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Abstract: Anaplastic large cell lymphoma (ALCL) represents a group of malignant T-cell
lymphoproliferations that share morphological and immunophenotypical features, namely strong
CD30 expression and variable loss of T-cell markers, but differ in clinical presentation and prognosis.
The recognition of anaplastic lymphoma kinase (ALK) fusion proteins as a result of chromosomal
translocations or inversions was the starting point for the distinction of different subgroups of
ALCL. According to their distinct clinical settings and molecular findings, the 2016 revised World
Health Organization (WHO) classification recognizes four different entities: systemic ALK-positive
ALCL (ALK+ ALCL), systemic ALK-negative ALCL (ALK— ALCL), primary cutaneous ALCL
(pC-ALCL), and breast implant-associated ALCL (BI-ALCL), the latter included as a provisional
entity. ALK is rearranged in approximately 80% of systemic ALCL cases with one of its partner
genes, most commonly NPM1, and is associated with favorable prognosis, whereas systemic ALK—
ALCL shows heterogeneous clinical, phenotypical, and genetic features, underlining the different
oncogenesis between these two entities. Recognition of the pathological spectrum of ALCL is crucial
to understand its pathogenesis and its boundaries with other entities. In this review, we will focus
on the morphological, immunophenotypical, and molecular features of systemic ALK+ and ALK—
ALCL. In addition, BI-ALCL will be discussed.

Keywords: anaplastic large cell lymphoma (ALCL); ALK (anaplastic lymphoma kinase); breast
implant-associated ALCL; lymphoma; morphology

1. Introduction

Anaplastic large cell lymphoma (ALCL) represents a group of malignant lymphoproliferations
sharing morphological and immunophenotypic features, but exhibiting different clinical and genetic
characteristics [1]. The 2016 revised World Health Organization (WHO) lymphoma classification
recognizes four different entities: systemic ALK-positive ALCL (ALK+ ALCL), systemic ALK-negative
ALCL (ALK— ALCL), primary cutaneous ALCL (pC-ALCL), and the provisional entity breast
implant-associated ALCL (BI-ALCL) [1].

ALCL was recognized for the first time by Stein et al. in 1985 as “anaplastic large cell Ki-1-positive
lymphomas”; an aggressive non-Hodgkin’s lymphoma (NHL) exhibiting a morphology suggestive
of “malignant histiocytosis” (MH), but with immunohistochemical features overlapping with those
of classic Hodgkin’s lymphoma (CHL). This entity was defined by a proliferation of large lymphoid
cells with a cohesive growth pattern with a tendency to invade lymph node sinuses and strong
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expression of Ki-1 antigen (later designated CD30) [2]. Subsequently, ALCL was recognized as a
distinctive entity and incorporated into the Kiel classification in 1988, the Revised European—American
Lymphoma (REAL) classification in 1994, and finally into the WHO classification of haematopoietic
and lymphoid tissues in 2001 [3,4]. Although the original descriptions of this entity considered ALCL
a neoplasm related to CHL and MH, subsequent immunophenotypic and T-cell receptor (TCR) gene
rearrangement studies confirmed its derivation from T cells and led to the recognition of ALCL as
a unique subtype of peripheral T-cell lymphoma (PTCL) lacking expression of T-cell related surface
proteins [2,5,6]. In 1994, the discovery of the recurrent t(2;5)(p23;q35) translocation fusing the anaplastic
lymphoma kinase (ALK) gene and the nucleophosmin (NPM1) gene in the majority of, but not all,
cases of ALCL indicated that this entity contained at least two distinct subtypes [7]. Whereas ALK+
ALCL was recognized as a definite entity already in the 2008 WHO classification, systemic ALK—
ALCL remained as a provisional entity, due to the lack of clear-cut criteria to distinguish it from
other CD30-positive PTCLs [8]. However, the differences in epidemiology, clinical outcomes, and
recently, novel molecular findings have supported its distinction from other PTCL [9,10], and nowadays
ALK— ALCL is recognized as a distinct entity [1]. Another subgroup of ALCL associated with the
seroma forming around breast implants has been added as a new provisional entity, designated breast
implant-associated ALCL (BI-ALCL) [1]. The etiology and pathogenesis of BI-ALCL have been related
to the immune reaction to silicone, and there are currently no known recurrent genetic aberrations [11].
Further studies are needed in order to learn about its pathogenesis [12].

The main focus of this review will be on the morphological, immunophenotypical, and genetic
features of systemic ALCL. In addition, the new insights about BI-ALCL will be discussed (Table 1).

Table 1. Anaplastic large cell lymphoma (ALCL): classification and variants.

1. Systemic ALK-positive ALCL (ALK+ ALCL)

Morphological variants:
1.1. Common pattern
1.2. Small cell pattern
1.3. Lymphohistiocytic pattern
1.4. Hodgkin’s-like pattern
1.5. Composite pattern

2. Systemic ALK-negative ALCL (ALK— ALCL)

Genetic variants:

2.1. DUSP-22-rearranged ALCL
2.2. TP63-rearranged ALCL
2.3. Triple-negative ALCL
2.4. Others: ERBB4-aberrant expression

3. Breast implant-associated ALCL (BI-ALCL)

Clinical and morphological variants
3.1. Seroma (in situ pattern)
3.2. Palpable mass (infiltrative pattern), related to systemic involvement

4. Primary cutaneous ALCL (pC-ALCL)

2. Systemic ALK-Positive Anaplastic Large Cell Lymphoma (ALK+ ALCL)

2.1. Definition and Clinical Features

ALK+ ALCL is a type of PTCL consisting of large lymphoid cells with abundant cytoplasm
and pleomorphic, often horseshoe-shaped nuclei, characterized by strong CD30 immunostaining
and ALK chromosomal translocation [1]. It accounts for 1-3% of adult and 10-20% of pediatric and
adolescent NHL [1,13]. Systemic ALK+ ALCL predominantly occurs in children and young adults with
a slight male predominance. It shows an aggressive behavior with rapidly progressive adenopathy
and systemic symptoms such as fevers, night sweats, and weight loss. At the time of diagnosis,
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most patients are in an advanced stage of disease (III-IV stage) with systemic symptoms (75%) and
lymph node enlargement (90%), including mediastinal involvement (36%). Extranodal involvement
is present in 40—-68% of cases, including skin (26%), bone (14%), and soft tissues (15%), lung (12%),
and liver (8%) [14-17]. Central nervous system involvement is rare; patients are usually younger at
onset and are considered to have a high-risk disease, but still can achieve complete remission after
chemoradiotherapy in a significant percentage of cases [18-20]. Leukemic involvement is rare and
prognostically unfavorable and most commonly occurs in the small cell variant of ALK+ ALCL [21,22].
Another interesting clinical feature is the presence of circulating antibodies against ALK fusion protein
at time of diagnosis and during remission of ALK+ ALCL [23,24]. Titers of ALK autoantibodies
correlate with clinical stage, and low autoantibodies titers are usually associated with a significantly
higher incidence of relapses [25]. Bone marrow (BM) involvement is observed in up to 40% of the cases
when immunohistochemical analysis is performed [26].

2.2. Morphological Features

ALK+ ALCL shows a significant morphological heterogeneity, ranging from small to medium-sized
cells to cases where anaplastic large cells predominate. Usually the architecture of lymph nodes is
partially effaced in ALK+ ALCL; the tumor cells commonly infiltrate the subcapsular sinuses and
paracortical region, often showing a striking intrasinusoidal dissemination in a sheet-like pattern,
mimicking a metastatic carcinoma (Figure 1A) [15,27-29]. The characteristic neoplastic cells of this
lymphoma are large with abundant eosinophilic cytoplasm and prominent Golgi apparatus, stained as
a clear perinuclear zone. Nuclei are large and show open chromatin with multiple nucleoli. Neoplastic
cells with eccentric, horseshoe, or kidney-shaped nuclei have been referred to as “hallmark cells”,
(Figure 1C), because they are present in all morphological variants of this lymphoma, and therefore
constitute a characteristic morphological feature [28,30]. Routine morphological examination of BM
biopsies reveals involvement in approximately 15% of the cases; the frequency of involvement is
usually underestimated due to the difficulty of distinguishing isolated neoplastic cells from other BM
cells. The use of immunohistochemical markers such as CD30, epithelial membrane antigen (EMA),
and ALK has increased the detection rate to 40%, highlighting the hidden tumor cells [26]. Using
reverse transcription polymerase chain reaction (RT-PCR) for the detection of NPM-ALK transcripts,
the positivity rate of BM aspirates is even higher and may have prognostic significance [31]. Rare cases
with BM involvement associated with extreme neutrophilia as a result of increased IL-17 secretion
have been reported and are associated with an aggressive clinical course [32].

According to the cytological and architectural features, five patterns have been recognized in
the WHO classification: the common pattern, the small cell pattern, the lymphohistiocytic pattern,
the Hodgkin's-like pattern, and the composite pattern [1]. These different histological patterns are not
considered histological grades, since overall they show a similar favorable prognosis [30]; however,
it is important to recognize the small cell and the lymphohistiocytic patterns because they have been
associated with more frequent leukemic manifestation and other features conveying a more aggressive
course [22,33,34].
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Figure 1. Morphological and immunohistochemical findings in ALK+ ALCL. (A) Tumor cells infiltrating
the sinuses displaying a cohesive pattern (H&E stain, 100 ); (B) The large neoplastic cells are relatively

monomorphic, showing abundant eosinophilic cytoplasm and pleomorphic nuclei and frequent
apoptotic bodies (H&E stain, 400x); (C) A “hallmark cell”, displaying an eccentric horseshoe-shaped
nuclei with two nucleoli and prominent Golgi area (H&E stain, 630x); (D) The tumor cells are
strongly and uniformly positive for CD30 with a membranous and Golgi zone pattern; (E) Strong
cytoplasmic nuclear and nucleolar ALK staining in the neoplastic cells is observed; (F) CD4 is positive
in macrophages but negative in neoplastic cells. (G,H) CD3 and CD? are positive in accompanying
T cells but negative in the tumor cells. (I) CD5 is positive in the majority of the tumor cells ((D-I),
immunohistochemistry, 400x). Abbreviations: H&E: hematoxylin and eosin.

2.2.1. Common Pattern

The ALK+ ALCL common pattern represents the most frequent morphological variant (60-70%).
It consists predominantly of large pleomorphic cells with admixed “hallmark” cells: they have
abundant clear or basophilic cytoplasm with large pleomorphic nuclei, finely dispersed nuclear
chromatin, and multiple small nucleoli [27,29]. Occasionally, cells with multiple nuclei, sometimes
arranged in a wreath-like fashion resembling Reed-Sternberg (RS) cells are found, but neoplastic
cells usually lack the large viral inclusion-like nucleoli of the characteristic RS cells. In addition to
hallmark cells, it is common to find other large pleomorphic cells that seem to have nuclear inclusions
referred to as “doughnut cells”; these inclusions are section artefacts, representing only invaginations
of the nuclear membrane [27]. Another characteristic feature is the invasion of the lymph node sinuses
accompanied by perivascular distribution. This distribution can also be seen in the other morphological
variants of ALCL. CD30 immunostaining is useful to identify the neoplastic cells in cases with subtle
sinusoidal involvement, especially in the small cell and in the lymphohistiocytic variants [27].

2.2.2. Small Cell Pattern

The small cell pattern (5-10%) shows a predominant population of small to medium-sized neoplastic
cells with clear cytoplasm and distinctive cell membranes exhibiting a “fried egg” appearance.
The nucleus of the neoplastic cells can be horseshoe-shaped or round, and typical hallmark cells
are always present and concentrated around the blood vessels, forming rosettes. This pattern can be
easily misdiagnosed as a PTCL “not otherwise specified” (PTCL-NOS), which can display the same
morphology accompanied by variable CD30 positive immunostaining [30,35].
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2.2.3. Lymphohistiocytic Pattern

The lymphobhistiocytic pattern (10%) is characterized morphologically by the presence of small
neoplastic cells admixed with abundant histiocytes. The histiocytes can predominate in this pattern,
masking the neoplastic cells, making the diagnosis of a malignancy challenging without appropriate
immunostaining. Occasionally, the histiocytes show signs of erythrophagocytosis and a monomorphic
appearance, which has led to a misdiagnosis of this entity as MH in the past [36]. Based on the fact
that small cell and lymphohistiocytic patterns can appear alone or intermixed in the same tumor or
in subsequent biopsies, these two patterns seem to be closely related [27]. Commonly, neoplastic
CD30-positive cells are found also in the peripheral blood, representing a leukemic manifestation that is
particular of these two patterns and is usually not observed in the other morphological variants [22,34].

2.2.4. Hodgkin’s-Like Pattern

The Hodgkin’s like pattern is present in only 3% of ALK+ ALCL. The morphological features
include an architecture that resembles nodular sclerosis CHL with a prominent inflammatory
background [37,38]. ALK immunostaining is crucial in the differential diagnosis of this entity; cases
will be misdiagnosed as CHL when ALK+ ALCL is not considered and ALK immunostaining is
not performed.

2.2.5. Composite Pattern

In about 15% of the cases, more than one pattern can be seen in a lymph node biopsy, referred
to as a “composite pattern” [27]. Other rare morphological patterns such as the sarcomatous variant
also have been described, but they are not integrated as a specific morphological pattern in the WHO
classification [39]. Cases with tumor cells distributed in a myxoid background may be misdiagnosed
as soft tissue sarcomas.

2.3. Immunophenotype

Immunophenotypically, ALK+ ALCL shows strong and uniform expression of CD30, a member of
the tumor necrosis factor receptor (TNFR) superfamily [2,40]. However, CD30 expression is not specific
for ALCL tumor cells, and is also found in activated B or T cells [41,42], in some solid tumors [43-45],
in CHL [2], as well as in a subset of PTCL-NOS [46]. CD30 is expressed strongly and homogenously
on the cell membrane and in the Golgi region (Figure 1D) in all the morphological patterns, except for
cases of small cell variant ALCL [15].

