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High-grade B-cell lymphoma with MYC and BCL2 and/or BCL6 rear-
rangements (HGBL-DH/TH) comprise ~8% of tumors with diffuse large
B-cell lymphoma (DLBCL) morphology [1] and is associated with poor
outcome after standard R-CHOP (rituximab, cyclophosphamide, dox-
orubicin, vincristine, and prednisone) therapy [2]. Accurate diagnosis
is resource intensive as it requires fluorescence in situ hybridization
(FISH) in all DLBCL tumors. Improved and facilitated diagnostics of the
double-hit population is needed to select these patients for new treat-

ment approaches.

Recently, Ennishi and colleagues [3] developed a double-hit gene-
expression signature (DHITsig) that identifies most double-hit tumors
defined by FISH in addition to high-risk tumors with a similar gene-
expression profile. To train the DHITsig, they used HGBL-DH/TH
with BCL2 rearrangement (HGBL-DH/TH-BCL2), which comprises the
majority of HGBL-DH/TH and displays a germinal center B-cell-
like (GCB) phenotype [1]. The DHITsig was translated into an assay
(DLBCL90) applicable to formalin-fixed paraffin-embedded (FFPE)
biopsies, including the validated Lymph2Cx cell-of-origin- [4,5] and
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Lymph3Cx primary mediastinal large B-cell ymphoma signature assays
[6]. In a population-based cohort of 184 GCB-DLBCL tumors, the
DLBCL90 assay classified 23% of the tumors as DHITsig positive
(DHITsig-pos), 10% as DHITsig indeterminate (DHITsig-ind), and 66%
as DHITsig negative (DHITsig-neg). The DHITsig-pos and DHITsig-ind
groups were associated with inferior outcome after R-CHOP ther-
apy, and the combined DHITsig-pos/ind group detected HGBL-DH/TH-
BCL2 with a sensitivity of 88% and specificity of 86% [3]. However,
the assay has not yet been validated in a prospective clinical trial, and
the prognostic value has not been investigated in patients treated with
more intensive regimens than R-CHOP.

The first objective of our study was to validate the sensitivity of the
DLBCL90 assay, by detection of HGBL-DH/TH-BCL2 in tumors with
DLBCL morphology. Although not a perfect measurement of sensitiv-
ity, we expect that the broader defined DHITsig-population comprises
the majority of HGBL-DH/TH-BCL2. The second objective was to eval-
uate the prognostic significance of the DHITsig in patients treated with
intensified therapy in a clinical trial.

We included patients with high-risk de novo DLBCL from two
Nordic phase Il clinical trials [7,8] with confirmed DLBCL NOS (WHO
classification, 2008) and available FFPE tissue (n = 90). Patients were
below 65 years of age and had age-adjusted International Prognostic
Index score 2-3 and/or increased risk of CNS recurrence. In both trials,
the patients received biweekly R-CHOP with etoposide (R-CHOEP-14)
and systemic CNS prophylaxis with HD-Mtx and HD-Ara-C.

RNA was extracted from representative pre-treatment FFPE tis-
sue and digital gene expression was performed, applying the DLBCL90
assay on the NanoString platform (NanoString Technologies, Seattle,
WA). The cutoff for DHITsig positivity was set between the DHITsig-ind
and DHITsig-neg group as defined by Ennishi et al [3]. This was based
on the optimal cutoff for the DHITsig, defined by the Youden Index, in
a receiver operating curve of DHITsig versus HGBL-DH/TH-BCL2 in a
large independent cohort of DLBCL [9]. FISH break-apart probes for
MYC, BCL2, and BCL6 were used to identify HGBL-DH/TH. Transloca-
tion partner for MYC was investigated using FISH fusion probes for
MYC and immunoglobulin heavy chain and FISH break-apart probes for
kappa and lambda light chains. Double protein expression by immuno-
histochemistry was scored by expert hematopathologists, and cell-of-
origin assignment by immunohistochemistry was determined by Hans
algorithm. Details on the patient cohort and experimental procedures
are provided in Supporting Information. The data that support the find-
ings in this study are available from the corresponding author upon
request.

Successful molecular classification by the DLBCL90 assay was
obtained for 89 of 90 cases. Three cases classified as primary medi-
astinal large B-cell lymphoma were excluded from further analyses. For
the remaining 86 cases, the DLBCL90 assay assigned 47 (55%) samples
to the GCB-subtype, 26 (30%) to the activated B-cell like subtype, and
13 (15%) to the unclassified group. Patient characteristics were largely
representative for the two study cohorts combined (Table S1).

