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ABSTRACT

Objectives: Diffuse large B-cell lymphoma (DLBCL) is an
aggressive non-Hodgkin lymphoma with a heterogenous genetic
landscape that can require multiple assays to characterize. We
reviewed a 1-step RNA-based assay to determine cell of origin
(COO), detect translocations, and identify mutations and to
assess the role of the assay in diagnosis.

Methods: Using a single custom Archer FusionPlex
Lymphoma panel, we performed anchored multiplex
polymerase chain reaction—based RNA sequencing on 41 cases
of de novo DLBCL. Each case was subclassified by COO, and
gene fusions and hotspot mutations were identified. The findings
were then compared with COO classification by the Hans
immunohistochemical algorithm and NanoString technology,
cytogenetics, and fluorescence in situ hybridization results.

Results: Concordant COO classification by the FusionPlex
panel and NanoString was observed in 35 of 41 cases
(85.3%), with NanoString and Hans concordant in 33 of 41
cases (80.5%) and FusionPlex and Hans concordant in 33 of
41 cases (80.5%). The FusionPlex assay also detected 6 of 11
BCLG6 translocations (4 cryptic), 2 of 3 BCL2 translocations,
and 2 of 4 MYC translocations. Mutations were detected in
lymphoma-related genes in 24 of 41 cases.

Conclusion: This FusionPlex assay offers a single
method for COO classification, mutation detection, and
identification of important translocations in DLBCL.
Although not replacing traditional testing, it could offer
useful data when limited tissue is available
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Key Points

e \We evaluate an anchored multiplex polymerase chain reaction—based
RNA-sequencing assay for classifying de novo diffuse large B-cell
lymphoma by cell of origin and detecting important hotspot mutations
and translocations.

e We showed that this assay delivers equivalent cell of origin classification
to NanoString and the Hans algorithm and successfully identifies
translocations and important hotspot mutations.

e Although not replacing traditional testing methods, this assay could play
a useful role in certain situations, such as when limited specimens are
available for testing.

Diffuse large B-cell lymphoma (DLBCL) is the most
common type of non-Hodgkin lymphoma, accounting
for approximately 25% to 35% of adult non-Hodgkin
lymphoma cases in developed countries.” DLBCL may
affect patients of any age, although it is more common in
elderly patients. It is slightly more common in men than
in women and does not display significant differences in
incidence among ethnicities.

Much work has been done elucidating the genetic
landscape of DLBCL. The normal counterpart of the
DLBCL cell is postulated to be a B cell that is either lo-
cated within the germinal center or that has recently
exited the germinal center."” Although several distinct
clinicopathologic subtypes of DLBCL are recognized,
most cases are classified as DLBCL, not otherwise speci-
fied (NOS)." Gene expression profiling has revealed that
most cases of DLBCL NOS can be categorized within
one of 2 distinct categories of cell of origin (COO): the
germinal center B-cell type (GCB) and activated B-cell
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or post—germinal center B-cell type (ABC).”” In addition
to the 2 well-described GCB and ABC groups, approx-
imately 10% of cases cannot be definitively assigned a
COQO category and remain unclassified.

The underlying biology associated with each COO cat-
egory is highly divergent, as reflected in the differing gene
mutations, chromosomal abnormalities, and gene expres-
sion patterns.' For example, mutations in EZH2 are more
common in GCB cases, and mutations in CARDI1, CD79B,
and M YD8S are more common in ABC cases.”* The funda-
mental differences in the underlying biology of the COO sub-
types also correlate with different responses to chemotherapy
and targeted agents and with differences in overall survival.”"'

In addition to gene expression profiling, alternative
test modalities such as NanoString RNA-based tech-
nology can achieve accuracy comparable to that of micro-
array in classification of COO subtype.'* However, because
sophisticated molecular testing for DLBCL is not cur-
rently widely available, pathologists typically use the Hans
immunohistochemical algorithm, which relies on assessing
the immunohistochemical staining pattern of tumor cells
for CD10, MUMI1, and BCL6 to predict COO subtype."
Although the Hans algorithm is effective and widely util-
ized, it may deliver imperfect results."* As such, there is a
gap in clinical practice where targeted molecular assays
could help to improve the accuracy of classification."