In 1997, Pulford developed a monoclonal antibody for paraffin sections, which detects ALK
protein expression with a high sensitivity and specificity [47]. Since the ALK protein is not expressed
outside the central nervous system in normal tissues postnatally, specific detection of ALK protein
confirms a malignant neoplasm, but not necessarily ALK+ ALCL, since other tumors with ALK
rearrangements exist; for example, a subset of adenocarcinoma of the lung. The immunostaining for
ALK protein shows a strong correlation with the presence of rearrangements detected by other genetic
study methods such as karyotyping, fluorescence in situ hybridization (FISH), or sequencing; therefore,
ALK immunohistochemistry became the gold standard for the diagnosis of ALK+ ALCL. According to
the ALK translocation partner gene, ALK immunohistochemistry shows different patterns of staining,
which is strongly dependent on the ALK binding partner. Cases with NPM1-ALK translocation show
cytoplasmic, nuclear, and nucleolar staining. The cytoplasmic staining is the result of the link between
the intracytoplasmic portion of ALK and the N-terminal portion of NPM1, whereas nuclear and
nucleolar staining are explained by the colocalization the of NPM1-ALK fusion protein to the nucleus
through the formation of heterodimers between wild-type NPM1 and NPM1-ALK [47]. In the small
cell variant, ALK staining is usually confined to the nucleus. ALK variant translocation partners such
as TPM3, ATIC, TFG, CLTC, TPM4, and MYH 9 lack nuclear localization and the staining pattern
is limited to the cytoplasm. However, MSN-ALK translocation shows a unique membrane staining
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that is thought to be the association of myosin with cell membrane proteins [48-50]. Most of the
cases of ALK+ ALCL express one or more T-cell antigens, but the loss of several pan-T-cell antigens
is commonly observed, resulting in a so-called null-cell phenotype (Figure 1F-H) [51]. Although
neoplastic cells frequently lose several T-cell antigens, the T-cell origin is supported by the presence
of TCR rearrangements in 80% to 90% of cases and gene expression profiling [6,51]. Neoplastic cells
are variably positive for CD45 and CD45RO, but negative for CD3 in more than 75% of the cases.
In contrast, other T-cell antigens such as CD2, CD5, and CD4 are positive in variable subsets of
cases (40-70%). Although CDS8 is usually negative, most of the cases express cytotoxic associated
antigens such as TIA-1, granzyme B, and perforin (Table 2) [9]. TCR betaF1 antibody is only expressed
in 4% of the cases. Interestingly, the loss of expression of TCR-associated molecules (CD3, ZAP70,
LAT, and SLP76) is usually accompanied by strong positivity of CD25 (IL-2 receptor), an antigen
that has been related to epigenetic downregulation of the TCR signaling pathway [52]. CD15 and
PAX5 expression is rare and usually restricted to a minority of cells, but when these markers are
expressed in ALCL, this may lead to diagnostic confusion with CHL. In those cases, CD45 and EMA
are useful markers, which are frequently positive in ALK+ ALCL and usually negative in CHL. The
transcription factor IRF4/MUMI1 and fascin, a protein involved in the formation of dendritic processes,
are both strongly positive in RS cells, but also expressed in ALCL cells; therefore, not useful for the
differential diagnosis [53-55]. The extracellular chaperone clusterin is highly expressed in systemic
ALCL, showing a characteristic Golgi staining pattern; however, clusterin reactivity has also been
shown in a subset of diffuse large B-cell lymphomas (DLBCL), and in cases of PTCL-NOS and CHL [56].
A minority of cases of ALK+ ALCL express the natural killer cell antigen CD56 [57]. Other markers
highly expressed in ALCL which are not used for practical diagnosis, but play an important role in its
oncogenesis are SHP-1 phosphatase, BCL6, C/EBPf3, CD147, and CD44v6 [58-63]. Interestingly, 50%
of ALK+ ALCL cases analyzed by tissue microarrays are positive for SHP-1, a negative regulator of
the NPM-ALK signaling pathway, which plays an important role in the oncogenesis and has become a
therapeutic target in this lymphoma [58]. Epstein-Barr virus (EBV) is consistently negative in ALK+
ALCL [1]. In general, the immunophenotype including the variant expression patterns of ALK are not
associated with specific prognostic features. Immunohistochemical markers suggested to be related to
prognosis are SERPIN A-1 and survivin. The modulation of these markers may provide a novel target
for experimental therapy in patients with systemic ALCL [57,59,64].

Table 2. Immunophenotypic features of ALCL.

Marker ALK+ ALCL ALK— ALCL BI-Associated ALCL
CD30 + + +
ALK + — —
EMA + + +
CD3 —/+ +/— —/+
CD4 +/— +/— +/—
CD8 — —/+ —/+
CD5 —/+ —/+ —/+
CD2 +/— —/+ —/+

TCR BF1 — — N/A
TIA1 +/— +/— —/+
BCL6 ! —/+ —/+ N/A
IRF4/MUM1 + + +/—

+: Positive in >90% of the cases; +/—: positive in >50% of the cases; —/+: positive in <50% of the cases; —: positive
in <10% of the cases; N/A: not available [51,65,66]. 1 BCL6 is more frequently positive in ALK+ ALCL in comparison
with ALK— ALCL (46% and 15%, respectively) [67].

2.4. Genetic and Molecular Findings

Approximately 80% of the cases show a cytogenetic translocation t(2;5), which fuses the ALK
gene, a receptor tyrosine kinase domain, at 2p23 to the nucleophosmine (NPM) gene at 5935, resulting
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in the overexpression and constitutive activation of a chimeric ALK fusion protein, which plays
an important role in ALK-mediated oncogenesis [7]. Other ALK variant translocations also occur
(Table 3), involving tropomyosin 3 (TPM3: 1q25) in 13% of cases; 5-aminoimidazole-4-carboxamide
ribonucleotide formyltransferase/IMP cyclohydrolase (ATIC: 2q35) in 1%; TRK-fused gene (TFG:
3q12.2) in 1%; and in <1% of cases, clathrin heavy chain (CLTC: 17q23), moesin (MSN: Xq11-12),
tropomyosin 4 (TPM4: 19p13.1), myosin heavy chain 9 (MYH9: 22q11.2), ring finger protein 213
(RNF213: 17925), and TNF receptor-associated factor 1 (TRAF-1: 9933.2) [48-50,68-77]. All the variant
translocations lead to the constitutive activation of ALK-tyrosine kinase and represent the critical
alteration in this lymphoma [78,79].

The ALK portion of the NPM-ALK protein containing the catalytic domain of the ALK receptor
undergoes autophosphorylation through reciprocal ALK tyrosine kinase activity, leading to strong
and persistent activation [80,81]. Constitutively active ALK fusion proteins promote tumorigenesis
through the activation of multiple signal transduction pathways by phosphorylating and activating
signaling transmitters and pathways, such as phospholipase C y (PLC ), phosphatidylinositol 3-kinase
(PI3K)/serine threonine kinase-1 (AKT-1), signal transducer and activator of transcription 3 (STAT3)
and signal transducer and activator of transcription 5 (STAT5), mechanistic target of rapamycin (mTOR),
and mitogen-induced extracellular kinase (MEK)/extracellular signal-regulated kinase (ERK) [82-86].
STAT3 oncogenic activity is mediated by its regulation of different target genes involved in the cell
cycle, apoptosis, immune response, angiogenesis, and metabolism [87]. One of the important roles
of STAT3 in ALCL is mimicking physiological progrowth signals, such as IL2 and TCR signaling
pathways, allowing for the proliferation and survival of tumor cells [88,89]. Recent studies have
revealed interferon regulatory factor 4 (IRF4) as a STAT3 key target gene, promoting survival of the
neoplastic cells by activation of the transcription factor MYC. However, independently of IRF4 genetic
alterations (translocations or overexpression), IRF4 has been shown to induce the survival of ALCL
neoplastic cells [90,91]. In myeloma cells, this mechanism is described as an autoregulatory circuit,
with IRF4 directly targeting MYC and at the same time IRF4 representing a direct target of MYC
transactivation [92].

Other mechanisms involving MYC may also be active in ALCL, such as BATF3 upregulation
mediated by the JAK-STAT signaling pathway, leading to MYC activation promoting cell proliferation
and apoptosis [93]. Consequently, inhibition of MYC and IRF4 represents a promising and novel
therapeutic target strategy to overcome resistance in ALCL [90,91].

In addition, gene expression profiling has been able to detect transcriptional targets directly
activated by the different signaling pathways promoting the growth and survival of the neoplastic
cells [82-86]. One central downstream target of ALK in ALCL is the transcription factor CCAAT/
enhancer binding protein beta (C/EBPf). C/EBPS is an intronless gene involved in various cellular
processes, including differentiation, proliferation, inflammatory response, and metabolism [94].
This transcription factor is overexpressed in ALK+ ALCL and its expression is dependent on ALK
kinase activity, indicating a critical role in the proliferation and survival by transcriptional activation
of its target genes, among them BCL2A1, G0S2, and DDX21 [60,83].

Other oncogenic mechanisms of NPM-ALK have been reported [95], including favoring genome
instability through phosphorylation of DNA mismatch repair proteins (MMR) [96]; inducing
angiogenesis by upregulation of HIF1A and VEGFA [97,98]; promoting metastasis through reversion
to stem cell-like phenotype with overexpression of SOX2, SALL4, and TWIST1 [99-101]; inducing
tumor inflammation through upregulation of IL-21 [102]; evading the immune response favoring
immunosuppression with overexpression of IL-10, TGFf3, and PD-L1 [103,104]; and resisting death
through the upregulation of antiapoptotic genes MCL-1 and BCL2A1 [105-107].

Relatively little is known about secondary genetic alterations in ALK+ ALCL. Two secondary
mechanisms have been recognized as being associated with ALK inhibitor resistance: the first one
related to mutations in the ALK kinase domain impairing ALK protein binding; and the second as a
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consequence of secondary mutations in the MAPK signaling pathway, achieving ALK independence,
resembling what has been reported for other ALK-expressing neoplasms [108,109].

Table 3. Genetic and molecular findings in ALCL.

Disease Chromosomal Rearrangements Gene Expression Chromosomal Imbalances

Most common rearrangement (80%):
NPMI1-ALK, t(2;5)(p23;q35) [7]
Other variant translocations:

TPM3-ALK, t(1,2)(p23;q25) [72] Present in 58% of the cases:

ATIC-ALK, inv(2)(p23;q35) [75] BCL-6, PTNP12, .
ALK+ ALCL TFG-ALK, t(2;3)(p23;q12) [71] SERPINA1, CEBPB [59] %2;‘2 of 69, 7p, 17p, and
CTLC-ALK, t(2;17)(p23;q23) [49,111] STAT3 regulators: Losses of 4a. 13-q21. and
MSN-ALK, t(2;X)(p23;q11-12) [50] IL-6, IL3IRA [112] 1114 [11 O]q, =t
TPM4-ALK, t(2;19)(p23;p13) [69] !
MYH9-ALK, +(2;22)(p23;q11) [48]
RNF213-ALK, t(2;17)(p23;q25) [69]
TRAF-1-ALK, t(2,9)(p23;933) [70]
IRF4-DUSP-22, 6p25.3 (30%)
TP63-TBLIRXRI, 3q28 (.8 %) . L ERBB4 overexpression Present in 65% of the cases:
JAK-1 and STAT3 mutations variants resulting in o .
STAT3 or JAK-1 constitutive activation: (24% of the cases) [113] Gains of 1q, 6p21, and 7p
ALK— ALCL NKB2, ROS1 ’ TNFSRFS8, BATF, Losses of 621 (PRDM1),
4 TMOD1, CCR7, CNTFR, 13q, and 17p13 (TP53)
NCOR2-ROS1 1122, and IL21 [59,114] [110,115]
NFKB2-TYK2 ’ ! ’
PABPC4-TYK2
No chromosomal translocations have been described Gains of 19
BI-ALCL to date Not known Losses of 1(§)p and 1p [116]

Comparative genomic hybridization technologies (CGH) have demonstrated the presence of
secondary chromosomal imbalances in 58% of ALK+ ALCL, including gains of 6q, 7p, 17p, and 17q24
and losses of 4q, 13-q21, and 11q14 [110].

2.5. Differential Diagnosis

Due to its unusual features, the differential diagnosis of systemic ALCL includes hematopoietic
and nonhematopoietic neoplasms. One needs to be aware that ALCL can present some morphological
and immunophenotypical characteristics mimicking metastatic carcinoma, such as sinusoidal growth
pattern, loss of CD45 in half of the cases, EMA and focal cytokeratin expression, leading to a
misdiagnosis of a nonhematopoietic neoplasm. The lack of diffuse cytokeratin positivity and the
characteristic strong and uniform CD30 expression are key features in the differential diagnosis with
nonhematopoietic neoplasms [45,117].

ALK+ ALCL should be distinguished from ALK+ large B-cell lymphomas and nonhematopoietic
neoplasms expressing ALK such as inflammatory myofibroblastic tumors, rhabdomyosarcomas,
and neuroblastomas [29,118,119]. ALK+ large B-cell lymphomas usually show a plasmablastic
appearance with a similar sinusoidal growth pattern. The neoplastic cells lack CD20 and CD30
reactivity, but are positive for ALK, showing a granular cytoplasmic pattern indicative of the
CTLC-ALK fusion protein [28]. In addition, rare cases of ALK+ MH have recently been described in
children, with a sinusoidal infiltration pattern and phenotypically characterized by the expression of
histiocytic markers [120].

3. Systemic ALK-Negative Anaplastic Large Cell Lymphoma (ALK— ALCL)

3.1. Definition and Clinical Features

Systemic ALK— ALCL has a similar morphology and phenotype to ALK+ ALCL, but by definition,
lacks ALK rearrangement and ALK expression [1]. ALK— ALCL usually affects adults with a slight
male predominance; the mean age of diagnosis is between 55 and 60 years [9]. Half of the cases
involve lymph nodes, and only 20% of the cases show an extranodal presentation. Two thirds of
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the patients are diagnosed in stage III-IV of the disease and show an unfavorable prognosis, usually
worse than in systemic ALK+ ALCL [10]. However, stratification of ALK+ and ALK— ALCL cases
according to age and stage in some studies have demonstrated similar prognosis [121], and the recent
detection of recurrent chromosomal translocations has allowed the stratification of ALK— ALCL into
prognostic groups.

