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duced the Precision Medicine Initiative, a

program set up to identify new biomedical
discoveries for the development of a personal-
ized knowledge base of disease entities and
individualized treatments. Advances in precision
medicine typically involve the use of targeted
therapies tailored to individual genetic charac-
teristics identified with molecular testing. The
goals are to improve survival and reduce adverse
effects. With an initial budget of $215 million, this
initiative presented a unique opportunity to com-
bine efforts in genomic discovery, bioinformatic
analysis, and health information technology to
move toward data-driven, evidence-based preci-
sion medicine.’

The VHA is the largest comprehensive health
care system in the U. S. and has more than
1,700 care sites serving nearly 9 million veter-
ans each year. The budget for this single-payer
system is proposed by the President and ap-
proved by Congress. As the VHA must treat a
diverse and aging veteran population in an envi-
ronment of rising costs and budget constraints,
limited resources must be monitored and appro-
priated for the most cost-effective health care
delivery. Precision medicine offers a model in
which physicians can select the most appropri-
ate diagnostic tests in defined clinical settings to
direct clinical care. It supports the testing needed
to subdivide each disease category into distinct
subcategories. Nevertheless, the need for fis-
cal responsibility in a capitated health care sys-

In January 2015, President Obama intro-

®

tem recommends testing in cases in which it
can change therapy or prognosis rather than for
purely academic reasons.

PATHOLOGY AND LABORATORY
MEDICINE SERVICE

Given limited resources and an increasing num-

ber of requests for advanced molecular testing,

the VA Pathology and Laboratory Medicine Ser-
vice (P&LMS) formed the Molecular Genetics Pa-

thology Workgroup (MGPW) in September 2013.

The charter listed the tasks of the MGPW to

“provide recommendations on how to effec-

tively use molecular genetics tests, promote in-

creased quality and availability of testing within
the VHA, encourage internal referral testing,
provide an organizational structure for Molec-

ular Genetics Testing Consortia, and create a

P&LMS policy for molecular genetic testing in

general, specifically addressing the issues sur-

rounding laboratory developed testing.” The

MGPW has 4 subcommittees: molecular oncol-

ogy, pharmacogenetics, hematopathology mo-

lecular genetics (HMG), and genetic medicine.

Since its inception, the HMG subcommittee

has had several objectives:

e Standardize the molecular testing nomencla-
ture for and develop practice guidelines for
acute myeloid leukemia (AML), myeloprolif-
erative neoplasms (MPN), myelodysplastic
syndrome (MDS), chronic lymphocytic leuke-
mia (CLL)/small lymphocytic lymphoma, lym-
phoma, and plasma cell neoplasms;
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¢ Develop standardized reporting guidelines for
current VA molecular laboratories;

e |[dentify new tests as they are being reported
in the literature and collaborate with hema-
tology and oncology services to evaluate the
clinical utility of these tests for VA patients;

¢ Network current VA molecular laboratories,
perform fact-finding for these laboratories,
and compile test menus; and

¢ Assess for the formation of VA-wide interfa-
cility consultation services for hematopathol-
ogy so that all VA facilities, regardless of their
complexity, will be able to access the exper-
tise of hematopathology-trained pathologists
(Appendix).

The HMG subcommittee met monthly and
discussed various diagnostic entities in hema-
topathology. For hematolymphoid malignan-
cies, it was generally agreed that the traditional
laboratory tools of morphology, flow cytometry,
and immunohistochemistry (IHC) are standard
in initial assessment and often in diagnosis. As
the clinical molecular and cytogenetic assays
of karyotype, fluorescence in situ hybridization
(FISH), advanced DNA sequencing, microarray,
and highly sensitive polymerase chain reaction
(PCR) analysis affect diagnosis, subclassifica-
tion, minimal residual disease (MRD) monitor-
ing, prognosis, and therapy selection, their use
is marked by a high degree of variability. As a
result, standardization is needed. As each lab-
oratory develops and reports ancillary testing,
the variable reporting formats may generate
postanalytic errors.

A detailed description of all molecular meth-
odologies is beyond the scope of this article.
For practicing pathologists, challenges remain
in overall cost and reimbursement, extensive
and time-consuming data analysis, and in some
cases, interpretation differences.

MYELOID NEOPLASMS

Myeloid malignancies were divided into AML,
MPN, and MDS. Next-generation sequenc-
ing (NGS) information for these malignancies
was used to identify various contributory func-
tional categories, including cell signaling (FLT3,
KIT, JAK2, MPL, KRAS/NRAS, PTPN11, NF1,
CSF3R); transcription (CEBPA, RUNX1, GATA1/
GATA2, PHF6, ETV6); splicing (SF3B1, SRSF2,
ZRSR2, U2AF1); epigenetics (DNMT3A, TET2,
IDH1/IDH2, ASXL1, EZH2, SUZ12, KDM6A);
cohesin complex (STAG2, SMC1A, SMC3,
RADZ21); and cell cycle (TP53, NPM?1).2
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FIGURE

Testing Strategy for Myeloproliferative Neoplasms

Suspected ET
and PMF

l

l

‘Triple-negative’
ET/PMF

—>

Check JAK2 V617F ET/MPF with
mutation JAK2 V617F
Check CALR ET/MPF with
mutations CALR mutation
Check MPL ET/MPF with
mutations > MPL mutation

ET/MPF with
CALR mutation

__If indicated, may consider NGS-
based myeloid mutation panel

Abbreviations: ET, essential thrombocythemia; NGS, next-generation sequencing; PMF,

primary myelofibrosis; MPF, myeloproliferative fibrosis.

