9, 65].

In the era of arsenic trioxide (ATO) therapy, 
these favorable and comparable outcomes 
between de novo and t-APL have held up. Dayyani 
et al. conducted a retrospective analysis of 29 
patients with t-APL treated at the MD Anderson 
Cancer Center and compared outcomes of patients 
treated with ATRA/ATO (n = 19) to those treated 

with ATRA/anthracycline-based chemotherapy 
(n = 10) [66]. Remission rates were similar 
between the two groups, with CRs in 89% and 
70%, respectively (P = 0.35). Median OS was not 
reached at last follow-up for the ATRA/ATO 
group, compared to 161 weeks for the ATRA/che-
motherapy group (P = 0.79). Similarly, Ge et al. 
examined 17 patients with psoriasis-associated 
t-APL treated with ATO- based induction and 
post-remission therapy and reported an 88% CR 
rate and estimated a 3-year OS rate of 77% ± 12% 
[32]. Given this overall favorable response profile, 
patients with t-APL should be treated according 
to conventional APL treatment algorithms, and 
one can expect favorable outcomes quite similar 
to those with de novo disease. In contrast to other 
t-MN, intensification of therapy based on therapy-
related status, such as inclusion of allogeneic 
stem cell transplantation, is typically not neces-
sary in t-APL to achieve cure.

Although primary chemotherapy resistance is 
common in other t-MN subtypes, drug resistance 
is rare in t-APL. In de novo APL, acquired muta-
tions in PML or RARA have been shown to confer 
resistance to ATRA or ATO infrequently [67–71]. 
One such case of ATO resistance in a patient with 
t-APL has been analyzed and reported on by 
Iaccarino et al. [72]. The patient was found to 
have a point mutation in PML in both the rear-
ranged and unrearranged alleles, as well as two 
mutations in the rearranged RARA gene, none of 
which were present prior to ATO treatment. 
Madan et al. characterized the molecular signa-
ture of relapsed APL and found that mutations in 
PML or RARA were commonly acquired at the 
time of relapse [73]. Further study is needed to 
determine whether patients with APL may bene-
fit from screening for these or similar mutations 
to identify those at risk for developing relapse or 
resistance.

 Future Directions

While much has been learned about t-APL over 
the past 15 years, additional questions remain. 
Further clarification is needed regarding the appar-
ent rise in incidence of t-APL in recent years. 
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Preventive strategies such as minimizing exposure 
to topoisomerase II inhibitors and radiation ther-
apy whenever possible may be helpful in mitigat-
ing this upturn. Whether adjunctive therapy with 
hematopoietic growth factors such as filgrastim 
facilitates the leukemogenic effects of intensive 
chemotherapy remains to be determined. Further 
evaluation of screening strategies for early detec-
tion of t-APL in the most high-risk situations, prior 
to the development of complications such as 
bleeding, is also warranted. A genetic predisposi-
tion to t-APL may exist in a proportion of patients, 
as is the case in other t-MNs; however, this requires 
further investigation [74]. In addition, molecular 
characterization of t-APL by high-throughput 
methods may identify those at higher risk for drug 
resistance or relapse. Lastly, models for the patho-
genesis of t-APL may help elucidate mechanisms 
of de novo disease development.

 Conclusions

Treatment with certain agents, particularly 
topoisomerase II inhibitors, can result in DNA 
damage within specific hotspots that predispose 
to development of balanced translocations in 
chromosomes 15 and 17. Radiation therapy is 
also implicated in these chromosomal rearrange-
ments. t-APL is associated with a short latency 
period and typically develops within 2–3 years 
after the causative exposure. While the break-
points in t-APL differ from those found in de 
novo APL, the phenotype that results is largely 
identical. Clinical and pathologic features of 
t-APL closely reflect those of de novo disease. 
Outcomes are similar to de novo APL, and same 
treatment algorithms should be employed.
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Rare Acute Leukemia Variants 
Involving Retinoic Acid Receptor 
Genes
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 Introduction

Acute promyelocytic leukemia (APL) is typically 
characterized by the balanced reciprocal transloca-
tion t(15;17)(q24.1;q21.2) which fuses the promy-
elocytic leukemia (PML) and retinoic acid 
receptor-α (RARA) gene. PML-RARA oncoprotein 
is the key pathogenetic player in APL pathogene-
sis and acts through the transcriptional repression 
on multiple RARA target genes, causing the inhi-
bition of cellular differentiation and uncontrolled 
proliferation of undifferentiated elements [1]. 
Rarely, patients presenting with clinical and mor-
phological features suggestive of APL lack either 
cytogenetic evidence of t(15;17) or molecular evi-
dence of PML-RARA and are subsequently recog-
nized to harbor instead variant translocations 
involving RARA gene fused to partner genes other 
than PML [1–3]. Another member of the retinoic 
acid receptor family (i.e., RAR gamma) has been 
recently reported to be rearranged to PML and to 
another gene NUP98 in single-case report of sus-
pected APL lacking PML-RARA transcript, again 

highlighting the contribution of RA receptors in 
this form of leukemia [4, 5]. To date, at least 12 
variant translocations involving RARA have been 
identified, including ZBTB16/RARA (formerly 
named PLZF-RARA) [6], NPM-RARA, NuMA-
RARA [7], STAT5B/RARA [8], PRKAR1A/RARA 
[9], BCOR/RARA [10], FIP1L1/RARA [11], 
OBFC2A/RARA [12], GTF2I/RARA [13], and the 
most recent IRF2BP2/RARA [14] and FNDC3B/
RARA [15].

In this chapter, we will discuss the clinical, 
morphological, cytogenetic, and molecular fea-
tures, as well as the treatment outcome of these 
rare APL variants.

 Genetic RARA Variants

The first case of an alternative translocation involv-
ing RARA but not PML gene was described in 1993 
by Chen and colleagues at the Shanghai Institute of 
Hematology, where a patient with evident morpho-
logic features of APL was found to harbor the bal-
anced translocation t(11;17)(q23;q21) instead of 
the classical t(15;17) [6]. In this case, molecular 
studies revealed that RARA gene was fused to a 
gene located on chromosome 11, termed at the 
time PLZF, encoding for a transcriptional factor. 
Few years later in 1997, a European Working 
Group was formed to study cases with morpho-
logic and cytochemical  features of APL lacking the 
typical t(15;17) studied by conventional karyotype 
[2, 16]. Of the initial 60 cases, the majority (42/60) 
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harbored cryptic PML-RARA gene rearrangements 
demonstrated by FISH and RT-PCR that were not 
previously identified through conventional karyo-
type due to insertions or complex translocations. 
However, in 12/60 cases (20%), a variant transloca-
tion involving RARA locus on chromosome 17q21 
was identified. In particular, 11 cases were charac-
terized by t(11;17)(q23;q21) with ZTBTB16/
RARA and one case by t(5;17) (q35;q21) with 
NPM-RARA rearrangement.

In the last two decades, a number of variant 
gene partners rearranged with RARA have been 
identified, and those cases are estimated to account 
for 1–2% of all APL cases. Interestingly, all these 
variants contain the exact same RARA gene 
sequence as the translocation breakpoints always 

map in the second intron of the RARA gene. At the 
protein level, all the oncoproteins harbor the 
C-terminal RARA B through F domains which 
mediate the functions of DNA binding, retinoid X 
receptor (RXR) heterodimerization, ligand bind-
ing (ATRA), corepressor binding, and coactivator 
interaction functions [17]. At the clinical level, 
despite the constant involvement of RARA gene, 
the sensitivity of these genetic variants to molecu-
larly targeted therapies like all trans-retinoic acid 
(ATRA) and arsenic trioxide (ATO) employed in 
PML-RARA-positive APL is not the same, with the 
majority (i.e., ZTBTB16/RARA) being resistant 
to these agents. All the clinico-biological charac-
teristics and treatment response data of RARA 
variants are reported in Table 20.1.

Table 20.1 Biological and clinical features of variant gene fusions involving RAR receptor genes.