3.2. Morphological Features

The histological findings in ALK— ALCL recapitulate the classical features of ALK+ ALCL. Cases
with lymph node involvement usually show effacement of the nodal architecture by solid, cohesive
sheets of neoplastic cells. In some of the cases, the architecture is preserved and the neoplastic cells
grow within the sinuses, mimicking a metastatic carcinoma. The neoplastic cells exhibit the same
cytological features of ALK+ ALCL, including the frequent occurrence of hallmark cells. Some studies
have pointed out differences in the cytological findings, including larger, more pleomorphic cells with
sometimes multilobated nucleus and a higher nuclear-to-cytoplasm ratio [122]. In contrast to ALK+
ALCL, no morphological variants are recognized. Specifically, the small cell pattern does not occur in
ALK— ALCL, based on the lack of features to distinguish these cases from PTCL-NOS CD30* [1].
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Figure 2. ALK— ALCL with DUSP-22 rearrangement. (A) Classic ALCL morphology is displayed;
cells are relatively monomorphic (H&E stain, 400x); (B) Neoplastic cells lack ALK expression;
(C) CD30 staining is strong and homogenous, showing a membranous and Golgi zone pattern
(immunohistochemistry 400x and insert 630x); (D) CD4; (E) CD8, and (F) TIA-1 are negative in
the neoplastic cells, exhibiting a triple-negative phenotype; (G) Neoplastic cells stained positive for
TCR alpha-beta (beta F1), demonstrating the T-cell origin; (H) IRF4/MUMI1 reveals nuclear expression
in all neoplastic cells ((B,D-H); immunohistochemistry, 400 x); (I) Fluorescent in situ hybridization
(FISH) using a break-apart probe to the IRF4-DUSP22 locus on 6p25.3 shows one normal fusion signal
(yellow arrow), one red signal (red arrow), and loss of one green signal, indicative of a IRF4-DUSP22
rearrangement. Abbreviations: H&E: hematoxylin and eosin.
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3.3. Immunophenotype

ALK~ ALCL, by definition, shows characteristically strong and homogenous CD30 expression.
Pan-T-cell antigens such as CD3 are more commonly expressed in ALK— than in ALK+ ALCL cells.
CD2 and CD3 are expressed in approximately 45% and 68%, respectively, whereas CD5 is often lost.
CD4 is frequently expressed in the neoplastic cells and CD8 positivity is rare [65]. Although the
neoplastic cells show a T-cell helper phenotype, cytotoxic markers such as TIA-1, granzyme B, and
perforin are present, with the exception of cases with DUSP22 rearrangement (see below, Figure 2) [122].
EMA immunostaining in ALK— ALCL is more variable as opposed to ALK+ ALCL, where most of
the cases are positive [9]. PAX-5 and CD15 are useful markers for making a differential diagnosis
with CHL. PAX-5 is usually weakly positive in RS cells and negative in ALK— ALCL; nevertheless,
rare cases of ALK— ALCL with PAX-5 expression have been reported [38,123,124].

3.4. Genetic and Molecular Findings

The genetic driver alterations in ALK— ALCL were poorly understood until recently. New sequencing
technologies have helped to identify new genetic alterations, cytogenetic abnormalities, and mutations
in ALK— ALCL, and potential therapeutic targets. Cytogenetic abnormalities involving tyrosine kinase
(ROS1 and TYK?) with other gene partners than ALK have been found in a subset of cases, resulting in
the activation of STAT3 or Janus kinase (JAK-1). The constitutive activation of the JAK-STAT signaling
pathway as the central pathogenetic feature is shared with ALK+ ALCL. In addition to the cytogenetic
abnormalities, whole exome sequencing has identified recurrent missense mutations affecting the SH2
domain of the STAT3 gene (Y640F N6471, D661Y, and A662V) and the 1097 codon within the kinase
domain of JAKI gene in 20% of the cases [102,125,126]. Although the frequency of STAT3 and JAK
mutations is rather low (20%), STAT3 activation is seen in nearly half (47%) of ALK— ALCL cases [127].
Independently of JAK1/STAT3 mutational status, cases associated with STAT3 phosphorylation are
sensitive to JAK1 inhibitors, presenting a promising therapeutic target [89].

Most importantly, two new distinctive chromosomal rearrangements in ALK— ALCL promoting
its oncogenesis have been described. The first involves the DUSP22-IRF4 locus (6p25.3), which is
present in 30% of the cases; the second rearrangement involving TP63 (3q28), a homolog of TP53,
observed in 8% of the cases [128,129]. DUSP22-IRF4 is rearranged frequently with the fragile site
(FRA7H) on 7q32.3, resulting in a fusion protein, DUSP22-FRA7H, associated with the downregulation
of dual specificity phosphatase gene (DUSP22) [128]. DUSP22 in normal T cells acts as a negative
regulator of the TCR signaling by inactivating the MAPK-ERK2 pathway [130]. It is important to
highlight the association of DUSP22 rearrangements with a favorable outcome in ALK— ALCL,
similar to ALK+ ALCL. In contrast, TP63 rearrangements, which frequently occur with the BL1XR1
partner gene as the product of an inv(3)(q26928), are often associated with poor outcome. The TP63
rearrangements lead to a fusion protein, which is homologous to the oncogenic protein Anp63,
a dominant-negative p63 isoform that inhibits the p53 pathway [122,128].

According to the presence or the absence of the cytogenetic abnormalities mentioned above,
three different subgroups of ALK— ALCL have been characterized: DUSP22-rearranged ALCLs,
TP63-rearranged ALCLs, and triple-negative ALCLs lacking DUSP22, TP63, and ALK [122]. Recently,
a correlative morphological characterization of the different cytogenetic subgroups has been performed.
DUSP22-rearranged cases show a classic pattern with relatively monomorphic features, more
common hallmark cells, and frequent so-called doughnut cells with nuclear pseudoinclusions
(Figure 2). The large pleomorphic cells commonly described in ALK— ALCL are less frequently
observed in this subgroup [131]. TP63-rearranged ALCLs have a wider morphological spectrum
than DUSP22-rearranged ALCL; nonetheless, these cases also present hallmark cells and lack large
pleomorphic cells [128,132]. As mentioned above, DUSP22-rearranged cases are usually negative
for cytotoxic markers and often show double negativity for CD4 and CD8. Of note, DUSP22- and
TP63-rearrangements are not specific for systemic ALK— ALCL, and can be present in pC-ALCL
and other subsets of PTCL; however, in the setting of systemic ALK— ALCL, detection of these
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translocations can be useful to predict the outcome of the disease and may influence therapeutic
strategies [122].

Gene expression profiling has also identified a new genetic subgroup expressing ERBB4, observed
in 24% of systemic ALK— ALCL. ERBB4 is a member of the tyrosine kinase receptor ERBB family,
which includes epidermal growth factor receptors EGFR (ERBB1), HER-2 (ERBB2), HER3 (ERBB3), and
HER4 (ERBB4). Interestingly, alterations in these genes in carcinomas have been linked to oncogenesis,
and nowadays are therapeutic target genes. The aberrant ERBB4 overexpression is a unique feature
of systemic ALK— ALCL that needs to be explored further and may have potential as a target for
specific therapies [113]. Secondary chromosomal imbalances are more frequent in ALK— ALCL than
in ALK+ ALCL, occurring in 65% of the cases. Gains of 1q and 6p21 and losses of 6q21 and 17p13 are
characteristic of ALK— ALCL, whereas gains of chromosome 7p as well as 13q loss are seen in both
ALK+ and ALK— ALCL [110].

3.5. Differential Diagnosis

The major differential diagnosis of ALK— ALCL is CD30-positive PTCL-NOS, in which cases
with overlapping pathological features occur. PTCL-NOS differs from ALK— ALCL by a more variable
cytology, more heterogeneous and usually weaker expression of CD30, and more common positivity
for CD2 and CD3. Other useful markers are the absence of EMA and cytotoxic markers in most
PTCL-NOS [9,65]. It is important to highlight that the diagnosis of ALK— ALCL should be reserved for
cases with morphological and immunophenotypic findings closely resembling the classical pattern of
ALK+ ALCL [1]. CHL rich in RS cells with less mixed inflammatory background can be misdiagnosed
as ALK— ALCL, and PAX5 expression is a useful tool for this differential diagnosis [38]. Another
entity to be considered in the differential diagnosis of ALCL is a subset of DLBCL showing CD30
positivity. CD30-positive DLBCL usually show a centroblastic appearance, but in some cases can
display anaplastic morphology; the positivity of B-cell markers (CD20, CD79) in the neoplastic cells
and the absence of ALK are crucial to establish the diagnosis [133,134].

Secondary involvement of ALK— ALCL in the skin has to be distinguished from primary cutaneous
CD30* T-cell lymphoproliferative disorders including lymphomatoid papulosis (LyP), pC-ALCL, and
borderline lesions. The differential diagnosis between these entities is difficult, and a comprehensive
approach including clinical, histological, and immunophenotypic features is required to resolve these
cases [135]. Of note, primary cutaneous CD30* lymphoproliferative disorders may involve regional
draining lymph nodes without meaning a systemic ALK— ALCL. Moreover, cases with regional lymph
node involvement do not have a worse prognosis or overall survival.

4. Breast Implant-Associated Anaplastic Large Cell Lymphoma (BI-ALCL)

4.1. Definition and Clinical Features

Breast implant-associated anaplastic large cell lymphoma (BI-ALCL) is a newly described
CD30* lymphoproliferation with characteristic clinical pathological findings that recently has been
incorporated into the 2016 revised WHO classification as a provisional entity [1]. The first case was
described by Keech and Creech in 1997, when they observed an association of ALCL with a saline-filled
breast implant [136]. In 2011, the Food and Drug Administration announced a possible association
between breast implants and the development of ALCL. Since then, 173 cases have been reported [137].
Even though many studies have shown a possible relationship between silicone breast implants and
lymphoma, large epidemiological studies were not able to demonstrate an increased risk of lymphoma
in patients with breast implants, indicating that the absolute risk is low [1]. All patients are women
diagnosed between the ages of 24 and 82 years with history of breast implants, presenting with a
mass or a periprosthetic fluid collection. According to the clinical presentation, two subgroups of
this entity have been recognized. The first subgroup is the most frequent, clinically presenting as an
effusion around the implant (also called seroma), whereas the second clinical subgroup presents with
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a palpable indolent tumor, which is generally confined to the breast, but occasionally can be associated
with systemic involvement (Figure 3) [12,138,139].

Figure 3. Breast implant-associated ALCL with systemic involvement. (A) 18 F-fluorodeoxyglucose-

positron emission/computerized tomography (FDG-PET/CT) scan demonstrating hypermetabolic
activity in the anterior right thorax and upper arm soft tissues accompanied by muscle and cutaneous
involvement, maximum standardized uptake value-6 (SUVmax-6). (B) Fine needle aspirate showing
large neoplastic cells with abundant eosinophilic cytoplasm and eccentric horseshoe-shaped nuclei
with multiple nucleoli (H&E stain, 630x). (C) Low-power view demonstrating capsule engrossment
and extensive lymphoma infiltrate (H&E stain 25x). (D,E) Infiltration of the neoplastic cells
to the surrounding soft tissue confirmed by CD30 immunostaining (H&E stain 50x and CD30
immunostaining 50x). (F) Sheets of large atypical neoplastic cells, as well as some occasional
hallmark cells (H&E stain, 400x). (G) Neoplastic cells show strong and homogenous staining of
CD30 (immunohistochemistry, 400x). Abbreviations: H&E: hematoxylin and eosin.

Patients with BI-ALCL, in general, show an excellent outcome; however, some patients may
develop recurrent disease associated with poor outcome. The reasons for these cases with poor
prognosis remain unclear, and the association with systemic ALK— ALCL involving breasts with
implants needs to be discussed [139,140]. In order to understand the pathogenesis and the natural
history of this entity, further cohorts with longer clinical follow-up are warranted.

4.2. Morphological Features

Patients usually present with a seroma around the implant with liquid effusion ranging from
200 to 1000 mL, without gross evidence of tumor. The capsule is commonly thickened, showing a
granular layer with adjacent fibrinoid material, but the implants usually are intact and not ruptured.
The proliferation of the neoplastic cells is limited to the capsule and the effusion fluid, representing
a type of in situ pattern. Cytologically, the tumor cells are large and pleomorphic, with abundant
pale cytoplasm and vesicular, irregular-shaped nuclei. Some of these cells can exhibit a hallmark cell
appearance. The background is polymorphic, consisting of small lymphocytes, histiocytes, and some
granulocytes, mostly eosinophils [138,141]. The second subgroup of patients with a palpable mass
shows a wider morphological spectrum. The neoplastic cells grow in a cohesive manner within a
fibrotic or chronic inflammatory background and show multinodular appearance with geographic
necrosis and abundant sclerosis (infiltrative pattern). Tumor cells are large with abundant cytoplasm
and vesicular multilobated nuclei; typical hallmark cell morphology is rarely observed [138,141].
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The histopathological findings in this entity are very characteristic and the differential diagnosis
generally is not difficult. However, some cases show a predominant chronic inflammatory infiltrate
composed by lymphocytes, histiocytes, and eosinophils, masking the neoplastic cells.

4.3. Immunophenotype

Neoplastic cells are strongly and uniformly positive for CD30 and usually negative for ALK
(Figure 3) [138,139]. Rare cases have been reported showing ALK positivity [142,143]. CD43 is
frequently positive in the neoplastic cells, but EMA shows a variable staining. T cell-associated
antigens such as CD3, CD5, and CD?7 are usually negative, but CD4 expression is present in most of
the cases. CD8 is negative, but cytotoxic markers can be observed. CD45 and BCL2 are frequently
positive, as well as IRF4/MUM1 [12,138]. BI-ALCL tumor cells, like their systemic counterparts, show
phospho-STAT3 (p-STAT3) nuclear staining, demonstrating the constitutive activation of STAT3 and its
role in the oncogenesis [12].

4.4. Genetic and Molecular Findings

TCR gene clonal rearrangements are present in the majority of cases [12,141]. Chromosomal
abnormalities involving ALK, DUSP22, and TP63 genes are absent, but recurrent mutations in the
JAK-STAT3 pathway have been reported and can be related to p-STAT3 expression [12,116]. In addition,
copy number variations showing gains of 19p and loss of chromosome 10p and 1p have been described;
alterations that are not shared with systemic ALCL [116].

4.5. Differential Diagnosis

Breast implant history and anaplastic cell morphology is necessary for the diagnosis of BI-ALCL.
Distinction between ALCL and other lymphomas such as CD30-positive PTCL and CHL involving the
breast is necessary. Once the diagnosis of ALCL is established, the distinction between dissemination
from systemic ALK— ALCL, pC-ALCL, and BI-ALCL is of crucial importance, due to their different
clinical behaviors. These three entities share morphological and immunophenotypic features, and their
distinction is frequently grounded in the clinical scenario [144].