The Archer FusionPlex Lymphoma panel is an
RNA-based assay using anchored multiplex polymerase
chain reaction—based enrichment technology to evaluate
125 lymphoma-associated genes for a combination of
gene expression and specific point mutations and to use
these data to classify DLBCL cases by COO category. In
addition, the RNA-based nature of the assay allows for
identification of translocations, without prior knowledge
of breakpoints or fusion partners, through detection of
chimeric mRNA transcripts. We sought to evaluate the
utility of a customized FusionPlex Lymphoma panel in
predicting COO and identifying common translocations
and gene mutations in a series of DLBCL cases. Finally,
we further aimed to assess the likely role this panel could
play in the diagnostic process of DLBCL, by leveraging
simultaneous assessment of these 3 modalities, partic-
ularly for triaging specimens, and in circumstances in
which limited tissue is available for evaluation.

Materials and Methods

Forty-one cases of de novo DLBCL, NOS, diag-
nosed between 2010 and 2016 were selected from the
archives based on adequate availability of formalin-
fixed, paraffin-embedded material and clinical follow-up.
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Diagnostic biopsies obtained before initiation of therapy
and subsequently treated with rituximab-containing ther-
apies were included. Standard H&E-stained sections and
immunohistochemical stains for CD20, CD10, BCLS6,
and MUM1 were performed for each case.

For each case, 5 unstained 5-pm slides were cut from
formalin-fixed, paraffin-embedded tissue. These samples
then underwent RNA extraction, followed by anchored
multiplex polymerase chain reaction—based enrichment
RNA sequencing via the Archer FusionPlex Lymphoma
platform. Although we did not set minimum specimen
requirements, we included a mixture of lymph node re-
sections and smaller biopsies, with a target of obtaining
at least 200 ng of RNA, based on our experience with
our institution’s clinical next-generation sequencing as-
says. The smallest tissue sample tested was 6 X 4 mm in
cross-sectional area. Each case was also evaluated for
translocations involving the BCL2, BCL6, and MYC
genes through detection of chimeric mRNA transcripts.
The FusionPlex Lymphoma platform evaluated a panel
of 125 genes with a combination of gene expression anal-
ysis and evaluation for translocations and mutations (see
Supplementary Table 1 for a full list of targets; all sup-
plementary material can be found at American Journal of
Clinical Pathology online). The panel then classified each
case by COO and reported detected translocations and
mutations. Mutations were considered significant if they
had a variant allele frequency of 10% or more with 10 or
more alternative reads. Mutations previously reported in
large population databases such as gnomAD were con-
sidered single-nucleotide variants and excluded.

Each case underwent orthogonal testing by NanoString
technology. The cohort was analyzed using the RUO version
of the NanoString Lymphoma Subtyping Test algorithm
to determine the Cell-of-Origin molecular subtype of each
sample. The algorithm measures the geometric mean of 5
housekeeping genes to ensure RNA quality based on a pre-
defined threshold. Each sample meeting the threshold was
reported as GCB subtype, ABC subtype, or unclassified if
within an equivocal zone. Sufficient material was available
for NanoString testing in each case.

A subset of cases underwent cytogenetic testing
at the time of diagnosis. Cytogenetic analysis was per-
formed on metaphases from 2 cultures using G-banding
at or below the 450-band resolution level. All cases with
diagnostic material available underwent fluorescence in
situ hybridization (FISH) analysis for rearrangements in
BCL2, BCL6, and/or MYC (BCL2 and BCL6: Kreatech
break-apart probes [Leica Biosystems] or Vysis LSI
Dual Color, Dual Fusion Translocation Probes [Abbott
Laboratories]; M YC: Vysis LSI MYC Dual Color, Break
Apart Rearrangement Probe [Abbott Laboratories]).
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Results

Patient Demographics

Among the 41 cases of de novo DLBCL, NOS, the
male-to-female ratio was 27:14. Patient ages at diagnosis
ranged from 21 to 86 years (median, 61 years). See ITable 11
for demographic data by case.