Acute Myeloid Leukemia
The HMG subcommittee reviewed the litera-
ture on prognostically significant genes in my-
eloid leukemias. Karyotype abnormalities, such
as t(8;21) and inv(16), collectively known as the
core-binding factor (CBF) leukemias, t(15;17),
t(11923) (KMT2A/MLL), and so forth, are recur-
rent lesions in AML. Included in the minimum
set of genes recommended by the National
Comprehensive Cancer Network (NCCN) for
AML prognosis evaluation are nucleolar pro-
tein nucleophosmin (NPM1), CCAAT/enhancer-
binding protein a (CEBPA), and fms-related
tyrosine kinase 3 (FLT3).® Presence of NPM1
and CEBPA mutations generally is thought to
confer a favorable prognosis in AML with a nor-
mal karyotype. However, FLT3 with or without
NPMT1 confers an adverse prognosis. Any KIT
(v-kit Hardy-Zuckerman 4 feline sarcoma viral
oncogene homolog) mutation changes an oth-
erwise better CBF AML prognosis to a poor
prognosis. The methods used to detect these
gene mutations are based on either PCR analy-
sis or sequencing.

Some of the chromosomal translocations,
such as inv(16)/t(16;16) in AML and t(15;17) in
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Molecular Diagnostic Testing

acute promyelocytic leukemia, can be moni-

tored with FISH or reverse transcription-PCR

(RT-PCR) analysis. As NPM1 mutations tend

to be seen in recurrence, they can be used as

molecular markers for MRD. Other mutations
that provide important prognostic information
in AML include:

¢ Activating insertions/duplications in the FLT3
receptor tyrosine kinase, which can be de-
tected with PCR sizing assays;

e Mutations in the KIT receptor tyrosine kinase,
which can be detected with DNA sequencing
or more limited hotspot PCR,;

e Mutations in the DNA methyltransferase, DN-
MT3A, a poor prognostic indicator seen in
22% of cases of AML, also detected with
gene sequencing or more limited hotspot
PCR; and

e Another set of genes, TET2, IDH1, IDH2,
KRAS, NRAS, EZH2, and ASXL1, is mutated
in MPN as well as AML and MDS, making a
common molecular panel with next-genera-
tion sequencing useful in diagnosing and risk-
stratifying all myeloid neoplasms.

The HMG subcommittee agreed that, for de
novo AML, chromosomal karyotype is the stan-
dard of care, necessary in detecting known cy-
togenetic abnormalities as well as a wide range
of lesions that might indicate a diagnosis of
AML with myelodysplasia-related changes at
time of diagnosis. In addition, molecular anal-
ysis of FLT3 is useful in determining prognosis,
and CEBPA (biallelic) and NPM1 mutations are
good prognostic factors in normal-karyotype
AML. KMT2A (MLL) rearrangements should be
tested with FISH if the lineage is ambiguous.
The PML-RARA fusion gene also should be
tested with FISH if morphologic and flow cy-
tometry results suggest acute promyelocytic
leukemia (Table). At this time, testing for TP53,
DNMT3A, RAS, and other such mutations
is not recommended because it is not cost-
effective for the VA.

Myeloproliferative Neoplasms

Myeloproliferative neoplasms are clonal hema-
topoietic stem cell disorders characterized by
proliferation of at least 1 myeloid lineage: granu-
locytic, erythroid, or megakaryocytic. Myelopro-
liferative neoplasms show a range of recurrent
chromosomal translocations, such as BCR-ABL1
fusion in chronic myelogenous leukemia (CML)
that can be detected with RT-PCR analysis as
well as FISH. In CML, BCR-ABL1 fusion tran-

script levels detected by a quantitative PCR
(gPCR) method are now used to monitor the
course of CML therapy with tyrosine kinase in-
hibitors (TKIs) and to trigger a treatment change
in drug-resistant cases. Given the importance of
gPCR in clinical management, significant prog-
ress has been made in standardizing both the
PCR protocol and the reference materials used
to calibrate the BCR-ABL1 PCR assay. BCR-
ABL 1-negative MPN, including polycythemia
vera (PV), essential thrombocythemia (ET), and
primary myelofibrosis (PMF), are most commonly
associated with mutations in the tyrosine kinase
JAK2. Mutations in CALR and MPL are seen in
a subset of patients with ET and PMF as well,
whereas PV is essentially exclusively a disease of
JAK2 mutations.

Chronic myelogenous leukemia is the proto-
typical MPN. To establish the initial diagnosis,
FISH and/or gPCR for BCR-ABL1 fusion should
be used. If CML is confirmed, the sample can
be reflexed to qPCR BCR-ABL1 on the initial pe-
ripheral blood and/or bone marrow sample(s)
to establish the patient’s baseline. In addition, a
bone marrow sample (aspirate) should be used
for a complete karyotype and for morphologic
confirmation of disease phase.