5. Conclusions

ALCL encompasses a spectrum of mature T-cell malignancies sharing certain features such
as anaplastic cytology, strong CD30 expression, and variable loss of T-cell markers, but displaying
different clinical presentations, molecular features, and oncogenic mechanisms. Following the detection
of ALK translocations as a defining feature and dominant oncogenic driver of ALK+ ALCL more than
20 years ago, the new genetic insights have now allowed the confirmation of ALK— ALCL as a distinct
entity, setting it apart from other types of PTCL. The heterogeneity of ALCL is further underlined by
the recognition of BI-ALCL, a new provisional entity with very specific clinico-pathological features
associated with chronic inflammation. Further studies are needed to delineate the different oncogenic
mechanisms of these lymphomas in order to better understand the different faces of ALCL and improve
patient care.

Acknowledgments: This work was supported by funding from the European Union’s Horizon 2020 research
and innovative programme, under the Marie Sklodowska-Curie grant agreement No. 675712. The authors thank
Carlos Ortiz-Hidalgo (Universidad Panamericana, Mexico City, NM, USA) for providing the images of breast
implant-associated ALCL.

Author Contributions: Ivonne A. Montes-Mojarro wrote the manuscript and made the figures and tables.
Falko Fend helped write the manuscript. Leticia Quintanilla-Martinez provided the images of ALK— ALCL
and helped write the manuscript. Julia Steinhilber and Irina Bonzheim critically reviewed and helped write
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Cancers 2018, 10, 107 14 of 22

References

1.

10.

11.

12.

13.

14.

15.

Swerdlow, S.H.C.E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J.; Arber, D.A.; Hasserjian, R.P;
Le Beau, M.M.; Orazi, A.; et al. WHO Classification of Tumours of Hematopoietic and Lymphoid Tissues, 4th ed.;
International Agency for Research on Cancer (IARC): Lyon, France, 2017; ISBN 978-92-832-4494-3.

Stein, H.; Mason, D.Y.; Gerdes, J.; O’Connor, N.; Wainscoat, J.; Pallesen, G.; Gatter, K.; Falini, B.; Delsol, G.;
Lemke, H.; et al. The expression of the Hodgkin's disease associated antigen Ki-1 in reactive and neoplastic
lymphoid tissue: Evidence that Reed-Sternberg cells and histiocytic malignancies are derived from activated
lymphoid cells. Blood 1985, 66, 848-858. [PubMed]

Stansfeld, A.G.; Diebold, J.; Noel, H.; Kapanci, Y.; Rilke, F; Kelenyi, G.; Sundstrom, C.; Lennert, K,;
van Unnik, J.A.; Mioduszewska, O.; et al. Updated Kiel classification for lymphomas. Lancet 1988, 1,
292-293. [CrossRef]

Harris, N.L.; Jaffe, E.S.; Stein, H.; Banks, PM.; Chan, ]J.K,; Cleary, M.L.; Delsol, G.; De Wolf-Peeters, C.;
Falini, B.; Gatter, K.C,; et al. A revised European-American classification of lymphoid neoplasms: A proposal
from the International Lymphoma Study Group. Blood 1994, 84, 1361-1392. [CrossRef]

O’Connor, N.T.; Stein, H.; Gatter, K.C.; Wainscoat, ].S.; Crick, J.; Al Saati, T.; Falini, B.; Delsol, G.; Mason, D.Y.
Genotypic analysis of large cell lymphomas which express the Ki-1 antigen. Histopathology 1987, 11, 733-740.
[CrossRef] [PubMed]

Herbst, H.; Tippelmann, G.; Anagnostopoulos, I.; Gerdes, ].; Schwarting, R.; Boehm, T.; Pileri, S.; Jones, D.B.;
Stein, H. Immunoglobulin and T-cell receptor gene rearrangements in Hodgkin’s disease and Ki-1-positive
anaplastic large cell lymphoma: Dissociation between phenotype and genotype. Leuk. Res. 1989, 13, 103-116.
[CrossRef]

Morris, S.W.; Kirstein, M.N.; Valentine, M.B.; Dittmer, K.G.; Shapiro, D.N.; Saltman, D.L.; Look, A.T. Fusion of
a kinase gene, ALK, to a nucleolar protein gene, NPM, in non-Hodgkin's lymphoma. Science 1994, 263,
1281-1284. [CrossRef] [PubMed]

Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J.; Vardiman, ] W. WHO
Classification of Tumours of Haematopoietic and Lymphoid Tissues, 4th ed.; International Agency for Researh on
Cancer (IARC): Lyon, France, 2008; Volume 2, ISBN 978-92-832-2431-0.

Savage, K.J.; Harris, N.L.; Vose, ].M.; Ullrich, E; Jaffe, E.S.; Connors, ].M.; Rimsza, L.; Pileri, S.A,;
Chhanabhai, M.; Gascoyne, R.D.; et al. ALK— anaplastic large-cell lymphoma is clinically and
immunophenotypically different from both ALK+ ALCL and peripheral T-cell lymphoma, not otherwise
specified: Report from the International Peripheral T-Cell Lymphoma Project. Blood 2008, 111, 5496-5504.
[CrossRef] [PubMed]

Ten Berge, R.L.; de Bruin, P.C.; Oudejans, ].J.; Ossenkoppele, G.J.; van der Valk, P.; Meijer, C.J. ALK-negative
anaplastic large-cell lymphoma demonstrates similar poor prognosis to peripheral T-cell lymphoma,
unspecified. Histopathology 2003, 43, 462-469. [CrossRef] [PubMed]

Bizjak, M.; Selmi, C.; Praprotnik, S.; Bruck, O.; Perricone, C.; Ehrenfeld, M.; Shoenfeld, Y. Silicone implants
and lymphoma: The role of inflammation. J. Autoimmun. 2015, 65, 64-73. [CrossRef] [PubMed]

Laurent, C.; Delas, A.; Gaulard, P.; Haioun, C.; Moreau, A.; Xerri, L.; Traverse-Glehen, A.; Rousset, T.;
Quintin-Roue, L; Petrella, T.; et al. Breast implant-associated anaplastic large cell lymphoma: Two distinct
clinicopathological variants with different outcomes. Ann. Oncol. 2016, 27, 306-314. [CrossRef] [PubMed]
Burkhardt, B.; Zimmermann, M.; Oschlies, I.; Niggli, F; Mann, G.; Parwaresch, R.; Riehm, H.; Schrappe, M.;
Reiter, A.; Group, B.EM. The impact of age and gender on biology, clinical features and treatment outcome
of non-Hodgkin lymphoma in childhood and adolescence. Br. |. Haematol. 2005, 131, 39-49. [CrossRef]
[PubMed]

Falini, B.; Pileri, S.; Zinzani, P.L.; Carbone, A.; Zagonel, V.; Wolf-Peeters, C.; Verhoef, G.; Menestrina, F.;
Todeschini, G.; Paulli, M.; et al. ALK+ lymphoma: Clinico-pathological findings and outcome. Blood 1999,
93, 2697-2706. [PubMed]

Stein, H.; Foss, H.D.; Durkop, H.; Marafioti, T.; Delsol, G.; Pulford, K; Pileri, S.; Falini, B. CD30(+) anaplastic
large cell lymphoma: A review of its histopathologic, genetic, and clinical features. Blood 2000, 96, 3681-3695.
[PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/3876124
http://dx.doi.org/10.1016/S0140-6736(88)90367-4
http://dx.doi.org/10.1016/S0968-6053(00)80051-4
http://dx.doi.org/10.1111/j.1365-2559.1987.tb02687.x
http://www.ncbi.nlm.nih.gov/pubmed/3040565
http://dx.doi.org/10.1016/0145-2126(89)90134-3
http://dx.doi.org/10.1126/science.8122112
http://www.ncbi.nlm.nih.gov/pubmed/8122112
http://dx.doi.org/10.1182/blood-2008-01-134270
http://www.ncbi.nlm.nih.gov/pubmed/18385450
http://dx.doi.org/10.1046/j.1365-2559.2003.01726.x
http://www.ncbi.nlm.nih.gov/pubmed/14636272
http://dx.doi.org/10.1016/j.jaut.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26330346
http://dx.doi.org/10.1093/annonc/mdv575
http://www.ncbi.nlm.nih.gov/pubmed/26598546
http://dx.doi.org/10.1111/j.1365-2141.2005.05735.x
http://www.ncbi.nlm.nih.gov/pubmed/16173961
http://www.ncbi.nlm.nih.gov/pubmed/10194450
http://www.ncbi.nlm.nih.gov/pubmed/11090048

Cancers 2018, 10, 107 15 of 22

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Filippa, D.A.; Ladanyi, M.; Wollner, N.; Straus, D.J.; O’Brien, ]J.P; Portlock, C.; Gangi, M.; Sun, M. CD30
(Ki-1)-positive malignant lymphomas: Clinical, immunophenotypic, histologic, and genetic characteristics
and differences with Hodgkin’s disease. Blood 1996, 87, 2905-2917. [PubMed]

Kadin, M.E.; Carpenter, C. Systemic and primary cutaneous anaplastic large cell lymphomas. Semin. Hematol.
2003, 40, 244-256. [CrossRef]

Ellin, F; Landstrom, J.; Jerkeman, M.; Relander, T. Central nervous system relapse in peripheral T-cell
lymphomas: A Swedish Lymphoma Registry study. Blood 2015, 126, 36—41. [CrossRef] [PubMed]

Nomura, M.; Narita, Y.; Miyakita, Y.; Ohno, M.; Fukushima, S.; Maruyama, T.; Muragaki, Y.; Shibui, S.
Clinical presentation of anaplastic large-cell lymphoma in the central nervous system. Mol. Clin. Oncol. 2013,
1, 655-660. [CrossRef] [PubMed]

Williams, D.; Mori, T; Reiter, A.; Woessman, W.; Rosolen, A.; Wrobel, G.; Zsiros, J.; Uyttebroeck, A.; Marky, L;
Le Deley, M.C.; et al. Central nervous system involvement in anaplastic large cell lymphoma in childhood:
Results from a multicentre European and Japanese study. Pediatr. Blood Cancer 2013, 60, E118-121. [CrossRef]
[PubMed]

Onciu, M.; Behm, F.G.; Raimondi, S.C.; Moore, S.; Harwood, E.L.; Pui, C.H.; Sandlund, J.T. ALK-positive
anaplastic large cell lymphoma with leukemic peripheral blood involvement is a clinicopathologic entity
with an unfavorable prognosis. Report of three cases and review of the literature. Am. J. Clin. Pathol. 2003,
120, 617-625. [CrossRef] [PubMed]

Spiegel, A.; Paillard, C.; Ducassou, S.; Perel, Y.; Plantaz, D.; Strullu, M.; Eischen, A.; Lutz, P.; Lamant, L.;
Le Deley, M.C; et al. Paediatric anaplastic large cell lymphoma with leukaemic presentation in children:
A report of nine French cases. Br. . Haematol. 2014, 165, 545-551. [CrossRef] [PubMed]

Pulford, K.; Falini, B.; Banham, A.H.; Codrington, D.; Roberton, H.; Hatton, C.; Mason, D.Y. Immune
response to the ALK oncogenic tyrosine kinase in patients with anaplastic large-cell lymphoma. Blood 2000,
96, 1605-1607. [PubMed]

Ait-Tahar, K.; Cerundolo, V.; Banham, A.H.; Hatton, C.; Blanchard, T.; Kusec, R.; Becker, M.; Smith, G.L.;
Pulford, K. B and CTL responses to the ALK protein in patients with ALK-positive ALCL. Int. ]. Cancer 2006,
118, 688-695. [CrossRef] [PubMed]

Ait-Tahar, K.; Damm-Welk, C.; Burkhardt, B.; Zimmermann, M.; Klapper, W.; Reiter, A.; Pulford, K,;
Woessmann, W. Correlation of the autoantibody response to the ALK oncoantigen in pediatric anaplastic
lymphoma kinase-positive anaplastic large cell lymphoma with tumor dissemination and relapse risk. Blood
2010, 115, 3314-3319. [CrossRef] [PubMed]

Fraga, M.; Brousset, P; Schlaifer, D.; Payen, C.; Robert, A.; Rubie, H.; Huguet-Rigal, F; Delsol, G. Bone marrow
involvement in anaplastic large cell lymphoma. Immunohistochemical detection of minimal disease and its
prognostic significance. Am. J. Clin. Pathol. 1995, 103, 82-89. [CrossRef] [PubMed]

Benharroch, D.; Meguerian-Bedoyan, Z.; Lamant, L.; Amin, C.; Brugieres, L.; Terrier-Lacombe, M.].;
Haralambieva, E.; Pulford, K.; Pileri, S.; Morris, S.W.; et al. ALK-positive lymphoma: A single disease with a
broad spectrum of morphology. Blood 1998, 91, 2076-2084. [PubMed]

Delsol, G.; Lamant, L.; Mariame, B.; Pulford, K.; Dastugue, N.; Brousset, P.; Rigal-Huguet, F,; al Saati, T.;
Cerretti, D.P; Morris, S.W.; et al. A new subtype of large B-cell lymphoma expressing the ALK kinase and
lacking the 2; 5 translocation. Blood 1997, 89, 1483-1490. [PubMed]

Falini, B.; Bigerna, B.; Fizzotti, M.; Pulford, K.; Pileri, S.A.; Delsol, G.; Carbone, A.; Paulli, M.; Magrini, U.;
Menestrina, F; et al. ALK expression defines a distinct group of T/null lymphomas (“ALK lymphomas”)
with a wide morphological spectrum. Am. J. Pathol. 1998, 153, 875-886. [CrossRef]

Jaffe, E.S. Anaplastic large cell lymphoma: The shifting sands of diagnostic hematopathology. Mod. Pathol.
2001, 14, 219-228. [CrossRef] [PubMed]

Mussolin, L.; Pillon, M.; d’Amore, E.S.; Santoro, N.; Lombardi, A.; Fagioli, F.; Zanesco, L.; Rosolen, A.
Prevalence and clinical implications of bone marrow involvement in pediatric anaplastic large cell lymphoma.
Leukemia 2005, 19, 1643-1647. [CrossRef] [PubMed]

