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Abstract

Purpose of Review Acute lymphoblastic leukemias (ALL) are malignant disorders of immature B or T cells that occur
characteristically in children, usually under the age of 6 (75%). Approximately 6000 new cases of ALL are diagnosed each
year in the USA, 80-85% of which represent B-ALL forms. Most presentations of B-ALL are leukemic, whereas T-ALL
presents with a mediastinal mass, with or without leukemic involvement. The revised fourth edition of the World Health
Organization (WHO) classification (2017) has introduced some changes in both B and T-ALL. Here, we summarize the
categories of lymphoblastic leukemia/lymphomas as defined by the WHO and recent developments in the understanding of
this group of hematologic malignancy.

Recent Findings Two provisional categories of B-ALL have now been identified including B-ALL, BCR-ABLI-like, and B-
ALL with iAMP21. The Philadelphia chromosome-like B-ALL includes forms of the disease that shares the expression
profiling of B-ALL with #(9;22) but lack such rearrangement. The second one shows amplification of part of the chromosome
21. Both entities are associated with worse prognosis. Within the T-ALL group, an early precursor T cell form has now been
introduced as a provisional category. Such group demonstrates expression of stem cell and myeloid markers in conjunction
with the T cell antigens.

Summary The current review summarizes the recent updates to the WHO classification.

Keywords Lymphoblastic lymphoma - ALL - WHO revision - Acute leukemia

Introduction Down’s syndrome [5-7] and other constitutional genetic
disorders. Recent genome-wide studies have shown that
certain single nucleotide polymorphisms (SNPs) of genes
(GATA3, ARIDS5B, IKZF1, CEBPE, CDKN2A/B) are asso-
ciated with an increased risk of ALL [8]. However, familial
forms of ALL are very rare and typically associated with

mutations in the PAX5 [9], ETV6 [10], and TP53 [11] genes.

Acute lymphoblastic leukemias (ALL) are malignant disor-
ders of immature B or T cells that occur characteristically in
children, usually under the age of 6 (75%) [1ee, 2, 3, 4].
Approximately 6000 new cases of ALL are diagnosed each
year in the USA, 80-85% of which represent B-ALL forms.

There is an increased incidence of ALL in children with
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T-ALL is also prevalent in children, typically in association
with a large mediastinal mass, often lacking peripheral
blood or bone marrow involvement [12].

Clinically, many of the patients with B-ALL present
with peripheral blood cytopenias. The leukocytes can be
increased, normal, or decreased. Lymphadenopathy and
hepatosplenomegaly are common. It is common to en-
counter bone pain and constitutional symptoms in chil-
dren [2, 3¢]. The diagnostic basis of lymphoblastic
leukemia/lymphoma (ALL/LBL) remains the detection of
B- or T-lymphoblasts in an extramedullary site or the
presence of increased lymphoblasts (>20%) in the bone
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marrow. The term acute lymphoblastic leukemia is re-
served for cases with blood and bone marrow involve-
ment, while cases presenting as a mass lesion without
significant bone marrow involvement are referred to as
lymphoblastic lymphoma (LBL). Although no definitive
lower limit exists regarding the minimum percentage of
lymphoblasts in the peripheral blood or bone marrow re-
quired to diagnose ALL, a fraction of 20% or greater is
recommended by the WHO before making the diagnosis
[3-, 12]. However, in cases where there is a mass and
circulating lymphoblasts, a cutoff of 25% lymphoblasts (in
the bone marrow sample) is frequently used in clinical trials to
distinguish between “lymphoma” and “leukemia” [13].

The term B-ALL must not be used to indicate cases of
Burkitt lymphoma with peripheral blood involvement.
Recently, case reports of cases of B-ALL with MYC rearrange-
ments have been reported [14, 15]. Cases of B-ALL with
recurrent cytogenetic aberrations should be classified in accor-
dance with the genetic alterations, rather than using the termi-
nology of B-ALL, NOS [16].