COO Classification

Each case was evaluated with immunohistochemical
stains for CD20, CD10, BCL6, and MUMI1. COO as-
signments for each case were then determined based on
immunohistochemical stains in accordance with the Hans al-
gorithm."” By this method, 17 of 41 cases (41.4%) were GCB
subtype, and 24 of 41 cases (58.5%) were non-GBC subtype.

Each case then underwent testing by the FusionPlex
Lymphoma assay. The FusionPlex assay classified 25 of
41 cases (61.0%) as GCB subtype and 13 of 41 (31.7%)
as ABC subtype. Three of 41 cases (7.3%) were unclas-
sified. Finally, each case was subsequently analyzed by
NanoString technology, which classified 23 of 41 cases
(56.1%) as GCB subtype and 15 of 41 (36.6%) as ABC
subtype, with 3 of 41 (7.3%) unclassified (see Table 1 for
case-by-case breakdown of COO calls by method).

Comparison of COO Calls by Method

When assessing the concordance of COO calls be-
tween methods, cases assigned as ABC or unclassified
by the FusionPlex and NanoString methods were cat-
egorized as non-GCB to allow for comparison with the
Hans method. Of the 41 examined cases, 30 were fully
concordant by all 3 methods (73.2%), of which 16 (53.3%)
were classified as GCB type and 14 (46.7%) were classi-
fied as non-GCB type.

In 11 of 41 cases (26.8%), there was discordance
between at least 2 of the 3 methods BFigure 10. Of these
11 cases, NanoString and FusionPlex were concordant
in 5 cases (all GCB) that were classified as non-GCB
by the Hans algorithm. In the remaining 6 discordant
cases, which were characterized by discordance be-
tween NanoString and FusionPlex, the FusionPlex
assay was concordant with Hans in 3 cases and dis-
cordant with both Hans and NanoString in the re-
maining 3 cases.

In total, the FusionPlex Lymphoma panel was
concordant with the NanoString gold standard in 35
of 41 cases, corresponding to a concordance of 85.3%
(95% CI, 71%-94%). By comparison, the Hans algo-
rithm was concordant with NanoString in 33 of 41
cases, representing concordance of 80.5% (95% CI,
65%-91%) (Supplementary Table 2). The FusionPlex
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panel was concordant with the Hans algorithm in
33 of 41 cases, for concordance of 80.5% (95% CI,
65%-91%).

FusionPlex Detection of Mutations

The FusionPlex Lymphoma assay evaluated 35
genes for hotspot mutations Table 1. After applying
the restriction criteria previously described (in the
Materials and Methods), a total of 38 mutations were
identified across 24 of 41 cases (58.5%). No reportable
mutations were detected in the remaining 17 cases. Fifteen
cases had 1 mutation detected, 6 cases had 2 mutations
detected, 2 cases had 3 mutations detected, and 1 case
had 5 mutations detected (overall median: 1 mutation per
case). See Table 1 for a full list of mutations identified.

Some recurrent DLBCL mutations are not evenly
distributed across COO categories and occur more fre-
quently in either ABC or GCB DLBCL. On review
of the mutations called by FusionPlex, 3 cases (cases
6, 26, and 39) were found to have M YDS88 mutations,
which occur mostly in ABC DLBCL. Of these 3 cases, 2
(cases 6 and 26) were classified as ABC/non-GBC type
by all 3 assays, and the remaining case (case 39) was
classified as ABC/non-GCB type by both NanoString
and Hans algorithm. One case (case 5) was found to
have a BRAF mutation, which occurs mostly in GCB
DLBCL. This case was classified as GCB type by all
3 assays.

FusionPlex Detection of BCL2, BCL6, and MYC Gene
Rearrangements

Our analysis of gene fusions detected by the
FusionPlex Lymphoma panel focused on rearrangements
involving BCL2, BCL6, and MYC, which have signifi-
cant implications for disease classification and patient
management. The FusionPlex assay identified 2 cases
with BCL2 rearrangements (4.9%), 6 cases with BCL6 re-
arrangements (14.6%), and 2 cases with M YC rearrange-
ment (4.9%). See WTable 20 for a list of BCL2, BCL6, and
M YC rearrangements detected, including partner genes.