Sueki, Y.; Nozaki, Y.; Kawashima, I.; Yamamoto, T.; Nakajima, K.; Mitumori, T.; Kirito, K. Anaplastic large
cell lymphoma with paraneoplastic neutrophilia: An association between IL-17 elevation and aggressive
disease progression. Int. . Hematol. 2014, 99, 773-776. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/8639911
http://dx.doi.org/10.1016/S0037-1963(03)00138-0
http://dx.doi.org/10.1182/blood-2014-12-616961
http://www.ncbi.nlm.nih.gov/pubmed/25957393
http://dx.doi.org/10.3892/mco.2013.110
http://www.ncbi.nlm.nih.gov/pubmed/24649224
http://dx.doi.org/10.1002/pbc.24591
http://www.ncbi.nlm.nih.gov/pubmed/23720354
http://dx.doi.org/10.1309/WH8PNU9PK4RRV852
http://www.ncbi.nlm.nih.gov/pubmed/14560573
http://dx.doi.org/10.1111/bjh.12777
http://www.ncbi.nlm.nih.gov/pubmed/24666317
http://www.ncbi.nlm.nih.gov/pubmed/10942417
http://dx.doi.org/10.1002/ijc.21410
http://www.ncbi.nlm.nih.gov/pubmed/16114011
http://dx.doi.org/10.1182/blood-2009-11-251892
http://www.ncbi.nlm.nih.gov/pubmed/20185586
http://dx.doi.org/10.1093/ajcp/103.1.82
http://www.ncbi.nlm.nih.gov/pubmed/7817951
http://www.ncbi.nlm.nih.gov/pubmed/9490693
http://www.ncbi.nlm.nih.gov/pubmed/9057627
http://dx.doi.org/10.1016/S0002-9440(10)65629-5
http://dx.doi.org/10.1038/modpathol.3880289
http://www.ncbi.nlm.nih.gov/pubmed/11266530
http://dx.doi.org/10.1038/sj.leu.2403888
http://www.ncbi.nlm.nih.gov/pubmed/16049513
http://dx.doi.org/10.1007/s12185-014-1557-3
http://www.ncbi.nlm.nih.gov/pubmed/24609719

Cancers 2018, 10, 107 16 of 22

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Lamant, L; McCarthy, K; d’Amore, E.; Klapper, W.; Nakagawa, A, Fraga, M., Maldyk, J;
Simonitsch-Klupp, I.; Oschlies, I.; Delsol, G.; et al. Prognostic impact of morphologic and phenotypic features
of childhood ALK-positive anaplastic large-cell lymphoma: Results of the ALCL99 study. J. Clin. Oncol. 2011,
29, 4669-4676. [CrossRef] [PubMed]

Bayle, C.; Charpentier, A.; Duchayne, E.; Manel, A.M.; Pages, M.P,; Robert, A.; Lamant, L.; Dastugue, N.;
Bertrand, Y.; Dijoud, F.; et al. Leukaemic presentation of small cell variant anaplastic large cell lymphoma:
Report of four cases. Br. |. Haematol. 1999, 104, 680-688. [CrossRef] [PubMed]

Kinney, M.C,; Collins, R.D.; Greer, ].P.; Whitlock, ].A.; Sioutos, N.; Kadin, M.E. A small-cell-predominant
variant of primary Ki-1 (CD30)+ T-cell lymphoma. Am. ]. Surg. Pathol. 1993, 17, 859-868. [CrossRef]
[PubMed]

Pileri, S.; Falini, B.; Delsol, G.; Stein, H.; Baglioni, P.; Poggi, S.; Martelli, M.E;; Rivano, M.T.; Mason, D.Y;
Stansfeld, A.G. Lymphobhistiocytic T-cell lymphoma (anaplastic large cell lymphoma CD30* /Ki-1 + with a
high content of reactive histiocytes). Histopathology 1990, 16, 383-391. [CrossRef] [PubMed]

Leoncini, L.; Del Vecchio, M.T.; Kraft, R.; Megha, T.; Barbini, P.; Cevenini, G.; Poggi, S.; Pileri, S.; Tosi, P.;
Cottier, H. Hodgkin’s disease and CD30-positive anaplastic large cell lymphomas—A continuous spectrum
of malignant disorders. A quantitative morphometric and immunohistologic study. Am. J. Pathol. 1990, 137,
1047-1057. [PubMed]

Vassallo, J.; Lamant, L.; Brugieres, L.; Gaillard, F.,; Campo, E.; Brousset, P.; Delsol, G. ALK-positive anaplastic
large cell lymphoma mimicking nodular sclerosis Hodgkin's lymphoma: Report of 10 cases. Am. J.
Surg. Pathol. 2006, 30, 223-229. [CrossRef] [PubMed]

Chan, ].K,; Buchanan, R.; Fletcher, C.D. Sarcomatoid variant of anaplastic large-cell Ki-1 lymphoma. Am. J.
Surg. Pathol. 1990, 14, 983-988. [CrossRef] [PubMed]

Gruss, H.J.; Dower, S.K. Tumor necrosis factor ligand superfamily: Involvement in the pathology of malignant
lymphomas. Blood 1995, 85, 3378-3404. [PubMed]

Andreesen, R.; Osterholz, J.; Lohr, G.W.,; Bross, K.J. A Hodgkin cell-specific antigen is expressed on a subset
of auto- and alloactivated T (helper) lymphoblasts. Blood 1984, 63, 1299-1302. [PubMed]

Chiarle, R.; Podda, A.; Prolla, G.; Gong, J.; Thorbecke, G.J.; Inghirami, G. CD30 in normal and neoplastic
cells. Clin. Immunol. 1999, 90, 157-164. [CrossRef] [PubMed]

Latza, U.; Foss, H.D.; Durkop, H.; Eitelbach, E.; Dieckmann, K.P,; Loy, V.; Unger, M.; Pizzolo, G.; Stein, H.
CD30 antigen in embryonal carcinoma and embryogenesis and release of the soluble molecule. Am. J. Pathol.
1995, 146, 463-471. [PubMed]

Hittmair, A.; Rogatsch, H.; Hobisch, A.; Mikuz, G.; Feichtinger, H. CD30 expression in seminoma. Hum. Pathol.
1996, 27, 1166-1171. [CrossRef]

Durkop, H.; Foss, H.D.; Eitelbach, F.; Anagnostopoulos, I.; Latza, U.; Pileri, S.; Stein, H. Expression of the
CD30 antigen in non-lymphoid tissues and cells. J. Pathol. 2000, 190, 613-618. [CrossRef]

Went, P.; Agostinelli, C.; Gallamini, A.; Piccaluga, PP.; Ascani, S.; Sabattini, E.; Bacci, F,; Falini, B.; Motta, T.;
Paulli, M.; et al. Marker expression in peripheral T-cell lymphoma: A proposed clinical-pathologic prognostic
score. J. Clin. Oncol. 2006, 24, 2472-2479. [CrossRef] [PubMed]

Pulford, K.; Lamant, L.; Morris, S.W.; Butler, L.H.; Wood, K.M.; Stroud, D.; Delsol, G.; Mason, D.Y. Detection
of anaplastic lymphoma kinase (ALK) and nucleolar protein nucleophosmin (NPM)-ALK proteins in normal
and neoplastic cells with the monoclonal antibody ALK1. Blood 1997, 89, 1394-1404. [PubMed]

Lamant, L.; Gascoyne, R.D.; Duplantier, M.M.; Armstrong, F; Raghab, A.; Chhanabhai, M,;
Rajcan-Separovic, E.; Raghab, J.; Delsol, G.; Espinos, E. Non-muscle myosin heavy chain (MYH9): A
new partner fused to ALK in anaplastic large cell lymphoma. Genes Chromosom. Cancer 2003, 37, 427—-432.
[CrossRef] [PubMed]

Touriol, C.; Greenland, C.; Lamant, L.; Pulford, K.; Bernard, F.; Rousset, T.; Mason, D.Y.; Delsol, G. Further
demonstration of the diversity of chromosomal changes involving 2p23 in ALK-positive lymphoma: 2
cases expressing ALK kinase fused to CLTCL (clathrin chain polypeptide-like). Blood 2000, 95, 3204-3207.
[PubMed]

Tort, E; Pinyol, M.; Pulford, K.; Roncador, G.; Hernandez, L.; Nayach, I.; Kluin-Nelemans, H.C.; Kluin, P;
Touriol, C.; Delsol, G.; et al. Molecular characterization of a new ALK translocation involving moesin
(MSN-ALK) in anaplastic large cell lymphoma. Lab. Investig. 2001, 81, 419-426. [CrossRef] [PubMed]


http://dx.doi.org/10.1200/JCO.2011.36.5411
http://www.ncbi.nlm.nih.gov/pubmed/22084369
http://dx.doi.org/10.1046/j.1365-2141.1999.01238.x
http://www.ncbi.nlm.nih.gov/pubmed/10192426
http://dx.doi.org/10.1097/00000478-199309000-00001
http://www.ncbi.nlm.nih.gov/pubmed/8394652
http://dx.doi.org/10.1111/j.1365-2559.1990.tb01143.x
http://www.ncbi.nlm.nih.gov/pubmed/2163351
http://www.ncbi.nlm.nih.gov/pubmed/2173409
http://dx.doi.org/10.1097/01.pas.0000179123.66748.c2
http://www.ncbi.nlm.nih.gov/pubmed/16434897
http://dx.doi.org/10.1097/00000478-199010000-00013
http://www.ncbi.nlm.nih.gov/pubmed/2206085
http://www.ncbi.nlm.nih.gov/pubmed/7780126
http://www.ncbi.nlm.nih.gov/pubmed/6202342
http://dx.doi.org/10.1006/clim.1998.4636
http://www.ncbi.nlm.nih.gov/pubmed/10080826
http://www.ncbi.nlm.nih.gov/pubmed/7856755
http://dx.doi.org/10.1016/S0046-8177(96)90310-X
http://dx.doi.org/10.1002/(SICI)1096-9896(200004)190:5&lt;613::AID-PATH559&gt;3.0.CO;2-0
http://dx.doi.org/10.1200/JCO.2005.03.6327
http://www.ncbi.nlm.nih.gov/pubmed/16636342
http://www.ncbi.nlm.nih.gov/pubmed/9028963
http://dx.doi.org/10.1002/gcc.10232
http://www.ncbi.nlm.nih.gov/pubmed/12800156
http://www.ncbi.nlm.nih.gov/pubmed/10807789
http://dx.doi.org/10.1038/labinvest.3780249
http://www.ncbi.nlm.nih.gov/pubmed/11310834

Cancers 2018, 10, 107 17 of 22

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Bonzheim, L; Geissinger, E.; Roth, S.; Zettl, A.; Marx, A.; Rosenwald, A.; Muller-Hermelink, HK.; Rudiger, T.
Anaplastic large cell lymphomas lack the expression of T-cell receptor molecules or molecules of proximal
T-cell receptor signaling. Blood 2004, 104, 3358-3360. [CrossRef] [PubMed]

Ambrogio, C.; Martinengo, C.; Voena, C.; Tondat, F; Riera, L.; di Celle, P.F.; Inghirami, G.; Chiarle, R.
NPM-ALK oncogenic tyrosine kinase controls T-cell identity by transcriptional regulation and epigenetic
silencing in lymphoma cells. Cancer Res. 2009, 69, 8611-8619. [CrossRef] [PubMed]

Feldman, A.L.; Law, M.E.; Inwards, D.J.; Dogan, A.; McClure, R.F.; Macon, W.R. PAX5-positive T-cell
anaplastic large cell lymphomas associated with extra copies of the PAX5 gene locus. Mod. Pathol. 2010, 23,
593-602. [CrossRef] [PubMed]

Kinney, M.C.; Higgins, R.A.; Medina, E.A. Anaplastic large cell lymphoma: Twenty-five years of discovery.
Arch. Pathol. Lab. Med. 2011, 135, 19-43. [CrossRef] [PubMed]

Fan, G.; Kotylo, P; Neiman, R.S.; Braziel, R.M. Comparison of fascin expression in anaplastic large cell
lymphoma and Hodgkin disease. Am. J. Clin. Pathol. 2003, 119, 199-204. [CrossRef] [PubMed]
Nascimento, A.F.; Pinkus, J.L.; Pinkus, G.S. Clusterin, a marker for anaplastic large cell lymphoma
immunohistochemical profile in hematopoietic and nonhematopoietic malignant neoplasms. Am. J.
Clin. Pathol. 2004, 121, 709-717. [CrossRef] [PubMed]

Dunphy, C.H.; DeMello, D.E.; Gale, G.B. Pediatric CD56+ anaplastic large cell lymphoma: A review of the
literature. Arch. Pathol. Lab. Med. 2006, 130, 1859-1864. [CrossRef] [PubMed]

Honorat, ].F.; Ragab, A.; Lamant, L.; Delsol, G.; Ragab-Thomas, J. SHP1 tyrosine phosphatase negatively
regulates NPM-ALK tyrosine kinase signaling. Blood 2006, 107, 4130—4138. [CrossRef] [PubMed]

Lamant, L.; de Reynies, A.; Duplantier, M.M.; Rickman, D.S.; Sabourdy, E; Giuriato, S.; Brugieres, L.;
Gaulard, P; Espinos, E.; Delsol, G. Gene-expression profiling of systemic anaplastic large-cell lymphoma
reveals differences based on ALK status and two distinct morphologic ALK+ subtypes. Blood 2007, 109,
2156-2164. [CrossRef] [PubMed]

Quintanilla-Martinez, L.; Pittaluga, S.; Miething, C.; Klier, M.; Rudelius, M.; Davies-Hill, T.; Anastasov, N.;
Martinez, A.; Vivero, A.; Duyster, ].; et al. NPM-ALK-dependent expression of the transcription factor
CCAAT/enhancer binding protein beta in ALK-positive anaplastic large cell lymphoma. Blood 2006, 108,
2029-2036. [CrossRef] [PubMed]

Schmidt, J.; Bonzheim, I.; Steinhilber, J.; Montes-Mojarro, I.A.; Ortiz-Hidalgo, C.; Klapper, W.; Fend, F.;
Quintanilla-Martinez, L. EMMPRIN (CD147) is induced by C/EBPf3 and is differentially expressed in ALK+
and ALK— anaplastic large-cell lymphoma. Lab. Investig. 2017, 97, 1095-1102. [CrossRef] [PubMed]

