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Abstract

Massively parallel sequencing (MPS) has become a viable diagnostic tool to interrogate genetic profiles of numerous tumors
but has yet to be routinely adopted in the setting of lymphoma. Here, we report the empirical application of a targeted 40-
gene panel developed for use in mature lymphoid neoplasms (MLNs) and report our experience on over 500 cases submitted
for MPS during the first year of its clinical use. MPS was applied to both fresh and fixed specimens. The most frequent
diagnoses were diffuse large B-cell lymphoma (116), chronic lymphocytic leukemia/small lymphocytic lymphoma (60),
marginal zone lymphoma (52), and follicular lymphoma (43), followed by a spectrum of mature T-cell neoplasms (40). Of
534 cases submitted, 471 generated reportable results in MLNs, with disease-associated variants (DAVs) detected in 241
cases (51.2%). The most frequent DAVs affected TP53 (30%), CREBBP (14%), MYD88 (14%), TNFRSF14 (10%),
TNFAIP3 (10%), B2M (7%), and NOTCH2 (7%). The bulk of our findings confirm what is reported in the scientific
literature. While a substantial majority of mutations did not directly impact diagnosis, MPS results were utilized to either
change, refine, or facilitate the final diagnosis in ~10.8% of cases with DAVs and 5.5% of cases overall. In addition, we
identified preanalytic variables that significantly affect assay performance highlighting items for specimen triage. We
demonstrate the technical viability and utility of the judicious use of a targeted MPS panel that may help to establish general
guidelines for specimen selection and diagnostic application in MLNs in routine clinical practice.

Introduction

Mature lymphoid neoplasms (MLNs) are a leading cause of
cancer mortality worldwide and represent an extensive,
clinically diverse, and pathologically heterogeneous group
of entities. These neoplasms have been classified based upon
numerous factors including cell type (B-cell vs. T-cell),
degree of maturity (precursor vs. mature), anatomic site
(nodal, splenic, cutaneous, etc.), predicted natural history
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(indolent vs. aggressive), and underlying disease (immuno-
deficiency, etc.), amongst others. These granular degrees of
categorization are incorporated into the updated 2017 WHO
Classification of Tumors of Haematopoietic and Lymphoid
Tissues [1]. The finer degrees of separation for these entities
provide not only a better understanding of the distinct
mechanistic biology of each disease process, but also allow
for improved clinical insight into management strategies and
prognosis. Genetic testing has played an important role in
the evaluation of MLNs, primarily at the level of chromo-
somal aberrations, with the advent of sophisticated genomic
approaches further unraveling unprecedented insights into
the pathobiology of these neoplasms.

Although mutational profiling of hematologic neoplasms
currently predominates in the area of myeloid neoplasms,
there is a growing wealth of literature describing common
and highly characteristic genetic alterations within the
individual subcategories of MLNs [2-7]. For example, the
diagnostic approach to entities such as lymphoplasmacytic
lymphoma (LPL) and hairy cell leukemia (HCL) has been
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altered with the discovery of MYDS88 mutations in ~90% of
LPL cases and BRAF V600E mutations in nearly all HCL
cases [8, 9]. Beyond the consideration of these characteristic
mutations, enriched genetic profiles with diagnostic, prog-
nostic, and therapeutic relevance have been observed in the
vast array of these neoplasms [10]. Common disease-
associated mutations have been identified in small mature
B-cell neoplasms including: chronic lymphocytic leukemia/
small lymphocytic lymphoma (CLL/SLL) [e.g., SF3BI,
TP53, NOTCHI, ATM], follicular lymphoma (FL) [e.g.,
CREBBP, TNFRSF14, TNFAIP3, EZH?2], mantle cell lym-
phoma (MCL) [e.g., ATM, CCNDI, TP53, NOTCH?2,
BIRC3], and marginal zone lymphomas (MZL) [e.g., KLF?2,
NOTCH?2, TNFAIP3, TRAF3] [11]. Additional studies have
described the most frequent mutations in aggressive B-cell
neoplasms, including germinal center B-cell (GCB) diffuse
large B-cell lymphoma (DLBCL) [e.g., EZH2, GNAI3,
TNFRSF14, SOCS1], activated B-cell (ABC) DLBCL [e.g.,
MYDS8S8, CD79A/B, CARDI1, TNFAIP3], and Burkitt lym-
phoma [e.g., TCF3, ID3] [12]. Furthermore, individual
subcategories of lymphoid neoplasms tend to display
recurrent mutational profiles. These include those affecting
MYDS&S8 in primary DLBCL of the CNS, TNFAIP3, STATG6,
XPOI, and SOCS! in primary mediastinal large B-cell
lymphoma (PMBL), TET2, DNMT3A, RHOA, and IDH?2 in
angioimmunoblastic T-cell lymphoma (AITL), and STAT3
in T-cell large granular lymphocyte leukemia [13-16]. As
noted, certain mutations are enriched in specific categories
of MLNSs, and new discoveries continue to emerge at a rapid
pace. For example, comprehensive restructuring of the
categorization of DLBCL subtypes from beyond the cell of
origin theory and numerical “hit” hypotheses to a clustering
paradigm based on genetic signatures that correspond with
prognostic and therapeutic significance has been proposed
[17, 18]. In addition, alternative perspectives have been
suggested for the utilization of genetic profiles as bio-
markers for prognosis, diagnostics, targeted therapeutics,
and response to therapy across many of the other categories
of MLNs [19-21].

The rapid evolution of massively parallel sequencing
(MPS), also referred to as next generation or high
throughput sequencing, has led to the development of
strategies for clinical utilization of comprehensive tumor
profiling information which enables personalized medi-
cine [22]. Qualitative and quantitative ‘“single gene”
assays remain relevant to identify certain pathognomonic,
prognostically useful, and therapeutically implicated
mutations in hematologic neoplasms. In myeloid disease,
single gene testing for, amongst others, JAK2, NPMI,
CEBPA, FLT3, IDHI/2, and KIT mutations, and BCR-
ABLI fusions are useful for diagnosis and therapy, while
single gene assays for MYD88 L265P and BRAF V600E
mutations are widely utilized for the assessment of LPL

and HCL, respectively [23]. However, targeted MPS
panels provide an opportunity to interrogate numerous
genes simultaneously, serving to restructure diagnostic
and therapeutic paradigms [24-26].

Despite the impressive large-scale genomic character-
ization of MLNs uncovered by numerous sophisticated
scientific discoveries, exploration of the clinical and prac-
tical diagnostic utility of a targeted MPS panel for use in
MLNs has only very recently undergone limited scrutiny
[27]. Our institution applied a targeted 40-gene MPS panel
for MLNs capable of detecting single-nucleotide variants
(SNVs) and small insertion/deletions (indels) to a series of
specimens over a l-year period. We report on our institu-
tional experience, the largest to date, specifically focusing
on the diagnostic utility and technical performance of this
panel, with the aim of validating its clinical utility and
identifying preanalytic variables that influence outcomes,
with a view to providing some guidance to the use of such
panels in the routine clinical realm.

Materials and methods
Study design and patient characteristics

We reviewed a total of 598 sequential MPS lymphoma
panel orders between November 1, 2018 and October 31,
2019, representing samples from 518 unique patients. The
orders were placed entirely at the discretion of the treating
clinician, namely the hematologist—oncologist caring for
the patient, or the hematopathologist responsible for ren-
dering a definitive diagnosis. A total of 41 patients had
more than one study performed, which accounted for 85
(14.2%) of the MPS panel orders. Common clinical rea-
soning for multiple studies on a single patient included
bone marrow staging at diagnosis of an extramedullary
MLN, subsequent bone marrow evaluation of residual
disease after treatment and/or bone marrow transplant, and
repeat testing performed on samples with initial quantita-
tive or qualitative sequencing failure. During this time
period, ~942 unique patients with newly diagnosed or
relapsed MLN were seen by clinicians in the Lymphoma
Program in the Division of Hematology-Oncology in the
Department of Medicine at the Hospital of the University
of Pennsylvania. Patient and pathologic information was
collected from the electronic medical record (EMR) and
laboratory information system (LIS) under an approved
retrospective IRB protocol.