Fusion gene Cytogenetics

In vitro 
sensitivity to 
ATRA

In vitro 
sensitivity to 
ATO Therapy and outcome

ZTBTB16-RARA t(11;17)(q23;q21) Resistant Resistant Major series reported insensitivity to 
ATRA [2, 21] and therapeutic strategies 
including intensive chemotherapy and 
stem cell transplant are generally adopted 
for young and/or fit patients. Case reports 
have described response to ATRA with 
differentiation effects [22, 23]

NPM1-RARA t(5;17)(q35;q21) Responsive Not tested Case reports have shown CR with 
ATRA + chemotherapy. Relapses have 
been reported in 4/8 cases [29]. ATO 
therapy has been used in only one 
relapsed case with success [33]

STAT5B-RARA der(17) Resistant Not tested The majority of patients with STAT5B/
RARA-positive APL showed resistance 
to both ATO and ATRA as the majority 
(six out of seven) of them experienced 
single or multiple relapses [38, 40–42]

BCOR-RARA t(X;17)(p11;q12) Not tested Not tested The single patient reported achieved CR 
through leukemic cell differentiation 
with ATRA and Tamibarotene, but not 
with ATO. The patient relapsed several 
times and needed allo-HSCT to 
maintain remission [10]

FIP1L1-PDGFRα t(4;17)(q12;q21) Responsive Not tested The patient achieved CR with ATRA 
therapy alone [11]

IRF2BP2-RARA t(1;17)(q14;q21) Responsive Not tested The first case achieved CR by ATRA + GO 
and ATO but relapsed 10 months later [14]. 
Grimwade and colleagues described 
differentiation of blasts with hematologic 
response with ATRA alone [55]. In the last 
case, the patient was resistant to ATRA and 
chemotherapy [57]
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Table 20.1 (continued)

Fusion gene Cytogenetics

In vitro 
sensitivity to 
ATRA

In vitro 
sensitivity to 
ATO Therapy and outcome

FNDC3B-RARA t(3;17)(q26;q21) Not tested Not tested The patient initially responded to 
ATRA + chemotherapy and developed 
differentiation syndrome. Relapse was 
documented +8 months after the 
beginning of maintenance [15]

NuMA-RARA t(11;17)(q13;q21) Responsive Not tested The only patient reported was sensitive 
to ATRA [7]

PRKAR1A/RARA der(17) Not tested Not tested Treatment of a single patient with ATRA, 
idarubicin, and arsenic trioxide induced 
cytogenetic complete remission [9]

OBFC2A/RARA t(2;17)(q32;q21) Responsive Not tested The patient achieved CR with 
ATRA + chemotherapy and remained 
disease-free [12]

GTF2I/RARA t(7;17)(q11;q21) Not tested Not tested The only described patient failed to 
achieve CR with ATRA and ATO 
therapy [13]

NUP98/RARG t(11;12)(p15;q13) Primary blast 
cells resulted 
responsive to 
ATRA [65]; 
transfected 
cells resulted 
resistant [64]

Not tested The only patient described was treated 
with ATRA only for 1 day at diagnosis 
and with ATRA in combination with 
chemotherapy at relapse; it is therefore 
impossible to evaluate the clinical 
sensitivity to this agent [4]

PML-RARG t(12;15)(q13;q22) Not tested Not tested The patient resulted resistant to a short 
course of therapy with ATRA (18 days)  
[5]

 Translocation t(11;17)(q23;q21) 
APL with the ZBTB16/RARA Fusion 
Gene

The most common APL variant is t(11;17)
(q23;q21) which fuses ZBTB16 (formerly PLZF 
or promyelocytic leukemia zinc finger) with 
RARA and results in the production of the 
ZBTB16-RARA fusion protein.

APL with the t(11;17)(q23;q21) was first 
described in 1993 by Chen and colleagues at the 
Shanghai Institute of Hematology [6]. Within a 
large series of APL cases, the authors identified a 
patient with a morphologic diagnosis of APL 
whose leukemic cells did not harbor the PML-
RARA fusion gene and contained instead a 
t(11;17)(q23;q21) translocation [6]. This cytoge-
netic variant was fully characterized at the molec-
ular level by the same investigators in collaboration 
with other researchers including S. Waxman in 

the USA and A. Zelent in the UK [6]. As a result 
of the t(11;17), the RARA gene was fused in-
frame with the coding sequences of a new gene, 
termed ZBTB16 (for promyelocytic leukemia zinc 
finger), which encoded a putative transcription 
factor containing nine zinc finger motifs related to 
the Drosophila gene Kruppel and was expressed 
in at least two isoforms differing for the N-terminal 
region of the protein. The location of the translo-
cation breakpoints within the RARA and ZBTB16 
genes suggested that in addition to the ZBTB16-
RARA hybrid gene, expressed by the ZBTB16 
gene promoter from the derivative 11q+ chromo-
some, the reciprocal RARA-ZBTB16 fusion gene 
was expressed from the derivative 17q− chromo-
some. Interestingly, both PML- RARA and 
ZBTB16-RARA genes were shown to contain 
identical portions of the RARA gene, indicating 
the importance of RARA functional domains in 
the etiology of this disease.
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 Pathophysiology Studies on Cell 
Lines and Mouse Models

Pandolfi and colleagues from Harvard University 
in the USA demonstrated through mouse models 
the pathophysiology of the leukemogenesis driven 
by ZBTB16-RARA chimeric protein and discov-
ered important implications related to the response 
to APL therapy, in particular to ATRA [18]. In fact, 
they demonstrated that both ZBTB16-RARA and 
PML-RARA have a critical leukemogenic role, but 
they retain important biologic differences due to 
the distinct PML and ZBTB16 moieties involved in 
the translocations with RARA. In order to under-
stand the two  models of leukemogenesis and their 
response to ATRA treatment, they generated trans-
genic mice expressing either ZBTB16-RARA or 
PML- RARA. Leukemias developing in ZBTB16-
RARA mice were characterized by leucocytosis in 
the peripheral blood accompanied by infiltration of 
promyelocytes and myelocytes retaining their 
capacity to generate terminal maturing forms in all 
organs. These features were more similar to the 
phenotype observed in chronic myeloid leukemia 
phenotype and distinct from PML-RARA- driven 
leukemias, in which the most prominent feature 
consisted in the accumulation of immature myeloid 
blasts blocked at the promyelocytic stage. 
Importantly, PML-RARA- and ZBTB16- RARA- 
driven leukemias differed in terms of their sensitiv-
ity to ATRA: opposite to classical PML-RARA 
leukemia, ZBTB16-RARA leukemia generated in 
mice was resistant to this agent [18]. The biological 
basis underlying this therapy response difference 
was in part unraveled by Pandolfi and colleagues. 
In fact, similarly to PML-RARA, the ZBTB16-
RARalpha fusion protein was shown to act as a 
transcriptional repressor, but its activity was more 
potent as compared to PML-RARA [18]. Previous 
studies had already shown that in the absence of the 
ligand (RA), RARA forms complexes with multi-
ple corepressor proteins (SMRT, N-CoR, Sin3, and 
HDACs). The work of Pandolfi and colleagues 
demonstrated that the interaction of SMRT with 
ZBTB16-RARA via its ZBTB16 moiety is more 
stable than PML-RARA-SMRT interaction, and 
this might explain the lack of responsiveness to 
ATRA. Interestingly, experiments in ZBTB16-
RARA transgenic mice showed that increased 

ATRA doses are effective in inducing complete 
clinical remission. Moreover, these investigators 
reported that the combination of histone deacety-
lase inhibitors such as Trichostatin A (TSA) and 
ATRA was able to overcome the transcriptional 
repression ZBTB16-RARalpha-expressing leuke-
mia cells [18].

The advent of arsenic trioxide (ATO) therapy in 
APL at the end of the 1990s prompted investiga-
tors to test the sensitivity of t(11;17)(q23;q21) to 
ATO alone or in combination with ATRA. de Thé 
and colleagues from Hopital St. Louis in Paris 
showed that ATO failed to induce apoptosis in pri-
mary blasts of a t(11;17)(q23;q21) APL in vitro 
[19]. Similar results were obtained by Pandolfi and 
colleagues, who reported that neither in ZBTB16-
RARA transgenic mice nor in nude mice trans-
planted with ZBTB16-RARA cells ATO or 
ATO + ATRA in combination showed any efficacy 
[20]. Arsenic trioxide, known to induce aggrega-
tion of PML nuclear bodies, left the microspeckled 
ZBTB16-RARA localization completely unaf-
fected. However, de Thé and colleagues showed 
that ATRA treatment led to ZBTB16-RARA pro-
tein degradation, similar to what demonstrated in 
PML-RARA-positive APL [19]. However, 
ZBTB16-RARA degradation was not accompa-
nied by differentiation or apoptosis, suggesting 
that therapeutic strategies aimed solely at degrad-
ing the ZBTB16-RARA oncoprotein may not be 
effective in t(11;17) APL and that other molecular 
events might be responsible for resistance to 
ATRA and ATO in this leukemic subset.

 Clinical Characteristics 
and Therapeutic Approaches

ZBTB16-RARA-positive leukemias are very rare, 
and only case reports or small case series have been 
reported up to date. As to phenotypic features, 
t(11;17) leukemias fall into an unusual morpho-
logic spectrum of APL. The cases with ZBTB16-
RARA t(11;17) APL are characterized by a 
predominance of blasts with regular nuclei, coarse 
granules, or, less often, fine or no granules and a 
more condensed nuclear chromatin compared with 
classic APL; there is also an increased number of 
Pelger-like cells or hypogranular neutrophils [16]. 
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In general, the t(11;17) APL variant seems to have 
morphologic features intermediate between FAB 
M2 and FAB M3 subtypes. These features have 
also been described in two cases that lacked 
t(11;17) but harbored cryptic ZBTB16-RARA rear-
rangements [16]. The ZBTB16-RARA APL variant 
is also immunophenotypically unique since it is 
more commonly associated with CD56 expression 
compared with classic APL.