For follow-up assessment of CML patients’
response to TKI treatment, gPCR for BCR-ABL1
should be tested with a peripheral blood sample
or a bone marrow sample every 3 months.* A pe-
ripheral blood sample is more commonly used
because it is conveniently obtained. Early molec-
ular response as indicated by a BCR-ABL1 tran-
script ratio of < 10% on the International Scale at
3 months, has a strong prognostic value.® Major
molecular response as indicated by a BCR-
ABL1 transcript ratio of < 0.1% on the Interna-
tional Scale at 12 to 18 months is also highly
prognostic.®

After the peripheral blood sample becomes
negative for BCR-ABL1 by gPCR, testing bone
marrow samples may be considered. If impor-
tant treatment response benchmarks are not
achieved, or response is lost with rising BCR-
ABL1 levels (TKI resistance), ABL1 kinase do-
main mutation analysis as well as repeat FISH
(to assess for copy number multiplication)
should be performed to guide further manage-
ment. Patients with the ABL7 T315] mutation
are resistant to all first-line TKls but may re-
spond to later third-generation TKis.®

BCR-ABL1-negative MPNs include PV, ET,
and PMF. Bone marrow morphology remains the
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TABLE

Molecular Diagnostic Testing

Summary of Testing Recommendations

Lymphoma/Leukemia

Acute myeloid leukemia

Myeloproliferative neoplasms or chronic
myelogenous leukemia

Non-BCR-ABL1 MPN (PV, ET, PMF)

Primary hypereosinophilia or hypereosinophilic
syndromes

Chronic neutrophilic leukemia

Myelodysplastic syndrome

Chronic myelomonocytic leukemia
MDS/MPN with ring sideroblasts and

thrombocytosis

Chronic lymphocytic leukemia

High-risk chronic lymphocytic leukemia
Selected B-cell Lymphoproliferative Disorders
Mantle cell lymphoma

Lymphoplasmacytic lymphoma

Marginal zone lymphoma

High-grade B-cell/Burkitt lymphoma

Follicular lymphoma

At Diagnosis (Monitoring Only Positive Markers)
Karyotype

NPM71 and CEBPA (only in normal karyotype)

FLT3 internal tandem duplication

KMT2A if ambiguous lineage

FISH for PML-RARA if morphology and flow cytometry are suspicious for acute
promyelocytic leukemia

KIT in acute myeloid leukemia with core-binding factor

BCR-ABL1 fusion by quantitative polymerase chain reaction or FISH (bone marrow
if peripheral blood is negative)

JAK2 (see Figure algorithm)

FIP1L1-PDGFRA fusion gene by karyotype, FISH, or reverse transcription—polymerase
chain reaction; next-generation sequencing only if negative

CSF3R mutation

Karyotype, or FISH panel if karyotype is unsuccessful (59-, 79-, +8, 209-, etc)
SF3B1 mutation in MDS with ring sideroblasts

Use next-generation sequencing for targeted genes ONLY in rare clinical situations
Karyotype

JAK2 and SF3B1 mutations

Flow cytometry

FISH del(13q14), del(11q), trisomy 12, del(17p)

Follow-up: flow cytometry only

Optional: ZAP-70, IgHV mutation status, NOTCH1 mutation, SF3B71 mutation

FISH del(17q) or TP53 mutation (for treatment with ibrutinib)

Cyclin D1 by immunohistochemistry or t(11;14)/CCND1-IGH by FISH
MYD88 L265P

t(18g21;var)/MALT1 by FISH; del (7q) by FISH for splenic variants
MYC; IGH; BCL2; BCL6 by FISH and/or immunohistochemistry

CD10, BCL2, BCL6 by immunohistochemistry or t(14;18)/IGH-BCL2 by FISH

Abbreviations: ET, essential thrombocythemia; FISH, fluorescence in situ hybridization; MDS, myelodysplastic syndrome; MPN, myeloproliferative
neoplasms; PMF, primary myelofibrosis; PV, polycythemia vera.
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cornerstone of ET and PMF diagnosis. The dis-
covery of JAK2, CALR, and MPL mutations
has contributed to how these disorders are
diagnosed.” "2 Besides providing the clonal-
ity proof that is crucial for diagnosis, the mo-
lecular markers influence the prognosis. The
JAK2 (p.V617F) or less common JAK2 exon
12 mutations, which are detected in more than
95% of PV cases, are used as molecular mark-
ers to confirm diagnosis.” Further, the JAK2
(p.V617F), CALR (exon 9), and MPL (exon 10)
mutations are detected in ET (~60%, 25%, and
3%-5%, respectively) and PMF (~55%, 30%,
and 5%, respectively)."? If ET or PMF is sus-
pected clinically, first JAK2 (p.V617F) mutation
analysis should be performed, then CALR mu-
tation analysis, and finally MPL mutation anal-
ysis. Although novel gain-of-function JAK2 and
MPL mutations were recently discovered in tri-
ple-negative ET (negative for canonical muta-
tions in JAK2, CALR, and MPL) and PMF by
whole exome sequencing,’ clinical testing is
not readily available. Besides its utility in the
initial diagnosis of ET and PMF, the JAK2 or
CALR mutation assay also may be consid-
ered for bone marrow transplantation follow-
up (Table).™