Massively parallel sequencing

Detection of SNVs and insertions/deletions of less than 25
base pairs was performed by the University of Pennsylvania
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Center for Personalized Diagnostics in the Department of
Pathology and Laboratory Medicine and Abramson Cancer
Center. Acceptable specimens for evaluation included
blood, bone marrow, fresh tissue, fine needle aspirates
(FNAs), and formalin-fixed paraffin-embedded (FFPE) tis-
sue, with a minimum requirement of 10% tumor nuclei
within the specimen. DNA was extracted from fresh tissue,
FNA specimens, and FFPE tissue using an Agencourt
FormaPure Kit (Beckman Coulter; Brea, CA) and from
blood and bone marrow specimens using the DSP DNA
Mini kit (Qiagen; Germantown, MD). DNA was quantified
with a Qubit dsDNA BR Assay (Invitrogen). Individual
libraries were prepared using a TruSight Lymphoma 40 kit
(Illumina; San Diego, CA) and TapeStation analysis (Agi-
lent) was performed to demonstrate successful library pre-
paration prior to sequencing. Enriched library preparations,
in duplicate per patient, were pooled and sequenced in
parallel on a MiSeq (Illumina) platform using multiplexed,
paired-end reads, each with a mean read depth of
~5500-6000 per pool. As a quality control metric, 250 reads
passing filter per pool at a given locus was required to call a
variant. Analysis and interpretation were performed using
the Illumina Amplicon DS module (lymphoma_vl) with
reference to the hgl9 Genome build. Categorization of
variants was dependent upon review of the literature, the
presence of the variant in publicly available databases
including dbSNP, COSMIC, gnomAD, the 1000 genome
project, cBioPortal, and VarSome. The genes sequenced
were part of a commercially available targeted MPS
amplicon panel for 40 clinically and diagnostically relevant
lymphoma-associated gene variants that included: ATM,
B2M, BIRC3, BRAF, BTK, CARDII, CD79A, CD79B,
CIITA, CREBBP, CXCR4, EGR2, EZH2, GNAI3, ID3,
IDH2, JAK3, KLF2, MAP2KI, MYDS8S, NFKBIE,
NOTCHI, NOTCH2, PLCGI, PLCG2, POTI, RHOA,
RPS15, RRAGC, SF3B1, SOCSI, STAT3, STAT5B, TCF3,
TET2, TNFAIP3, TNFRSF14, TP53, TRAF3, and XPOI.
The full coding region for ATM, CREBBP, CXCR4, GNA1 3,
JAK3, MYDS8S8, SOCS1, TNFRSF14, and TP53 were cov-
ered by the assay. The remaining genes were partially
covered with minimal coverage of known clinically relevant
hotspots known at the time of the assay design. Analysis
was determined to be a MPS failure due to either insuffi-
cient DNA, defined as quantitative failure (QTF), or
inadequate DNA, defined as qualitative failure (QLF).

Tumor percentage estimation

Tumor percentage for fixed samples was estimated by the
diagnosing pathologist based on morphology of H&E
stained sections and if applicable, immunohistochemical
stains. The reported tumor percentages were obtained by
reviewing sequencing requisition forms and pathology
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reports. Tumor percentages were reported as discrete values
and as ranges. To accommodate these differences, tumor
percentages were categorized as follows >50%, 49-26%,
25-10%, 1-9%, and 0%. In most fixed tissue cases,
reported tumor percentages fell into these predefined cate-
gories. The tumor percentage for FNAs was determined by
morphology and/or flow cytometry. Few bone marrow
aspirates or peripheral blood specimens had reliable tumor
percentage reported. Thus, for the majority of these speci-
men types, tumor percentage was calculated by multiplying
the percent lymphocytes on 200-cell differential by the
percent neoplastic lymphocytes identified on flow cyto-
metric evaluation. Samples for which an estimate of tumor
percentage was precluded by lack of tandem flow cytometry
(defined as within 30 days of sequencing), or by non-
representative flow cytometry, were excluded from the
logistic regression analyses.

Data analysis

All patient data including basic identifying information,
pertinent specimen descriptors (including whether the spe-
cimen actually contained an MLN, and if so, the percentage
of tumor, whether the specimen was fixed or fresh, the
nature of the biopsy such as whether it was a needle core
biopsy or excisional biopsy, and whether the material was
collected and processed intramurally or extramurally),
hematopathologic diagnoses, pathology report addenda, and
MPS results were extracted from the EMR and LIS and
collated using Excel. Descriptive statistics were used to
characterize these data (mean, percentage, range, fre-
quency). Figures and tables were generated using basic
charting tools in Excel. The OncoPrint was produced using
the OncoPrinter tool available through the cBioPortal for
Cancer Genomics website [28, 29].

Logistic regression analysis

In order to determine how preanalytic variables impact MPS
results, we collected information on processing institution
(intramural or submitted extramural), specimen anatomic
source, specimen type (for example nature of biopsy), tumor
percentage, and fixation for each specimen (Fig. 1). We con-
structed two separate logistic regression models using Graph-
Pad Prism to estimate odds ratios, 95% confidence intervals,
and two-tailed p values. The first analysis was modeled to
determine the effect of preanalytic variables on MPS failure
(QTF and QLF) as compared with success defined as a MPS
result of disease-associated variant (DAV), variant of uncertain
significance (VUS), or no variant (NV). The second analysis
was modeled to determine potential “false negative” MPS
results (defined as pathologic diagnosis present with NV MPS
results). Potential “false negatives” are denoted with quotation
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n=116
Core Bx Core Bx Core Bx
Peripheral n=59 (23 EM) n=39 (18EM) n=1(1EM)
Blood
n=45 [ Excisional Bx } { Excisional Bx ] [ Aspirate Clot }
=95 (32 EM) =113 (50 EM) n=11(10 EM)
[ Other Fresh ]
n=6

SRRy

Fig. 1 Stratification of specimens by preanalytic variables. Pre-
analytic variables among processed MLN specimens (n = 534) that
include specimens inadequate for sequencing due to QTF or QLF,
excluding non-MLN cases (n =23) and cases in which tumor percent
was not reported or not calculable (n =26) yielding 485 MLN cases
with calculable tumor percentages. Noted in parentheses is the number
of extramural (EM) cases. There were no extramural fresh specimens.
To facilitate statistical analysis, specimen types were grouped based on

marks to acknowledge that the MPS panel is not absolutely
comprehensive for all possible mutations in MLNS.

Categorical preanalytic variables were recoded into
binomial factors and tested in multivariate logistic regres-
sion. For recoding, the reference variable for the first ana-
lysis was selected as the variable with the lowest rate of
QTF or QLF MPS and for the second analysis the variable
with the lowest rate of NV MPS results was selected as the
reference variable. As MPS failure was not observed in any
fresh specimens tested, only fixed samples were included in
the first analysis interrogating QTF and QLF MPS.
Amongst fixed specimens, tumor percentages were uni-
formly >10%. In addition, we combined tumor percent
categories of 10-25% and 25-49% as only 3 of 40 MPS
failures were observed in the 10-25% tumor category.

In the second logistic regression analysis evaluating
potential “false negative” MPS results, we limited the
analysis to samples with pathologic diagnosis present and
samples that did not fail MPS (i.e., MPS result of DAV,
VUS, and NV). Fresh FNA specimens were also excluded
because there were no samples in this category with a NV
MPS result. Due to overlap between specimen type and
source in the fresh samples, preanalytic variables of fixed/
fresh, specimen type, and specimen source were combined
in this analysis to prevent linearity and perfect separation.