At the clinical level, Licht and colleagues 
reported six patients who all failed to achieve 
complete remission with ATRA or chemotherapy 
+/− ATRA [21]. On the contrary, Grimwade and 
colleagues reported in their series that 10 out of 
11 patients achieved complete remission, 6 of 
whom with ATRA employed for first-line therapy 
alone or in combination with chemotherapy [2]. 
Case reports have, however, questioned the abso-
lute resistance of this rare variant to retinoids. 
Jansen and colleagues have reported complete 
remission (CR) through blast cell differentiation 
in a patient harboring ZBTB16-RARA rearrange-
ment by using granulocyte colony- stimulating 
factor (G-CSF), combined with ATRA [22]. 
Similarly, Petti et al. have reported in one case the 
achievement of a CR with ATRA and hydroxy-
urea, documenting a differentiating effect pro-
duced by this therapy on leukemic blasts [23].

 NPM-RARA Fusion Gene

The second APL variant is t(5;17)(q35;q21) 
which results in the fusion of NPM (nucleophos-
min gene) to RARA, producing the NPM-RARA 
fusion gene [24]. NPM1 is a nucleolar phospho-
protein, ubiquitously expressed, that has an essen-
tial role in transporting components of the 
ribosome and other proteins between the cyto-
plasm and the nucleolus [25]. Rearrangement of 
NPM1 gene has been previously reported in t(2;5) 
positive lymphomas where NPM1 is fused to the 
ALK tyrosine kinase, generating the NPM- ALK 
fusion in anaplastic large cell lymphoma [26]. 
NPM1 is also fused to the MLF1 gene in t(3;5)
(q25.1;q34-35) leading to the NPM-MLF1 fusion 
gene in myelodysplastic syndromes and AML 
[27]. In addition, it is now well known that NPM1 
gene is recurrently mutated in AML with normal 

karyotype and represents a separate genomic 
entity in the WHO classification of AML [28].

In 1994, Corey et al. reported the first case of 
t(5;17)(q35;q21) in a 4-year-old girl with APL, 
from whose leukemic blasts they isolated cDNA 
and identified the NPM-RARA fusion transcript 
[29]. The encoded NPM-RARA protein repre-
sented a fusion between the N-terminal 117 amino 
acids of NPM and the 503 C-terminal amino acids 
of RARA [24]. Interestingly, NPM- RARA pro-
tein contains the same 118 N-terminal nucleo-
phosmin sequences of the NPM-ALK fusion 
protein found in anaplastic lymphomas [26]. 
NPM-RARA APL cases have a morphologic and 
phenotypic profile similar to  PML- RARA- positive 
APL, but Auer rods tend to be absent in NPM-
RARA-positive cases; in addition, these blasts 
may display small azurophilic granules, abundant 
cytoplasm, and regular nuclear outline [2, 29, 30].

At the biologic level, the expression of NPM- 
RARA inhibits myeloid differentiation and 
induces leukemia in mouse models [31]. Similar 
to transgenic PML-RARA models, the NPM- 
RARA mice had a prolonged latency in leukemia 
development, ranging between 18 and 24 months 
and presented with leukemic blasts with mono-
cytoid features resembling acute myelomono-
cytic leukemia. Similarly to PML-RARA APL, 
NPM-RARA fusion protein interacts with the 
corepressor protein SMRT in a manner that is 
less sensitive than wild-type RARA to dissocia-
tion by retinoic acid. NPM-RARA-positive blasts 
were shown in vitro to retain the ability to achieve 
terminal differentiation in the presence of phar-
macological concentration of ATRA [31]. In 
addition, already in the first reported case of 
NPM-RARA, the patient was able to achieve 
complete remission with ATRA treatment [29].

More recently, proteomic analysis identified 
tumor necrosis factor receptor type 1-associated 
DEATH domain protein (TRADD) as an important 
binding partner for NPM-RARA. Biological assess-
ment showed that NPM-RARA expression impaired 
TNF-induced signaling through TRADD, blunting 
TNF-mediated activation of caspase 3 and caspase 
8, and consequently blocking apoptosis [32].

Five of the eight APL patients with NPM- RARA 
fusion gene described up to now were children, aged 
12 years or less [30]. Extramedullary presentation of 
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leukemia was common in this subset, with four 
cases (50%) presenting with myeloid sarcoma [30].

ATO therapy has been employed only in one 
case of NPM-RARA leukemia, and the authors 
reported long-term response to this agent after 
multiple relapses. However, no clear conclusions 
can be drawn in this regard [33].

 NuMA-RARA Fusion Gene

The APL variant, t(11;17)(q13;q21), leads to the 
fusion between nuclear mitotic apparatus (NuMA) 
and RARA genes and was identified by Wells et al. 
in 1996 in a 6-year-old boy [7]. NuMA protein 
plays a role in mitosis, specifically in the forma-
tion of spindle pores and spindle asters and in the 
reformation of daughter nuclei [34]. The NuMA-
RARA fusion gene joins exons encoding the reti-
noic acid and DNA- binding domains of RARA to 
5′ exons of NuMA. The NuMA-RARA fusion pro-
tein exists in sheet- like nuclear aggregates with 
which normal NuMA partly co-localizes [7].

The first reported case was a 6-month-old boy 
who presented with multiple cutaneous lesions 
and peripheral blood morphologic and immuno-
phenotypic characteristics resembling typical 
APL [35]. Bone marrow karyotype revealed a 
clonal cytogenetic abnormality, t(11;17)(q13;q21) 
with molecular evidence of RARA rearrangement 
but without involvement of PML or ZBTB16. The 
patient was treated with ATRA and achieved com-
plete remission; he remained in morphological 
remission at 38 months after autologous stem-cell 
transplant [35]. Transgenic mouse models harbor-
ing NuMA-RARA were generated and showed to 
rapidly develop a myeloproliferative disease-like 
myeloid leukemia at early age. This leukemia was 
indistinguishable from human APL, demonstrat-
ing that NuMA-RARA is sufficient for disease 
development in APL mouse models [36].

 STAT5B/RARA Fusion Gene

In this variant form, the signal transducer and acti-
vator of transcription 5b (STAT5B) have been 
shown to rearrange with RARA with consequent 

STAT5B-RARA fusion due to a 3 Mb interstitial 
deletion event on the long arm of chromosome 17 
(17q21). STAT proteins are a family of latent cyto-
solic transcription factors activated by Janus kinase 
(JAK) tyrosine kinases, with seven members: STAT 
1, 2, 3, 4, 5a, 5b, and 6. STAT5B is widely expressed 
on a number of tissues  including hematopoietic 
progenitors. The aberrant activation of this family 
of proteins has been implicated in cell transforma-
tion and oncogenesis [37]. The first case of APL 
with STAT5B/RARA fusion was reported in a male 
patient in 1999 [8], and since then a total of eight 
cases have been reported [38]. The pathogenetic 
role of STAT5B-RARA remains unclear. STAT5B- 
RARA can enhance STAT3 activity and may con-
tribute to leukemogenesis by interaction with the 
STAT3 oncogene pathway [39]. A literature review 
by Strehl et al. in 2013 showed that patients with 
STAT5B/RARA-positive APL are resistant to both 
ATO and ATRA as the majority (6 out of 7) of them 
experienced single or multiple relapses [38]. The 
only patient who remained relapse-free for more 
than 2 years received ATRA, ATO, and chemother-
apy followed by allogeneic hematopoietic stem-
cell transplant (HSCT) in the first molecular 
CR. Additional three patients were reported [40–
42], and all resulted to be resistant to differentiation 
therapy. Therefore, because of the very poor prog-
nosis of patients with STAT5B/RARA-positive 
APL, these patients might benefit from allogeneic 
HSCT in the first remission.

 PRKAR1A/RARA Fusion Gene

The PRKAR1A gene encodes the regulatory subunit 
type I-α (RI-α) of cyclic adenosine monophosphate 
(cAMP)-dependent protein kinase (PKA) [43]. 
PRKAR1A is involved in another gene rearrangement 
with the RET proto- oncogene in papillary thyroid 
carcinomas [44], and PRKAR1A inactivating muta-
tions or downregulation has been found in some spo-
radic adrenocortical tumors [45]. The first and only 
case of PRKAR1A/RARA fusion gene reported to 
date was a 66-year-old man with APL, whose leuke-
mic cell karyotype showed 47,XY,+22[5]/46,XY[30] 
without the classic t(15;17) translocation. FISH stud-
ies disclosed a del(17)(q21)(5′RARA−,RARA+) 
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plus a split RARA signal with RARA break-apart 
probe [9]. Nested RT-PCR confirmed the pres-
ence of the PRKAR1A/RARA fusion transcript. 
The patient was treated with ATRA, ATO, and 
chemotherapy which induced complete molecu-
lar remission; at the time of report, he had 
remained disease-free for 2 years from diagnosis. 
Because the patient received treatment with mul-
tiple agents including ATRA, ATO, and different 
types of chemotherapy, it is difficult to definitely 
assess the sensitivity to ATRA or ATO without 
in vitro experiments or mouse models [9].