The blasts in lymphoblastic leukemia may be small to
large, with scant or moderate amounts of gray-blue cyto-
plasm which may be vacuolated (Figs. 1 and 2).
Chromatin is finely dispersed and shows nucleoli. Caution
is advised when interpreting blast cytoplasm to discern lin-
eage, as a significant subset of ALL/LBL blasts may show
coarse azurophilic granules which may mimic the primary
granules seen in myeloid blasts [17, 18]. T- and B-
lymphoblasts cannot be reliably distinguished from each
other in smear preparations. In tissue sections of bone mar-
row or extramedullary sites, T-ALL/LBL often shows a
higher frequency of mitoses than B-ALL/LBL, and T-LBL
may histologically mimic Burkitt lymphoma [19, 20].

Distinction of B versus T cell lineage is done by
immunophenotyping the lymphoblasts by flow cytometry or
immunohistochemistry. Polymerase chain reaction studies of
IGH and/or T cell receptor genes do not define the lineage
specificity of ALL/LBL, as a majority of B-ALL/LBL and a
significant minority of T-ALL/LBL may show clonal rear-
rangements of both /GH and T cell receptor genes [21].

Fig. 1 B-ALL. Characteristic
small lymphoblasts with scant
cytoplasm, cytoplasmic vacuoles,
and prominent nucleoli (a, b)
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B-Lymphoblastic Leukemia/Lymphoma

B-Lymphoblastic leukemia/lymphoma (B-ALL/LBL) ac-
counts for the majority of cases of ALL in both children and
adults. However, it accounts for only approximately 10% of
cases of LBL, in which T-LBL predominates [22].

The immunophenotype characteristic of B-lymphoblasts
includes positivity for CD19, cytoplasmic CD79a, PAX-
5,TdT, CD10, and cytoplasmic CD22 (Fig. 3). Variable ex-
pression of CD20, CD34, and CD24 is present. B-
Lymphoblasts commonly demonstrate a low level of
CD45 expression (and sometimes complete negative ex-
pression) [3¢]. While the 2008 WHO Classification ex-
cludes MPO-positive acute leukemias from the category of
ALL, the 2017 revised fourth edition now acknowledges
that rare cases may demonstrate positivity for
myeloperoxidase by immunohistochemistry or flow cytom-
etry [23, 24]. This group appears to have an increased risk of
relapse and worse event-free survival.

Distinguishing between pro-B ALL (CD19+, cCD79a+,
cCD22+, TdT+), common B-ALL (CD10+), and pre-B
ALL(cp chain+) is based on the immunophenotype, and
morphologic correlations are not emphasized. It is always
important to distinguish B-lymphoblasts from hematogones
(B cell precursors). Hematogones show a continuum of ex-
pression of markers of B cell differentiation. Hematogones
are typically bright for CD81 and CD38 [25-27]. Clonal
rearrangements of the IGH are nearly always present in B-
ALL and can sometimes be accompanied by T cell receptor
rearrangements (up to 70% of cases) [21]. A recent subset of
B-ALL have been shown to carry a #(17;19)(q22;p13.3)
translocation creating a TCF3-HLF transcript. Such cases
are very aggressive clinically and have not yet been incor-
porated as part of the groups of B-ALL with recurrent cyto-
genetic abnormalities [28, 29].

B-ALL has a relatively good prognosis in children (com-
plete remission in >95% of cases) and variable in adults
(60—85% of complete remission). Eighty percent of children
with B-ALL are cured, a significant change in mortality and
outcome compared to what was seen approximately 20—
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Fig.2 B-ALL. Small
lymphoblasts that lack vacuoles
(a, b). The bone marrow shows
extensive replacement by the
population of immature cells (¢,
d)