He, ].H.; Liang, X.M.; Hou, J.H.; Huan, Y.L.; Wu, Q.L.; Xiao, Y.B. Study of CD44v6 protein expression in
intraductal papilloma and its malignant transformation of breast. Ai Zheng 2002, 21, 615-618. [PubMed]
Liang, X.; Golitz, L.E.; Smoller, B.R.; Meech, S.J.; Odom, L.E; Williams, S.A.; Ryder, ].W. Association of
expression of CD44v6 with systemic anaplastic large cell lymphoma: Comparison with primary cutaneous
anaplastic large cell lymphoma. Am. J. Clin. Pathol. 2002, 117, 276-282. [CrossRef] [PubMed]

Schlette, E.J.; Medeiros, L.J.; Goy, A.; Lai, R.; Rassidakis, G.Z. Survivin expression predicts poorer prognosis
in anaplastic large-cell lymphoma. J. Clin. Oncol. 2004, 22, 1682-1688. [CrossRef] [PubMed]

Hsi, E.D.; Said, J.; Macon, W.R; Rodig, S.J.; Ondrejka, S.L.; Gascoyne, R.D.; Morgan, E.A.; Dorfman, D.M.;
Maurer, M.J.; Dogan, A. Diagnostic accuracy of a defined immunophenotypic and molecular genetic
approach for peripheral T/NK-cell lymphomas. A North American PTCL study group project. Am. J.
Surg. Pathol. 2014, 38, 768-775. [CrossRef] [PubMed]

Falini, B.; Fizzotti, M.; Pucciarini, A.; Bigerna, B.; Marafioti, T.;, Gambacorta, M.; Pacini, R.; Alunni, C;
Natali-Tanci, L.; Ugolini, B.; et al. A monoclonal antibody (MUM1p) detects expression of the MUM1/IRF4
protein in a subset of germinal center B cells, plasma cells, and activated T cells. Blood 2000, 95, 2084-2092.
[PubMed]

Saglam, A.; Uner, A.H. Inmunohistochemical expression of Mum-1, Oct-2 and Bcl-6 in systemic anaplastic
large cell lymphomas. Tumori 2011, 97, 634-638. [CrossRef] [PubMed]

Falini, B.; Pulford, K.; Pucciarini, A.; Carbone, A.; De Wolf-Peeters, C.; Cordell, J.; Fizzotti, M.; Santucci, A.;
Pelicci, P.G.; Pileri, S.; et al. Lymphomas expressing ALK fusion protein(s) other than NPM-ALK. Blood 1999,
94, 3509-3515. [PubMed]


http://dx.doi.org/10.1182/blood-2004-03-1037
http://www.ncbi.nlm.nih.gov/pubmed/15297316
http://dx.doi.org/10.1158/0008-5472.CAN-09-2655
http://www.ncbi.nlm.nih.gov/pubmed/19887607
http://dx.doi.org/10.1038/modpathol.2010.4
http://www.ncbi.nlm.nih.gov/pubmed/20118907
http://dx.doi.org/10.1043/2010-0507-RAR.1
http://www.ncbi.nlm.nih.gov/pubmed/21204709
http://dx.doi.org/10.1309/EAE3TGPP4A5RVA92
http://www.ncbi.nlm.nih.gov/pubmed/12579989
http://dx.doi.org/10.1309/GQ2RLNDWLB9WY6UU
http://www.ncbi.nlm.nih.gov/pubmed/15151211
http://dx.doi.org/10.1043/1543-2165(2006)130[1859:PCALCL]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/17149964
http://dx.doi.org/10.1182/blood-2005-06-2421
http://www.ncbi.nlm.nih.gov/pubmed/16469875
http://dx.doi.org/10.1182/blood-2006-06-028969
http://www.ncbi.nlm.nih.gov/pubmed/17077326
http://dx.doi.org/10.1182/blood-2005-10-014258
http://www.ncbi.nlm.nih.gov/pubmed/16709933
http://dx.doi.org/10.1038/labinvest.2017.54
http://www.ncbi.nlm.nih.gov/pubmed/28581487
http://www.ncbi.nlm.nih.gov/pubmed/12452061
http://dx.doi.org/10.1309/TRW0-KXWV-QWG0-9XDF
http://www.ncbi.nlm.nih.gov/pubmed/11863224
http://dx.doi.org/10.1200/JCO.2004.10.172
http://www.ncbi.nlm.nih.gov/pubmed/15117990
http://dx.doi.org/10.1097/PAS.0000000000000188
http://www.ncbi.nlm.nih.gov/pubmed/24618604
http://www.ncbi.nlm.nih.gov/pubmed/10706878
http://dx.doi.org/10.1177/030089161109700516
http://www.ncbi.nlm.nih.gov/pubmed/22158496
http://www.ncbi.nlm.nih.gov/pubmed/10552961

Cancers 2018, 10, 107 18 of 22

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Cools, J.; Wlodarska, I.; Somers, R.; Mentens, N.; Pedeutour, F.; Maes, B.; De Wolf-Peeters, C.; Pauwels, P.;
Hagemeijer, A.; Marynen, P. Identification of novel fusion partners of ALK, the anaplastic lymphoma kinase,
in anaplastic large-cell lymphoma and inflammatory myofibroblastic tumor. Genes Chromosomes Cancer 2002,
34, 354-362. [CrossRef] [PubMed]

Feldman, A.L.; Vasmatzis, G.; Asmann, Y.W.; Davila, J.; Middha, S.; Eckloff, B.W.; Johnson, S.H.; Porcher, J.C.;
Ansell, SM.; Caride, A. Novel TRAF1-ALK fusion identified by deep RNA sequencing of anaplastic large
cell lymphoma. Genes Chromosomes Cancer 2013, 52, 1097-1102. [CrossRef] [PubMed]

Hernandez, L.; Pinyol, M.; Hernandez, S.; Bea, S.; Pulford, K.; Rosenwald, A.; Lamant, L.; Falini, B.; Ott, G.;
Mason, D.Y.; et al. TRK-fused gene (TFG) is a new partner of ALK in anaplastic large cell lymphoma
producing two structurally different TFG-ALK translocations. Blood 1999, 94, 3265-3268. [PubMed]
Lamant, L.; Dastugue, N.; Pulford, K.; Delsol, G.; Mariame, B. A new fusion gene TPM3-ALK in anaplastic
large cell lymphoma created by a (1;2)(q25;p23) translocation. Blood 1999, 93, 3088-3095. [PubMed]

Mason, D.Y.; Pulford, K.A.; Bischof, D.; Kuefer, M.U.; Butler, L.H.; Lamant, L.; Delsol, G.; Morris, S.W.
Nucleolar localization of the nucleophosmin-anaplastic lymphoma kinase is not required for malignant
transformation. Cancer Res. 1998, 58, 1057-1062. [PubMed]

Rosenwald, A.; Ott, G.; Pulford, K.; Katzenberger, T.; Kuhl, J.; Kalla, J.; Ott, M.M.; Mason, D.Y;;
Muller-Hermelink, HK. t(1;2)(q21;p23) and t(2;3)(p23;q21): Two novel variant translocations of the
t(2;5)(p23;935) in anaplastic large cell lymphoma. Blood 1999, 94, 362-364. [PubMed]

Trinei, M.; Lanfrancone, L.; Campo, E.; Pulford, K.; Mason, D.Y.; Pelicci, P.G.; Falini, B. A new variant
anaplastic lymphoma kinase (ALK)-fusion protein (ATIC-ALK) in a case of ALK-positive anaplastic large
cell lymphoma. Cancer Res. 2000, 60, 793-798. [PubMed]

Wilodarska, I.; De Wolf-Peeters, C.; Falini, B.; Verhoef, G.; Morris, S.W.; Hagemeijer, A.; Van den Berghe, H.
The cryptic inv(2)(p23q35) defines a new molecular genetic subtype of ALK-positive anaplastic large-cell
lymphoma. Blood 1998, 92, 2688-2695. [PubMed]

Abate, F.; Todaro, M.; van der Krogt, J.A.; Boi, M.; Landra, I.; Machiorlatti, R.; Tabbo, F; Messana, K.;
Abele, C.; Barreca, A.; et al. A novel patient-derived tumorgraft model with TRAF1-ALK anaplastic large-cell
lymphoma translocation. Leukemia 2015, 29, 1390-1401. [CrossRef] [PubMed]

Pulford, K.; Lamant, L.; Espinos, E.; Jiang, Q.; Xue, L.; Turturro, E; Delsol, G.; Morris, S.W. The emerging
normal and disease-related roles of anaplastic lymphoma kinase. Cell. Mol. Life Sci. 2004, 61, 2939-2953.
[CrossRef] [PubMed]

Pulford, K.; Morris, S.W.; Turturro, F. Anaplastic lymphoma kinase proteins in growth control and cancer.
J. Cell. Physiol. 2004, 199, 330-358. [CrossRef] [PubMed]

Fujimoto, J.; Shiota, M.; Iwahara, T.; Seki, N.; Satoh, H.; Mori, S.; Yamamoto, T. Characterization of the
transforming activity of p80, a hyperphosphorylated protein in a Ki-1 lymphoma cell line with chromosomal
translocation t(2;5). Proc. Natl. Acad. Sci. USA 1996, 93, 4181-4186. [CrossRef] [PubMed]

Bischof, D.; Pulford, K.; Mason, D.Y.; Morris, S.W. Role of the nucleophosmin (NPM) portion of the
non-Hodgkin’s lymphoma-associated NPM-anaplastic lymphoma kinase fusion protein in oncogenesis.
Mol. Cell. Biol. 1997, 17, 2312-2325. [CrossRef] [PubMed]

Zamo, A.; Chiarle, R.; Piva, R.; Howes, ].; Fan, Y.; Chilosi, M.; Levy, D.E.; Inghirami, G. Anaplastic lymphoma
kinase (ALK) activates Stat3 and protects hematopoietic cells from cell death. Oncogene 2002, 21, 1038-1047.
[CrossRef] [PubMed]

Anastasov, N.; Bonzheim, I.; Rudelius, M.; Klier, M.; Dau, T.; Angermeier, D.; Duyster, ].; Pittaluga, S.;
Fend, F,; Raffeld, M.; et al. C/EBPf3 expression in ALK-positive anaplastic large cell lymphomas is required
for cell proliferation and is induced by the STAT3 signaling pathway. Haematologica 2010, 95, 760-767.
[CrossRef] [PubMed]

Slupianek, A.; Nieborowska-Skorska, M.; Hoser, G.; Morrione, A.; Majewski, M.; Xue, L.; Morris, SW.;
Wasik, M.A.; Skorski, T. Role of phosphatidylinositol 3-kinase-Akt pathway in nucleophosmin/anaplastic
lymphoma kinase-mediated lymphomagenesis. Cancer Res. 2001, 61, 2194-2199. [PubMed]

Bai, R.Y.; Dieter, P.; Peschel, C.; Morris, S.W.; Duyster, J. Nucleophosmin-anaplastic lymphoma kinase of
large-cell anaplastic lymphoma is a constitutively active tyrosine kinase that utilizes phospholipase C-y to
mediate its mitogenicity. Mol. Cell. Biol. 1998, 18, 6951-6961. [CrossRef] [PubMed]

Werner, M.T.; Zhao, C.; Zhang, Q.; Wasik, M.A. Nucleophosmin-anaplastic lymphoma kinase: The ultimate
oncogene and therapeutic target. Blood 2017, 129, 823-831. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/gcc.10033
http://www.ncbi.nlm.nih.gov/pubmed/12112524
http://dx.doi.org/10.1002/gcc.22104
http://www.ncbi.nlm.nih.gov/pubmed/23999969
http://www.ncbi.nlm.nih.gov/pubmed/10556217
http://www.ncbi.nlm.nih.gov/pubmed/10216106
http://www.ncbi.nlm.nih.gov/pubmed/9500471
http://www.ncbi.nlm.nih.gov/pubmed/10381534
http://www.ncbi.nlm.nih.gov/pubmed/10706082
http://www.ncbi.nlm.nih.gov/pubmed/9763551
http://dx.doi.org/10.1038/leu.2014.347
http://www.ncbi.nlm.nih.gov/pubmed/25533804
http://dx.doi.org/10.1007/s00018-004-4275-9
http://www.ncbi.nlm.nih.gov/pubmed/15583856
http://dx.doi.org/10.1002/jcp.10472
http://www.ncbi.nlm.nih.gov/pubmed/15095281
http://dx.doi.org/10.1073/pnas.93.9.4181
http://www.ncbi.nlm.nih.gov/pubmed/8633037
http://dx.doi.org/10.1128/MCB.17.4.2312
http://www.ncbi.nlm.nih.gov/pubmed/9121481
http://dx.doi.org/10.1038/sj.onc.1205152
http://www.ncbi.nlm.nih.gov/pubmed/11850821
http://dx.doi.org/10.3324/haematol.2009.014050
http://www.ncbi.nlm.nih.gov/pubmed/20015877
http://www.ncbi.nlm.nih.gov/pubmed/11280786
http://dx.doi.org/10.1128/MCB.18.12.6951
http://www.ncbi.nlm.nih.gov/pubmed/9819383
http://dx.doi.org/10.1182/blood-2016-05-717793
http://www.ncbi.nlm.nih.gov/pubmed/27879258

Cancers 2018, 10, 107 19 of 22

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Inghirami, G.; Chiarle, R.; Simmons, W.J.; Piva, R.; Schlessinger, K.; Levy, D.E. New and old functions of
STAT3: A pivotal target for individualized treatment of cancer. Cell Cycle 2005, 4, 1131-1133. [CrossRef]
[PubMed]

Marzec, M.; Halasa, K; Liu, X.; Wang, H.Y.; Cheng, M.; Baldwin, D.; Tobias, ].W.; Schuster, S.J.; Woetmann, A.;
Zhang, Q.; et al. Malignant transformation of CD4* T lymphocytes mediated by oncogenic kinase NPM/ALK
recapitulates IL-2-induced cell signaling and gene expression reprogramming. J. Immunol. 2013, 191,
6200-6207. [CrossRef] [PubMed]

Chiarle, R.; Simmons, W.J.; Cai, H.; Dhall, G.; Zamo, A ; Raz, R.; Karras, ].G.; Levy, D.E.; Inghirami, G. Stat3
is required for ALK-mediated lymphomagenesis and provides a possible therapeutic target. Nat. Med. 2005,
11, 623-629. [CrossRef] [PubMed]

Weilemann, A.; Grau, M.; Erdmann, T.; Merkel, O.; Sobhiafshar, U.; Anagnostopoulos, I.; Hummel, M.;
Siegert, A.; Hayford, C.; Madle, H.; et al. Essential role of IRF4 and MYC signaling for survival of anaplastic
large cell lymphoma. Blood 2015, 125, 124-132. [CrossRef] [PubMed]