Diagnostic utility determination

The final diagnosis rendered for each case (after compre-
hensive incorporation of cytogenetic, fluorescence in-situ

overall expected tissue quantity. “Core Bx” includes mostly core
biopsies (including a single decalcified bone marrow core biopsy [see
Table 1 footnote f for more detail]), seven punch biopsies, and a single
FNA cell block. “Excisional Bx” includes mostly excisional biopsies
of lymph nodes as well as larger excisions of extranodal tissue and a
single wedge biopsy of lung tissue. “Other Fresh” includes lymph
node FNA (n=2), extranodal FNA (n=1), and other body fluid
specimens (n = 3).

hybridization/FISH, antigen receptor gene rearrangement/
ARGR, and MPS studies, along with clinical correlation)
was compared to the initial diagnosis (rendered by mor-
phologic and immunophenotypic evaluation alone), with
specific focus on the impact of MPS results, when MPS was
determined to provide greater diagnostic value over and
above that provided by other genetic studies. The pathology
reports of all MLNs with reportable MPS results were
reviewed, with the primary data for this analysis being
addenda generated to original reports with comments dis-
cussing the relevance of MPS results to final diagnostic
considerations. It should be noted that there was no pre-
determined standard of practice set for reporting the results
of MPS in addenda prior to collection of these data. Hence,
in cases in which addenda were not generated, the impact of
MPS results on the diagnosis was reviewed and documented
by two of us [ARD, AB]. The effects of MPS results on
final diagnoses were classified into three categories: (1)
change a diagnosis, (2) refine a differential diagnosis, and
(3) facilitate a diagnosis. A change of diagnosis (1) was
considered only if the initial diagnosis was reported con-
fidently, with subsequent change to an entirely different
diagnosis based on the results of MPS. MPS results were
considered to refine a diagnosis (2) if the initial case had a
differential listed, including reactive vs. neoplastic, with the
results of MPS favoring one of the considerations listed in
the differential diagnosis. The results of MPS were classi-
fied to facilitate the diagnosis (3) if the initial case had a
favored but equivocal diagnosis, with the MPS results
allowing for a more confident diagnosis.
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Results
Specimen and result category data

The orders for 64 of the 598 cases (10.7%) were canceled
prior to processing for MPS. Identifiable sources for can-
cellation included order errors, duplicate orders, and/or lack
of necessity based on variable clinical or hematopathology
triage and review. Of the remaining 534 cases that were
processed (Fig. 2), 40 were not sequenced as the extracted
DNA was either quantitatively (QTF) or qualitatively (QLF)
suboptimal. Of the remaining 494 specimens, 23 that did
not represent MLN specimens were excluded. Amongst the
remaining 471 MLN specimens analyzed, DAVs were
detected in 51.2%, VUSs in 17.8%. and NV in 31%.
Notably, the 31% of these 471 cases with NV results
includes 97 cases (20.6% of total) which yielded no muta-
tions despite harboring a morphologically detectable MLN,
and 49 cases (10.4% of total) which contained no micro-
scopic evidence of disease and unsurprisingly yielded no
mutations. For the stratification of specimens by preanalytic
variables (Fig. 1), 26 cases (24 peripheral blood specimens,
2 bone marrow aspirates) were excluded because tumor
percentage was not calculable. The 485 specimens with

Initial Orders
(n=598)

Specimens Processed
(n=534)

Cancelled prior
to processing
(n=64)

Inadequate for
sequencing
(n=40)

Non-MLN cases
ey = excluded from
analysis (n=23)

Specimens Sequenced
(n=494)

Cases Analyzed for Diagnostic Impact of MPS Results
(n=471)

DAV detected NV detected VUS only detected
(n=241) 51.2% (n=146) 31% (n=84) 17.8%
> v

J

¥ %
NV MLN Present NV MLN Absent
(n=97) 20.6% (n=49) 10.4%

Fig. 2 Flowchart indicating the process of case selection and
exclusion, as well as broad outcome of mutational analyses. All
orders for the MPS lymphoma panel were collected for the defined
study period. Canceled orders (64) were removed prior to case ana-
lysis, yielding 534 cases that were processed. Of the cases processed,
40 were either quantitatively or qualitatively insufficient for sequen-
cing and of the sequenced cases, 23 were not representative of mature
lymphoid neoplasms. Ultimately, 471 sequenced cases were analyzed
of which 51.2% had detectable DAVs, 17.8% had VUSs only detected,
and 31% had no variants (NV) detected. The latter cases with no
variants detected were further stratified by the presence or absence of a
mature lymphoid neoplasm in the specimen. Approximately one-third
of the cases (49/146) with no variants (NV) detected had no disease
present.
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calculable tumor percentage in Fig. 1 reflect the 471 cases
from Fig. 2 that were analyzed for diagnostic impact of
MPS results, with the 40 cases “inadequate for sequencing”
added back and the 26 cases “without calculable tumor
percentage” removed.

Preanalytic variables and assay performance

The first logistic regression analysis (Table 1) was designed
to evaluate the impact of preanalytic variables on MPS
failure or success as previously defined. We limited our
analysis to fixed cases because MPS failure was not
observed in fresh specimens (n = 167). While specimen
type and source had little impact on MPS failure, specimens
with lower tumor percent and extramural specimens were
significantly more likely to result in MPS failure based on
calculated odds ratios. For example, extramural specimens
were 5.25 times more likely to fail MPS. Similarly, speci-
mens with <50% tumor were 2.22 times more likely to have
QTF or QLF MPS results.

Diagnostic categories

WHO 2017 criteria were used for the final diagnostic
categories in all cases by incorporating initial diagnostic
considerations (based primarily on morphology and
immunophenotypic  information) with comprehensive
review of subsequent cytogenetic, FISH, ARGR, and MPS
studies, as well as clinical correlation. The final diagnostic
groups for all cases with corresponding MPS result cate-
gories are summarized in Table 2. The role of MPS results
in affecting final diagnostic categorization is detailed in the
“Diagnostic utility of MPS” section below. Of note, 61
cases (13% of total 471 analyzed) had no overt microscopic
(and, where tested, no immunophenotypic) evidence of an
MLN—of which 49 cases had no mutations detected, 3
bone marrow specimens were found to have DAVs of
SF3BI only, and 9 cases revealed VUSs. The rationale for
submission of these morphologically and immunophenoty-
pically negative specimens incorporated three categories:
evaluation of potential residual disease (n =9), staging of
bone marrow involvement by an extramedullary process
(n=14), and clinical suspicion for involvement of the
submitted specimen by an MLN (n = 38).

MPS results

Overall, 35 of the 40 genes on the panel were identified at
least once as a DAV, while 3 of the genes presented with a
VUS only (CARDI1, RRAGC, and TCF3), and no genetic
alterations were observed in PLCGI or PLCG2. The most
frequent disease-associated genetic alterations across all
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Table 1 Association between preanalytic variables and risk for MPS
failure in fixed tissue specimens.

Preanalytic MPS MPS Est. odds ratio p value®
variable success® failure®  (95% CI)
(n=278) (n=40)
No. (%)° No. (%)
Collecting institution
Intramural® 175095 9() 1.0
Extramural 103 (77) 31 (23) 5.25(2.44-12.3) <0.0001*
Tumor, %°
>50%¢ 223 (90) 25 (10) 1.0
<50% 55(79) 15 (221) 2.22(1.01-4.75) 0.0425*
Specimen source
Extranodal’ 138 (90) 16 (10) 1.0
Lymph node 132 (87) 20 (13) 1.19 (0.566-2.52) 0.649 ns
Bone marrow' 8 (67) 4 (33) 1.22(0.261-5.13) 0.786 ns
Specimen type
Excisional 186 (89) 22 (11) 1.0
biopsy?
Core biopsy 92 (84) 18 (16) 1.62 (0.736-3.50) 0.223 ns

or aspirate clot®

4MPS success is defined as an MPS result of DAV, VUS only, or NV,
while MPS failure is defined as being either quantitative failure (QTF)
due to insufficient DNA or qualitative failure (QLF) due to inadequate
DNA quality. Fixed MLN cases with calculable tumor percent were
analyzed (n = 318, see Fig. 1). Excluded from this analysis are “Fresh”
cases (n = 167) due to lack of MPS failure in this preanalytic category
and thus perfect separation from the “fixed” category.