Despite the continuing debate on the clas-
sification of eosinophilic myeloid disorders, the
discovery of the FIP1L1-PDGFRA fusion repre-
sents a major milestone in the understanding
of these disorders.'®'® Unlike PDGFRB (5933)
and FGFR1 (8p11) rearrangements, which
can be detected with routine chromosomal
analysis (cytogenetics), the cryptic FIP1L1-
PDGFRA fusion must be detected with FISH
(for CHIC2 deletion) or RT-PCR analysis. It
should be pointed out that, as most eosino-
philia is reactive or secondary, molecular test-
ing for FIP1L1-PDGFRA fusion is indicated only
when primary hypereosinophilia or hypereosin-
ophilic syndrome (HES) is suspected. This is
particularly the case in the following hypereo-
sinophilia accompanying conditions: CML-like
morphology, but BCR-ABL1-negative; chronic
myelomonocytic leukemia (CMML)-like mor-
phology with a normal karyotype; and new
onset of cardiac damage or dysfunction.'”

Primary eosinophilic myeloid disorders with
PDGFRA or PDGFRB rearrangements can be
treated with TKis (eg, imatinib). Next-genera-
tion sequencing may be considered in cases
of presumed HES when there is no identifiable
karyotypic or FISH abnormality. Recent stud-

ies have found that cases of HES with somatic
mutations indicating clonality had adverse
clinical outcomes similar to those of cases of
chronic eosinophilic leukemia.'®

The discovery of CSF3R mutations of-
fers a new molecular marker for the diagno-
sis of chronic neutrophilic leukemia (CNL), an
MPN."® The CSF3R (p.T618l) mutation or an-
other activating CSF3R mutation is now used
as a diagnostic criterion for CNL. Identification
of specific CSF3R mutations may have thera-
peutic implications as well. The test should be
ordered only for patients with clinical and mor-
phologic findings suggestive of CNL; reactive
neutrophilic leukocytosis (eg, infection, inflam-
mation) should be ruled out before the test is
ordered.

Myelodysplastic Syndrome
Myelodysplastic syndrome is a group of clonal
bone marrow disorders characterized by inef-
fective hematopoiesis, manifested by morpho-
logic dysplasia in > 1 hematopoietic lineages
and peripheral cytopenias (hemoglobin level,
< 10 g/dL; platelet count, < 100x10°%/pL; abso-
lute neutrophil count, < 1.8x10%/pL). Diagno-
sis and classification of MDS depend mainly on
the degree of morphologic dysplasia and blast
percentages, as determined by examining well-
prepared cellular bone marrow aspirate smears
and/or biopsy touch preparations and periph-
eral blood smears.

Conventional karyotyping is an essential
part of the diagnostic workup for all presump-
tive cases of MDS and is of both diagnostic and
prognostic importance.?® About 60% of MDS
cases have recurrent cytogenetic abnormali-
ties, which can be detected with conventional
karyotyping. If a high-quality cytogenetic analy-
sis cannot be performed (eg, the bone marrow
sample is inadequate), or if quick turnaround is
required, an alternative FISH panel may be used
to detect some of the common MDS-associated
chromosomal abnormalities (eg, 5q deletion,
79 deletion/monosomy 7, +8, 20q deletion).?!
Sequencing with FISH also can be useful for as-
sessing MRD by detecting a previously identified
chromosomal abnormality.

Targeted sequencing of a limited number of
genes can detect mutations in the vast majority
of patients with MDS. The most commonly mu-
tated genes in MDS are SF3B1, TET2, SRSF2,
ASXL1, DNMT3A, RUNX1, U2AF1, TP53, and
EZH2. Mutations in SRSF2 cause RNA splicing
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abnormalities. In addition, mutations in TP53,
EZH2, RUNX1, and ASXL1 are associated
with poor prognosis,?>?® whereas mutations in
SF3B1 confer better event-free survival.?* De-
spite these developments, the HMG subcom-
mittee agreed that NGS-based mutation panels
are not cost-effective for the VA population at
this time and should not be included in a MDS
workup. Only in rare situations and when clin-
ically indicated (to change disease classifica-
tion or patient management) should evaluation
for specific gene mutations be considered—for
instance, the SF3B71 mutation for patients with
probable MDS with ring sideroblasts, if ring sid-
eroblasts are < 15%.%

Myelodysplastic/Myeloproliferative
Neoplasms

Myelodysplastic/myeloproliferative neoplasms
are a group of myeloid neoplasms with clini-
cal, laboratory, and morphologic features that
overlap both MDS and MPN. In MDS/MPN, the
karyotype is often normal or shows abnormali-
ties in common with MDS.