30 years ago [30, 31]. Some factors can be associated witha ~ B-Lymphoblastic Leukemia/Lymphoma
worse prognosis: infant age at presentation, older age, ~ With Recurrent Genetic Abnormalities
higher white blood cell (WBC), presence of minimal resid-

ual disease (MRD), CNS involvement at presentation, hy-  Cytogenetics remains critical to the accurate diagnosis, sub-
podiploidy, etc. [31] (Fig. 4). categorization, and risk stratification of B-ALL/LBL. In the
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Fig.4 Extranodal involvement in B-ALL. In this case, the lymphoblasts extend into the submucosa and muscularis wall in a cervical biopsy (a—¢). They

are CD79a+, TdT+, and CD34+

arca of B-ALL/LBL with recurrent genetic abnormalities, the
revision to the WHO Classification includes two additional
subgroups not featured previously: B-ALL, BCR-ABLI-like,
and B-ALL, with iAMP21 [16]. The subgroups included un-
der this category in the revision are as follows (Table 1):

B-ALL with t(9;22)(q34;q11.2);BCR-ABLI
B-ALL with t(v;11q23); KMT2A rearranged
[formerly MLL]

B-ALL with t(12;21)(p13;q22.1); ETV6-RUNX1
[formerly TEL-AML]

B-ALL with hyperdiploidy

B-ALL with hypodiploidy

B-ALL with t(15;14)(q31.1;q32.1); IGH/IL3
B-ALL with t(1;19)(q23;p13.3); TCF3-PBX1
B-ALL, BCR-ABL-like [new]

B-ALL with iAMP21 [new]

No significant changes were made in the subgroup with
1(9;22)(q34.1;q11.2); BCR-ABL1 which remains defined by
the presence of a translocation #9;22) resulting in BCR-
ABLI fusion (Fig. 5), which may be the p210 or p190 tran-
script. They account for 25% of cases of B-ALL and adults
and a smaller proportion of pediatric cases (2-4%) [32]. When
this subtype presents in kids, it is considered as a high-risk
factor [33]. The phenotype (CD19+,CD10+,TdT+) is charac-
terized by the frequent coexpression of the myeloid markers
CD13 and CD33, and CD25 in adults [34, 35].

The subgroup with #v;11q23) resulting in rearrangement
of KMT2A (formerly MLL) includes the many translocation
partners of the “promiscuous” oncogene, with KTM2A-AFF1
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(formerly MLL-AF4) fusion being associated with a worse
prognosis (Fig. 6) [2, 36, 37]. This is the most common sub-
type in infants < 1 year [33]. High WBC (> 100 x 10°/1) and
CNS involvement is typical. Their immunophenotype differs
from B-ALL NOS in that the blasts are CD19+, CD10—,
CD24-, and CD15+. There are more than 100 fusion partners
that have been reported [38—40]. In addition to AFFI, other
common partners include MLLTI (ENL) and MLLT3 (AF9).
KMT?2A rearranged ALLs are one of the cancer subtypes with
the lowest numbers of additional mutations [2, 41]. They all
share an extraordinary poor prognosis with dismal rates of
cure rates, particularly in those < 6 months.

The subgroup of B-ALL with #12;21)(p13.2;q22.q);
ETV6-RUNXI (formerly TEL-AMLI) is essentially un-
changed in the revised fourth edition and accounts for 25%
of B-ALLs in children. The phenotype is similar to other B-
ALL NOS (CD19+, CD10+, CD34+) and shows expression
of CD13. This subtype carries a very good prognosis with
cures in >90% of cases [2, 42, 43].

Hyperdiploid cases are defined by the presence of more
than 50 chromosomes within leukemic cells, most commonly
in the absence of structural cytogenetic changes (Fig. 7). Such
cases have a cure rate of > 90% on children (the prognosis in
adults has not been adequately studied) [31, 44—46]. Care
must be taken to avoid confusion with hypodiploid B-ALL
with endoreduplication; true hyperdiploid cases typically have
<66 chromosomes [47]. Fluorescence in situ hybridization
(FISH) may be useful in identifying hypodiploid chromo-
somes in such cases, and the discrepancy with karyotyping
should raise the possibility of endoreduplication in a hypodip-
loid clone. The most common numerical gains occur in chro-
mosomes 21, X, 14, and 4. Cases with concomitant trisomies
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Positive for t(9;22)

Positive for atypical t(9;22)
Single fusion variant confirmed using P
BCR/ABL plus probe (includes aqua)
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Fig. 5 B-ALL with #9;22). The FISH panels are on the left side, and the karyotype is on the right. This is the B-ALL with a Philadelphia chromosome,

and often a p210 isoform

of chromosomes 4 and 10 are believed to have the most fa-
vorable prognosis in this subgroup [48, 49]. They also account
for 25% of B-ALL cases in children, but only 7-8% in adults.