The percentage reported is the percent of the preanalytical variable
within each MPS result category.

¢p values with summary, reported as not significant (ns) 20.05, *<0.05.
dReference category, see “Materials and methods” for further details.

“Tumor percent as determined by the pathologist or calculated, see
“Materials and methods” for further details.

Bone marrow specimens in this analysis consisted of aspirate clots as
there was no MPS failure in fresh aspirates specimens; MPS was
attempted on a single decalcified bone marrow core biopsy as no
alternate material was available which resulted in a QTF as expected
for this unacceptable specimen type.

£To prevent linearity between specimen source and type, aspirate clot
and tissue core biopsies were combined for this analysis as a similar
yield of material is expected for these specimens. “Aspirate clot”
includes bone marrow aspirate clots (11) and FNA cell block (1), while
“core biopsy” refers to all other non-excisional lymph node or other
tissue biopsy.

diagnostic categories were identified in TP53, MYDSS,
CREBBP, and EZH2 at 30%, 14%, 14%, and 12%,
respectively, (Fig. 3). DAVs in the remaining genes on the
panel occurred at a frequency of 10% or less: NOTCHI,
TNFAIP3, and TNFRSFI14 (10% each), and B2M and
NOTCH?2 (7% each). Four genes were mutated at a fre-
quency of 5% (ATM, BRAF, NFKBIE, and SOCSI). The
remaining genes on the panel with DAVs had a mutation
frequency of less than 5%. Table 3 details the frequency of

mutations present for each gene stratified by diagnostic
subcategory. The total number of DAVs present per case
ranged from O to 7, with a mean of 1.8 DAVs per case for
the entire cohort. DLBCLs displayed the most DAVs per
case (mean=2.2), with PMBLs showing the greatest
number of DAVs for any specific diagnostic category
(mean = 2.6). Two cases of DLBCL displayed the greatest
number of DAVs (7) of any of the cases in the study
(Fig. 3). The distributions of DAVs present in the most
common large B-cell lymphoma categories and the most
common small B-cell lymphoma subcategories are detailed
in Figs. 4 and 5, respectively. The types of genetic altera-
tions demonstrated across all cases with DAVs are detailed
in Fig. 6.

Supplementary Tables 1 and 2 list the specific protein,
DNA changes, and variant allele frequencies for all DAVs
and VUSs observed across the entire cohort, respectively.
Overall, 16 variants were ultimately reported as “inde-
terminate” with respect to VAF (1.8% of total), including
10 DAVs and 6 VUSs, due to a VAF below the validated
range of the assay, pool bias, or complex mapping, and thus
no VAF was reported.

Overall, 146 cases yielded normal sequencing studies.
This group included 49 cases that had no morphologic or
immunophenotypic evidence of an MLN. Thus, there were
97 cases with detectable MLN with normal MPS results, of
which many had less than 25% tumor cellularity. This
observation was further investigated by a second logistic
regression analysis to evaluate the effect of preanalytic
variables on potential “false negative” MPS results
(Table 4). This analysis assumed that certain preanalytic
variables, such as tumor percent, may affect the likelihood
of obtaining a potential “false negative” MPS result. We
defined a potential “false negative” as a case with a
detectable MLN but with NV MPS results. We compared
these cases to those with positive MPS results (DAV and
VUS only) and detectable MLN present. Fresh FNA spe-
cimens were excluded from this analysis due to perfect
separation with all cases being MPS positive. This analysis
revealed that cases with 1-9% tumor (odds ratio 6.38, p
value 0.0003) and 10-25% tumor (odds ratio 2.08, p value
0.0454) were significantly more likely to result in NV MPS
results compared to cases with >50% tumor (as the refer-
ence category), indicating a greater potential “false nega-
tive” rate among cases with <25% tumor. Although we
found no difference between extramural and intramural
samples on initial review (not shown in Table 4), fixed bone
marrow aspirate clots were all collected at extramural
institutions and were significantly more likely to result in
NV MPS results compared with other specimen types and
sources, indicating that for some specimen types, proce-
dures at the collecting and processing institution may
impact the outcome of MPS.

SPRINGER NATURE
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Table 2 Categorization of MPS
results in each diagnostic
category.

A. R. Davis et al.

Diagnostic category Subcategory Cases DAV VUS NV QTF QLF
B-cell neoplasms Diffuse large B-cell lymphoma 116 79 11 16 8 2
Chronic lymphocytic leukemia 60 37 7 15 1 -
Marginal zone lymphoma 52 25 10 14 - 3
Follicular lymphoma 43 27 11 1 1
Mantle cell lymphoma 28 11 6 6 4 1
High grade B-cell lymphoma 14 9 3 -2 -
Lymphoplasmacytic lymphoma 12 10 1 J -
Immunodeficiency associated lymphomas 10 3 1 1 -
B-cell neoplasm, miscellaneous® 6 5 - 1 - -
T-cell neoplasms Various® 40 18 8 13 - 1
Other Atypical lymphoproliferations® 39 7 18 6 5
Lymphoma, NOS! 30 8 9 2 2
No disease 61 9 49 - -

QTF quantitative failure (insufficient amounts of DNA), QLF qualitative failure (inadequate DNA quality).

#B-cell neoplasm, miscellaneous includes the following diagnoses: hairy cell leukemia; hairy cell leukemia
variant; plasmablastic lymphoma; and Burkitt lymphoma.

°T-cell neoplasms, various includes: angioimmunoblastic T-cell lymphoma; anaplastic large cell lymphoma;
subcutaneous panniculitis-like T-cell lymphoma; nodal involvement by Sezary syndrome; adult T-cell
leukemia/lymphoma; peripheral T-cell lymphoma, not otherwise specified; peripheral T-cell lymphoma with
T-follicular helper features; cutaneous T-cell lymphoma; T-cell large granular lymphocytic leukemia; large
granular lymphocytosis; T-prolymphocytic leukemia; extranodal NK/T-cell lymphoma, nasal type; and
follicular T-cell lymphoma.

“Atypical lymphoproliferations include the following descriptive terminologies: atypical lymphoid
proliferation, not otherwise specified; atypical T-cell infiltrate; atypical B-cell infiltrate; EBV-+
lymphoproliferative disorder; and CD30+ T-cell lymphoproliferative disorder.

9Lymphoma, NOS (not otherwise specified) includes nonspecific diagnoses such as: lymphoid neoplasm
with plasma cell differentiation; low-grade B-cell lymphoma CD5— CD10—; lymphoplasmacytic lymphoma
vs. marginal zone lymphoma; B-cell lymphoma of germinal center origin; CD10+ B-cell neoplasm; CD5+
B-cell lymphoma; non-Hodgkin B-cell lymphoma; aggressive mature B-cell lymphoma; mature CD4+ T-
cell lymphoma; T-cell neoplasm of T-follicular helper cell origin; B-lymphoblastic lymphoma with MYC and

BCL2 rearrangement; and CD5+ B-cell clone.

Diagnostic utility of MPS

The detection of DAVs affected the diagnosis in 5.5% (26
of 471) of all analyzed cases (Table 5). Of these, most (21/
26, 80.8%) resulted in a refined diagnosis, while the diag-
nosis was either facilitated (3/26, 11.5%) or changed (2/26,
7.7%) in the remainder. When evaluated based upon only
assessing cases with DAVs, there was a diagnostic impact
in 10.8% (26/241) of cases. The scenario that was most
likely to have a diagnosis refined by MPS results were those
with a differential diagnosis of marginal zone lymphoma vs.
LPL, which accounted for 34.6% of these cases (9/26).