In cases of unexplained monocytosis for
which there is clinical concern for CMML, mor-
phologic evaluation and conventional chromo-
somal karyotyping should be performed after
other secondary causes and known myelo-
proliferative and myelodysplastic entities have
been excluded. If concomitant hypereosino-
philia is present and the karyotype is normal,
FISH or PCR-based assay should be per-
formed to rule out FIP1L7-PDGFRA rearrange-
ments. BCR-ABL1, PDGFRB, FGFR1, and
1(8;9)/PCM1-JAK2 rearrangements typically are
detected with high-quality cytogenetic analy-
sis and thus do not require targeted molecular
assays. Although certain gene mutations (eg,
SRSF2, TET2, ASXL1, CBL) are commonly de-
tected in CMML, the HMG subcommittee does
not recommend sequencing-based mutation
panels, as there is insufficient information for
testing for prognostic or treatment stratification.

If MDS/MPN with ring sideroblasts and
thrombocytosis is suspected on the basis of
the clinical and morphologic criteria, molecu-
lar tests for the JAK2 (p.V617F) and SF3B71 mu-
tations may be considered in an effort to help
confirm the diagnosis.

Atypical CML is a rare MDS/MPN subtype
that is now better characterized molecularly
with SETBP1 and/or ETNK1 mutations, which
are detectable in up to a third of cases. If clini-
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cal suspicion is high, sequencing may be diag-
nostically helpful.

LYMPHOID NEOPLASMS
Chronic Lymphocytic Leukemia

In CLL, recurrent chromosomal abnormali-
ties (eg, deletions of 13q, trisomy 12, deletions
of 11q, deletions of 17p) have clear prognos-
tic value and can be detected with FISH. Other
prognostic information, such as somatic mu-
tation of immunoglobulin heavy chain variable
(IgHV) genes, TP53 mutations, SF3B1, and
NOTCH1 mutation, are mostly derived from
PCR-based assays. The discovery of recurrently
mutated genes in CLL has increased with the
use of highly sensitive sequencing methods con-
structing a more detailed landscape of CLL at
genetic, epigenetic, and cellular levels. A recent
literature review summarizes the vast heteroge-
neity of CLL with recurrent pathogenetic findings
in MYDS88, SF3B1, TP53, ATM, and NOTCH1
signaling pathways.?® The treatment of CLL is
rapidly evolving, and many clinical trials are pro-
posing a change from the “watch and wait” para-
digm to treatment upon initial presentation based
on molecular findings. Additional testing based
on new treatment options from current clinical tri-
als will be recommended.

Flow cytometry and morphology are stan-
dard for CLL diagnosis. The HMG subcommit-
tee recommends FISH for del(13g14), del(11q),
trisomy 12, and del(17p) at time of diagnosis or
immediately before therapy initiation. Zeta-
chain ({-chain) associated protein 70 (ZAP-70)
by flow cytometry and IgHV mutation status are
optional (use depends on test availability). For
high-risk CLL cases, PCR-based or sequenc-
ing-based assays should be used to detect the
TP53 mutation, especially in CLL patients who
are candidates for treatment with recently ap-
proved CLL-targeted therapies such as ibrutinib
(irreversible inhibitor of Bruton tyrosine kinase)
and idelalisib (PI3Ky inhibitor). Recent studies
have shown that NOTCH1 and SF3B1 mutations
may have prognostic significance, but routine
testing is not recommended at this time.?7-2°

Other B-Cell Lymphoproliferative
Disorders

Unlike the common molecular changes in CLL,
in other mature B-cell lymphomas, chromosomal
translocations that juxtapose a variety of dif-
ferent oncogenes next to an Ig gene enhancer
usually are—and those that switch regions less
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commonly are—important initiating events that
can be detected with PCR, DNA sequencing,
or FISH. In follicular lymphoma (FL), Burkitt lym-
phoma, marginal zone lymphoma (MZL), and
mantle cell lymphoma (MCL), these oncogenes
driven by an Ig gene enhancer typically include
BCL2, MYC, MALT1, and CCNDT1 (cyclin D1),
respectively. Molecular variants of these lym-
phomas that lack these classical translocations
often activate homologous genes (eg, cyclin D3/
CCNDa3 is activated in variants of MCL).

Morphology, flow cytometry, and IHC are rou-
tinely used for diagnosis. In inconclusive cases,
Ig gene rearrangement by PCR may be used.
The Table summarizes common molecular
changes in B-cell ymphomas.

Mantle cell lymphoma. MCL is a non-
Hodgkin lymphoma subtype characterized by
t(11;14) (913;932) translocations that in the ma-
jority of cases lead to overexpression of cyclin
D1 (BCL1). Recent molecular profiling has iden-
tified an MCL variant that is cyclin D1-negative
but SOX117-positive and may have a more ag-
gressive clinical course.®*® SOX717 regulates PAX5
expression and blocks terminal B-cell differentia-
tion in aggressive MCL.