Hypodiploid B-ALL is defined by the presence of fewer
than 46 chromosomes in the leukemic cells and accounts for
5% of B-ALL cases. In the revised fourth edition, it has been
further categorized into near-haploid (23—29 chromosomes),
low-hypodiploid (33—-39 chromosomes), high-hypodiploid
(40—43 chromosomes), and near-diploid (44—45 chromo-
somes) [44, 50, 51]. Near-haploid cases are limited to child-
hood [50, 51]. Although no mention is made in the revised

gET 8%
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MLL) disruption
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well as hyperdiploidy
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fourth edition of cases with 30—32 chromosomes, others have
variably placed cases in this range within the near-haploid or
low-hypodiploid subcategories [1, 2]. The near-haploid cate-
gory carries the worst prognosis of this subgroup and is asso-
ciated with RAS and receptor tyrosine kinase (R7K) mutations.
Low hypodiploid B-ALL show loss-of-function mutations in
TP53 (including Li-Fraumeni syndrome germline mutations)
and/or RBI in most cases [52]. The near-diploid category
carries the best prognosis of cases of hypodiploid B-ALL.
Essentially, no changes were made to the subgroup of
B-ALL with #(5;14)(q31.1;q932.1); IGH-IL3, which is

Y
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Fig. 6 B-ALL with KMT2A (formerly MLL) translocation, complex karyotype, and hyperdiploidy. The FISH panels are on the left side, and karyotype

on the right side
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Hyperdiploid ALL
Extra signals for all probe sets
Near triploid karyotype

MLL 11q23

CEP 10

Fig. 7 B-ALL, hyperdiploidy. Copy number gains by FISH are present using the loci for MLL, CEP10, TCF3/PBX1, and CEP21. The karyotype on the
right detects extrachromosomes 1, 4, 8, 14, 17, 18, 21, and 22

associated with eosinophilia and a frequently low blast
percentage in the bone marrow. They account for < 1%
of B-ALL cases. The prognosis is similar to other sub-
types of B-ALL, NOS. The finding of even small number
of blasts in association with eosinophilia is strongly sug-
gestive of this diagnosis [16, 53].

B-ALL with #1;19)(q23;p13.3); TCF3-PBX1 includes the
alternate translocation #17;19) TCF3-HLF' [28]. They account
for 6% of cases of B-ALL and appear to be less frequent in
adults. They frequently show PAX-5 mutations [54]. They were
originally thought to have a poor prognosis and increased risk of
CNS involvement. However, with the novel regimens, its prog-
nosis appears to be similar to other B-ALL cases [55]. This
subgroup may be confused with B-ALL demonstrating an alter-
nate but karyotypically identical #(1;19) which does not cause
fusion of TCF3 (formerly E2A) and PBXI. Such cases can be
distinguished immunophenotypically from 7CF3-PBXI B-ALL,
which is CD34-negative and strongly CD9-positive. Many cases
of B-ALL with #1;19) TCF3-PBX1 show expression of BCL-6
[56]. The TCF3-HLF cases have a dismal prognosis [28].