Discussion

This largest to date and most comprehensive (to the best of
our knowledge) study of a targeted MLN MPS panel in
routine clinical practice confirms much of what is reported
in the scientific literature. While our study demonstrates the

SPRINGER NATURE

modest and somewhat limited current diagnostic impact of
MPS in most cases, we identified a subset of cases, albeit
minor, in which the sequencing studies affected the final
diagnosis. We also identified preanalytic variables that can
impact the outcome of sequencing studies, highlighting the
importance of appropriate case selection and specimen
triage to enhance their more judicious use in routine clinical
practice.

In this analysis of our institution’s year-long experience
with a targeted MLN MPS panel, diagnostically modifying
results were achieved in 5.5% of the total cases analyzed
and 10.8% of those cases with DAVs. Refinements of
diagnoses were most frequently reported due to either the
presence or absence of MYDS&S8 mutations in distinguishing
LPL from MZL or the presence of NOTCH2 and TNFAIP3
mutations in favoring a diagnosis of MZL over LPL. Since
these mutations are not 100% specific, with, for example,
MYDS88 mutations also described in other small B-cell
neoplasms, these refinements were made in the context of
additional laboratory and hematopathologic findings. Other



am

Targeted massively parallel sequencing of mature lymphoid neoplasms: assessment of empirical. ..

‘pay1oads 9s1mIaY)o Jou SON ‘pPAjeIdosse Aouaroyapounwwl Y] ‘ewoydwA| onkoewseidoydwA|
1d7 ‘ewoydwiA| [[90-g opeis ysSiy TgoH ‘ewoydwA] [[20 opuew THIN ‘ewoydwA| renorfjoj 14 ‘ewoydwA| suoz feursrewr TZIA ‘rudynad] onkooydwA| oruoryo 71D ‘ewoydwA] [[99-g 2816 asnyJip
T1091d "9 S1q ur pajuesaid st suoneInU Jo 90UINDISUOD AY) JO UONEZLIOZNED PRI ‘pIkedsIp os[e s1 adA) uoneIde onouss Jo awAYds UONEIYISSe[d payw] v ‘doy oy Je pojudsardar s1 osed
1od sAV( JO Ioquunu €10} Y], *9sed 19d pojosjep SA Y 15813 oY) Sk [[om st paynuopl Apuanbaij jsowr sp y( 9ArY 0) A10393e0qns Ay} sem DG T Iuenbaij sowr a1om SUOTIRINW SUSSIW £6d [
PI0AIP SAV PIm SIsed pazATeue (e jo jutidoouo [oued ewoydwA] SJIA “(smod) Louanbaay ouasg pue (suwnjod) £10333ed dnsouseIp Aq pIZIuesio (SA V() SJUBLIBA PIJBID0SSe-Isedsi(] € *bi4

aseasip oz— SON w_.a_asj— uonesayjoidoydwi| _3_34.— wsejdosu __o?»— osiw wse|dosu __S.m— ewoydwi| <n_— ,E._— ._mo:— ,_os_— ,E— ._Ns— ._._u— ,_om._n— KioBajeogng

e

Suofiesale ON | UONeIN BuReoUnsL @ UONEINI JBUIO | UoneIN BsuBSSIN uopeIslY opsUsS
T, v sisa
T ey, s cal
Ty e v
T Iy e a6£0
I Oy e e
e s eaveiL
T s asivis
T T U EEE EuEE Uy e vOH:
I Oy e evr
T En_nnnnn,n;n;=;n;nn=n;nn=nwnnnn e, e v6.a0
TGO - +od
TSy, s zm
T, e eiwno
T T oy e a¥o3
I Ty e 780x0
RS - wiedvi
T sy e sodx
I T T oy e souig
TR eLvis
Ty, - aal
T T T Ty s sgeds
T T T T - 15008
T e a1y
TS e avag
TS e wiy

s - aHoLON
T LT e weg

R

T e p1dSuNL
TG s dlvanL
T T, s sHOLON
T s s - ez
TR T R R A E TR TR e saaAw

§

dg8340

TR E T E R T TR E T
TR TR LR HE T H UL ETH TR TR TR HINT RN HIE T HTT

__________________________________=_=_=__________________==__________==_________________=______________===_=_==________________________________________===______===_________===______===________=_==_=___=_===_ fuopsieaans

ni LI I ] n L] -—-—- L1 _ e g n -— URELLE] 1 —- " 1" — LI | — (L L L L LLL L] -—-—-— L1 ——-—— L] — LU | —- IR ——-- - juno9 uoneIny

*
3

3 £9d1

SPRINGER NATURE



912

A. R. Davis et al.

Table 3 Disease-associated variant frequencies of each gene identified organized by diagnostic category.

Diagnostic category Subcategory

Proportion of cases
with DAVs

Mutated genes (% of total per category)

Mature B-cell Diffuse large B-cell lymphomas
neoplasms

Follicular lymphoma

Mantle cell lymphoma

CLL/SLL

Marginal zone lymphoma

Lymphoplasmacytic lymphoma

High grade B-cell lymphoma

Immunodeficiency associated
lymphomas

B-cell neoplasm, miscellaneous

79/116 (68%)

27/43 (62.8%)

11728 (39.3%)

37/60 (61.7%)

25/52 (48%)

10/12 (83.3%)

9/14 (64.3%)

5/10 (50%)

5/6 (83%)

TP53 (24.1%, 28/116)

MYDS88 (15.5%, 18/116)

TNFAIP3 (10.3%, 12/116)

B2M, EZH2, TNFRSF14 (9.5% each,

11/116 each)

CREBBP, SOCS1 (8.6% each, 10/116 each)
NOTCH?2 (6.0%, 7/116)

NFKBIE (5.2%, 6/116)

NOTCHI (4.3%, 5/116)

ATM, BRAF, XPOI (3.4% each, 4/116 each)
MAP2KI, STAT3 (2.6% each, 3/116 each)
EGR2, GNA13 (1.7% each, 2/116 each)
CD79B, CIITA, CXCR4, KLF2, POTI, SF3BI,
STAT5B (0.9% each, 1/116 each)

CREBBP (27.9%, 12/43)

EZH2 (20.9%, 9/43)

TNFRSF14 (18.6%, 8/43)

TP53 (16.3%, 7/43)

XPO1 (4.7%, 2/43)

ATM, B2M, CD79A, GNA13, NFKBIE, TNFAIP3
(2.3% each, 1/43 each)

TP53 (17.9%, 5/28)
ATM (14.3%, 4/28)
BIRC3 (7.1%, 2/28)
NOTCH?2, NFKBIE (3.6% each, 1/28 each)

NOTCHI (21.7%, 13/60)

TP53 (20%, 12/60)

BRAF (10%, 6/60)

SF3BI1 (8.3%, 5/60)

ATM, NFKBIE (6.7% each, 4/60 each)

BIRC3 (5%, 3/60)

EGR2, MYDS8S8 (3.3% each, 2/60 each)

BTK, MAP2K1, NOTCH2, POTI, RPS15, TET2,
XPO1 (1.7% each, 1/60 each)

TNFAIP3 (15.4%, 8/52)

NOTCH?2 (11.5%, 6/52)

CREBBP, EZH?2 (7.7% each, 4/52 each)
TP53 (5.8%, 3/52)

MYDS88, NOTCHI, TET2, TRAF3 (3.8% each,
2/52 each)

B2M, BIRC3, MAP2K1, NFKBIE, STAT3,
TNFRSF14 (1.9% each, 1/52 each)

MYDSS (83%, 10/12)
CXCR4 (33.3%, 4/12)
TP53 (8.3%, 1/12)

CREBBP (28.6%, 4/14)

TP53 (21.4%, 3/14)

KLF2, GNAI3 (14.3% each, 2/14 each)
CD79A, TNFRSF14, BIRC3, EZH2, ID3 (7.1%
each, 1/14 each)

TP53 (40%, 4/10)

CREBBP, TNFAIP3, TNFRSF14 (20% each,
2/10 each)