Correlation of BCL2, BCL6, and M YC Rearrangement
Calls With Cytogenetics and/or FISH

If available, translocations identified by cytoge-
netics and FISH were compared with fusions identi-
fied by FusionPlex. Cytogenetic testing was performed
at diagnosis in 28 of 41 cases, with karyotypes success-
fully obtained for 27 of these 28 cases. FISH was also
performed in all cases for which material was available
(23/41 cases). Together, cytogenetics and FISH identified
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ITable 10

List of Cases Examined, Comparing Cell of Origin Classification by Different Methods, and Reporting Mutations Detected by
FusionPlex Lymphoma Panel by Case”

Case Age (y)/Sex FPL Hans NS Gene Mutation VAF, %

1 59 F ABC ABC ABC

2 57 M GCB GCB GCB

3 52 M ABC ABC ABC MYC p.GInb2del 10.5

4 69 M ABC ABC ABC

5 86 F GCB GCB GCB TNFRSF13B p.Cys104Tyr 75.0
BRAF p.Lys601Glu 48.0

6 60 M ABC ABC ABC MYD88 p.Val217Phe 30.1

7 53 M GCB GCB GCB BLNK p.GluBOLys 38.1

8 75 M GCB GCB GCB

9 76 F ABC ABC ABC TCF3 p.Gly362Asp 59.5
ALK p.Thr1026Pro 22.0

10 52 F ABC ABC ABC XPO1 p.Glub71Lys 31.8

1 31 M GCB GCB GCB MYC p.Pro233Thr 89.7

12 83 M GCB GCB GCB

13 34 M GCB GCB GCB

14 44 F ABC ABC ABC KRAS p.Gly12Cys 23.1
AICDA p.Arg25His 29.1

15 39F GCB GCB GCB

16 43 M GCB GCB GCB MYC p.Asp2His 51.1
SYNET p.Leu3057Val 52.5

17 60 M ABC ABC ABC

18 27 F GCB GCB GCB XPO1 p.Glu571Lys 36.0

19 62 M ABC ABC ABC MUCT p.Arg99Cys 49.1

20 74 F GCB GCB GCB BLNK p.Gly30Arg 48.2

21 39M GCB GCB GCB

22 62 M GCB GCB GCB PIM1 p.Glu170Asp 415
ALK p.Thr1026Pro 371

23 84 F GCB GCB GCB

24 61 M ABC ABC ABC BCL3 p.Ala68Val 48.8

25 70 M GCB GCB GCB BCL2 p.Pro233Thr 89.7

26 71 M ABC ABC ABC PIM1 p.Ala113Thr 74.2
PIM1 p.Gly141Asp 73.8
PIM1 p.Gly119Asp 478
PIM1 p.Asn269Ser 18.5
MYD88 p.Leu265Pro 33.8

27 61F GCB GCB GCB PDCD1LG2 p.Glu11AsnfsTer7 66.7

28 35 M GCB ABC GCB

29 65 F GCB ABC GCB ALK p.Thr1026Pro 28.6

30 74 M GCB ABC GCB ALK p.Thr1026Pro 25.8

31 72 F UNC ABC UNC TCF3 p.Gly362Asp 574
KMT2A p.Leu3614Pro 52.9

32 62 M GCB ABC GCB BCL2 p.Ser87Arg 25.2

33 21 M GCB ABC GCB

34 66 M UNC ABC UNC

35 84 F GCB ABC ABC

36 42 M UNC ABC ABC

37 31 M GCB ABC ABC

38 71 M ABC ABC GCB

39 59 M GCB ABC ABC ETV6 p.Lys11Asn 34.8
MYD88 p.Leu265Pro 519
ALKT p.Thr1026Pro 53.3

40 66 M GCB GCB UNC BMP7 p.Pro106Ala 92.9
PIM1 p.Val90Leu 51.8
PIM1 p.Val90lle 41.0

41 83 F ABC ABC GCB LRMP p.lle102Val 46.6

ABC, activated B-cell subtype; FPL, Archer FusionPlex Lymphoma assay; GCB, germinal center B-cell subtype; NS, NanoString; UNC, unclassified; VAF, variant allele

fraction.