B-ALL, BCR-ABL I-like was added as a provisional entity
to the revised fourth edition of the WHO Classification [16].
This group of leukemias lacks a Philadelphia chromosome but
shows gene expression profiles which mimic BCR-
ABLI-positive B-ALL [57, 58]. CRLF? is translocated in ap-
proximately half of cases, and less frequently rearrangements
leading to the truncation and activation of EPOR are seen [59].
They account for 10-25% of B-ALL cases, and their risk is
increased in patients with Down syndrome. Its frequency is
lowest among children with standard risk B-ALL, and higher
in children with high-risk, adolescents, and adults. CRLF2 is

L
13 14 15 16 17
- TCF3/PBX1 t(1;19)(a23:p13.3) 4 » . enn  esae £3

B8R B8 LB&E 82 88 % B2s

» ns ea =

<P

Trisomy and tetrasomy for 21 (red)
Using the t(12;21) probe set

typically juxtaposed with P2RYS or IGH. They often show an
interstitial deletion of the PAR1 gene family on Xp22.2 and
Ypl1.3 [60, 61]. Approximately half of cases with CRLF?2
translocation also demonstrate mutant JAK2 or JAKI. Other
frequently mutated genes include IKZF1 and CDKN2A/B
[62]. Of note, the protein product of CRLF2 translocation is
strongly expressed by the leukemic cells and is detectable by
flow cytometry with reportedly high sensitivity. Other translo-
cations involve juxtaposition of ABL/ with a variety of partners
other than BCR (ABL2, PDGFRB, NTRK3, TYK2, CSFIR, and
JAK?2) [61-63]. Pediatric cases with PDGFRB translocation
have been associated with resistance to induction chemothera-
py, but dramatic responses to tyrosine kinase inhibitors imatinib
and desatinib. Many of the translocations seen in this subgroup
of B-ALL are not detected by routine karyotyping. Its pheno-
type is typical for classic B-ALL cases (CD19+, CD10+). It is
associated with a poor prognosis, higher risk of being MRD+,
and high WBC at presentation [64—66].

B-ALL with iAMP21 is the second new entity in the
category of B-ALL with recurrent genetic abnormality. It
is characterized by amplification of part of chromosome
21, which can be detected by FISH with specificity for the
amplified region showing five or more total copies of the
target, and/or three or more copies located on a single chro-
mosome (Fig. 8) [2, 67]. This is more common in children
and account for 2% of B-ALL cases [67—69]. Probes for
RUNXI may be used for this purpose, although the content
of gene itself is unaffected. This subgroup of B-ALL has
been associated with a constitutional Robertsonian translo-
cation rob(15;21)(q10;q10), which confers a 3000% in-
crease in risk. It has also been associated with translocations
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Fig. 8 B-ALL, iIAMP(21). Amplification of the RUNX1 locus is noted

of CRLF2, in which case the translocation subordinated
to the cytogenetically more unique iAMP21. The
immunophenotype is not specific. Eighty percent of
these cases also have gains of chromosomes X and 7.
This subtype carries a poor prognosis and requires more
intensive therapy [67, 70—73]. RAS mutations are pres-
ent in approximately 60% of cases [74].

