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A B S T R A C T

Purpose
To evaluate the prognostic impact of cell-of-origin (COO) subgroups, assigned using the recently
described gene expression–based Lymph2Cx assay in comparison with International Prognostic
Index (IPI) score and MYC/BCL2 coexpression status (dual expressers).

Patients and Methods
Reproducibility of COO assignment using the Lymph2Cx assay was tested employing repeated
sampling within tumor biopsies and changes in reagent lots. The assay was then applied to
pretreatment formalin-fixed paraffin-embedded tissue (FFPET) biopsies from 344 patients with de
novo diffuse large B-cell lymphoma (DLBCL) uniformly treated with rituximab plus cyclophosphamide,
doxorubicin, vincristine, and prednisone (R-CHOP) at the British Columbia Cancer Agency. MYC and
BCL2 protein expression was assessed using immunohistochemistry on tissue microarrays.

Results
The Lymph2Cx assay provided concordant COO calls in 96% of 49 repeatedly sampled tumor
biopsies and in 100% of 83 FFPET biopsies tested across reagent lots. Critically, no frank
misclassification (activated B-cell–like DLBCL to germinal center B-cell–like DLBCL or vice versa)
was observed. Patients with activated B-cell–like DLBCL had significantly inferior outcomes
compared with patients with germinal center B-cell–like DLBCL (log-rank P � .001 for time to
progression, progression-free survival, disease-specific survival, and overall survival). In pairwise
multivariable analyses, COO was associated with outcomes independent of IPI score and
MYC/BCL2 immunohistochemistry. The prognostic significance of COO was particularly evident in
patients with intermediate IPI scores and the non–MYC-positive/BCL2-positive subgroup (log-rank
P � .001 for time to progression).

Conclusion
Assignment of DLBCL COO by the Lymph2Cx assay using FFPET biopsies identifies patient
groups with significantly different outcomes after R-CHOP, independent of IPI score and
MYC/BCL2 dual expression.

J Clin Oncol 33:2848-2856. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is the most
frequent non-Hodgkin lymphoma subtype and rep-
resents a morphologically, biologically, and clini-
cally heterogeneous group of malignant diseases.1

More than a decade ago, comparison of gene expres-
sion profiling (GEP) of DLBCLs with profiling of
normal B cells at different stages of development
provided classification into two distinct subtypes:
germinal center B-cell–like (GCB) and activated

B-cell–like (ABC) subtypes.2,3 This cell-of-origin
(COO) classification not only defined subgroups
with distinct biology and pathogenesis4 but also
identified groups of patients with different out-
comes after treatment.5,6

The initial requirement for fresh frozen biop-
sies and microarray technology has proven to be an
insurmountable obstacle to implementation of
COO molecular subtyping in routine clinical prac-
tice. To overcome these barriers, several immuno-
histochemistry (IHC) –based algorithms have been
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proposed.7-9 However, these are limited by their binary nature (not
identifying 10% to 15% of biopsies unclassified by GEP) as well as
significant interlaboratory and interobserver variability.10 These fac-
tors have contributed to the highly discordant literature regarding the
prognostic significance of COO subtypes as determined by IHC.11,12

With evidence emerging that novel therapeutic agents have selective
activity in ABC and GCB subtypes,13-16 an accurate and reproducible
assay for determining COO is imperative to support clinical trials and
ultimately identify patients who will benefit from these agents.

Recent improvements in technology have provided the opportu-
nity to use formalin-fixed paraffin-embedded tissue (FFPET) biopsies
for reliable GEP.17 We recently reported the feasibility of applying a
digital gene expression–based test to FFPET samples for COO assign-
ment.18 The Lymph2Cx assay was shown to be a highly accurate test,
with excellent concordance of COO assignment between laboratories.

Over the last 2 years, the assessment of MYC and BCL2 protein
expression has emerged as a prognostic biomarker for outcome of
patients diagnosed with DLBCL.19-22 In one analysis, it was proposed
that the prognostic power of COO was entirely related to more fre-
quent inclusion of MYC/BCL2 dual expressers in the ABC subtype.21

Herein, we demonstrate the consistency and reproducibility of COO
assignment using the Lymph2Cx assay and apply the assay to a large
patient cohort, uniformly treated with rituximab plus cyclophosph-
amide, doxorubicin, vincristine, and prednisone (R-CHOP), to inves-
tigate the relationship between COO, MYC/BCL2 dual expression,
and International Prognostic Index23 (IPI) score with respect to defin-
ing prognosis in patients with DLBCL.