NOTCHI, NOTCH2, TET2 (10% each, 1/10 each)

TP53, BRAF (33.3% each, 2/6 each)
MAP2KI, NOTCHI (16.7% each, 1/6 each)

SPRINGER NATURE
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Table 3 (continued)

Diagnostic category Subcategory

Proportion of cases

Mutated genes (% of total per category)

with DAVs

T-cell neoplasms T-cell neoplasms

Other

Lymphoma, NOS

Atypical lymphoproliferation

No disease

18/40 (45%)

9/30 (30%)

3/39 (7.7%)

3/61 (4.9%)

TP53 (15%, 6/40)

TET2, STAT3 (10% each, 4/40 each)

JAK3, RHOA (5% each, 2/40 each)

SOCS1, NOTCHI, NOTCH2, EGR2, STATSB,
POTI (2.5% each, 1/40 each)

EZH?2 (13.3%, 4/30)

B2M, NOTCHI1, TNFRSF14 (6.7% each, 2/

30 each)

BRAF, MYDSS8, SOCS1, TET2, TP53 (3.3% each,
1/30 each)

B2M, TET2, TNFAIP3, TP53 (2.6% each, 1/
39 each)

SF3BI1 (5%, 3/61)

SF3B1
KLF2
CXCR4
ClITA
CcD798
EGR2
STAT5B
GNA13
STAT3
MAP2K1
BRAF
ATM
XPO1
NOTCH1
NOTCHZ |~
NFKBIE
socst

==
==
. ]
1
—
| =]
—_——————
-_—
(—- )
——————— |
—
CREBBP
TNFRSF14
EzH2 ——
I —
—

B2M
TNFAIP3

MYD88 ===

TP53

0% 10% 20% 30%
mDLBCL, ABC ®mDLBCL,GCB ®PMBL

40% 50% 60% 70%
PCNSL

CASES WITHMUTATION/ TOTAL CASES PER CATEGORY (%)

Fig. 4 Distribution of DAVs present in major large B-cell lym-
phoma categories. The four most frequent large B-cell lymphoma
categories are shown with the frequency of DAVs in each gene per
category represented as a percentage of the total cases in each cate-
gory. DAVs in TP53 were the most frequent mutation in both DLBCL,

cases which had diagnoses refined by MPS results included
those with a differential including T-LGL leukemia vs.
other lymphoproliferative disorders or reactive process in
which the presence of a STAT3 mutation favored a neo-
plastic diagnosis. In one of these cases, a novel and here-
tofore unreported mutation in POT! led to a diagnosis of T-
LGL leukemia [30]. Of note, this POTI mutation was not
detected on the MLN panel; it was identified on another
panel performed in tandem in this case that covered

GCB (33% of cases) and in DLBCL, ABC (27% of cases). MYD88
was the gene with most frequent DAVs in cases of PCNSL (62.5%),
while PMBL cases most frequently had DAVs identified in SOCS!
(45.5%), TNFAIP3 (36.4%), NFKBIE and B2M (27.3% each), and
GNAI3 (18.2%).

different regions of this gene. One difficult case of a PMBL
that had a differential diagnosis, including T-cell histiocyte-
rich large B-cell lymphoma (THRLBL), was ultimately
favored to be PMBL due to the presence of mutations
enriched in this entity including GNAI3, TNFAIP3, and
XPO1I and absence of mutations recurrent in THRLBL such
as CREBBP and ATM [31]. Another case, clinically con-
cerning for metastatic squamous cell carcinoma presenting
in the humerus had limited material and was originally

SPRINGER NATURE
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RPS15
POTT1
BTK
GNA13
CD79A
STAT3
EGR2
MAPZK1
B2M
TRAF3
XPOT
TET2
SF3B1
BRAF
NFKBIE
BIRC3
TNFRSF14
NOTCH2
TNFAIP3
CXCR4
NOTCH1
EZH2 =
ATM
CREBBP
MYD8s

I

|

|

TP53

0% 10% 20% 30% 40%

BCLL/SLL  mFollicular lymphoma

= Marginal zone lymphoma

50% 60% 70% 80% 90%

@ Lymphoplasmacytic lymphoma Mantle cell lymphoma

CASES WITHMUTATION/ TOTAL CASES PER CATEGORY (%)

Fig. 5 Distribution of DAVs present in major small B-cell lym-
phoma categories. The five most frequent small B-cell lymphoma
categories are shown with the frequency of DAVs in each gene per
category represented as a percentage of the total cases per category. 10
of the 12 cases of lymphoplasmacytic lymphoma had a mutation in
MYDS88 (83%), while one-third had DAVs of CXCR4. The most

45.1%
45%

0% |

35%

20.4%
175%

FREQUENCY OF ALTERATION
8
E]

6.6% 6.6%
5%

05% 02%
0% —_— =

Missense Frameshn.  Trnceting _ Frameshit  Sphoo-ste sn loss  Frames| oo Fromostin
et Mt resiaue) oo deiton duplication

TYPE OF GENETIC ALTERATION

Fig. 6 Categories of DAV genetic alterations. A total of 441 DAVs
were identified in the entire cohort of patient samples. The types of
genetic alteration are represented here as a percentage of the total
DAVs identified. The most frequent type of genetic alterations was
missense mutations (45.1%).

described as a CD5— CD10— mature B-cell neoplasm. The
specimen in this case was not submitted for flow cytometry
and had been decalcified, which likely accounted for the
inability to detect annexin A1 and BRAF V600E expression
by immunohistochemistry. MPS was performed on clotted
blood from the biopsy and the case was subsequently
classified as HCL based upon the detection of a BRAF
V600E mutation, noting that the mutation is not 100%
specific for HCL. A plasmablastic neoplasm was ultimately
diagnosed as plasmablastic lymphoma rather than

SPRINGER NATURE

frequent DAVs in cases of MCL were TP53 (18%), ATM (14%), and
BIRC3 (7%), while the most frequent DAVs in cases of follicular
lymphoma were CREBBP (28%), EZH2 (21%), and TNFRSFI14
(19%). Cases of marginal zone lymphoma most frequently had DAVs
in TNFAIP3 (15%) and NOTCH?2 (12%).

plasmablastic myeloma due to the presence of a NOTCHI
mutation. A case of FL, which had a differential including
MZL, harbored mutations of EZH2 and TNFRSF14 that
supported the diagnosis of FL. A few other cases with
refined differential diagnoses ultimately remained descrip-
tive, including cases classified as atypical lymphoproli-
ferations, wherein the presence of clonal DAVs supported
neoplastic lymphoid processes over reactive conditions.
These determinations, though not definitively diagnostic,
led to greater confidence in recommending close clinical
follow-up and heightened surveillance.

In addition to the cases which had differential diagnoses
refined by the results of a MPS study, there were a few
cases in which the final diagnosis was facilitated by MPS
results. For example, a noteworthy case from the lymphoma
NOS category was that of B-lymphoblastic leukemia/lym-
phoma arising in a patient with FL. It was unclear if this
reflected an unusual transformation of an FL to an aggres-
sive B-cell lymphoma vs. a de novo unrelated lympho-
blastic neoplasm; the presence of EZH2 and TNFRSFI14
mutations supported the former consideration. Another
case, of a limited sample with abundant necrosis, yielded a
diagnosis favoring DLBCL, NOS due to the presence of a
NOTCH?2 mutation. MPS results facilitated the final diag-
nosis in a case of a plasmablastic lymphoma that had a
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Table 4 Association between
preanalytic variables and risk for
“false negative” MPS in cases
with a detectable MLN.