“For the purposes of comparison between methods, cases classified as ABC and UNC categories by the FusionPlex Lymphoma panel and/or NS were considered non-

GCB.
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the following gene rearrangements: BCL6 (11/41 cases),
BCL2 (3/41 cases), and M YC (4/41 cases). There was con-
cordance on 4 of the 5 BCL6 rearrangements and 2 of the

NS/Hans calls:
Non-GCB (x3)

Archer calls:
GCB (x3)

FusionPlex

Archer/Hans calls: Lymphoma Archer/NS calls:

Non-GCB (x2) panel GCB (x5)
GCB (x1)
Hans calls:
NS calls: Non-GCB (x5)
GCB (x2)

Non-GCB (x1)

BFigure 10 Distribution of concordant and discordant cases,
with further detail on classification of discordant calls

by method. Non-GCB includes cases classified as acti-
vated B-cell subtype and unclassified subtype by NS and/
or FusionPlex methods. Highlighted cases demonstrated
concordance between FusionPlex Lymphoma panel and NS.
ABC, activated B-cell type (equivalent to non-GCB desig-
nation by Hans); GCB, germinal center B-cell subtype; IHC,
immunohistochemistry; NS, NanoString.

2 M YC rearrangements identified in cases for which both
assays were performed.

The FusionPlex Lymphoma panel detected 6 of 11
BCL6 translocations, 2 of 3 BCL2 translocations, and 2
of 4 MYC translocations detected by cytogenetics and/or
FISH (Table 2, WFigure 20). The FusionPlex Lymphoma
panel identified additional BCL6 rearrangements not
identified by cytogenetics in 3 cases (cases 3, 4, and 34),
an additional M YC rearrangement not identified by cyto-
genetics in 1 case (case 11), and an additional BCL6 rear-
rangement not identified by either cytogenetics or FISH
in 1 case (case 14). The sequencing data for this partic-
ular BCL6 rearrangement (BCL6-RCCI) was reviewed
and demonstrated an in-frame fusion with multiple reads
across the breakpoint by at least 2 independent primers,
mapping to exons 1 and 2 of RCCI. Furthermore, this
translocation has not been previously detected in other
cases run on this platform, suggesting that the likelihood
of cross-contamination is minimal. These findings are
highly supportive of a true BCL6 translocation.

Discussion

DLBCL is a clinically and biologically heterogenous
disease. Correct classification of disease by COO and
identification of important translocations are crucial for
understanding the biology and prognosis of a patient’s
disease. Furthermore, detection of driver mutations is
likely to play an increasingly critical role in the era of tar-
geted therapies.'”'® However, in today’s clinical practice,

ITable 20
Overview of BCL2, BCL6, and M YC Translocations Detected by Various Methods

Partner (e0]0) Detected Detected Detected by
Case Gene Gene (FPL) by FPL by CG FISH
1 BCL6 IGH ABC N Y Y
2 BCL6 ub GCB N Y —
3A° BCL6 IGH ABC Y N Y
3B BCL2 ub ABC N Y —
40 BCL6 IGH ABC Y N Y
6 MYC IGH ABC Y Y —
10 BCL6 IGH ABC Y — Y
ne MYC IGH GCB Y N Y
14 BCL6 IGH ABC Y N N
16 MYC ub GCB N Y Y
17A BCL6 IGH ABC Y Y Y
178 MYC ubD ABC N Y Y
28 BCL2 IGH GCB Y — Y
30A BCL2 IGH GCB Y Y —
30B BCL6 ub GCB N Y —
32 BCLE ub GCB N Y Y
347 BCL6 RCC1 UNC Y N Y
37 BCL6 uD GCB N Y Y

ABC, activated B-cell subtype; CG, cytogenetics; COO, cell of origin (by FusionPlex Lymphoma assay); FISH, fluorescence in situ hybridization; FPL, FusionPlex Lym-
phoma assay; GCB, germinal center B-cell subtype; N, no; UD, undetermined; UNC, unclassified; Y, yes; —, test not performed.