PATIENTS AND METHODS

Patient Population

Pretreatment FFPET tumor biopsies of patients diagnosed with de novo
DLBCL according to the 2008 WHO classification,1 as determined through
standardized review by expert hematopathologists (A.M., P.F., G.W.S., and
R.D.G.), were used in this study. Patients were included if they were age � 16
years, were treated with R-CHOP with curative intent at the British Columbia
Cancer Agency, and had a matched source of frozen biopsy material to facili-
tate future genetic analyses. Patients were excluded if they had primary medi-
astinal large B-cell lymphoma, primary or secondary CNS involvement at
diagnosis, previous diagnosis of an indolent lymphoproliferative disorder,
positive HIV serology, or either secondary malignancy or major medical
comorbidity precluding treatment with curative intent. No selection was based
on tumor content of the biopsy.

Patients with advanced-stage disease, defined as Ann Arbor stage III or
IV or Ann Arbor stage I or II with either B symptoms or bulk disease (� 10 cm)
or disease that could not be encompassed within a single involved-field radia-
tion port, were intended to receive six to eight cycles of R-CHOP. All other
patients, defined as having limited-stage disease, were eligible to receive three
cycles of R-CHOP and involved-field radiation therapy or four cycles of
R-CHOP without radiation therapy, if fluorodeoxyglucose positron emission
tomography scan was negative after three cycles of R-CHOP. The study was
approved by the University of British Columbia–British Columbia Cancer
Agency Research Ethics Board.

GEP

Digital GEP was performed on the NanoString platform17 (NanoString
Technologies, Seattle, WA) using 200 ng RNA extracted from FFPET biopsies
with the Qiagen AllPrep DNA/RNA FFPE kit (Qiagen, Hilden, Germany). The
Lymph2Cx 20-gene gene expression–based assay for DLBCL COO was ap-
plied as described by Scott et al18 (Data Supplement). COO was not assigned in
FFPET biopsies where tumor content was � 10% (Data Supplement lists

experiments supporting use of this tumor content threshold). The reagent lots
of NanoString code set had identical assignment of the reporter probe fluores-
cent tag to the target gene.

Tissue Microarray and IHC

All patient cases underwent a centralized review to determine tumor
content (reported as percentage of total cell number) and select the area of the
paraffin block for tissue microarray (TMA) construction. Duplicate 0.6-mm
cores were assembled on three TMAs. After TMA construction, 4-�m slides
were cut, and IHC staining was performed on a Benchmark XT platform
(Ventana Medical Systems, Tucson, AZ) using the antibodies listed in Data
Supplement Table 1. Protein expression was independently determined and
recorded as the percentage of positive tumor cells in 10% increments by two
hematopathologists (A.M. and P.F.), allowing the application of different
thresholds to define positivity of these stains. Unless otherwise stated, the
cutoff points established by Johnson et al19 were used for MYC (� 40%
positive tumor cells) and BCL2 (� 50% positive tumor cells). Patient cases
with discordant results were evaluated by three pathologists (A.M., P.F., and
R.D.G.) at a multiheaded microscope to reach consensus.

Statistical Analysis

Baseline patient characteristics were compared between groups using �2

and t tests. Time to progression (TTP; event: progression/relapse or death
resulting from lymphoma or acute treatment toxicity), progression-free sur-
vival (PFS; event: progression/relapse or death resulting from any cause),
disease-specific survival (DSS; event: death resulting from lymphoma or acute
treatment toxicity), and overall survival (OS; event: death resulting from any
cause) were measured from the time of initial pathologic diagnosis. TTP, PFS,
DSS, and OS were estimated using the Kaplan-Meier method. Differences in
outcome between groups were assessed using the log-rank test. Cox propor-
tional hazard models were used to test the prognostic utility of the groupings
when used either alone or in combination with other prognostic factors. Data
were analyzed using GraphPad Prism (GraphPad Prism [version 6.0] for Mac;
GraphPad Software, La Jolla, CA) and SPSS software (SPSS [version 14.0] for
Windows; SPSS, Chicago, IL). Two-sided P � .05 was considered significant.