Bandini, C.; Pupuleku, A.; Spaccarotella, E.; Pellegrino, E.; Wang, R.; Vitale, N.; Duval, C.; Cantarella, D.;
Rinaldi, A.; Provero, P.; et al. IRF4 Mediates the Oncogenic Effects of STAT3 in Anaplastic Large Cell
Lymphomas. Cancers (Basel) 2018, 10, 21. [CrossRef] [PubMed]

Shaffer, A.L.; Emre, N.C.; Lamy, L.; Ngo, V.N.; Wright, G.; Xiao, W.; Powell, J.; Dave, S.; Yu, X.; Zhao, H.; et al.
IRF4 addiction in multiple myeloma. Nature 2008, 454, 226-231. [CrossRef] [PubMed]

Lollies, A.; Hartmann, S.; Schneider, M.; Bracht, T.; Weiss, A.L.; Arnolds, J.; Klein-Hitpass, L.; Sitek, B.;
Hansmann, M.L.; Kuppers, R.; et al. An oncogenic axis of STAT-mediated BATF3 upregulation causing
MYC activity in classical Hodgkin lymphoma and anaplastic large cell lymphoma. Leukemia 2018, 32, 92-101.
[CrossRef] [PubMed]

Huber, R.; Pietsch, D.; Panterodt, T.; Brand, K. Regulation of C/EBPf and resulting functions in cells of the
monocytic lineage. Cell Signal. 2012, 24, 1287-1296. [CrossRef] [PubMed]

Lai, R.; Ingham, R.J. The pathobiology of the oncogenic tyrosine kinase NPM-ALK: A brief update.
Ther. Adv. Hematol. 2013, 4, 119-131. [CrossRef] [PubMed]

Wu, F; Wang, P; Young, L.C.; Lai, R.; Li, L. Proteome-wide identification of novel binding partners to
the oncogenic fusion gene protein, NPM-ALK, using tandem affinity purification and mass spectrometry.
Am. ]. Pathol. 2009, 174, 361-370. [CrossRef] [PubMed]

Marzec, M.; Liu, X.; Wong, W.; Yang, Y.; Pasha, T.; Kantekure, K.; Zhang, P.; Woetmann, A.; Cheng, M.;
Odum, N; et al. Oncogenic kinase NPM /ALK induces expression of HIFlalpha mRNA. Oncogene 2011, 30,
1372-1378. [CrossRef] [PubMed]

Martinengo, C.; Poggio, T.; Menotti, M.; Scalzo, M.S.; Mastini, C.; Ambrogio, C.; Pellegrino, E.; Riera, L.;
Piva, R.; Ribatti, D.; et al. ALK-dependent control of hypoxia-inducible factors mediates tumor growth and
metastasis. Cancer Res. 2014, 74, 6094-6106. [CrossRef] [PubMed]

Wang, P; Zhang, ].D.; Wu, E; Ye, X.; Sharon, D.; Hitt, M.; McMullen, T.P.; Hegazy, S.A.; Gelebart, P;
Yang, J.; et al. The expression and oncogenic effects of the embryonic stem cell marker SALL4 in ALK-positive
anaplastic large cell lymphoma. Cell Signal. 2012, 24, 1955-1963. [CrossRef] [PubMed]

Gelebart, P; Hegazy, S.A.; Wang, P.; Bone, K.M.; Anand, M.; Sharon, D.; Hitt, M.; Pearson, J.D.; Ingham, RJ.;
Ma, Y.; et al. Aberrant expression and biological significance of Sox2, an embryonic stem cell transcriptional
factor, in ALK-positive anaplastic large cell lymphoma. Blood Cancer J. 2012, 2, e82. [CrossRef] [PubMed]
Zhang, J.; Wang, P; Wu, E; Li, M,; Sharon, D.; Ingham, RJ.; Hitt, M.; McMullen, T.P,; Lai, R. Aberrant
expression of the transcriptional factor Twistl promotes invasiveness in ALK-positive anaplastic large cell
lymphoma. Cell Signal. 2012, 24, 852-858. [CrossRef] [PubMed]

Crescenzo, R.; Abate, F; Lasorsa, E.; Tabbo, E.; Gaudiano, M.; Chiesa, N.; Di Giacomo, E,; Spaccarotella, E.;
Barbarossa, L.; Ercole, E.; et al. Convergent mutations and kinase fusions lead to oncogenic STAT3 activation
in anaplastic large cell lymphoma. Cancer Cell 2015, 27, 516-532. [CrossRef] [PubMed]

Marzec, M.; Zhang, Q.; Goradia, A.; Raghunath, P.N.; Liu, X.; Paessler, M.; Wang, H.Y.; Wysocka, M.;
Cheng, M.; Ruggeri, B.A.; et al. Oncogenic kinase NPM/ALK induces through STAT3 expression of
immunosuppressive protein CD274 (PD-L1, B7-H1). Proc. Natl. Acad. Sci. USA 2008, 105, 20852-20857.
[CrossRef] [PubMed]


http://dx.doi.org/10.4161/cc.4.9.1985
http://www.ncbi.nlm.nih.gov/pubmed/16082218
http://dx.doi.org/10.4049/jimmunol.1300744
http://www.ncbi.nlm.nih.gov/pubmed/24218456
http://dx.doi.org/10.1038/nm1249
http://www.ncbi.nlm.nih.gov/pubmed/15895073
http://dx.doi.org/10.1182/blood-2014-08-594507
http://www.ncbi.nlm.nih.gov/pubmed/25359993
http://dx.doi.org/10.3390/cancers10010021
http://www.ncbi.nlm.nih.gov/pubmed/29346274
http://dx.doi.org/10.1038/nature07064
http://www.ncbi.nlm.nih.gov/pubmed/18568025
http://dx.doi.org/10.1038/leu.2017.203
http://www.ncbi.nlm.nih.gov/pubmed/28659618
http://dx.doi.org/10.1016/j.cellsig.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22374303
http://dx.doi.org/10.1177/2040620712471553
http://www.ncbi.nlm.nih.gov/pubmed/23610619
http://dx.doi.org/10.2353/ajpath.2009.080521
http://www.ncbi.nlm.nih.gov/pubmed/19131589
http://dx.doi.org/10.1038/onc.2010.505
http://www.ncbi.nlm.nih.gov/pubmed/21102525
http://dx.doi.org/10.1158/0008-5472.CAN-14-0268
http://www.ncbi.nlm.nih.gov/pubmed/25193384
http://dx.doi.org/10.1016/j.cellsig.2012.06.005
http://www.ncbi.nlm.nih.gov/pubmed/22743134
http://dx.doi.org/10.1038/bcj.2012.27
http://www.ncbi.nlm.nih.gov/pubmed/22885405
http://dx.doi.org/10.1016/j.cellsig.2011.11.020
http://www.ncbi.nlm.nih.gov/pubmed/22155737
http://dx.doi.org/10.1016/j.ccell.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25873174
http://dx.doi.org/10.1073/pnas.0810958105
http://www.ncbi.nlm.nih.gov/pubmed/19088198

Cancers 2018, 10, 107 20 of 22

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Kasprzycka, M.; Zhang, Q.; Witkiewicz, A.; Marzec, M.; Potoczek, M.; Liu, X.; Wang, H.Y.; Milone, M.;
Basu, S.; Mauger, J.; et al. yc-Signaling cytokines induce a regulatory T cell phenotype in malignant CD4* T
lymphocytes. J. Immunol. 2008, 181, 2506-2512. [CrossRef] [PubMed]

Desjobert, C.; Renalier, M.H.; Bergalet, J.; Dejean, E.; Joseph, N.; Kruczynski, A.; Soulier, J.; Espinos, E.;
Meggetto, F.; Cavaille, J.; et al. MiR-29a down-regulation in ALK-positive anaplastic large cell lymphomas
contributes to apoptosis blockade through MCL-1 overexpression. Blood 2011, 117, 6627-6637. [CrossRef]
[PubMed]

Piva, R.; Pellegrino, E.; Mattioli, M.; Agnelli, L.; Lombardi, L.; Boccalatte, F.; Costa, G.; Ruggeri, B.A;
Cheng, M.; Chiarle, R.; et al. Functional validation of the anaplastic lymphoma kinase signature identifies
CEBPB and BCL2A1 as critical target genes. J. Clin. Investig. 2006, 116, 3171-3182. [CrossRef] [PubMed]
Bonzheim, I.; Irmler, M.; Klier-Richter, M.; Steinhilber, J.; Anastasov, N.; Schafer, S.; Adam, P.; Beckers, J.;
Raffeld, M.; Fend, F; et al. Identification of C/EBPp target genes in ALK+ anaplastic large cell lymphoma
(ALCL) by gene expression profiling and chromatin immunoprecipitation. PLoS ONE 2013, 8, e64544.
[CrossRef] [PubMed]

Gambacorti Passerini, C.; Farina, F.; Stasia, A.; Redaelli, S.; Ceccon, M.; Mologni, L.; Messa, C.; Guerra, L.;
Giudici, G.; Sala, E.; et al. Crizotinib in advanced, chemoresistant anaplastic lymphoma kinase-positive
lymphoma patients. J. Natl. Cancer Inst. 2014, 106, djt378. [CrossRef] [PubMed]

Sasaki, T.; Koivunen, J.; Ogino, A.; Yanagita, M.; Nikiforow, S.; Zheng, W.; Lathan, C.; Marcoux, J.P.; Du, J.;
Okuda, K;; et al. A novel ALK secondary mutation and EGFR signaling cause resistance to ALK kinase
inhibitors. Cancer Res. 2011, 71, 6051-6060. [CrossRef] [PubMed]

Salaverria, L; Bea, S.; Lopez-Guillermo, A.; Lespinet, V.; Pinyol, M.; Burkhardt, B.; Lamant, L.; Zettl, A.;
Horsman, D.; Gascoyne, R.; et al. Genomic profiling reveals different genetic aberrations in systemic
ALK-positive and ALK-negative anaplastic large cell lymphomas. Br. ]. Haematol. 2008, 140, 516-526.
[CrossRef] [PubMed]

Gascoyne, R.D.; Lamant, L.; Martin-Subero, J.I; Lestou, V.S.; Harris, N.L.; Muller-Hermelink, HK.;
Seymour, J.F.; Campbell, L.]J.; Horsman, D.E.; Auvigne, I; et al. ALK-positive diffuse large B-cell lymphoma
is associated with Clathrin-ALK rearrangements: Report of 6 cases. Blood 2003, 102, 2568-2573. [CrossRef]
[PubMed]

Igbal, J.; Weisenburger, D.D.; Greiner, T.C.; Vose, ].M.; McKeithan, T.; Kucuk, C.; Geng, H.; Deffenbacher, K.;
Smith, L.; Dybkaer, K.; et al. Molecular signatures to improve diagnosis in peripheral T-cell lymphoma and
prognostication in angioimmunoblastic T-cell lymphoma. Blood 2010, 115, 1026-1036. [CrossRef] [PubMed]
Scarfo, I.; Pellegrino, E.; Mereu, E.; Kwee, I.; Agnelli, L.; Bergaggio, E.; Garaffo, G.; Vitale, N.; Caputo, M.;
Machiorlatti, R.; et al. Identification of a new subclass of ALK-negative ALCL expressing aberrant levels of
ERBB4 transcripts. Blood 2016, 127, 221-232. [CrossRef] [PubMed]

Agnelli, L.; Mereu, E.; Pellegrino, E.; Limongi, T.; Kwee, I; Bergaggio, E.; Ponzoni, M.; Zamo, A.; Igbal, J.;
Piccaluga, P.P; et al. Identification of a 3-gene model as a powerful diagnostic tool for the recognition of
ALK-negative anaplastic large-cell lymphoma. Blood 2012, 120, 1274-1281. [CrossRef] [PubMed]

Boi, M.; Rinaldi, A.; Kwee, I.; Bonetti, P.; Todaro, M.; Tabbo, E,; Piva, R.; Rancoita, PM.; Matolcsy, A.; Timar, B.;
et al. PRDM1/BLIMP1 is commonly inactivated in anaplastic large T-cell lymphoma. Blood 2013, 122,
2683-2693. [CrossRef] [PubMed]

Blombery, P.; Thompson, E.R; Jones, K.; Arnau, G.M.; Lade, S.; Markham, ].E; Li, J.; Deva, A.; Johnstone, RW.;
Khot, A.; et al. Whole exome sequencing reveals activating JAK1 and STAT3 mutations in breast
implant-associated anaplastic large cell lymphoma anaplastic large cell lymphoma. Haematologica 2016, 101,
€387-e390. [CrossRef] [PubMed]

Falini, B.; Pileri, S.; Stein, H.; Dieneman, D.; Dallenbach, F.; Delsol, G.; Minelli, O.; Poggi, S.; Martelli, M.F,;
Pallesen, G.; et al. Variable expression of leucocyte-common (CD45) antigen in CD30 (Kil)-positive anaplastic
large-cell lymphoma: Implications for the differential diagnosis between lymphoid and nonlymphoid
malignancies. Hum. Pathol. 1990, 21, 624-629. [CrossRef]