Lymphoplasmacytic lymphoma. Lympho-
plasmacytic lymphoma (LPL), MZL, and CLL/
small lymphocytic lymphoma are well-defined
clinicopathologic entities. However, distinguish-
ing LPL from MZL and atypical cases of CLL
can sometimes be difficult because of over-
lapping clinical and morphologic features. Re-
cent studies have identified a recurrent L265P
mutation in the MYD88 gene in 90% to 95%
of LPL cases with IgM paraprotein and in 40%
to 50% of the rare non-IgM LPL cases. In con-
trast, the mutation is much less frequently
present in MZL and other low-grade B-cell neo-
plasms (2%-7%).%" Therefore, testing for this
abnormality can be a diagnostic aid in these
difficult-to-classify cases. In addition, from a
therapeutic perspective, presence or absence
of MYD88 mutation may prove more signifi-
cant than presence of a specific paraprotein or
histopathologic features. Ibrutinib has shown
efficacy in LPL and demonstrates improved re-
sponse rates in patients with MYD88 mutation
compared with that of their mutation-negative
counterparts.® Several MYD88 inhibitors are in
clinical trials. This again indicates the need to
more accurately identify and subclassify these
non-IgM LPL cases to ensure appropriate mo-
lecular evaluation.

Hairy cell leukemia. Flow cytometry and
morphology are usually sufficient for a hairy
cell leukemia (HCL) diagnosis. However, rare
cases are difficult to distinguish variant HCL
from other mimics. The BRAF V600E mutation
recently was described as a disease-defining
molecular marker for HCL—present in nearly all
HCL cases but virtually absent in HCL mimics.
Therefore, detection of the BRAF mutation by
IHC stain with specific antibody or PCR analy-
sis is highly sensitive and specific for the diag-
nosis of HCL.®

Diffuse large B-cell lymphoma. Re-
cent molecular analysis has created various
risk stratification schemata for diffuse large B-
cell lymphoma (DLBCL). The HGM subcom-
mittee agrees that well-preserved morphology,
IHC, flow cytometry, and FISH-specific mark-
ers (BCL2, BCL6, cMYC) are sufficient for diag-
nostic, prognostic, and therapeutic purposes.
Although a wide range of genes have been im-
plicated in the pathogenesis of DLBCL, se-
quencing and gene expression profiling are not
cost-effective at this time and do not add bene-
fit to patient treatment.

The MYD88 L265P mutation has been
identified in DLBCL, particularly the activated
B-cell-like type and primary central nervous
system lymphoma (PCNSL), and may have im-
plications for ibrutinib therapy. PCNSL com-
monly manifests aggressive clinical behavior
and has a poor prognosis. It has been pro-
posed that the MYD88 mutation can be used
as a genetic hallmark for PCNSL to distinguish
CNS involvement by systemic DLBCL from
PCNSL.%*

Plasma cell neoplasms. Flow cytometry
is acceptable for the diagnosis of plasma cell
neoplasms and for residual disease follow-
up. Chromosomal karyotype or FISH for IGH/
CCND1, IGH/MMSET, and IGH/CMAF dual fu-
sion probes is recommended in conjunction
with morphology, IHC, and flow cytometry. In
plasma cell myeloma, several genetic muta-
tions can be detected with NGS, including mu-
tations in NRAS, KRAS, TP53, BCL7A, DIS3,
and FAM46C.% Less commonly, BRAF muta-
tions, previously described in melanoma and
several other solid tumors, can be detected
with DNA sequencing in 4% of multiple my-
eloma cases, which may prove promising for
targeted therapy with BRAF inhibitors. How-
ever, current therapeutic decisions are
based on genetic and clinical factors, and
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sequence-based assays are not recommended
at this time.

Follicular lymphoma. Cytology, histol-
ogy, and IHC typically are sufficient for diag-
nosing FL. In difficult-to-diagnose cases and
in cases with scant material, additional tests
may help with diagnosis. Eighty to ninety per-
cent of FL cases have t(14;18)(932;921), which
places the BCL2 gene transcription under the
control of the IGH promoter. In addition, about
10% of FL cases have 3927 aberrancies at the
BCL6 gene.®-% More recently, cases of FL with
bulky inguinal disease negative for IGH-BCL2
and BCL6 translocations were found to have
1p36 deletions. These 1p36-deleted FLs typically
have a diffuse pattern and a good prognosis.*®
For 1(14;18), 3927, or 1p36, FISH is a sensitive
means for detecting these translocations, as
is PCR for IGH-BCL2.%° There are reports that
1(14;18) can be detected in a substantial frac-
tion of otherwise healthy donors at levels and
rates that depend on the type of detection test
used.***® |n addition, between one-fourth and
one-third of de novo DLBCLs show t(14;18),
and about one-third show BCL6 abnormalities
at 3g27. Therefore, these genetic changes are
not specific for FL and should not be used to
subtype a lymphoma as follicular in origin.

Use of IGH-BCL2 as a marker for MRD is
still controversial. Some studies have found that
a postinduction and posttransplantation IGH-
BCL2-positive finding by PCR predicted re-
lapse.**45 However, others studies have not
found significance to postinduction IGH-BCL2
positivity.*® The NCCN guidelines recommend
testing for IGH-BCL2 or BCL6 translocations or
1p36 deletion only if this testing is needed for
diagnosis. The guidelines do not recommend
using these genetic assays in follow-up biopsies,
as the importance of treating early relapse has
not been definitively demonstrated.