RESULTS

Lymph2Cx Assay Technical Validation

Previously, the ability of the Lymph2Cx assay to produce concor-
dant results across two laboratories was demonstrated using nonadja-
cent scrolls of FFPET biopsies that were independently extracted and
assayed.18 Here we extended these findings, with a new lot of
NanoString (NanoString Technologies) code set, by exploring the
effect of using either nonadjacent scrolls or different FFPET blocks
from the same diagnostic biopsy on the Lymph2Cx score and subtype
assignment. In total, RNA from nonadjacent scrolls from 39 patient
cases and different blocks from 10 patient cases were assayed (results
shown in Data Supplement Fig 1A). The mean difference in the linear
predictor score (LPS) between the samples was 95 points (standard
deviation, 87 points). For comparison, the LPS would need to change
by 526 points for the subtype to change from GCB to ABC or vice
versa. Consistent with this, repeated sampling resulted in concordant
COO assignment in 96% of biopsies, with one biopsy shifting from
ABC to the unclassified group and the other from GCB to unclassified.

To determine whether the Lymph2Cx assay provided stable sub-
typing between different code set reagent lots, the assay was run on
RNA samples from 83 patient cases of DLBCL using reagents from
Scott et al18 and a second reagent lot. Without calibration, the bias in
the LPS across the 83 patient cases between the code set lots was 52
points (Data Supplement Fig 1B). When reference oligonucleotides
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were used to correct for hybridization differences between the lots, this
bias was reduced to 26 points (Data Supplement Fig 1C). The concor-
dance of COO calls across the two reagent lots was 100% (Data
Supplement Fig 1D). Therefore, the Lymph2Cx assay assigned COO
consistently across reagent lots and on repeated sampling of biopsies.
Critically, the low variability observed between LPSs translated into no
patient cases shifting between the definitive COO subtypes (ie, ABC to
GCB or vice versa).

COO Is a Prognostic Biomarker in DLBCL

COO was determined in a cohort of 344 patients uniformly
treated with R-CHOP. The median follow-up of living patients was 6.5
years (range, 0.75 to 13.2 years). Comparison of the baseline charac-
teristics of the study group with the British Columbia Cancer
Registry–based population of patients with de novo DLBCL treated
with R-CHOP at the British Columbia Cancer Agency, over the same
time period, showed the cohort was broadly representative of the
general population with DLBCL (Table 1). The significantly lower
proportion of patients with � two extranodal sites (P � .001) in the
study cohort may reflect the exclusion of core needle biopsies and
fine-needle aspirates from this study. The outcomes in the study
cohort were not significantly different from the registry-based popu-
lation (Data Supplement Fig 2).

The Lymph2Cx assay was used to assign COO in 99% (339 of
344) of the patient biopsies, with five biopsies being excluded on the

basis of tumor content � 10% (Data Supplement Fig 3). The assay
assigned a COO for 335 (99%) of these 339 patient cases, with the GEP
of four patient cases not passing the previously established quality
control criteria.18 Of the entire DLBCL cohort, 32% (108 of 335) were
ABC subtype, 56% (189 of 335) were GCB subtype, and 11% (38 of
335) were unclassified.

The ABC group experienced significantly inferior outcomes
compared with the GCB group (log-rank P � .001 for TTP, PFS, DSS,
and OS; Fig 1). Interestingly, no patients with GCB DLBCL experi-
enced relapse after 50 months, despite 110 patients in that group
having follow-up beyond that time. Comparison of clinical character-
istics between patients with ABC and GCB DLBCL (Table 2) showed
that the proportion of patients with stage III to IV disease was greater
in the ABC group, despite similar proportions of limited- and
advanced-stage disease, as previously defined. Given the different
treatments administered in limited- versus advanced-stage disease, we
examined the effect of COO on outcome in these two groups sepa-
rately, again observing significantly inferior outcomes in the ABC
subtype (Data Supplement Figs 4 and 5).

Relationship Between COO, IPI Score, and

MYC/BCL2 IHC

There was a greater proportion of patients with high IPI score in
the ABC subgroup (Table 2). IPI score defined groups with signifi-
cantly different outcomes after R-CHOP (Data Supplement Fig 6),
raising the possibility that the observed prognostic power of COO may
be adequately represented by IPI score alone. However, pairwise mul-
tivariable analyses including COO and IPI score demonstrated that
the prognostic impact of COO is independent of IPI score (Table 3).
The prognostic value added by COO was particularly evident when
examining the outcomes in patients with intermediate IPI scores
(ABC v GCB: 5-year TTP, 53% v 74%; log-rank P � .003; Data
Supplement Figs 6E and 6F).