Preanalytic variable NV MPS?* MPS positive® Est. odds ratio p value®
(n=90) (n=1292) (95% CI)
No. (%)° No. (%)°
Tumor, %°
>50%° 41 (16) 209 (84) 1.0
26-49% 12 (28) 31 (72) 1.65 (0.712-3.66) 0.2259 ns
10-25% 18 (32) 38 (68) 2.08 (1.004.23) 0.0454%*
1-9% 19 (58) 14 (42) 6.38 (2.37-17.9) 0.0003*
Specimen type and source’
Lymph node core biopsy 2(7 28 (93) 1.0
(fixed)®
Lymph node excisional 23 (23) 79 (77) 3.64 (0.977-23.7) 0.0949 ns
biopsy (fixed)
Extranodal core biopsy 50 49 91) 1.42 (0.283-10.4) 0.6898 ns
(fixed)
Extranodal excisional biopsy 18 (21) 66 (79) 3.35 (0.875-22.1) 0.1226 ns
(fixed)
Peripheral blood (fresh) 13 (31) 29 (69) 3.51 (0.802-24.7) 0.1319 ns
Bone marrow aspirate (fresh) 24 (38) 39 (62) 3.03 (0.686-21.4) 0.1864 ns
Bone marrow aspirate clot 5(71) 2 (29) 29.4 (3.87-358) 0.0026*

(fixed)

Excluded from this analysis are cases with MPS failure (n = 40), cases without pathology (n = 61), cases
without calculable tumor percent (n = 26), and “other fresh” cases (n = 6) which were excluded due to lack
of NV MPS results and thus perfect separation from the MPS positive category.

NV MPS is defined as a MPS result of negative (normal), while positive MPS is defined as a MPS result of
DAYV or VUS only.

®The percentage reported is the percent of the preanalytical variable within each MPS result category.
°p values with summary, reported as not significant (ns) 20.05, *<0.05.

4Tumor percent as determined by the pathologist or calculated, see “Materials and methods” for further
details.

“Reference category, see “Materials and methods” for further details.

fSpecimen type, specimen source, and fresh/fixed variables were combined to prevent linearity between
variables and best capture relevant categories for clinical decision-making.

TP53 mutation supporting transformation from the pre-
viously diagnosed CLL (rather than a de novo plasmablastic
lymphoma) due to the same DNA change present in both
processes.

Two cases underwent a change of diagnosis based on
MPS results. One had an initial descriptive diagnosis of
“atypical lymphoid infiltrate” and differential considering a
T-cell neoplasm with T-follicular helper cell phenotype
such as AITL. However, the case did not harbor the cano-
nical mutations characteristic of this lymphoma (IDH2,
TET2, and RHOA), but rather displayed a mutation in
NOTCH?2 supporting a final revised diagnosis of MZL (in
the setting of subsequent polyclonal TRG rearrangement
studies and monoclonal IGH rearrangement) with the
initially concerning T-cell infiltrate with THF-phenotype
considered to be reactive. The other case was diagnosed as
LPL in the pre-MYDS&8 era but this was subsequently
revised by a different pathologist to MZL, also prior to the
advent of MYDS&S testing; a later biopsy identified both an

MYDS88 and CXCR4 mutation, reinstating the initial correct
diagnosis.

In addition to the diagnostically useful DA Vs identified in
our cohort, there were a few cases in which resultant VUSs
in isolation were suggested (in addenda by the reviewing
hematopathologist) to bear some value in supporting the
consideration of a neoplastic infiltrate over a reactive one. In
these difficult cases involved by atypical lymphoid infil-
trates, VUSs found in isolation may offer some support for a
neoplastic process over a reactive process, however, making
this determination would rely on detailed and extensive
variant review to ensure that the variants identified did not
represent benign single nucleotide polymorphisms.

Two of the DLBCL cases had somewhat unusual muta-
tions. One had an SF3BI mutation and the other a CXCR4
mutation. However, both were explicable from a review of
the EMR that revealed that the patients had histories of CLL
and LPL, respectively, with these DLBCLs reflecting
transformations from these indolent B-cell neoplasms.

SPRINGER NATURE
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Overall, the genetic alterations demonstrated within our
cohort are mostly concordant with what has been described
in the literature. Our DLBCL cases had the most mutations
on average per case, which were often consistent with
mutational profiles and clusters recently reported in the lit-
erature including frequent mutations in 7P53, TNFAIP3, and
B2M, as well as frequent mutations in EZH2, TNFRSFI14,
and CREBBP, and also common MYDS88 mutations
[1, 14, 17, 32]. Frequently reported mutations in PMBL
(SOCS1, TNFAIP3, NFKBIE, GNA13, B2M, and XPOI) and
primary CNS DLBCL (MYDS8S8, NOTCH1, and TP53) were
observed in our cohort of cases [1, 13, 14, 33-36]. Other
highly enriched mutations that have been described in the
mature B-cell lymphomas were present in our study. The
cases of FL that we observed commonly displayed
TNFRSF14, EZH2, and CREBBP mutations, amongst others
[11, 37-43]. Cases of MCL demonstrated mutations in ATM,
TP53, BIRC3, and NOTCH?2 [1, 10, 11, 42, 44]. Mutations
frequently reported in CLL/SLL including ATM, BIRC3,
NOTCHI, SF3BI, and TP53 were common in our cohort
[1, 11,42, 45-52]. Of note, the frequency of TP53 mutations
in our cases of CLL/SLL (20%) was moderately higher than
that reported in the literature (5-15%) which we infer is
likely due to enrichment of relapsed/refractory cases at our
institution as a tertiary referral center [11]. This is also likely
the explanation for the mildly increased proportion of
DLBCL cases with TP53 mutations in our cohort (24%) vs.
reported ranges (~10-22%) [53, 54].

In addition, NOTCH2, TNFAIP3, and TNFRSFI4
mutations were observed in the marginal zone lymphoma
cases, as well as a CREBBP mutation in a case presenting in
the lacrimal gland, which is consistent with reports of
CREBBP mutations being enriched in ocular adnexal
extranodal MZL [1, 11, 42, 55-61]. Mutations in MYD88
were observed in 83% of our cases of LPL, BRAF mutations
were seen in the HCL cases, and a case of HCL variant
harbored a MAP2KI mutation [8, 9, 11, 62—-64]. In addition,
TP53 and NOTCHI mutations were often observed in the
cases of plasmablastic lymphoma and a case of high grade
B-cell lymphoma, NOS demonstrated an /D3 mutation [65—
67]. There were also TP53, TET2, CREBBP, and TNFAIP3
mutations evident in our cases of immunodeficiency asso-
ciated lymphomas [68, 69]. Of note, an IDH2 mutation was
identified in one plasma cell neoplasm (PCN). IDH2 is well
recognized as being recurrently mutated in a number of
hematologic neoplasms, such as AITL and acute myeloid
leukemia, and is not typically associated with PCNs; how-
ever, IDH2 mutations have been described to rarely occur in
these neoplasms as well [70, 71].

Regarding T-cell neoplasms, STAT3 mutations were
often disease defining for our cases of T-LGL [1, 15, 72].
Other common mutations which have been described in T-
cell neoplasms were also observed in our cases including