The DHITsig was only detected in the GCB subtype, where 16
(34%) samples were assigned to the DHITsig-pos group (including 11
DHITsig-ind samples) (Figure 1). The DHITsig-pos group had a higher
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median age than DHITsig-neg GCBs (61 years vs 54 years, P = .005),
otherwise no clinical characteristics differed between the two groups
(Table S2).

FISH results were available from 77 samples, and six (8%) were iden-
tified as HGBL-DH/TH-BCL2, all in the GCB subtype. The DHITsig cap-
tured five of the six HGBL-DH/TH-BCL2 (Figure 1). A sensitivity of 83%
and a specificity of 89% for the DHITsig in detecting HGBL-DH/TH-
BCL2 are in line with previous findings [3] (Figure S1). Among the
five HGBL-DH/TH-BCL2 that were assigned to the DHITsig-pos group,
three had an immunoglobulin- and two had a non-immunoglobulin
translocation partner for MYC. The last HGBL-DH/TH-BCL2 was a
triple-hit tumor assigned by the assay to the DHITsig-neg group. This
case had a non-immunoglobulin translocation partner for MYC, and the
patient had a favorable outcome with complete remission after first-
line therapy and was still in remission at the last follow-up 45 months
after diagnosis. Of note, none of the three HGBL-DH/TH-BCL2 sam-
ples that were DHITsig-neg in the study by Ennishi et al had any of
the recurrent immunoglobulin translocation partners for MYC, and all
patients had favorable outcomes [3]. These findings correspond with
recent results described by the Lunenburg Lymphoma Biomarker Con-
sortium [10]. Among the remaining 11 DHITsig-pos cases, eight had
available FISH results. Five of these displayed rearrangement of BCL2.
Additionally, two of seven tested were double protein expressers (Fig-
ure 1).

The median follow-up of living patients was 65 months. Within the
GCB subgroup, there were no significant differences in outcome (OS,
PFS) between the DHITsig-pos and DHITsig-neg group. In contrast to
previous findings [3], the DHITsig-pos group had excellent outcome,
with a 5-year PFS of 81% and 5-year OS of 93% (Figure 2). Importantly,
HGBL-DH/TH determined by FISH also showed similar good outcome
(Table S3). This was also observed in the combined total cohort from
the two original trials [8].

A possible reason why we did not find a significantly inferior survival
for DHITsig-pos and HGBL-DH/TH patients could be the limited sam-
ple size. Other reasons may be that the patients were relatively young
(median age 55 years) and a selection bias for a more fit double-hit
patient population than those presented in population-based cohorts.
Additionally, our cohort included only HGBL-DH/TH with DLBCL
morphology, for which current evidence suggests better outcome
than HGBL-DH/TH with high-grade morphology [10]. Furthermore,
recent studies have shown that the adverse outcome of HGBL-DH/TH
is likely to be restricted to cases with an immunoglobulin translo-
cation partner for MYC [10]. In our cohort, only three of the six
HGBL-DH/TH-BCL2 had an identified immunoglobulin translocation
partner for MYC. Although the numbers are too small to conclude,
all three cases achieved complete remission after first-line therapy,
and were still in remission at the last follow-up 45, 68, and 84 months
after diagnosis. Of importance, the intensive regimen may have con-
tributed to the good outcome. This hypothesis is supported by the
favorable results from the total trial cohort [8]. It is also in line with
the current understanding that double-hit tumors may benefit from
an intensified treatment approach, although not shown in randomized
trials [11].
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{ 86 de novo tumors with DLBCL morphology
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FIGURE 1 Performance of the DLBCL90 assay. The assay identified 86 DLBCL cases among 90 included lymphoma samples, and each column
represents a patient specimen. The DLBCL90 assay assignment to cell-of-origin subtypes is shown in the first row and the DHITsig status in the
third row. The samples are sorted according to the cell-of-origin subtype, as well as the percentage probability of belonging to the DHITsig-pos
group. The cell-of-origin subtype classification by immunohistochemistry and Hans algorithm is shown in the second row. Information regarding
HGBL-DH/TH defined by FISH, status for MYC, BCL2, BCL6 rearrangements, and DPE-status are shown below. Abbreviations: COO, cell-of-origin;
UNC, unclassified group; ABC, activated B-cell like subtype; IHC, immunohistochemistry; HGBL-DH/TH-BCL2, high-grade B-cell lymphoma with
MYC and BCL2 rearrangements with or without a BCLé rearrangement; HGBL-DH/TH-WHO, high-grade B-cell lymphoma with MYC and BCL2
and/or BCL6 rearrangements as defined by the WHO classification of 2016; MYC status, MYC rearrangement detected by FISH break-apart
probes; BCL2 status, BCL2 rearrangement detected by FISH break-apart probes; BCL6 status, BCL6 rearrangement detected by FISH break-apart
probes; DPE, double protein expression of MYC and BCL2