Griffin, C.A.; Hawkins, A.L.; Dvorak, C.; Henkle, C.; Ellingham, T.; Perlman, E.J. Recurrent involvement of
2p23 in inflammatory myofibroblastic tumors. Cancer Res. 1999, 59, 2776-2780. [PubMed]
Marino-Enriquez, A.; Dal Cin, P. ALK as a paradigm of oncogenic promiscuity: Different mechanisms of
activation and different fusion partners drive tumors of different lineages. Cancer Genet. 2013, 206, 357-373.
[CrossRef] [PubMed]


http://dx.doi.org/10.4049/jimmunol.181.4.2506
http://www.ncbi.nlm.nih.gov/pubmed/18684941
http://dx.doi.org/10.1182/blood-2010-09-301994
http://www.ncbi.nlm.nih.gov/pubmed/21471522
http://dx.doi.org/10.1172/JCI29401
http://www.ncbi.nlm.nih.gov/pubmed/17111047
http://dx.doi.org/10.1371/journal.pone.0064544
http://www.ncbi.nlm.nih.gov/pubmed/23741337
http://dx.doi.org/10.1093/jnci/djt378
http://www.ncbi.nlm.nih.gov/pubmed/24491302
http://dx.doi.org/10.1158/0008-5472.CAN-11-1340
http://www.ncbi.nlm.nih.gov/pubmed/21791641
http://dx.doi.org/10.1111/j.1365-2141.2007.06924.x
http://www.ncbi.nlm.nih.gov/pubmed/18275429
http://dx.doi.org/10.1182/blood-2003-03-0786
http://www.ncbi.nlm.nih.gov/pubmed/12763927
http://dx.doi.org/10.1182/blood-2009-06-227579
http://www.ncbi.nlm.nih.gov/pubmed/19965671
http://dx.doi.org/10.1182/blood-2014-12-614503
http://www.ncbi.nlm.nih.gov/pubmed/26463425
http://dx.doi.org/10.1182/blood-2012-01-405555
http://www.ncbi.nlm.nih.gov/pubmed/22740451
http://dx.doi.org/10.1182/blood-2013-04-497933
http://www.ncbi.nlm.nih.gov/pubmed/24004669
http://dx.doi.org/10.3324/haematol.2016.146118
http://www.ncbi.nlm.nih.gov/pubmed/27198716
http://dx.doi.org/10.1016/S0046-8177(96)90009-X
http://www.ncbi.nlm.nih.gov/pubmed/10383129
http://dx.doi.org/10.1016/j.cancergen.2013.07.001
http://www.ncbi.nlm.nih.gov/pubmed/24091028

Cancers 2018, 10, 107 21 of 22

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Chan, J.K.; Lamant, L.; Algar, E.; Delsol, G.; Tsang, W.Y.; Lee, K.C.; Tiedemann, K.; Chow, C.W. ALK+
histiocytosis: A novel type of systemic histiocytic proliferative disorder of early infancy. Blood 2008, 112,
2965-2968. [CrossRef] [PubMed]

Sibon, D.; Fournier, M.; Briere, J.; Lamant, L.; Haioun, C.; Coiffier, B.; Bologna, S.; Morel, P; Gabarre, J.;
Hermine, O.; et al. Long-term outcome of adults with systemic anaplastic large-cell lymphoma treated
within the Groupe d'Etude des Lymphomes de 1'Adulte trials. J. Clin. Oncol. 2012, 30, 3939-3946. [CrossRef]
[PubMed]

Parrilla Castellar, E.R.; Jaffe, E.S.; Said, ].W.; Swerdlow, S.H.; Ketterling, R.P.; Knudson, R.A.; Sidhu, J.S;
Hsi, E.D.; Karikehalli, S.; Jiang, L.; et al. ALK-negative anaplastic large cell lymphoma is a genetically
heterogeneous disease with widely disparate clinical outcomes. Blood 2014, 124, 1473-1480. [CrossRef]
[PubMed]

Desouki, M.M.; Post, G.R.; Cherry, D.; Lazarchick, J. PAX-5: A valuable immunohistochemical marker in the
differential diagnosis of lymphoid neoplasms. Clin. Med. Res. 2010, 8, 84-88. [CrossRef] [PubMed]

Arun, I; Roy, P; Arora, N.; Bhave, S.J.; Nair, R.; Chandy, M. PAX-5 Positivity in Anaplastic Lymphoma
Kinase-Negative Anaplastic Large Cell Lymphoma: A Case Report and Review of Literature. Int. ].
Surg. Pathol. 2017, 25, 333-338. [CrossRef] [PubMed]

Velusamy, T.; Kiel, M.].; Sahasrabuddhe, A.A ; Rolland, D.; Dixon, C.A.; Bailey, N.G.; Betz, B.L.; Brown, N.A;
Hristov, A.C.; Wilcox, R.A.; et al. A novel recurrent NPM1-TYK2 gene fusion in cutaneous CD30-positive
lymphoproliferative disorders. Blood 2014, 124, 3768-3771. [CrossRef] [PubMed]

Abate, F,; Zairis, S.; Ficarra, E.; Acquaviva, A.; Wiggins, C.H.; Frattini, V.; Lasorella, A.; Iavarone, A.;
Inghirami, G.; Rabadan, R. Pegasus: A comprehensive annotation and prediction tool for detection of driver
gene fusions in cancer. BMC Syst. Biol. 2014, 8, 97. [CrossRef] [PubMed]

Khoury, ].D.; Medeiros, L.J.; Rassidakis, G.Z.; Yared, M.A.; Tsioli, P.; Leventaki, V.; Schmitt-Graeff, A.;
Herling, M.; Amin, H.M.; Lai, R. Differential expression and clinical significance of tyrosine-phosphorylated
STAT3 in ALK+ and ALK— anaplastic large cell lymphoma. Clin. Cancer Res. 2003, 9, 3692-3699. [PubMed]
Feldman, A.L.; Dogan, A.; Smith, D.I; Law, M.E.; Ansell, S.M.; Johnson, S.H.; Porcher, ]J.C.; Ozsan, N.;
Wieben, E.D.; Eckloff, B.W.; et al. Discovery of recurrent t(6;7)(p25.3;q32.3) translocations in ALK-negative
anaplastic large cell lymphomas by massively parallel genomic sequencing. Blood 2011, 117, 915-919.
[CrossRef] [PubMed]

Vasmatzis, G.; Johnson, S.H.; Knudson, R.A.; Ketterling, R.P.; Braggio, E.; Fonseca, R.; Viswanatha, D.S.;
Law, M.E,; Kip, N.S.; Ozsan, N.; et al. Genome-wide analysis reveals recurrent structural abnormalities of
TP63 and other p53-related genes in peripheral T-cell lymphomas. Blood 2012, 120, 2280-2289. [CrossRef]
[PubMed]

Zeng, Y.; Feldman, A.L. Genetics of anaplastic large cell lymphoma. Leuk. Lymphoma 2016, 57, 21-27.
[CrossRef] [PubMed]

King, R.L;; Dao, L.N.; McPhail, E.D,; Jaffe, E.S.; Said, J.; Swerdlow, S.H.; Sattler, C.A.; Ketterling, R.P;
Sidhu, J.S.; Hsi, E.D.; et al. Morphologic Features of ALK-negative Anaplastic Large Cell Lymphomas With
DUSP22 Rearrangements. Am. J. Surg. Pathol. 2016, 40, 36-43. [CrossRef] [PubMed]

Feldman, A.L.; Law, M.; Remstein, E.D.; Macon, W.R.; Erickson, L.A.; Grogg, K.L.; Kurtin, PJ.; Dogan, A.
Recurrent translocations involving the IRF4 oncogene locus in peripheral T-cell lymphomas. Leukemia 2009,
23, 574-580. [CrossRef] [PubMed]

Hu, S.; Xu-Monette, Z.Y.; Balasubramanyam, A.; Manyam, G.C.; Visco, C.; Tzankov, A.; Liu, WM,;
Miranda, R.N.; Zhang, L.; Montes-Moreno, S.; et al. CD30 expression defines a novel subgroup of diffuse
large B-cell lymphoma with favorable prognosis and distinct gene expression signature: A report from the
International DLBCL Rituximab-CHOP Consortium Program Study. Blood 2013, 121, 2715-2724. [CrossRef]
[PubMed]

Asano, H.; Imai, Y.; Ota, S.; Yamamoto, G.; Takahashi, T.; Fukayama, M.; Kurokawa, M. CD30-positive
anaplastic variant diffuse large B cell lymphoma: A rare case presented with cutaneous involvement.
Int. J. Hematol. 2010, 92, 550-552. [CrossRef] [PubMed]

de Leval, L.; Gaulard, P. CD30* lymphoproliferative disorders. Haematologica 2010, 95, 1627-1630. [CrossRef]
[PubMed]

Keech, J.A., Jr.; Creech, B.J. Anaplastic T-cell lymphoma in proximity to a saline-filled breast implant.
Plast. Reconstr. Surg. 1997, 100, 554-555. [CrossRef] [PubMed]


http://dx.doi.org/10.1182/blood-2008-03-147017
http://www.ncbi.nlm.nih.gov/pubmed/18660380
http://dx.doi.org/10.1200/JCO.2012.42.2345
http://www.ncbi.nlm.nih.gov/pubmed/23045585
http://dx.doi.org/10.1182/blood-2014-04-571091
http://www.ncbi.nlm.nih.gov/pubmed/24894770
http://dx.doi.org/10.3121/cmr.2010.891
http://www.ncbi.nlm.nih.gov/pubmed/20660931
http://dx.doi.org/10.1177/1066896916683447
http://www.ncbi.nlm.nih.gov/pubmed/28013563
http://dx.doi.org/10.1182/blood-2014-07-588434
http://www.ncbi.nlm.nih.gov/pubmed/25349176
http://dx.doi.org/10.1186/s12918-014-0097-z
http://www.ncbi.nlm.nih.gov/pubmed/25183062
http://www.ncbi.nlm.nih.gov/pubmed/14506160
http://dx.doi.org/10.1182/blood-2010-08-303305
http://www.ncbi.nlm.nih.gov/pubmed/21030553
http://dx.doi.org/10.1182/blood-2012-03-419937
http://www.ncbi.nlm.nih.gov/pubmed/22855598
http://dx.doi.org/10.3109/10428194.2015.1064530
http://www.ncbi.nlm.nih.gov/pubmed/26104084
http://dx.doi.org/10.1097/PAS.0000000000000500
http://www.ncbi.nlm.nih.gov/pubmed/26379151
http://dx.doi.org/10.1038/leu.2008.320
http://www.ncbi.nlm.nih.gov/pubmed/18987657
http://dx.doi.org/10.1182/blood-2012-10-461848
http://www.ncbi.nlm.nih.gov/pubmed/23343832
http://dx.doi.org/10.1007/s12185-010-0675-9
http://www.ncbi.nlm.nih.gov/pubmed/20838960
http://dx.doi.org/10.3324/haematol.2010.029256
http://www.ncbi.nlm.nih.gov/pubmed/20884717
http://dx.doi.org/10.1097/00006534-199708000-00065
http://www.ncbi.nlm.nih.gov/pubmed/9252643

Cancers 2018, 10, 107 22 of 22

137.

138.

139.

140.

141.

142.

143.

144.

Brody, G.S.; Deapen, D.; Taylor, C.R.; Pinter-Brown, L.; House-Lightner, S.R.; Andersen, J.S.; Carlson, G.;
Lechner, M.G.; Epstein, A.L. Anaplastic large cell lymphoma occurring in women with breast implants:
Analysis of 173 cases. Plast. Reconstr. Surg. 2015, 135, 695-705. [CrossRef] [PubMed]

Aladily, T.N.; Medeiros, L.J.; Amin, M.B.; Haideri, N.; Ye, D.; Azevedo, S]J.; Jorgensen, J.L.;
de Peralta-Venturina, M.; Mustafa, E.B.; Young, K.H.; et al. Anaplastic large cell lymphoma associated
with breast implants: A report of 13 cases. Am. J. Surg. Pathol. 2012, 36, 1000-1008. [CrossRef] [PubMed]
Aladily, T.N.; Medeiros, L.J.; Alayed, K.; Miranda, R.N. Breast implant-associated anaplastic large cell
lymphoma: A newly recognized entity that needs further refinement of its definition. Leuk. Lymphoma 2012,
53, 749-750. [CrossRef] [PubMed]

Ye, X.; Shokrollahi, K.; Rozen, WM.; Conyers, R.; Wright, P.; Kenner, L.; Turner, S.D.; Whitaker, LS. Anaplastic
large cell lymphoma (ALCL) and breast implants: Breaking down the evidence. Mutat. Res. Rev. Mutat. Res.
2014, 762, 123-132. [CrossRef] [PubMed]

Miranda, R.N.; Lin, L.; Talwalkar, S.S.; Manning, ].T.; Medeiros, L.]. Anaplastic large cell ymphoma involving
the breast: A clinicopathologic study of 6 cases and review of the literature. Arch. Pathol. Lab. Med. 2009, 133,
1383-1390. [CrossRef] [PubMed]

Popplewell, L.; Thomas, S.H.; Huang, Q.; Chang, K.L.; Forman, S.J. Primary anaplastic large-cell lymphoma
associated with breast implants. Leuk. Lymphoma 2011, 52, 1481-1487. [CrossRef] [PubMed]

Story, S.K.; Schowalter, M.K.; Geskin, L.]. Breast implant-associated ALCL: A unique entity in the spectrum
of CD30* lymphoproliferative disorders. Oncologist 2013, 18, 301-307. [CrossRef] [PubMed]

Xu, J.; Wei, S. Breast implant-associated anaplastic large cell lymphoma: Review of a distinct clinicopathologic
entity. Arch. Pathol. Lab. Med. 2014, 138, 842-846. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1097/PRS.0000000000001033
http://www.ncbi.nlm.nih.gov/pubmed/25490535
http://dx.doi.org/10.1097/PAS.0b013e31825749b1
http://www.ncbi.nlm.nih.gov/pubmed/22613996
http://dx.doi.org/10.3109/10428194.2011.639020
http://www.ncbi.nlm.nih.gov/pubmed/22066710
http://dx.doi.org/10.1016/j.mrrev.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25475421
http://dx.doi.org/10.1043/1543-2165-133.9.1383
http://www.ncbi.nlm.nih.gov/pubmed/19722744
http://dx.doi.org/10.3109/10428194.2011.574755
http://www.ncbi.nlm.nih.gov/pubmed/21699454
http://dx.doi.org/10.1634/theoncologist.2012-0238
http://www.ncbi.nlm.nih.gov/pubmed/23429741
http://dx.doi.org/10.5858/arpa.2013-0068-RS
http://www.ncbi.nlm.nih.gov/pubmed/24878027
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Systemic ALK-Positive Anaplastic Large Cell Lymphoma (ALK+ ALCL) 
	Definition and Clinical Features 
	Morphological Features 
	Common Pattern 
	Small Cell Pattern 
	Lymphohistiocytic Pattern 
	Hodgkin’s-Like Pattern 
	Composite Pattern 

	Immunophenotype 
	Genetic and Molecular Findings 
	Differential Diagnosis 

	Systemic ALK-Negative Anaplastic Large Cell Lymphoma (ALK- ALCL) 
	Definition and Clinical Features 
	Morphological Features 
	Immunophenotype 
	Genetic and Molecular Findings 
	Differential Diagnosis 

	Breast Implant-Associated Anaplastic Large Cell Lymphoma (BI-ALCL) 
	Definition and Clinical Features 
	Morphological Features 
	Immunophenotype 
	Genetic and Molecular Findings 
	Differential Diagnosis 

	Conclusions 
	References