 FIP1L1/RARA Fusion Gene

This fusion gene was identified in 2008 in a 
90-year-old woman, whose karyotype showed 
47, XX, t(4;17)(q12;q21), and trisomy 8. FISH 
analysis showed that 94% of the bone marrow 
cells had the RARA split signal but no PML- 
RARA fusion signals. Sequence analysis of the 
identified fusion gene, from the reverse sequence 
of RARA exon 3, identified Fip1-like1 or FIP1L1 
as the partner gene of RARA. Cloning of the 
FIP1L1/RARA showed three in-frame isoforms 
of this fusion gene fusing RARA exon 3 to FIP1L1 
[11]. FIP1L1 is known to form a fusion gene with 
PDGFRA that causes chronic eosinophilic leuke-
mia [46]. Furthermore, FIP1L1/RARA was also 
isolated from a case of juvenile myelomonocytic 
leukemia (JMML) [47].

FIP1L1/RARA forms a homodimer, which 
represses retinoic acid-dependent transcriptional 
activity at the lowest concentration of ATRA, 
showing responsiveness similar to that of PML- 
RARA. Indeed, the patient achieved a CR with 
ATRA therapy alone [11].

 BCOR/RARA Fusion Gene

The BCL6 corepressor, BCOR, is a ubiquitously 
expressed nuclear protein, which directly inter-
faces to proto-oncoprotein BCL6 through the 
BCOR-BCL6-binding domain [48]. BCOR also 
associates with histone deacetylases (HDACs) 
and polycomb repressive complex 1 components, 

which indicates that it might suppress gene tran-
scription by epigenetic mechanisms [49]. BCOR 
was reported to be critical for early embryonic 
development, mesenchymal stem-cell function, 
and lymphoid cell differentiation, and mutations 
in the gene have been linked with human- 
inherited diseases such as the oculofaciocardio-
dental and lenz microphthalmia syndromes [50].

The BCOR/RARA fusion was first reported 
in 2010 in a 45-year-old man with APL whose 
blasts showed a unique morphology with 
round inclusions and rectangular cytoplasmic 
bodies [10]. Karyotype analysis detected a 
novel chromosomal translocation described as 
45, -Y, t(X;17)(p11.2;q12)[19]/46, XY[1]. 
FISH analysis indicated one intact and two 
split signals of RARA and two intact signals of 
PML. RT-PCR revealed BCOR cDNA from 
exons 9 to 12 to be fused to RARA exon 3. The 
chimeric cDNA had an in-frame codon from 
BCOR through RARA, creating a 1931 amino 
acid fusion protein described as BCOR/RARA 
[10]. The patient clinical course showed that 
coagulopathy at diagnosis was relieved by 
ATRA and tamibarotene, but not by 
ATO. Leukemic cell differentiation was 
accomplished with ATRA and tamibarotene. 
Despite initial response, the patient relapsed 
several times and eventually needed alloge-
neic HSCT to prolong remission [10].

 Other Very Rare Variants

Four novel fusion genes involving RARA were 
recently identified: the OBFC2A/RARA [12], 
GTF2I/RARA [13], IRF2BP2-RARA [14], and 
FNDC3-RARA [15].

The OBFC2A, oligonucleotide/oligosaccharide- 
binding fold containing 2A, gene is located at chro-
mosome 2q32.3 and encodes human single-stranded 
DNA-binding protein 2, which plays a role in DNA 
damage response and genomic stability. The 
OBFC2A/RARA was identified in a 59-year-old 
man with APL whose bone marrow karyotype 
showed clonal der(2)t(2;17)(q32;q21), and FISH 
revealed an extra RARA signal with the PML-
RARA probe and a 3′ RARA green signal with the 
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RARA break-apart probe on der(2) [12]. Array 
comparative genomic hybridization (CGH) 
showed a loss in 2q32.2 and a gain in 17q21.2. 
The breakpoints were located within the OBFC2A 
gene in 2q32.2 and the RARA gene in 17q21.2. 
RT-PCR with direct sequence analysis showed 
that the RARA portion of the transcript started in 
exon 3 and was fused in-frame to exon 5 of 
OBFC2A. This fusion appeared to be sensitive to 
ATRA both in vitro and clinically, since the 
patient achieved a CR with ATRA and chemo-
therapy and remained disease- free for 1 year after 
diagnosis [12].

The GTF2I, general transcription factor 2I,  
gene is located at 7q11.23 and is ubiquitously 
expressed; it encodes a phosphoprotein with 
broad roles in transcription and signal transduc-
tion involving growth signaling, cell cycle regu-
lation, and transforming growth factor beta 1 
(TGFB1) signaling [13]. The GTF2I/RARA was 
recently identified in a 35-year-old man with 
APL whose bone marrow karyotype showed 46, 
XY, and del(7q22), while FISH analysis revealed 
that a split RARA signal was inserted into the dis-
rupted 7q region documenting the presence of 
submicroscopic t(7;17)(q?;q21) translocation 
[13]. RT-PCR showed that the GTF2I/RARA 
resulted from the fusion between exon 6 of 
GTF2I and exon 3 of RARA. This fusion was 
resistant to both ATRA and ATO, since the 
patient failed to achieve complete remission with 
these agents and died after 146 days from diagno-
sis due to intracranial bleeding [13].

The IRF2BP2 gene, located on chromosome 
1q42.3, encodes a nuclear protein that specifi-
cally interacts with the C-terminal transcriptional 
repression domain of IRF2. IRF2BP2 acts as a 
corepressor factor in the process of repression of 
nuclear factor of activated T cells (NFAT) trans-
activation, mediating the regulation of genes 
involved in cell cycle, differentiation, and apop-
tosis [51]. Interestingly, IRF2BP2 is directly reg-
ulated by TP53, and its overexpression can inhibit 
apoptosis by impeding TP53-mediated transacti-
vation of the TP21 and BAX genes [51]. IRF2BP2 
was described as a fusion partner of CDX1 in the 
t(1;5)(q42;q32) in mesenchymal chondrosarcoma 

and was found mutated in chronic lymphocytic 
leukemia and primary central nervous system 
lymphoma [52–54].

In APL cases harboring the IRF2BP2-RARA 
fusion transcript, the IRF2BP2 intron 1 infused to 
intron 2 of RARA gene located on chromosome 
[14, 55].

In vitro studies have shown that the IRF2BP2- 
RARA fusion has the capacity to transform pri-
mary hematopoietic stem cells and to induce an 
ATRA-responsive leukemia. In fact, similarly to 
PML-RARA, IRF2BP2-RARA induces repres-
sion at retinoid response elements, that is reversed 
by pharmacological doses of ATRA [56]. Two 
reported IRF2BP2-RARA patients received 
ATRA in combination with chemotherapy or 
ATO and achieved complete remission with evi-
dence of differentiation, but one patient relapsed 
after 10 months. One additional patient was 
treated with ATRA and chemotherapy but was 
resistant [14, 55, 57].

Finally, FNDC3B is another fusion partner 
described to be rearranged with RARA gene [15]. 
FNDC3B was originally described as factor 
involved in adipocyte differentiation process, and 
it contains nine fibronectin type III (FN3) 
domains, which are known to mediate protein 
interactions. In the recently described case, a 
36-year-old male presented with a clinical pic-
ture suggestive for APL, characterized by hyper-
granular blasts in bone marrow; CD13, CD15, 
CD33, and CD117 positivity; and CD34 and 
HLA-DR negativity by flow cytometry and coag-
ulopathy. However, RT-PCR and FISH failed to 
identify PML-RARA, but still FISH showed that 
72% of cells had a split RARA signal. Karyotype 
analysis showed 45,X,-Y,t(3;17)(q26;q21)
[8]/46,XY[5], and through 5′-rapid amplification 
of cDNA ends, the authors identified FNDC3B as 
RARA partner. Authors showed that exon 24 of 
FNDC3B was fused to exon 3 of RARA, generat-
ing a 1461 amino acid protein, containing eight 
FN3 domains of FNDC3B and the DNA-binding 
and ligand-binding domains of RARA. The 
patient was treated with 7 + 3 regimen including 
ATRA and entered into remission: of note, the 
patient experienced ATRA differentiation syndrome 
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on day 4 of therapy. After initial response, the 
patient relapsed 8 months after the start of main-
tenance therapy [15].

 Treatment Strategies

It is well known that RARA plays a key role in the 
development of APL. Study of the variant trans-
locations has provided strong support for the 
pathogenetic role of the interaction between 
X-RARA fusion proteins and corepressors in the 
myeloid maturational arrest that characterizes 
APL [17, 58]. In fact, under normal conditions, 
ATRA causes ligand-dependent conformational 
changes in wild-type RARA that induces the dis-
sociation of nuclear corepressors, facilitating cel-
lular differentiation. In case of PML-RARA 
fusion, cellular differentiation is blocked since 
the physiologic concentrations of ATRA are suf-
ficient to induce the conformational change that 
is required for the corepressor release. Thus, high 
concentrations of ATRA are required to induce 
release of the corepressor complex from the APL 
chimeric fusion proteins so that coactivators can 
activate transcription, which results in the termi-
nal differentiation of the APL blasts [59].