Dual positivity for MYC and BCL2 proteins (MYC positive/
BCL2 positive) was seen in 31% (105 of 339) of the tumors by IHC
(Data Supplement Table 2). Patients with MYC-positive/BCL2-
positive tumors had significantly inferior outcomes compared with
patients with tumors that did not display both MYC and BCL2 posi-
tivity (non–MYC positive/BCL2 positive; log-rank P � .001 for TTP,
PFS, DSS, and OS; Fig 2). The concordant results when a different
antibody was used to detect BCL2 (ie, E17 clone) or a different thresh-
old, as proposed in Hu et al,21 was applied to define BCL2 positivity are
shown in Data Supplement Table 3 and Data Supplement Figures 7
and 8. The patient cohort in this study included 88 patient cases from
our prior description of the prognostic significance of MYC and BCL2
IHC.19 When outcomes were examined with these patient cases ex-
cluded, the associations between MYC/BCL2 IHC and outcomes in
this independent cohort were still evident (Data Supplement Table 4;
Data Supplement Fig 9).

COO and MYC/BCL2 IHC identified high-risk groups that were
similar in size (32% v 31%) and had comparable outcomes (5-year
TTP, 51% v 51%). Consistent with previous reports,19-21 the propor-
tion of ABC tumors that were MYC positive/BCL2 positive was signif-
icantly higher than the proportion of GCB tumors (Table 2). In
pairwise multivariable analyses including COO and MYC/BCL2 IHC
as variables, COO remained significant, demonstrating that COO had
prognostic power beyond that conferred merely by enrichment of
MYC-positive/BCL2-positive patient cases of the ABC subtype

Table 1. Demographic and Clinical Characteristics of Study Cohort

Characteristic
Study Cohort

(N � 344)
Population-Based

Registry (n � 1,194) P

Age, years .09
Median (range) 64 (16-92) 66 (16-93)
� 60, No. (%) 205 (60) 771 (65)

Sex, No. (%) .49
Male 214 (62) 718 (60)
Female 130 (38) 476 (40)

Stage, No. (%) .11
I/II 165 (49) 514 (44)
III/IV 176 (51) 666 (56)
Missing 3 14

LDH, No. (%) .34
Normal 152 (48) 571 (51)
� ULN 164 (52) 545 (49)
Missing 38 78

ECOG PS, No. (%) .11
0-1 230 (67) 736 (63)
2-4 111 (33) 437 (37)
Missing 3 21

Extranodal sites, No. (%) < .001

0-1 291 (85) 880 (75)
� 2 50 (15) 297 (25)
Missing 3 17

IPI score, No. (%) .29
Low (0-1) 116 (35) 349 (31)
Intermediate (2-3) 150 (46) 511 (46)
High (4-5) 63 (19) 250 (23)
Not calculable 15 84

NOTE. Bold font indicates significance at P � .05.
Abbreviations: ECOG PS, Eastern Cooperate Oncology Group performance

status; IPI: International Prognostic Index; LDH, lactate dehydrogenase; ULN,
upper level of normal.

Scott et al
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(Table 3). To explore this further, outcomes were examined within the
groups defined by MYC/BCL2 IHC. In the non–MYC-positive/BCL2-
positive group, patients with ABC DLBCL had significantly inferior
outcomes compared with those with GCB DLBCL (Fig 3A; Data
Supplement Fig 10). However, COO did not provide statistically
significant risk stratification within the MYC-positive/BCL2-
positive group (Fig 3B; Data Supplement Fig 11). Meanwhile,
MYC/BCL2 IHC identified groups with different outcomes in the
GCB subtype but not in the ABC group (Figs 3C and 3D; Data
Supplement Figs 12 and 13). Thus, COO and MYC/BCL2 IHC
both contributed to context-specific risk stratification. Finally,
when COO, IPI and MYC/BCL2 IHC were included in multivari-
able analyses, COO remained significantly associated with TTP
and PFS (Table 3). These results were also observed when the
alternative threshold for BCL2, as proposed by Hu et al,21 was used
(Data Supplement Table 3; Data Supplement Figs 14 to 17) and
when different groupings of IPI scores were employed (Data Sup-
plement Tables 5 and 6).