T-Lymphoblastic Leukemia/Lymphoma

T-lymphoblastic leukemia/lymphoma (T-ALL/T-LBL) ac-
counts for only a minority of cases of ALL, from approximate-
ly 15% of pediatric cases to 25% of adult cases. However, it
accounts for around 90% of cases of LBL [12]. Unlike mye-
loid leukemias, there are no established criteria (e.g., > 20%)
to establish a diagnosis of T-ALL. Unlike B-ALL, aleukemic
presentations in the setting of bone marrow involvement are
very unusual. The classic clinical presentation is of a medias-
tinal mass in a young individual [75, 76]. In addition to lymph
nodes, the skin, tonsils, liver, spleen, CNS, and testes can also
be involved. T-ALL in childhood is considered higher risk
compared to B-ALL [77, 78]. The disease is associated with
higher risk of induction failure, early relapse, and isolated
CNS relapse [79]. Unlike B-ALL, WBC does not appear to
be of prognostic significance. In adults, T-ALL has a similar
or perhaps better prognosis compared to B-ALL [22].
Morphologically, the blasts are indistinguishable from
those of B-ALL and can also have cytoplasmic vacuoles.
However, they tend to be relatively small and sometimes show
a more clumped character of the chromatin simulating more
mature lymphocytes. The involved lymph nodes can show
complete effacement of the architecture and in some cases
affect the paracortical areas with sparing of germinal centers
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(Figs. 9 and 10) [12]. A “starry-sky” appearance mimicking
Burkitt lymphoma has been identified. Cases with histologic
findings of T-LBL, eosinophilia, myeloid hyperplasia, and an
8pll.2 cytogenetic aberration involving the FGFRI gene
have been described as the “8p11 syndrome” [80, 81].
Immunophenotypically, T-ALL/T-LBL blasts are generally
positive for TdT and cytoplasmic CD3, the latter being consid-
ered lineage-specific for T cells. CDla, TdT, CD34, and/or
CD99 positivity helps to categorize the cells as immature [12]
(Fig. 11). The T-lymphoblasts show variable expression of oth-
er T cell markers (CD2, CD5, CD7). Many cases show
coexpression of both CD4 and CDS. Some cases can express
CD10, and, in those, careful evaluation for the BCR-ABL trans-
location is warranted [82]. Approximately 29-48% of cases
show expression of TAL1 (but such does not correlate with
TALI fusions) [83, 84]. The aberrant TAL1 expression inter-
feres with differentiation and proliferation by inhibiting like B-
ALL. TAL1 overexpression in adults is associated with a worse
prognosis. T-ALL may show aberrant expression of other
markers, such as the B cell associated marker CD79a, and the
myeloid markers CD13 and CD33. CD117 may also be posi-
tive, a finding which has been associated with FL73 mutation
[85, 86]. Subcategorization of T-ALL/LBL by
immunophenotyping is into pro-T, pre-T, cortical T, and med-
ullary T. The pro-T and pre-T subcategories show double neg-
ativity of CD4 and CD8, while cortical T shows coexpression
of CD4 and CDS8 and medullary T shows expression of one or
the other marker [87, 88]. T-ALL cases can lack surface expres-
sion of TCR«f3 and TCRy$, or show one of the two [89, 90].
Although several different recurrent cytogenetic and mo-
lecular abnormalities have been described in T-ALL/LBL, a
separate category of T-ALL/LBL with recurrent genetic ab-
normalities is not a part of the revised fourth edition of the
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WHO Classification [79, 91, 92]. An abnormal karyotype is
present in 50-70% of cases. The most common alterations
involve the alpha and delta TR locus at 14q11.2, the beta locus
at 735, and the gamma locus at 7p14—15. However, genetic
subgroups of T-ALL/LBL with translocations leading to aber-
rant gene expression profiles have been described [84, 91, 92].
The proposed subgroups are listed according to the aberrant
gene(s) expressed:

* LMO genes or TALI at 1p32, and sometimes associated
with MYC translocations [93]

e TLXI (formerly HOXI11) at 10g24 (involved in 7% of T-
ALL in childhood and 30% of adult cases) [94]

o TLX3 (formerly HOX11L2) at 5q35 (involved in 20% of T-
ALL in childhood and 10-15% of adult cases) [94]

*  HOXA genes [95]

The LMO genes include LMO! at 11pl5 and LMO?2 at
11p13 (formerly called RBTNI and RBTN2, respectively).
TAL] translocation is relatively common, occurring in 20—
30% of cases. The subgroup with aberrant 7LX/ has been
associated with a relatively better prognosis [96]. Cases

Fig. 10 T-LBL, immunophenotype. CD19 highlights the focally residual germinal centers. The immature blasts are positive for CD5, CD7, TdT, CD34,
and CD33. In this particular example, this corresponds to a case associated with a 8p11 syndrome (frequent aberrant expression of myeloid markers)
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Fig. 11 T-ALL, immunophenotype. The T-lymphoblasts are cCD3+, CD2+, CD7+, CD117+, TdT—, CD4—, CD8—, CD34—

with activation of HOXA genes have shown transloca-
tions #(10;11)(p13;q14) resulting in PICALM-MLLT10 fu-
sion (10% of cases) and KMT2A (8% of cases) transloca-
tions. Although translocations are common in T-ALL/
LBL, they are frequently cryptic and not detected by con-
ventional cytogenetics.