Therefore, if a lymphoma has morphologic,
histologic, and IHC findings consistent with FL,
then cytogenetic, FISH, or PCR testing is not
needed for diagnosis but may be used as con-
firmation. Follow-up molecular and cytogenetic
testing should be avoided if the original cytoge-
netic abnormality is unknown. That is, IGH-BCL2
FISH should be performed in follow-up sam-
ples only if the original lymphoma is known to
contain the translocation. As follow-up genetic
testing is of disputed clinical significance even in
cases in which the original molecular change is
known, the NCCN recommendations for therapy
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are no different. The HMG subcommittee does
not recommend molecular or cytogenetic testing
in FL beyond what is required for initial diagnosis.

T-CELL LYMPHOMAS
Mature T-Cell Lymphoma and Leukemia

For mature T-cell lymphoma (TCL) and leu-
kemia, the clinical and morphologic criteria
have a very important role in the initial workup.
However, IHC immunophenotyping is cru-
cial for definitive diagnosis and subclassifi-
cation. Flow cytometry is routinely used in
diagnosing diseases such as T-cell prolym-
phocytic leukemia (TPLL), T-cell large granular
lymphocytic (LGL) leukemia, and Sézary syn-
drome. T-cell clonality studies, preferably with
BIOMED-II-validated primers against tar-
gets such as T-cell receptor vy (TCR-v) and
TCR-B, are commonly used as ancillary tests
in the evaluation of TCL and T-cell leukemia.
Clonality testing, however, comes with an im-
portant caveat: A gene rearrangement study
is never a substitute for thorough morphologic
and immunophenotypic evaluation. Clonality is
not proof of malignancy.

Significant advances in TCL classification
have led to revisions and the inclusion of new
provisional entities in the 2016 World Health
Organization classification of lymphoid neo-
plasms.*” Many of these changes originated
in studies of gene expression profiling and
the genetic landscape of T-cell neoplasms.
Even though subsets of peripheral TCL not
otherwise specified (PTCL-NOS) have been
recognized on the basis of phenotypic and
molecular abnormalities with possible clinical
implications, in most cases molecular testing
is not part of routine practice. Typically, only
a few cytogenetic abnormalities and genetic
mutations are used in the evaluation of TCL
and T-cell leukemia.

A group of T-cell lymphoproliferative disorders
with expression of T follicular helper cell mark-
ers can be identified with IHC. These disorders
include angioimmunoblastic TCL; follicular TCL,
a new entity that is a PTCL-NOS subset; and
primary cutaneous CD4-positive small/medium
T-cell lymphoproliferative disorder. The neoplas-
tic cells should express at least 2 or 3 T follicu-
lar helper cell-related antigens, including CD279/
PD1, CD10, BCL6, CXCL13, ICOS, SAP, and
CCRY5; the most commonly used are PD1, BCLS6,
and CD10. Recurrent fusion of ITK-SYK trans-
location t(5;9) or CTLA4-CD28 is also common
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in follicular TCL. Although recurrent mutation is
found in these entities, conventional karyotyping
or IHC should be sufficient for diagnosis.

Cutaneous v-A T-Cell Lymphoma

Among cutaneous TCLs, primary cutaneous
v-A TCL is clinically aggressive (median sur-
vival, 15 months). By definition, the cells are
of the TCR-y-A phenotype. When available,
this phenotype is best shown with IHC stain-
ing for TCR-y or TCR-A with appropriate de-
tection methods. In routine practice, however,
absence of B-F1 expression is sufficient to infer
the TCR-y-A phenotype.*

Peripheral T-Cell Lymphoma
Gene expression profiling analysis of PTCLs
has identified at least 3 subtypes characterized
by overexpression of GATA3, TBX21, and cyto-
toxic genes and expression of the correspond-
ing proteins with IHC.#” These subtypes are
associated with different clinical behavior and
therapy responses. The GATA3 subtype has
an inferior prognosis and shows a high level of
T helper type 2 cytokines, which can be identi-
fied with IHC. As IHC-stained GATAS3 has been
available as a marker of urothelial carcinoma at
most IHC laboratories, GATA3 IHC staining also
may be considered in the evaluation of PTCLs.
Many monoclonal antibody therapies are
being used as primary or secondary regimens
in the treatment of TCL. Clinical trials are work-
ing to establish their efficacy. If treatment with a
monoclonal antibody is being considered, it is
appropriate to conduct IHC to demonstrate the
presence of the target antigen and at follow-up,
to demonstrate the efficacy of treatment. These
therapies include alemtuzumab, which targets
CD52, and brentuximab, which targets CD30.

T-Cell Large Granular Lymphocytic
Leukemia

T-cell LGL leukemia is a complex diagnosis that
requires persistent clonal expansion of LGLs
and clinically peripheral blood cytopenia. In
many cases, the diagnosis is difficult to es-
tablish, as benign large granular lymphocyto-
sis with clonal T cells may occur in conjunction
with viral infections or autoimmune disorders.
Somatic mutations in the STAT3 (signal trans-
ducer and activator of transcription 3) gene are
found in 40% of patients with T-cell LGL leuke-
mia.*® More recently, somatic mutations in the
STAT5B gene were identified in 2% of T-cell

LGL leukemia subsets. The clinical course of
T-cell LGL leukemia in patients with the STAT5B
mutation is aggressive and fatal, clearly dif-
ferent from the relatively favorable course of
typical T-cell LGL leukemia.®® The HMG sub-
committee recommends considering a STAT3
and STAT5B mutation study for selected cases
in which it is difficult to distinguish true T-cell
LGL leukemia from its reactive expansions.