DISCUSSION

Recently, the Lymphoma/Leukemia Molecular Profiling Project de-
veloped a fully validated new digital gene expression–based assay
(Lymph2Cx) for COO determination in FFPET biopsies.18 This assay
was trained against the so-called gold standard of COO assignment
using GEP on fresh frozen tissue, locked down, and then tested in an
independent cohort. Separating DLBCL into COO groups identifies
tumors with distinct biologies4 and clinical behaviors5,6 and, with
targeted agents currently in clinical trials, represents a logical next step
toward precision medicine for this disease. Our study was undertaken
to determine the prognostic impact of COO assigned using the
Lymph2Cx assay in a large cohort of patients treated with R-CHOP.

Previously, we showed that Lymph2Cx assigned COO with ex-
cellent concordance between independent laboratories.18 The results
here extend these findings, demonstrating the reproducibility and
consistency of COO assigned using Lymph2Cx with regard to
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Fig 1. Outcomes in patients with diffuse large B-cell lymphoma (DLBCL) after treatment with rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone
according to cell of origin. Curves shown for (A) time to progression, (B) progression-free survival, (C) disease-specific survival, and (D) overall survival. ABC, activated
B-cell–like DLBCL; GCB, germinal center B-cell–like DLBCL; HR, hazard ratio; U, unclassified DLBCL.
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Table 2. Demographic, Clinical, and Pathologic Characteristics by DLBCL COO Subtype

Characteristic ABC DLBCL (n � 108) GCB DLBCL (n � 189) Unclassified DLBCL (n � 38) P (ABC v GCB)

Age, years .30
Median (range) 66.5 (16-86) 62 (16-92) 60.5 (20-87)

Sex, No. (%) .31
Male 71 (66) 113 (60) 25 (66)
Female 37 (34) 76 (40) 13 (34)

B symptoms, No. (%) .61
Absent 66 (62) 122 (65) 22 (58)
Present 40 (38) 65 (35) 16 (42)
Missing 2 2 0

Bulk (� 10 cm), No. (%) .54
Absent 82 (77) 135 (74) 28 (74)
Present 24 (23) 47 (26) 10 (26)
Missing 2 7 0

Disease stage, No. (%) .61
Limited 32 (30) 61 (33) 10 (26)
Advanced 75 (70) 125 (67) 28 (74)
Missing 1 3 0

IPI factors
Age, years, No. (%) .36

� 60 39 (36) 79 (42) 19 (50)
� 60 69 (64) 110 (58) 19 (50)

Stage, No. (%) < .001

I/II 40 (37) 108 (58) 15 (39)
III/IV 67 (63) 79 (42) 23 (61)
Missing 1 2 0

LDH, No. (%) .24
Normal 44 (44) 88 (51) 16 (44)
� ULN 56 (56) 83 (49) 20 (56)
Missing 8 18 2

ECOG PS, No. (%) .17
0-1 69 (64) 135 (72) 24 (63)
2-4 38 (36) 52 (28) 14 (37)
Missing 1 2 0

Extranodal sites, No. (%) .25
0-1 90 (84) 166 (89) 31 (82)
� 2 17 (16) 21 (11) 7 (18)
Missing 1 2 0

IPI score, No. (%) .04

Low (0-1) 31 (30) 73 (41) 10 (27)
Intermediate (2-3) 46 (45) 82 (46) 21 (57)
High (4-5) 26 (25) 25 (14) 6 (16)
Not calculable 5 9 1

FISH, No. (%)
BCL2 < .001

Normal 91 (94) 93 (54) 28 (82)
Breakapart 6 (6) 78 (46) 6 (18)
Fail 11 18 4

MYC .07
Normal 84 (90) 132 (82) 31 (97)
Breakapart 9 (10) 29 (18) 1 (3)
Fail 15 28 6

BCL6 .005

Normal 71 (71) 153 (85) 19 (56)
Breakapart 29 (29) 27 (15) 15 (44)
Fail 8 9 4

MYC/BCL2 double hit� < .001

Absent 100 (100) 144 (86) 35 (100)
Present 0 (0) 23 (14) 0 (0)
Fail 8 22 3

(continued on following page)
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lot-to-lot reagent performance and sampling within and between
FFPET biopsy blocks. In this study, we applied the Lymph2Cx assay to
biopsies where the tumor content was � 10%. In silico dilution exper-
iments of high–tumor content biopsies with a range of reactive lymph
node RNA samples (Data Supplement) demonstrated that even at a
simulated 10% tumor content, the misclassification rate (ABC to GCB
or vice versa) was still lower than that reported for IHC-based algo-
rithms by Gutiérrez-García et al.11 Further testing using dilution with
other tissues may be useful to confirm 10% as an appropriate tumor
content threshold for a clinical assay. If confirmed, this would make
the Lymph2Cx assay broadly applicable to almost all FFPET blocks
from patients with DLBCL.