NPM-RARA, NuMA-RARA, PRKAR1A/
RARA, BCOR/RARA, and FIP1L1/RARA have 
all been reported to have a high affinity for core-
pressor molecules, and similarly to PML-RARA, 
they need high levels of ATRA to induce the 
release of corepressor complex and allow tran-
scription and differentiation to proceed [9, 10, 
17, 24, 60]. Therefore, patients with these vari-
ants can potentially achieve remission with treat-
ment regimens similar to those employed for 
classic APL. Although patients with NPM-RARA 
and BCOR/RARA usually respond to ATRA sim-
ilarly to patients with classic APL, studies have 
reported a higher risk of relapse in these patients 
[10, 29]. Arsenic trioxide is currently regarded 
as the most effective agent in APL harboring 
PML- RARA fusion gene. Arsenic trioxide com-
bined to ATRA has produced up to 100% of OS 
rates in lower-risk APL and is currently indi-
cated for front-line and salvage therapy [61]. 

ATO induces differentiation and apoptosis of 
leukemic cells via multiple mechanisms, with 
the main ones being the activation of caspase 
proteins cascade and the direct degradation of 
PML-RARA oncoprotein [3]. The latter effect is 
mediated by direct ATO binding to PML moiety 
of PML-RARA and subsequent SUMOylation 
and polyubiquitination of PML-RARA which is 
finally degradated by the ubiquitin-proteasome 
pathway [3]. Disregarding ZBTB16-RARA-
positive APL which has been demonstrated to be 
resistant to ATO both in vivo and in vitro, the 
sensitivity of other rare APL variants to ATO has 
not been well documented yet, and only single-
case reports are available. Chen et al. reported a 
long-term survival in an APL patient with vari-
ant NPM-RARA who relapsed four times and 
each time responded well to ATO or ATO-based 
re-induction therapies [33]. Also, PRKAR1A/
RARA variant appears to be sensitive to ATO [9], 
while BCOR/RARA- positive leukemia seems 
resistant to this agent [10]. STAT5B-RARA vari-
ant has been almost consistently reported not to 
be sensitive to both ATRA and ATO [10].

 APL Variants Involving RARG Gene

The retinoic acid receptor genes (RARA, 
RARB, RARG) share a high sequence homol-
ogy with conserved DNA-binding and ligand-
binding domains [62]. Despite their high 
structural homology, until recently genetic vari-
ants of APL reported in the literature exclu-
sively involved the nuclear receptor alpha of the 
RAR family. In 2011, investigators from La Fè 
Hospital in Valencia first described the involve-
ment of RARG gene as fusion partner with 
NUP98 in an AML case with morphological 
features of APL [4]. More recently, in 2017, 
investigators from South Korea have reported an 
even more peculiar case with morphologic and 
immunophenotypic features of classical hyper-
granular APL harboring RARG gene fused to 
PML. The latter is the first case to be reported 
involving PML in combination with an alterna-
tive RAR gene receptors [5].
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 NUP98-RARG Fusion Gene

Investigators from Hospital La Fé in Valencia 
(Spain) reported in 2011 a unique case of acute 
promyelocytic leukemia involving another sub-
type of the RAR family, i.e., RARgamma (RARG) 
receptor [4]. The patient presented with acute 
myeloid leukemia showing morphologic and 
immunophenotypic features consistent with the 
classical hypergranular subtype of APL. However, 
FISH and RT-PCR were both negative for PML-
RARA, and G-banding karyotype analysis 
revealed a translocation t(11;12)(p15;q13). 
Through CGH array and RT-PCR, investigators 
demonstrated a novel rearrangement fusing 
together exon 12 of NUP98 gene and exon 4 of 
RARG genes [4]. The NUP98 gene has been 
described to be involved in recurrent AML translo-
cations and encodes for a protein component of the 
nuclear pore complex that regulates the nucleocy-
toplasmic transport of proteins and mRNAs [63]. 
Subsequent studies conducted in murine models 
have shown that NUP98-RARG homodimers 
were able to transform primary hematopoietic 
stem/progenitors [64]. Cells harboring this fusion 
protein disclose a specific nuclear localization pat-
tern of NUP98- RARG homodimers together with 
the ability to recruit both RXRA and wild-type 
NUP98 but also exhibited transcriptional proper-
ties similar to other RARA fusions found in APL 
[64]. Regarding sensitivity to target therapies, con-
trasting results are present in available studies. The 
patient described in the single-case report was 
treated with a standard 7 + 3 schedule including 
cytarabine and idarubicin as induction therapy and 
subsequently underwent consolidation chemother-
apy followed by autologous peripheral blood 
stem-cell transplant. After 2 years the patient 
relapsed and was treated with ATRA + chemother-
apy obtaining CR; unfortunately he died from 
infectious complications during umbilical cord 
transplantation. The patient was treated with 
ATRA only for one day and with ATRA in combi-
nation with chemotherapy at relapse; it is therefore 
difficult to analyze the clinical sensitivity to this 
agent [4, 65]. Resistance to ATRA was demon-
strated in an in vitro study by the same Spanish 
investigators in the patient’s leukemic cells harbor-

ing NUP98- RARG fusion [65]; an opposite result 
was suggested by a subsequent in vitro study using 
a NUP98-RARG construct, where cells were sensi-
tive to this compound [64].

 PML-RARG Fusion Gene

Investigators from South Korea very recently 
described the case of a 64-year-old woman present-
ing with a clinical picture of cytopenia and labora-
tory coagulopathy, whose bone marrow showed 
infiltration by atypical hypergranular promyelo-
cytes with Auer rods characterized by immunophe-
notypic positivity for CD13, CD33, CD45, CD117, 
and cMPO and negativity for HLA-DR [5]. The 
t(15;17)(q22;q21) translocation was not detected 
by karyotyping; instead, a clonal translocation 
t(12;15)(q13;q22) was identified in 13 of 20 meta-
phases analyzed. FISH analysis for PML-RARA 
fusion showed PML split signals that were identi-
fied to be located on der(12)t(12;15)(q13;q22) and 
der(15)t(12;15)(q13;q22) from metaphase FISH 
and corresponding G-banded chromosomes. With 
whole- genome sequencing techniques, PML part-
ner gene was identified as RARG on 12q13, and the 
results were validated by nested RT-PCR and 
Sanger sequencing. Two different PML-RARG 
transcripts were identified, with the longer tran-
script fusing PML exon 3 to exon 1 of RARG and 
the shorter fusing PML exon 3 and exon 2 of 
RARG. At the DNA level, the genomic breakpoint 
was located in PML intron 3 (as in bcr3 PML-
RARA isoform) and at the protein level, the origi-
nal RARG amino acid sequence was conserved, 
and DBD and LBD RARG domains remained 
functional after fusion. Concerning ATRA sensitiv-
ity, the patient was treated for 18 days with ATRA 
and showed no response [5]. However, no clinical 
conclusions can be drawn in light of the early dis-
continuation of ATRA.

 Conclusions

Rare acute leukemia variants involving reti-
noic acid receptor genes represent very rare 
cases that share the involvement of RAR genes, 
either RARA of RARG isoforms, but retain het-
erogeneity in laboratory features and response 
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to targeted therapy. Thus, the identification of 
some of these variants is important both for 
prognostic implications and for their sensitiv-
ity to targeted drugs.
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Management of Treatment- 
Related Complications in Acute 
Promyelocytic Leukemia

Ombretta Annibali and Giuseppe Avvisati

 Introduction

Since the first use, by Chinese investigators, of 
all-trans retinoic acid (ATRA) [1] and of arsenic 
trioxide (ATO) [2] in the treatment of acute pro-
myelocytic leukemia (APL), the survival rates of 
this type of leukemia have significantly improved 
reaching 80–90% of all the patients receiving 
therapeutic regimens including one or both these 
drugs [3]. Despite that, severe hemorrhagic and 
to a less extent thrombotic complications can still 
occur and cause early death (see Chap. 5). 
Further, new toxicities related to the use of ATRA 
and ATO have emerged which may complicate 
the course of this disease. Herein, we describe the 
management of complications, other than throm-
bohemorrhagic, observed in APL patients related 
to the use of ATRA and/or ATO.