T-Cell Prolymphocytic Leukemia

T-cell prolymphocytic leukemia (T-PLL) is a rare,
aggressive disease and is most commonly as-
sociated with a prolymphocytic morphology
and expression of CD4. However, since a spe-
cific immunophenotypic profile of T-PLL has
not been identified, flow cytometry is not ad-
equate in isolation for definitive classification
as T-PLL.%" A diagnosis of T-PLL often requires
cytogenetics or a FISH study to confirm a sus-
pected case. Most TPLL cases harbor charac-
teristic chromosomal abnormalities involving
14911.2 (TCR «o/A), 14932 (TCL1 gene), or
Xq28 (MTCP1 gene); abnormalities of chromo-
somes 8 and 12p; and deletions of the long
arm of chromosomes 5, 6, 11, and 13.%2 In rou-
tine practice, a TPLL diagnosis should be con-
firmed with inv(14) (paracentric inversion of
chromosome 14) or t(14;14) by conventional
cytogenetic studies and/or rearrangement of
the TCL1 gene by FISH. In addition, ATM and
JAK3 mutations are highly recurrent in TPLL
and may aid in the diagnosis of challenging
cases.®

Anaplastic Large Cell Lymphoma

The World Health Organization recognizes
3 distinct types of anaplastic large cell lym-
phoma (ALCL): systemic anaplastic lymphoma
kinase (ALK)-positive ALCL, systemic ALK-
negative ALCL, and primary cutaneous ALCL.
Systemic ALK-positive ALCLs consistently
have ALK gene rearrangements and favor-
able outcomes. The most common translo-
cation is the t(2;5) rearrangement of NPM1
and ALK, though other ALK partners are also
possible. In contrast, systemic ALK-negative
ALCLs lack ALK gene rearrangements and as
a whole have outcomes inferior to those of
systemic ALK-positive ALCLs. However, stud-
ies have found systemic ALK-negative ALCL
to be a genetically and clinically heteroge-
neous entity.5* About 30% of cases have re-
arrangements of the DUSP22-IRF4 locus on
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6p25.3 (DUSP22 rearrangement), and these
cases have favorable outcomes similar to
those of systemic ALK-positive ALCL.%® Only
8% of patients have TP63 rearrangements and
very poor outcomes. The remaining cases lack
ALK, DUSP22, and TP63 rearrangements and
have intermediate outcomes. The HMG sub-
committee recommends considering DUSP22
rearrangement by FISH in the evaluation of
systemic ALK-negative ALCL.

CONCLUSION

The pathologic diagnosis, classification, and
risk stratification of lymphoma and leukemia
require an approach that integrates morphol-
ogy, flow cytometry, cytogenetics, and mo-
lecular pathology. Rapidly evolving molecular
techniques currently allow for detailed descrip-
tion of the molecular defects in lymphoma and
leukemia, including driver mutations, amplifi-
cation/deletion events, and clonal evolution.
Unfortunately, the technical ability to catalogue
the molecular defects in lymphoma and leuke-
mia, often at great expense, is outpacing the
ability to use this detailed information in treat-
ing patients with hematologic malignancies.
The challenge, then, is to identify best prac-
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tices for the diagnosis and classification of
lymphoma and leukemia in VHA hospitals that
incorporate the most useful molecular tests
without wasting financial resources.

In this report, the HMG subcommittee of the
MGPW has presented its recommendations for
molecular testing in AML, MPN, MDS, and lym-
phomas in the context of standard morphologic
and immunophenotypic approaches to hemato-
pathology diagnosis and classification. Adoption
of these recommendations by VHA hospitals and
clinics should help ensure that all VA patients
with hematologic malignancies benefit from the
latest advances in precision medicine.

Within the vast and comprehensive national
VHA health care system are multiple centers of
expertise in hematopathology. In addition, multi-
ple VA clinical molecular diagnostic laboratories
are performing state-of-the-art testing. The HMG
subcommittee proposes that, to make best use
of these expert resources, the VHA should es-
tablish an interfacility hematopathology consul-
tation service. This service would allow any VA
pathologist to consult a board-certified hemato-
pathologist regarding use of ancillary molecular
genetic testing in the diagnosis of hematologic
malignancy.
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In addition, the HMG subcommittee rec-
ommends consolidating VA molecular diag-
nostic reference laboratories and having them
perform molecular testing for other VA hospitals
rather than using commercial reference labora-
tories, where testing standards are not uniform
and results may be difficult to interpret. Several
well-established VA clinical laboratories with
technical expertise and informatics support are
already performing selected molecular diag-
nostic testing. These laboratories’ resources
should be expanded, where practical, to cost-
effectively provide VA expertise to all veterans
and to improve access to appropriate molecu-
lar diagnostic testing.
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