“Translocations detected by FPL and missed by CG.
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Archer FusionPlex
Lymphoma panel

Cytogenetics
and/or FISH

IFigure 20 Comparison of number of BCL2, BCL6, and MYC
rearrangements detected by the FusionPlex Lymphoma
panel and by traditional methods (cytogenetics and/or FISH).
*Three of 5 BCL6 translocations and 1 of 2 MYC translocations
were missed by cytogenetic analysis and were identi-

fied using the FusionPlex Lymphoma panel and FISH only.
See Table 2 for further details. FISH, fluorescence in situ
hybridization.

multiple distinct tests and steps are necessary to acquire
these data, and those increase complexity, costs, turna-
round time, and specimen requirements.

In this study, we evaluated the utility of a single,
custom, RNA-based sequencing assay for simultaneously
classifying COOQO; identifying translocations in BCL2,
BCL6, and MYC; and identifying mutations in certain
genes using RNA extracted from formalin-fixed, paraftin-
embedded tissue (5 slides cut at 5-um thickness, ideally
capable of yielding at least 200 ng of RNA). This reduces
by about half the amount of material required to perform
these assays independently (3 sections for COO classifica-
tion by Hans, 3 sections needed for FISH, and a further
5 sections required for mutational analysis). We sought
to evaluate not just the performance of the assay against
standard testing modalities but also what role it could
play in the diagnostic process.

Using NanoString as the gold standard, we showed
that FusionPlex is at least equally accurate to the widely
used Hans immunohistochemical algorithm at predicting
COO. FusionPlex can also identify a subset of clinically
relevant translocations, such as those involving BCL2,
BCL6, and MYC, which may lead to a diagnosis of
double-hit or triple-hit lymphoma, requiring significantly
different patient management.'” Because this technology
is driven by detection of chimeric mRNA transcripts, it
can detect rearrangements involving immunoglobulin
genes in cases in which a chimeric transcript is produced,
although rearrangements that do not lead to a chimeric
transcript (eg, translocations involving uncovered regions
of the 5 untranslated region or upstream of the 5 un-
translated region) are not detected by the assay. Of note,
a subset of the translocations detected by the assay in this
cohort had not been detected previously by cytogenetic
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analysis, as confirmed by subsequent FISH testing.
Interestingly, case 34, unclassified by both FPL and
NanoString, demonstrated a BCL6 rearrangement, sug-
gesting that this case may belong to a recently described
genetic subgroup of DLBCL distinct from the common
ABC and GCB subgroups. Cases in this subgroup are en-
riched for BCL6 rearrangements and frequently have an
unclassified gene expression profile.”"’

Finally, the FusionPlex assay can also be used to
detect mutations that may be important for prognosis
in DLBCL. The overall prevalence of mutations de-
tected in this cohort by the FusionPlex assay is broadly
in line with those identified in recent studies of large
DLBCL populations (see Supplementary Table 3). One
limitation of the currently reported assay is that a lim-
ited number of mutational hotspots were included.
Certain genes were not included in the initial target
panel due to limitations of coverage by RNA-based
methods. For example, TP53 was excluded because the
lack of mutational hotspots in TP53 (as in many other
tumor-suppressor genes) means that the entire coding
sequence would need to be evaluated by the panel to be
of meaningful value. Losses of TP53 are also common
and can be detected only by DNA-based methods. We
plan to expand the panel of gene targets in subsequent
versions of the assay to allow for detection of a more
comprehensive panel of mutations that may help in
classification, prognostication, and response and po-
tential resistance to novel targeted therapies.

We believe that the limitations described suggest that
this assay should not replace traditional testing methods;
however, compensating advantages point to a different
role for the FusionPlex assay in the diagnostic process.
The assay’s main strength is that it allows several diag-
nostic analyses to be performed simultaneously on the
same material and offers a significantly simplified work-
flow, resulting in decreased testing burden on laboratories.
In addition to delivering similar COO classification to
immunohistochemistry, this assay can detect important
translocations that may be missed by routine cytogenetic
analysis and can identify mutations with very reasonable
accuracy.

Although we do not advocate that this assay be a
replacement for traditional cytogenetic analysis or next-
generation sequencing, we believe that it could act as a
useful complement to or substitute for current method-
ologies in certain situations, such as cases in which limited
tissue is available for ancillary studies.
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