 Common Complications Shared by 
ATRA and ATO in APL

 Differentiation Syndrome

The first identified complication of ATRA treat-
ment was the differentiation syndrome (DS), 

 previously referred to as retinoic acid syndrome 
(RAS) [4]. This syndrome is a relatively common 
and potentially severe complication seen in patients 
with APL treated with ATRA [4] and/or ATO [5] 
characterized in its first description by fever, dys-
pnea, hypotension, and pleural and pericardial 
effusions. It occurs in about 10–25% of APL 
patients during the first days or weeks after the start 
of ATRA and/or ATO [6–8]. So far, no reliable fac-
tors can predict which patients are more or less 
likely to develop DS after treatment with ATRA or 
ATO. Nevertheless, an increased incidence has 
been reported in patients with an elevated white 
blood cell (WBC) count at diagnosis or a rapidly 
increasing WBC count [9]. It is important, how-
ever, to recognize that the syndrome can also occur 
in the absence of an elevated WBC count. Another 
factor which has been proposed as predictive of DS 
is an elevated body mass index (BMI) [10].

The etiology of DS is not fully understood, but 
it is thought to be due to the release of inflamma-
tory vasoactive cytokines causing capillary leak 
syndrome with fever, edema, rash, and hypoten-
sion [11–13]. It has also been suggested that the 
maturation of promyelocytes induced by ATRA 
or ATO may induce changes in the adhesive 
properties of APL cells that promote the aggrega-
tion of promyelocytes, with subsequent leukosta-
sis, vessel occlusion, and tissue infiltration by the 
maturing cells [14].

DS has been defined by the GIMEMA group 
as definitely present in the presence of the 
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 following five signs and symptoms: fever, dys-
pnea, pleural and/or pericardial effusion, pulmo-
nary infiltrates on chest radiograph, and weight 
gain >5 kg; DS is defined as “indeterminate” in 
the presence of two to four of the above signs and 
symptoms, associated or not with lower extrem-
ity edema and/or hypotension [15]. More 
recently, the PETHEMA group revised the DS 
grading system and classified patients into those 
with severe DS (presence of four or more of the 
following signs and symptoms: dyspnea, unex-
plained fever, weight gain greater than 5 kg, 
unexplained hypotension, acute renal failure, 
and, particularly, a chest radiograph demonstrat-
ing pulmonary infiltrates or pleuropericardial 
effusion) or moderate DS (presence of 2–3 of the 
previous signs or symptoms) [16].

Until now, no single sign or symptom has 
been identified to be sufficient to diagnose DS, 
since these symptoms may be associated with 
other conditions such as infections, septic shock, 
or hemorrhage. Considering that the diagnosis 
can be subtle and elusive, a high index of suspi-
cion is required for the early recognition of 
DS. In case of suspected DS, it is recommended 
to discontinue the administration of ATRA and/
or ATO and to administer dexamethasone (10 mg 
total dose, intravenous every 12 h for a minimum 
of 3 days) associated with a diuretic (furose-
mide) if needed; however, some investigators 
suggest that ATRA and/or ATO treatment should 
be discontinued only in case of severe DS [16]. 
In order to reduce the incidence and severity of 
DS, some clinical trials have included the admin-
istration of prophylactic steroids to all patients 
with APL during induction therapy [15, 17, 18]. 
However, a prospective randomized trial is 
required to determine whether this approach 
decreases the incidence and mortality of DS. In 
patients with respiratory distress, temporary ces-
sation of ATRA and/or ATO is recommended. 
Both drugs may be restarted once the syndrome 
has resolved.

In some patients, DS may also cause a signifi-
cant decline in the left ventricular ejection frac-
tion (LVEF) [19], and there are reports of 
coronary vasospasm and myocardial stunning in 
the setting of this syndrome [20, 21].

 Hyperleukocytosis

Hyperleukocytosis is a well-known and frequent 
side effect of both ATRA [22, 23] and ATO [24, 
25]. The marked increase in the WBC count is 
due to the rapid maturation induced by ATRA 
and/or ATO of a large mass of leukemic cells, 
which may result in leukostasis. 
Hyperleukocytosis can be successfully managed 
using hydroxyurea.

 Complications Related to the Use 
of ATRA in APL

 Pseudotumor Cerebri

Idiopathic intracranial hypertension (IIH), com-
monly called pseudotumor cerebri (PTC), is the 
second most common complication of ATRA, 
initially described by Mahmoud et al. in children 
with APL [26]. Children and adolescents with 
APL treated with ATRA have higher rates of 
PTC (9%, especially in children <10 years of 
age) [7] compared to adults (3% in large adult 
trials) [27]; PTC may or may not be associated 
with DS. The incidence in children decreased 
with the use of lower doses of ATRA (25 mg/m2/
day) in the most recent pediatric clinical trials 
[28]. In fact, a lower dose of ATRA had proven to 
be effective in a previously reported dose reduc-
tion trial for adult APL [29]. However, despite 
such reduction, both headaches and PTC are still 
observed. The risk of PTC may increase with the 
concurrent use of azole antifungal agents, which 
can increase ATRA plasma levels by inhibiting 
cytochrome P450-mediated ATRA catabolism 
[30]. PTC has also been anecdotally reported 
with the use of ATO [31].

The diagnosis of PTC during APL treatment is 
routinely suspected in patients with severe head-
ache, nausea and vomiting, papilledema, retinal 
hemorrhage, ocular pain, and visual changes and/or 
vision loss. The risk of vision loss increases if PTC 
is prolonged. Patient evaluation should include neu-
rologic and ophthalmologic examination (ocular 
fundi and visual fields assessment), cerebrospinal 
fluid (CSF) opening pressure and cell count, and 
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neuroimaging studies such as a computed tomogra-
phy (CT) or magnetic resonance imaging (MRI). 
The diagnosis of PTC is confirmed in the presence 
of elevated CSF opening pressure, normal CSF cell 
count, and negative neuroimaging studies. If symp-
toms persist, therapeutic options include the tempo-
rary discontinuation or dose reduction of ATRA, 
major analgesic drugs (codeine or morphine sul-
fate), and/or the administration of steroids and acet-
azolamide [27]. In the majority of reported cases, 
PTC tends to be transient and reversible and can be 
resolved with medical intervention.

The mechanism of ATRA-related PTC is similar 
to that of vitamin A toxicity, which is a known cause 
of PTC, since high doses of ATRA can enhance the 
production of the CSF. In a study comparing CSF 
retinol levels in patients with idiopathic PTC to 
those without PTC, a higher level of vitamin A was 
noted in the CSF of affected patients, none of whom 
had known vitamin A toxicity [32]. In addition, 
ATRA may alter the lipid constituents of the arach-
noid villi, which disturbs the normal transport sys-
tem thus preventing the absorption of CSF [33].

In 2013, the diagnostic criteria for PTC syn-
drome were modified and currently include pap-
illedema, normal neurologic exam except for 
cranial nerve abnormalities, normal neuroimag-
ing without evidence of hydrocephalus, mass or 
structural lesion, and no abnormal meningeal 
enhancement on MRI or contrast-enhanced CT, 
normal CSF composition, and elevated CSF 
opening pressure (250 mm CSF in adults or 
280 mm CSF in children). Further, the diagnosis 
can be made in the absence of papilledema if all 
of the above criteria are satisfied and the patient 
has unilateral or bilateral abducens nerve palsy. If 
there is neither papilledema nor a sixth cranial 
nerve palsy, the diagnosis can be suggested, but 
not confirmed with additional neuroimaging 
characteristics [34]. Although headache is the 
most common presenting symptom of PTC [35], 
it is not part of the 2013 diagnostic criteria.

 Mucocutaneous Complications

The toxicity of ATRA, other than DS, is dose related 
[36] and mostly involves the skin and mucous 

membranes. Dermatologic complications consist of 
skin/mucous membrane dryness (77%), rash (54%), 
pruritus (20%), alopecia (14%), and skin changes 
(14%). The mucocutaneous complications of ATRA 
treatment include dryness of the skin, cheilitis, ery-
thema, pruritus, alopecia, skin changes, Sweet’s 
syndrome, and, very rarely, scrotal ulcerations.

 Skin Dryness
Most APL patients on ATRA treatment may 
develop this complication, which is generally 
associated with erythema of the skin, mouth, 
eyes, and lips (cheilitis). In its severe form, this 
complication may mimic exfoliative dermatitis, a 
rare and potentially serious skin disorder, in 
which the skin is diffusely red and inflamed with 
varying degrees and types of scaling [37].

 Cheilitis
Cheilitis is an acute or chronic inflammation of 
the lips which may be caused by systemic or topi-
cal retinoids. It usually involves the lip vermilion 
and the vermilion border, although the surround-
ing skin and oral mucosa may also be affected. 
Common symptoms include erythema, dryness, 
scaling, fissuring, edema, itching, and burning. It 
is a frequently observed side effect during ATRA 
treatment, but most cases are mild to moderate. 
Patients should be advised to avoid lip balms 
containing flavors, preservatives, propolis, lano-
lin, and other potential allergens. Simple emol-
lients can be liberally used in combination with 
topical corticosteroids, which can help in reduc-
ing inflammation and pruritus [37].