Application of the Lymph2Cx assay to a large number of FFPET
biopsies from patients with de novo DLBCL uniformly treated with
R-CHOP stratified these patients into groups with significantly differ-
ent outcomes. The size of the study cohort allowed exploration of the
prognostic value of COO in comparison with other prognostic tools.
Although the IPI remains the most powerful tool for risk stratification,
COO assignment provides additional prognostic information, partic-
ularly evident in the intermediate IPI score group.

Recently, we19 and others20 described an IHC-based prognostic
tool using antibodies to detect MYC and BCL2 protein expression.
Patients with tumors that expressed both MYC and BCL2 (dual ex-
pressers) had significantly inferior outcomes in comparison with

Table 2. Demographic, Clinical, and Pathologic Characteristics by DLBCL COO Subtype (continued)

Characteristic ABC DLBCL (n � 108) GCB DLBCL (n � 189) Unclassified DLBCL (n � 38) P (ABC v GCB)

IHC, No. (%)
BCL2 < .001

Negative (� 50%) 16 (15) 78 (42) 14 (37)
Positive (� 50%) 90 (85) 106 (58) 24 (63)
Fail 2 5 0

MYC < .001

Negative (� 40%) 42 (39) 126 (68) 24 (63)
Positive (� 40%) 66 (61) 58 (32) 14 (37)
Fail 0 5 0

MYC/BCL2 dual expressers† < .001

Absent 51 (47) 148 (80) 28 (74)
Present 57 (53) 36 (20) 10 (26)
Fail 0 5 0

NOTE. Bold font indicates significance at P � .05.
Abbreviations: ABC, activated B cell–like; COO, cell of origin; DLBCL, diffuse large B-cell lymphoma; ECOG PS, Eastern Cooperate Oncology Group performance

status; FISH, fluorescent in situ hybridization; GCB, germinal center B cell–like; IPI, International Prognostic Index; LDH, lactate dehydrogenase; ULN, upper level
of normal.

�Breakapart of MYC and BCL2 loci.
†Tumors that express MYC and BCL2 proteins.

Table 3. Multivariable Analyses Including COO and Other Prognostic Factors

Variable

TTP PFS DSS OS

HR 95% CI P HR 95% CI P HR 95% CI P HR 95% CI P

Pairwise multivariable analysis 1
COO: ABC v GCB 2.2 1.5 to 3.4 < .001 1.9 1.3 to 2.7 .001 2.0 1.3 to 3.2 .003 1.7 1.1 to 2.5 .01

IPI score:� < .001 < .001 < .001 < .001

Intermediate v low 2.1 1.2 to 3.6 .009 2.3 1.4 to 3.7 .001 1.9 1.0 to 3.7 .05 2.1 1.2 to 3.7 .006

High v low 4.8 2.7 to 8.6 < .001 4.3 2.5 to 7.5 < .001 6.2 3.2 to 11.9 < .001 5.3 3.0 to 9.5 < .001

Pairwise multivariable analysis 2
COO: ABC v GCB 2.2 1.4 to 3.4 < .001 1.9 1.3 to 2.8 .001 2.0 1.0 to 3.1 .004 1.8 1.2 to 2.4 .008

IHC: MYC positive/BCL2 positive v non–MYC
positive/BCL2 positive 1.6 1.0 to 2.4 .04 1.4 0.9 to 2.0 .12 1.9 1.2 to 3.0 .009 1.5 1.0 to 2.3 .05

Multivariable analysis
COO: ABC v GCB 1.9 1.2 to 3.1 .005 1.7 1.2 to 2.6 .008 1.7 1.0 to 2.8 .05 1.5 1.0 to 2.3 .06
IHC: MYC positive/BCL2 positive v non–MYC

positive/BCL2 positive 1.4 0.9 to 2.2 .15 0.8 0.6 to 1.9 .31 1.6 1.0 to 2.7 .07 1.3 0.8 to 2.1 .25
IPI score:� < .001 < .001 < .001 < .001