Other structural abnormalities seen in T-ALL/LBL include
deletions, mostly importantly del(9p) resulting in loss of
CDKN2A which is seen in 17-30% of cases [97]. In addition,
activating mutations of NOTCH1 (a MYC effector) are seen in
about half of cases and have been associated with a shorter
survival in adult patients [98]. Approximately 30% of cases
show mutations in the FBXW?7, a feature that results in the
increased half-life of the NOTCHI1 protein [99].

Recently, cases of indolent T-lymphoblastic prolifera-
tions have been reported. Such cases involve the upper
respiratory tract, have high local-recurrences, and lack
systemic dissemination. Those cases are morphologically
and immunophenotypically similar to T-LBL, but lack
clonal rearrangements of TCR [100-103].

Early T Cell Precursor Lymphoblastic Leukemia

A new provisional entity in the revised fourth edition is
early T cell precursor lymphoblastic leukemia (ETP-ALL),
which accounts for 10-13% of pediatric T-ALL cases and
5-10% of adult cases [12]. The neoplastic cells demonstrate
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a characteristic immunophenotype, in which expression of
stem cell and myeloid markers is seen with cytoplasmic
CD3, CD7, CD34, CD117, HLA-DR, CD13, CD33,
CD11b, and CD65. CD8 and CDla are negative. CD2,
CD4, and CD5 may or may not be expressed. Expression
of CD123 appears to be relatively specific in this subtype
[104]. MPO is not seen, as its expression in conjunction
with the limited T cell antigen expression seen in the ETP-
ALL phenotype would suggest instead a T/myeloid mixed
phenotype acute leukemia. The prognosis of ETP-ALL ap-
pears to be similar to other forms of T-ALL provided that
there is an intense treatment modality [105].

Gene expression profiling of ETP-ALL shows a profile
similar to that of normal early thymocyte precursors [106].
The overexpressed genes include many that are associated
with myeloid or early stem cell profile: CD44, CD34, KIT,
GATA2, and CEBPA. Many cases that have been previously
described with high expression of LYL1 represent examples
of this particular subtype. ETP-ALL shows mutations
which are more associated with myeloid than T cell leuke-
mias, including FLT3, DNMT3A, IDHI, IDH?2, and genes in
the Ras family [107].

NK-Lymphoblastic Leukemia/Lymphoma

A new provisional entity in the revised WHO Classification,
NK-lymphoblastic leukemia/lymphoma (NK-ALL/LBL), is
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characterized by the proliferation of NK-cell progenitors but
shows considerable antigenic overlap with T-ALL/LBL, mak-
ing the diagnosis challenging [108]. These cells often lack
CD16 but show expression of CD56, CD94, and CD161.
Expression of CD56 is also seen in blastic plasmacytoid den-
dritic cell neoplasm, which must be excluded. /GH and TCR
genes do not show evidence of mutation or rearrangement
[109, 110]. The use of antigen panels against killer-cell immu-
noglobulin-like receptors (KIRs) may be helpful in establish-
ing NK-cell identity but is not widely available.

Summary

These changes to the classification of T- and B-lymphoblastic
leukemia/lymphoma in the revised fourth edition of the WHO
reflect primarily a better understanding of the prognostic im-
plications of certain cytogenetic and molecular alterations
which did not previously define separate subcategories, as
well as the addition of rare entities which were not categorized
in the previous classification. For B-ALL, the major updates
include the addition of BCL-ABLI-like and iAMP22 subsets,
both of which are associated with a poorer prognosis, the
former being detectable with FISH probes against RUNXI
and the latter being detectable with gene expression profiling.
In T-ALL/LBL, the major changes include the addition of
early T cell precursor lymphoblastic leukemia (ETP-ALL)
and NK-lymphoblastic leukemia/lymphoma.
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