TET2 and RHOA mutations in those of TFH origin, 7P53,
JAK3, and STAT5B mutations in cutaneous T-cell lym-
phomas, and JAK3 and TP53 mutations in T-
prolymphocytic leukemia, amongst others [1, 16, 72—-84].
An additional interesting observation was the presence of
mutations in SF3BI in three bone marrow cases which
otherwise had no MLN present. All had prolonged cyto-
penias leading to bone marrow evaluation, with the differ-
ential clinical diagnosis including marrow infiltration by an
MLN. In one of these cases, the SF3B1 mutation had a VAF
of <5% and can be considered as donor derived clonal
hematopoiesis of indeterminate potential in a posttransplant
bone marrow from a patient with history of B-lymphoblastic
leukemia showing 100% chimerism. The other two cases
were diagnosed as myelodysplastic syndrome. Both showed
unilineage dysplasia with SF3BI mutation VAFs of 14%
and 25%, respectively. Neither case had prior therapy.
These findings suggest a putative unanticipated role for this
panel in identifying myeloid neoplasms as having additional
value to the interrogation of lymphoid neoplasms.
Another product of our review was the identification of
the need for appropriate triage by pathologists of specimens
for MPS studies to ensure optimal test utilization practices.
Triage items include (1) determination of specimen quality
and adequacy for testing, (2) disease state (namely is there
actually evidence of disease in the submitted specimen), and
(3) test intent (that is for diagnosis, prognosis or prediction).
Our analysis of the effect of preanalytic variables (specimen
characteristics, fixation, tumor percentage) on MPS pro-
cessing success and potential “false negative” results
showed that extramural cases, which were exclusively fixed,
were significantly more likely to fail MPS. Although not
specifically evaluated, potential explanations for MPS fail-
ure in extramural cases might include institutional differ-
ences in specimen collection, fixation processing, and
storage procedures. Cases with low tumor percentage were
more likely to result in both potential “false negative” and
failed MPS. These findings are corroborated by the criteria
for acceptable specimens of 210% tumor nuclei; however,
we also found the rate of potential “false negative” to be
enriched in cases with 10-25% tumor, suggesting overall
superior diagnostic yield in cases with >25% tumor. It is
unclear why cases with low tumor percentage resulted with
MPS failure. This may be due to overall poorer specimen
quality and generally lower specimen cellularity, since this
cannot be explained by the lower tumor percentage per se.
Unfortunately, overall specimen cellularity was not con-
sistently reported for most of the specimen types included in
this analysis, and therefore it is not possible to deduce the
fidelity of the denominator in the calculation (i.e., overall
specimen cellularity). In addition, the cohort of cases
comprising the low tumor percent category was enriched for
specimen types with the highest failure rate, including
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extramural specimens and aspirate clots, which likely con-
tributed to this observation. Fresh samples in this cohort
were more likely to have lower tumor percentage, which
increased the risk of NV MPS results (a potential “false
negative”), but not MPS failure. Conversely, when com-
pared to fresh cases, fixed cases were more likely to fail
MPS, but less likely to result in potentially “false negative”
MPS results, which is likely due to a relatively higher tumor
percentage in the fixed cases. To further illustrate the effect
of low tumor percent on “false negative” rate, it is worth
noting that of the three cases of THRLBL in this study two
showed NV results (the third displayed a VUS in ATM).
While this supports our observation that cases with lower
tumor percentage are likely to show NV results, it is diffi-
cult to draw definitive conclusions since these THRLBLs
comprised less than 3% of all DLBCLs. If a specimen is
determined to be technically inadequate or to have the
potential for spurious results by triage based on the pre-
analytic variables described here, recommendations against
submission for sequencing and for procurement of addi-
tional tissue should be provided if possible.

A total of 61 cases sequenced (13% of total) had no
evidence of disease, the majority of which showed no
detectable mutations (80%), suggesting limited utility of
performing this assay when there is no morphologic or
immunophenotypic evidence of disease. These inappropri-
ately sequenced negative specimens were often bone mar-
row aspirates submitted for staging or evaluation of residual
disease post treatment and/or pre-transplant, and also per-
ipheral blood specimens with no identifiable evidence of
circulating disease. This sequencing panel was not validated
for minimal/measurable residual disease detection and
therefore this was not an appropriate use of testing. This
practice is unnecessary and appropriate triage of these
specimens should eliminate the unnecessary cost while
improving testing outcomes.

A number of limitations are worth noting. This study
was limited by the MPS panel design which included only
40 genes thought to be the most clinically and diag-
nostically useful regarding association with MLNs at the
time this panel was developed. Subsequent to the initial
implementation of this panel, further insights into the
biology of MLNs have implicated additional genes which
may need to be incorporated for more comprehensive
coverage and further improvement in diagnostic utility.
Additional technical limitations include an inability of the
panel to detect large indels, provide information regarding
deep intronic splice variants, promoter variants, structural
rearrangements, and methylation status data. Another lim-
itation is one of ascertainment bias that is inherent in a
retrospective study such as this, in which there was almost
certainly biased selection by individual clinicians and/or
hematopathologists in determining which cases to submit
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for MPS. Nevertheless, the fact that we were able to per-
form MPS on ~50% of unique patients encountered clini-
cally during this year-long study does lend some credibility
to its representative nature. The determination of diagnostic
utility was largely based on the practice of addenda
reporting by the hematopathologist responsible for each
case and the respective description of potential utility of
MPS results in informing or modifying the original diag-
nosis. Therefore, an immeasurable degree of variability in
practice is inherent in these results. However, detailed chart
and report review of all cases in this analysis, including
those without addenda, is likely to have minimized this
source of bias.

It is imperative to note that our study was focused purely
on diagnostic issues as they relate to this MPS panel. It was
not an objective of this study to evaluate the wealth of
prognostic, predictive, and potential therapeutic information
that perhaps exists within these data. These topics will be
addressed in a separate study.

While this manuscript was in its final phase of comple-
tion, a Swiss group reported their 3-year experience with a
68-gene lymphoma MPS panel applied to 80 cases [27].
They reported that their analysis was useful in most cases,
helping to confirm or support diagnoses in 35 of 50 histo-
logically difficult cases. However, while it may appear that
their diagnostic utility rate is much higher than ours (70%
vs. 5.5%), it should be noted that their cases were highly
selected, based upon a predetermined perceived need for
mutational analysis, resulting in only ~1% of all cases being
analyzed, while our study assessed cases more broadly,
agnostic to the anticipated diagnostic value. Nevertheless,
their findings complement ours in terms of highlighting the
need for appropriate triage and selection of cases since in
only a minor proportion will such testing be diagnostically
useful.

In conclusion, while this sizable clinical study confirms
much of what has been reported in the scientific literature,
we have shown that the incorporation of MPS data into the
routine comprehensive characterization of MLN cases is not
of current diagnostic value in most cases. Improved diag-
nostic outcomes that led to changing, refining, and facil-
itating diagnoses were evident in only 5.5% of cases when
such testing was applied empirically. Nevertheless, there
remains the potential for better outcomes if the practice is
standardized. Based upon our findings, a general set of
guidelines relating strictly to the diagnostic utility of a panel
such as this may emerge. Scenarios in which testing may be
particularly useful include (1) a limited sample or an aty-
pical lymphoid infiltrate with equivocal results and when
obtaining additional material may be difficult; (2) when a
lymphoma is diagnosed, but the classification is ambiguous
and a specific genomic profile may help to refine the dif-
ferential diagnosis; (3) to determine a relationship to a
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previously diagnosed lymphoma when transformation is
suspected; and (4) for the review of archival material, when
newly described genetic alterations may alter a previously
rendered diagnosis. However, it is important to emphasize
that these guidelines for diagnostic use do not address the
potential predictive, prognostic, and therapeutically relevant
indications for a panel such as this, which were not ana-
lyzed as part of this study, in addition to the potential utility
in determining eligibility for clinical trials.

Constant review of published literature defining the
mutational landscapes of MLNs will be necessary for further
refinement in the application of a targeted MLN MPS panel
and incorporation of new genes with diagnostic, prognostic,
and therapeutic relevance. Thus, while not currently diag-
nostically essential in the vast majority of cases, the routine
role of MPS in MLNs may change in the future with the
evolution of novel diagnostic and treatment paradigms.
Furthermore, the specific diagnostic categories and time-
points when targeted MLN MPS testing should be routinely
performed remain undefined. Many of the mutations in our
cases are likely to have more relevance to prognosis and
therapy than to diagnosis, which needs to be considered in
the value of testing, while some may determine patient
eligibility for enrollment in clinical trials. Throughout, it is
the responsibility of the pathologist to ensure quality results
by exercising strict triage of specimens prior to submission
for sequencing including evaluation of specimen quality,
disease status, and intent of testing. If implemented effec-
tively, general guidelines for targeted MPS of MLNs that
may emerge from studies such as this will provide long-term
genetic characterization over the disease course, which will
improve diagnostic confidence, inform prognosis, and
enhance clinical management.
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