Intermediate v low 2.1 1.2 to 3.6 .01 2.2 1.4 to 3.7 .001 1.9 1.0 to 3.7 .05 2.1 1.2 to 3.6 .007

High v low 4.4 2.4 to 8.0 < .001 4.1 2.3 to 7.1 < .001 5.5 2.8 to 10.8 < .001 4.9 2.7 to 8.9 < .001

NOTE. Bold font indicates significance at P � .05.
Abbreviations: ABC, activated B cell–like; COO, cell of origin; DSS, disease-specific survival; GCB, germinal center B cell–like; HR, hazard ratio; IHC,

immunohistochemistry; IPI, International Prognostic Index; OS, overall survival; PFS, progression-free survival; TTP, time to progression;
�Low (0-1), intermediate (2-3), and high (4-5).
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patients with tumors that were non–MYC positive/BCL2 positive,
using defined thresholds.19-21,24 However, optimal thresholds for pos-
itivity for BCL2 and MYC are still being defined, with each study using
different values.19-22,24 Previously, we reported that the proportion of
dual expressers was higher in ABC/non-GCB compared with GCB
DLBCL, classified using a combination of GEP and IHC,19 a finding
that is confirmed in this study.

Hu et al21 also observed this greater frequency of MYC and BCL2
dual expressers in the ABC group in a large cohort of patients treated
with R-CHOP, where COO was assigned by IHC-based algorithms or
GEP using microarrays on RNA from FFPET material.21 By showing
that outcome differences between COO subtypes disappeared when
stratified into the two IHC-defined MYC/BCL2 groups, their data
suggested that the prognostic significance of COO was entirely attrib-
utable to enrichment of dual expressers within the ABC subtype. In
contrast, our results present a more complex picture, with COO and
MYC/BCL2 IHC providing independent prognostic value. Within the
non–MYC-positive/BCL2-positive group, COO stratified patients
into groups with significantly different outcomes when treated with
R-CHOP. However, the effect of COO on outcome was not statisti-

cally significant in MYC/BCL2 dual expressers. On examining the
effectofMYC/BCL2IHCintheindividualCOOsubtypes,dualexpressers
exhibited inferior outcomes in GCB DLBCL; however, this effect was not
evident in the ABC subgroup. Thus, these assays provide complementary
prognostic information. These results were also observed when the defi-
nitions of MYC and BCL2 IHC positivity from Hu et al21 were used.
Furthermore, although there is established literature supporting the value
of COO as a predictive biomarker,13-16 the potential for MYC/BCL2 IHC
to select patients for targeted therapies is an area of active research. Al-
though the contradictory findings between these two large retrospective
studies may reflect the differences in baseline clinical characteristics of the
study cohorts related to the methods used to assemble them, it is also
plausible that the findings are the result of the difference in methodology
used to assign COO. The method employed in that study relied on GEP
using RNA derived from FFPET, with the unclassified patient cases being
designated either GCB or ABC using IHC, thus producing a binary COO
classification. It is unclear how accurately those assignments reflect the
gold standard of GEP from fresh frozen tissue.

In conclusion, Lymph2Cx is an accurate assay for DLBCL COO
assignment in widely available FFPET biopsies. In contrast to results
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Fig 2. Outcomes in patients with diffuse large B-cell lymphoma after treatment with rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone according
to groups defined by immunohistochemistry for MYC and BCL2. Curves shown for (A) time to progression, (B) progression-free survival, (C) disease-specific survival,
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obtained with IHC,10-12 the consistency of this assay provides the oppor-
tunity to bring uniformity to how these GEP-defined subtypes are as-
signed and subsequently studied. In this first, to our knowledge, large
cohort of R-CHOP–treated patients where COO was determined using
this assay, Lymph2Cx separated patients into groups with significantly
different outcomes, independent of IPI score and MYC/BCL2 IHC. We
anticipate that over the next few years, with the emergence of agents with
selective activity in ABC or GCB DLBCL,13-15 the determination of COO
will become part of the foundation for optimal patient care.
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Fig 3. Time to progression for patients with diffuse large B-cell lymphoma (DLBCL) after treatment with rituximab, cyclophosphamide, doxorubicin, vincristine,
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