 Erythema Nodosum
Erythema nodosum is a very rare complication of 
ATRA treatment. Kuo et al. have described four 
patients with classic APL who developed ery-
thema nodosum during ATRA therapy [38]. Fever 
and subsequent multiple painful erythematous 
nodules over the extremities developed between 
days 12 and 19, respectively, after ATRA therapy. 
Skin biopsy was consistent with erythema nodo-
sum. All patients received a short course of ste-
roids, with rapid resolution of the fever and skin 
lesions. All patients achieved complete remission 
without withdrawal of ATRA [38].
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 Sweet’s Syndrome
Sweet’s syndrome is an acute febrile neutrophilic 
dermatosis characterized by nonpruritic skin 
lesions on the face, neck, chest, and extremities 
associated with fever [39, 40]. Skin biopsy shows 
a predominantly neutrophilic infiltration in the 
dermis without leukocytoclastic vasculitis. The 
cutaneous lesions and the clinical symptoms 
improve rapidly after starting treatment with sys-
temic corticosteroids. The etiology can be idio-
pathic (72%), parainflammatory to infections, 
autoimmune disorders, vaccination (16%), para-
neoplastic to hemoproliferative disorders or solid 
malignant tumors (11%), or pregnancy related 
(2%) [40]. Few cases of Sweet’s syndrome have 
been described in the medical literature follow-
ing the initiation of ATRA therapy in APL [41–
44]. The recognition of Sweet’s syndrome 
induced by ATRA therapy is of clinical impor-
tance because it requires management different 
from that for cutaneous infection (herpes virus, 
fungi) or drug-induced vasculitis. Corticosteroids 
rapidly improve the cutaneous and systemic 
signs, allowing ATRA therapy to be continued 
without interruption in some cases [42].

Sweet’s syndrome has been also associated 
with DS [44], since these two syndromes share 
several features such as fever, infiltration of neu-
trophils, and dramatic improvement with steroid 
therapy. However, in addition to the previous 
case, in the literature there is only another case of 
Sweet’s syndrome preceding DS [7].

 Scrotal Ulcerations
Another adverse effect of ATRA treatment in APL 
is represented by scrotal ulcerations [45–48]. It 
remains unclear why the ulcers occur on the scro-
tum, but it may be that the thin skin of this area may 
be more susceptible to retinoic acid and thus more 
prone to develop lesions. However, its pathogene-
sis remains unknown. In almost all patients, genital 
ulcers with concomitant fever appeared after 
17–32 days from the start of ATRA. Intravenous 
dexamethasone was able to control the progression 
of scrotal ulcers in some patients; however ATRA 
should be discontinued in case of failure of steroid 
therapy. Therefore, it is important to recognize 

genital ulcers associated with ATRA in order to 
take the appropriate measures.

 Lipid Profile

In most patients treated with doses >50 mg/m2/
day of ATRA, mild to moderate increase in tri-
glyceride level has been observed. However, dis-
continuation of ATRA and the use of drugs 
against hypertriglyceridemia are not usually rec-
ommended [49].

 Rare Adverse Effects of ATRA in APL

Other very rare complications of ATRA treat-
ment in APL have been reported and include 
endocrine and metabolic adverse effects, such as 
hypercalcemia, male infertility, bone marrow 
necrosis, fibrosis, and acute pancreatitis [50]. 
Investigators dealing with the treatment of APL 
should keep in mind the possibility that signs and 
symptoms indicating these rare complications 
may appear acutely during ATRA induction or 
during follow-up as late complications. 
Discontinuation of ATRA is mandatory in case of 
acute onset of hypercalcemia, pancreatitis, or 
bone marrow fibrosis. ATRA may be restarted 
once the patient has recovered from the compli-
cation and definitely discontinued in case of 
recurrence.

 Complications Related to the Use 
of ATO in APL

Arsenic trioxide (ATO) treatment is associated 
with several toxicities including prolongation of 
QTc interval, hepatotoxicity, neurotoxicity, 
mucocutaneous toxicities, fluid retention, and 
nephrotoxicity. Usually, none of these complica-
tions is known to compromise the successful con-
trol of APL by ATO. However, during the 
consolidation phase, occurrence of these compli-
cations is very rare, so it is possible that compli-
cations are due to toxic effects of the drug 
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together with toxic products released by leuke-
mic cells. The side effects of ATO are dose 
related, and in the presence of severe complica-
tions, the dose of this drug should be reduced or 
discontinued. In this regard, it is interesting to 
note that a lower ATO dosage of 0.8 mg/Kg has 
been reported to be equally effective for patients 
with APL [51].

 Prolongation of QTc Interval

Electrocardiographic (ECG) prolongation of the 
QTc interval is a common and well-documented 
side effect of ATO, while it is not observed with 
ATRA treatment. The GIMEMA-SAL-AMLSG 
APL0406 trial reported prolonged QTc interval in 
15 patients in the ATRA-ATO group (16%) [24]. 
QTc prolongation can lead to torsade de pointes-
type ventricular arrhythmia, which can be poten-
tially fatal. In this context, possible interaction 
with other drugs that prolong the QTc interval 
must be taken into account because several drugs 
are responsible to prolong QT interval and/or 
induce torsade de pointes [52]. For this reason, 
close ECG and electrolytes monitoring is neces-
sary during treatment with ATO. In particular, the 
Mg++ and K+ levels should always be kept in the 
high normal range, taking into account possible 
concomitant treatments that may deplete electro-
lytes (e.g., amphotericin B, furosemide, etc.).

QT interval is represented by the QRS com-
plex, the ST segment, and the T wave. Its mea-
surement starts from the deepest point of Q wave 
to the end of T wave. This interval greatly 
depends on the heart rate, and several formulas 
have been proposed to adjust the QT interval for 
heart rate in order to obtain the corrected QT 
interval (QTc); however, none of these proposed 
formulas is entirely satisfactory [53–55]. Despite 
that, data from the medical literature indicate 
that one of the most simple methods for adjust-
ing the QT interval for heart rate is the 
Framingham formula [55]. Applying this for-
mula, a QTc (corrected QT) interval > 450 mil-
liseconds (ms) for men and >460 ms for women 
must be considered prolonged. Despite the 

 relatively high frequency of QT prolongation 
during ATO treatment, clinically significant 
arrhythmias are very rare and none were reported 
in the most recent trials employing ATO as first-
line therapy. International guidelines recom-
mend maintaining potassium and magnesium 
concentrations above 4.0 mEq/L and 1.8 mg/dL, 
respectively, in order to reduce the risk of QTc 
prolongation and to discontinue other concurrent 
drugs that may cause QTc prolongation during 
ATO therapy [27]. In patients with a prolonged 
QTc interval above 500 msec, ATO should be 
withheld, electrolytes repleted, and other drugs 
that may prolong QTc interval discontinued until 
normalization of the QTc [27].

 Hepatotoxicity

Hepatotoxicity during ATO treatment is defined 
as an increase in serum bilirubin and/or ALT 
and/or alkaline phosphatase >5 times the normal 
upper level. This toxicity has frequently been 
reported in studies employing ATO with or with-
out ATRA, especially in terms of increase in 
liver enzymes (mostly ALT and AST, less fre-
quently alkaline phosphatase and bilirubin). This 
complication may occur in up to 60% of cases 
[24]; however it is generally reversible and suc-
cessfully managed with a decrease or temporary 
discontinuation of ATO and/or ATRA. No cases 
of hepatic failure have been reported in recent 
trials [24, 25].

In general, hepatotoxicity develops about 
5–10 days after initiation of ATO. The peak trans-
aminase levels rarely exceed five times the upper 
reference value [56]. Increases in bilirubin and 
ductal enzymes including alkaline phosphatase 
and γ-glutamyl transpeptidase (γ-GT) are uncom-
mon and if present should prompt investigation 
for other causes of cholestasis. A few cases of 
fulminant hepatic failure have been reported 
when ATO was used in patients with newly diag-
nosed APL [57]; however, this phenomenon has 
not been confirmed subsequently. When the 
transaminases are less than three times normal, 
our experience shows that ATO therapy can be 
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continued at half the original dose. The liver 
function usually normalizes within a week, and 
resumption of full dose treatment or at the 
reduced dose is subsequently well tolerated [57]. 
This transient hepatotoxicity may or may not 
recur during subsequent ATO treatment. 
However, when the transaminases exceed three 
times normal, temporary cessation of ATO treat-
ment may be needed. The hepatotoxicity usually 
resolves within a week, and treatment at half the 
original dose, with gradual escalation to full 
dose, can be restarted.

Distinct from intravenous (IV) ATO, the full 
dose of oral ATO enters first the portal circulation 
and subsequently the liver; despite that, oral ATO 
does not cause more liver toxicity than IV ATO.