A B
1,0+ 1,0 4
e S £
g 0.8- '| 081 -
» s
» 2
3 < *
& 064 a 061
] g
7] [
8 04 3 04+
(=)
o 5-Year 5-Year
o PES (%) p-value 0S (%) p-value
0,24 —GCB other (n=31) 87 0,2 { ——GCB other (n=31) 90
—ABC (n=26) 84 0.50 ——ABC (n=26) 92 0.47
——Unclassified DLBCL (n=13) 69 0.05 —Unclassified DLBCL (n=13) 7 0.09
——DHITsig-pos (n=16) 81 0.67 ——DHiITsig-pos (n=16) 93 0.66
0,0 : : . . . T T 0,0 T T T T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (years) Time (years)
Number at risk Number at risk
GCB other 31 27 23 8 4 3 2 0 GCB other 31 30 24 9 5 4 3 0
ABC 26 23 18 3 1 1 0 0 ABC 26 26 20 6 2 2 1 0
Unclassified DLBCL 13 9 8 3 1 0 0 0 Unclassified DLBCL 13 1" 8 3 1 0 0 0
DHITsig-pos 16 15 12 4 3 2 0 0 DHITsig-pos 16 16 15 6 4 3 0 0
FIGURE 2 Prognostic significance of the DHITsig in young, high-risk DLBCL patients treated with dose-dense immunochemotherapy. A,
Progression-free survival for the DHITsig-pos group versus the remaining DHITsig-neg subgroups determined by the DLBCL90 assay. B, Overall
survival for the DHITsig-pos group versus the remaining DHITsig-neg subgroups determined by the DLBCL90 assay. P-values are derived from
log-rank tests comparing each group with the GCB other-group (DHITsig-neg GCBs)

Strengths of our study include uniformly treated patients from The DLBCL90 assay is a diagnostic tool that has potential for broad
prospective clinical trials with long follow-up. Additionally, FISH was clinical application as it can be performed on routinely available FFPE
performed in the majority of cases (90%). We do however acknowledge specimens, and requires minimal hands-on time. In contrast to FISH,
a limited sample size and findings should thus be interpreted with cau- which detects a limited number of genomic aberrations, the DLBCL90

tion. assay operates on the gene-expression level and the DHITsig may
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also capture more complex aberrations associated with the double-
hit phenotype. Importantly, the DHITsig also identifies true HGBL-
DH/TH cases missed by FISH [12]. A limitation with the assay is that
it is not trained to detect HGBL-DH with BCLé6 rearrangements, which
have variable biology. Additionally, the proposed cutoff for the DHIT-
sig between the DHITsig-ind and DHITsig-neg group includes more
cases where the need for an intensified treatment approach is less
clear.

Sha and colleagues [13] defined a molecular high-risk group of
DLBCL patients based on a Burkitt lymphoma-like gene-expression
signature that likely overlaps with the DHITsig-pos group. Further-
more, new taxonomies of DLBCL based on genetic alterations have also
been proposed [14,15]. Although these studies have greatly refined
our understanding of the genetic heterogeneity in DLBCL, subgroup-
ing based on several layers of genetic information is still a step away
from the clinic.

In summary, we show that the DLBCL90 assay is feasible to run
on routinely available FFPE specimens, with successful molecular clas-
sification in 99% of the cases. As expected, the DHITsig was only
detected in the GCB subtype, where 34% of the tumors were clas-
sified as DHITsig-pos. The DHITsig showed a high sensitivity of 83%
in detecting HGBL-DH/TH-BCL2. In our cohort of young high-risk
patients treated with dose-dense immunochemotherapy, the DHITsig
and HGBL-DH/TH status were not associated with inferior survival.
However, the intensive regimen may have contributed to the favor-
able outcome [8]. Although our findings should be interpreted with
caution due to small sample size, they support the current practice
of giving intensified treatment to HGBL-DH/TH tumors, and indicate
that intensified treatment may also be advantageous for the broader
DHITsig-pos group. We anticipate that the DLBCL90 assay can help to
identify high-risk DLBCL populations in need of alternative treatment
approaches, and include these patients in clinical trials to find the opti-
mal treatment.
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