Data from chronic arsenic poisoning studies 
suggest that liver fibrosis, cirrhosis, and hepato-
cellular carcinoma may occur [58–60]. 
Therefore, a prolonged therapeutic use of ATO 
may require close monitoring. So far, cirrhosis 
and hepatocellular carcinoma during the follow-
up of APL treated with therapeutic doses of ATO 
have not been reported. In chronic carriers of 
hepatitis B virus (HBV), lamivudine prophylaxis 
to prevent viral reactivation has been advocated 
[61] although such a strategy has not been vali-
dated in control trials. Since both HBV and 
chronic arsenic exposure predispose to cirrhosis 
and hepatocellular carcinoma [62], it may be 
prudent to prescribe prophylactic antiviral treat-
ment to avoid potential synergistic ATO and 
HBV hepatic damage. Finally, other hepatotoxic 
drugs used in the clinical course of leukemia, 
including antibiotics and the azole antifungal 
drugs, should also be used with caution during 
ATO therapy.

 Neurotoxicity

Peripheral neuropathy is reported in up to 10% of 
ATO-treated patients [63, 64]. The incidence may 
be even higher when other predisposing condi-
tions are present, including old age, diabetes mel-
litus, multiple myeloma, and the concurrent 
administration of neurotoxic drugs. A glove and 
stocking sensory neuropathy is typical, with 

 electrophysiological studies showing reduced sen-
sory action potentials with delayed conduction. 
Muscle atrophy has been occasionally reported 
after prolonged exposure [65]. Gradual improve-
ment occurs when ATO is reduced in dosage or 
discontinued. Sural nerve biopsies performed in a 
few severe cases have not shown specific histo-
pathological features. Severe functional deficits 
are unusual, and the presence of serious neuropa-
thies during ATO treatment should prompt investi-
gations for other causes. The blood-brain barrier 
(BBB) prevents heavy metals, including arsenic, 
from penetrating the CNS. Therefore, CNS side 
effects and encephalopathies during ATO therapy 
have not been reported. Hence, mental confusion 
in a patient on ATO should lead to investigations 
for other causes, such as CNS leukemia, viral 
encephalitis, alcoholism, or metabolic derange-
ments. For similar reasons, the CNS may be a 
sanctuary site for leukemic cells, and isolated CNS 
relapse in patients who responded to front-line 
ATO treatment has been described [66]. Suspected 
Wernicke’s encephalopathy associated with ATO 
treatment has been reported [67]. However, abnor-
malities in thiamine pyrophosphate and erythro-
cyte transketolase levels in consecutive patients on 
prolonged ATO treatment have not been observed, 
so that routine vitamin B1 supplements do not 
seem to be warranted. Long-term follow-up has 
not shown unusual CNS manifestations in patients 
after chronic treatment with ATO, although behav-
ioral abnormalities have been reported in animals 
with chronic arsenic exposure since birth [68].

Entry of arsenic into the CNS, however, may 
occur when the BBB is compromised. In a case 
of meningeal relapse of APL treated with oral 
ATO, penetration of arsenic into the cerebrospi-
nal fluid to therapeutically meaningful levels has 
been demonstrated [69].

A prominent but innocuous side effect when 
ATO is combined with ATRA is severe head-
ache [70]. Brain CT scan and fundoscopic 
examination have occasionally shown signs of 
PTC [31]. Although this side effect is stressful 
and alarming, the headache usually responds 
well to analgesic treatment and dose splitting of 
ATRA or ATO, and no long-term sequelae have 
been reported.
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 Dermatologic Toxicity

Chronic arsenic exposure results in various skin 
manifestations, including hyperpigmentation, 
keratosis, and squamous cell carcinoma (SCC). 
The therapeutic use of ATO results in cumulative 
doses well below that reported environmental or 
occupational arsenic exposure that leads to these 
skin manifestations [58]. The commonest derma-
tologic problem during ATO treatment is increased 
skin pigmentation [60]. So far, squamous cell car-
cinoma has not been reported. Abnormal pigmen-
tation is reversible after cessation of ATO 
treatment. If severe or persistent pigmentation 
occurs, then other causes, including porphyria and 
hemosiderosis, must be excluded [71].

Skin rash is the second most common prob-
lem. A late-onset painful and erythematous rash 
can be observed after prolonged arsenic treat-
ment, which could be related partly to the vaso-
constrictive effects of the drug [72]. The 
concomitant use of ATRA may also worsen the 
skin rash. In severe cases, temporary dose 
reduction or even cessation of ATO may be 
required. An allergic type, measles-like, pruritic 
rash has also been observed [64]. Skin rashes 
usually respond well to corticosteroid treatment, 
and ATO treatment can be continued without 
interruption.

 Fluid Retention

Edema of the hands, legs, and face after ATO 
treatment has also been described [65], which 
may be related to fluid retention as part of the 
APL-related DS.

 Viral Reactivation

In addition to HBV reactivation, another intrigu-
ing side effect of ATO treatment is reactivation of 
latent herpes virus (HSV) infections [73]. Both 
herpes simplex and herpes zoster (VZV) reactiva-
tion may occur. During ATO treatment, VZV 
reactivation occurs in up to 25% of patients within 
the first year of treatment [74]. Recognition of this 

association is important, since the timely treat-
ment of VZV may shorten the duration of symp-
toms and decrease post-herpetic complications.

 Nephrotoxicity

Since ATO has a predominant renal excretion, its 
dose should be reduced in patients with renal 
dysfunction. With appropriate dose adjustment 
and monitoring of arsenic levels, a patient with 
relapsed APL, on continuous peritoneal dialysis, 
has been successfully treated with oral ATO [75].

 Miscellaneous Toxicities

Gastrointestinal symptoms have been frequently 
reported with IV ATO [64]. For patients receiv-
ing oral ATO, mild nausea and dyspepsia are 
common [76]. Most patients respond to symp-
tomatic treatment, and cessation or dose reduc-
tion of arsenic compounds is usually not required. 
Carcinogenicity and mutagenicity are common 
concerns for antineoplastic agents. In popula-
tions exposed to chronic environmental arsenic, a 
higher incidence of skin and liver cancer has been 
observed, together with chromosomal instability 
[77]. An increased incidence of cancer of the 
skin, lung, and liver has also been reported after 
industrial and agricultural arsenic exposure [78, 
79]. The risk of secondary cancers after ATO 
treatment is not well defined.

 Conclusions

The introduction of ATRA and ATO as targeted 
therapy for APL has significantly improved the 
long-term outcome of this disease, which was 
once considered one of the most fatal malignan-
cies. With the combined use of these agents, 
patients are now able to achieve a cure rate of 
85–90%. However, it is important to recognize 
that both of these agents have toxicities different 
from those observed with anthracyclines or 
other chemotherapeutic agents. Table 21.1 sum-
marizes recommendations for the management 
of DS and other serious complications observed 
with the use of ATRA and ATO in APL.
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Table 21.1 Management of the most common complications associated with the use of ATRA and/or ATO in APL

Drug Complication Signs and symptoms Management

ATRA and/or 
ATO

Differentiation syndrome GIMEMA definition:
• Definitely present
  1. Fever
  2. Dyspnea
  3. Hypotension
  4.  Pleural and pericardial 

effusions
  5. Weight gain >5 kg
• Indetermined

2 or 4 of the above
PETHEMA definition:
• Severe DS
  1. Fever
  2. Weight gain >5 kg
  3. Hypotension
  4. Acute renal failure
  5.  Pulmonary infiltrates or 

pleuropericardial effusions
• Moderate DS

2 or 3 of the above

•  IV dexamethasone 10 mg 
BID until complete 
resolution of signs and 
symptoms

•  Temporary 
discontinuation of ATRA 
and/or ATO is mandatory 
in case of a definitely 
present or severe DS

Hyperleukocytosis •  Rapid WBC increase 
(WBC > 10 × 109/L)

•  Hydroxyurea, 
gemtuzumab ozogamycin, 
or anthracyclines 
(idarubicin or 
daunorubicin) may be 
used

Hepatotoxicity •  Increase in serum bilirubin 
and/or ALT and/or alkaline 
phosphatase > 5 times the 
upper normal level

•  ATRA and/or ATO 
should be temporarily 
discontinued until 
normalization of hepatic 
function tests

ATRA Pseudotumor cerebri • DIAGNOSIS before 2013:
• Suspected
  1. Severe headache
  2. Nausea and/or vomiting
  3. Papilledema
  4. Retinal hemorrhages
  5.  Visual changes and/or 

vision loss
• Confirmed
  1. Increased CSF pressure
  2. Normal CSF composition
  3. Normal neuroimaging
• DEFINITION after 2013:
• Papilledema
• Cranial nerve abnormalities
• Normal neuroimaging
• Normal CSF composition
•  Elevated CSF opening pressure

•  Temporary 
discontinuation of ATRA 
is recommended

•  Use of analgesics 
(opiates) to control 
headaches

•  Steroids and diuretics 
(acetazolamide or 
furosemide)

•  Close ophthalmological 
monitoring

•  Repeated lumbar 
punctures with CSF 
removal

ATO QTc interval prolongation •  Prolongation of corrected QT 
(QTc) interval > 500 ms

•  Withhold ATO until 
normalization of QTc 
interval

•  Patient must be 
monitored with daily 
ECG until normalization 
of QTc interval
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