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Summary

In diffuse large B cell lymphoma (DLBCL), tumors belonging to the ABC but not GCB gene
expression subgroup rely upon chronic active B cell receptor signaling for viability, a dependency
that is targetable by ibrutinib. A phase I11 trial (“Phoenix”; NCT01855750) showed a survival
benefit of ibrutinib addition to R-CHOP chemotherapy in younger patients with non-GCB
DLBCL, but the molecular basis for this benefit was unclear. Analysis of biopsies from Phoenix
trial patients revealed 3 previously characterized genetic subtypes of DLBCL: MCD, BN2 and N1.
The 3-year event-free survival of younger patients (age<60) treated with ibrutinib plus R-CHOP
was 100% in the MCD and N1 subtypes while the survival of patients with these subtypes treated
with R-CHOP alone was significantly inferior (42.9% and 50%, respectively). This work provides
a mechanistic understanding of the benefit of ibrutinib addition to chemotherapy, supporting its
use in younger patients with non-GCB DLBCL.
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Wilson et al show that patients with two genetic subtypes of DLBCL — MCD and N1 — have

100% survival when treated with the BTK inhibitor ibrutinib plus R-CHOP chematherapy but
<50% survival when treated with R-CHOP alone. Both subtypes acquire mutations fostering B cell
receptor signaling and BTK dependence, accounting for the therapeutic response.
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Introduction

The development of targeted therapy in diffuse large B cell lymphoma (DLBCL), which
comprises 40% of all lymphomas, is confounded by its extensive molecular heterogeneity.
The first molecular classification of DLBCL, based on gene expression profiling, identified
three subgroups —ABC, GCB and Unclassified — that explained, in part, the heterogeneous
outcome following chemotherapy (Alizadeh et al., 2000; Lenz et al., 2008b; Rosenwald et
al., 2002). The classification of DLBCL has recently been transformed by the discovery

of genetic subtypes based on patterns of co-occurring genetic alterations (Chapuy et al.,
2018; Lacy et al., 2020; Schmitz et al., 2018; Wright et al., 2020). At least 7 genetic
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subtypes are recognized currently and have been reproducibly identified in 4 large DLBCL
cohorts (Runge et al., 2021; Wright et al., 2020). Importantly, the DLBCL genetic subtypes
differ with respect to pathogenesis, phenotypic properties, oncogenic survival pathways and
responses to therapy (Chapuy et al., 2018; Lacy et al., 2020; Schmitz et al., 2018; Wright et
al., 2020). A probabilistic predictor tool termed LymphGen uses the constellation of genetic
alterations in an individual DLBCL to assign it to one or more of these genetic subtypes
(Wright et al., 2020).

In this new framework, ABC DLBCL is split into 4 genetic subtypes (MCD, BN2, N1, A53)
as is GCB DLBCL (EZB-MYC+, EZB-MYC-, ST2, BN2), while Unclassified DLBCL is
enriched for the BN2 subtype (Schmitz et al., 2018; Wright et al., 2020). The subtypes of
relevance to the present study include MCD, characterized by MYD88-265F and/or CD79B
mutations, BN2, characterized by BCL 6 translocations and/or NOTCHZ mutations, and N1,
characterized by NOTCH1 mutations. Each subtype additionally acquires multiple genetic
lesions targeting various oncogenes and tumor suppressors that distinguish tumors of that
subtype from other DLBCL tumors.

The viability of ABC DLBCL cells depends on chronic active B-cell receptor (BCR)
signaling, which can be blocked by inhibitors of Bruton tyrosine kinase (BTK) (Davis et
al., 2010; Young et al., 2019). This insight prompted a phase Il study in relapsed/refractory
DLBCL of the BTK inhibitor ibrutinib, which induced a 37% response rate in ABC
compared to 5% in GCB (Wilson et al., 2015), as predicted pre-clinically (Davis et al.,
2010). Current evidence suggests that ABC tumors that belong to the MCD genetic subtype
are highly dependent on BCR signaling and downstream activation of the pro-survival NF-
kB pathway. More than 80% of MCD tumors have mutations targeting the CD79B subunit
of the BCR and/or the signaling adapter MYD88 (Ngo et al., 2011), which cooperatively
activate NF-xB via the MYD88-TLR9-BCR (My-T-BCR) multiprotein signaling complex
(Phelan et al., 2018). Co-occurrence of CD79B and MYDE&8-265P mutations, which happens
solely in MCD tumors, was associated with an 80% objective response rate to ibrutinib
monotherapy (Wilson et al., 2015).

The dependency of ABC DLBCL tumors on chronic active BCR signaling triggered

a phase 111 randomized evaluation of R-CHOP chemotherapy with or without ibrutinib

in newly diagnosed patients with non-GCB DLBCL, a group identified by tumor
immunohistochemistry and enriched for ABC DLBCL (“Phoenix” Trial; NCT01855750)
(Younes et al., 2019). Although the Phoenix study failed to meet its primary survival
endpoint, a planned subset analysis in younger patients (age<60) showed that event-free
survival (EFS) and overall survival (OS) were, respectively, 10.8% and 12.3% higher in
the ibrutinib arm than in the placebo arm, whereas in older patients there was no benefit,
apparently due to unanticipated ibrutinib toxicity in this age group (Younes et al., 2019).
Despite this clinical evidence, the value of adding ibrutinib to R-CHOP therapy in younger
patients remains controversial because the effect of age was a secondary, not primary trial
endpoint. To provide a mechanistic basis for the ibrutinib benefit in younger patients, we
tested whether the classification of DLBCL into genetic subtypes could identify patients for
whom ibrutinib provided a significant survival advantage in the Phoenix clinical trial.
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Formalin-fixed and paraffin-embedded (FFPE) DLBCL tumors were obtained from 773
of the 838 patients (92.2%) on the Phoenix trial (Younes et al., 2019), including 189
enrolled in China (“China” cohort) and 584 enrolled elsewhere (“non-China” cohort) (Table
S1). Younger patients (age < 60) comprised 44% (n=340) of this cohort. DNA and RNA
sequencing of these biopsies was used to identify mutations, translocations, and gene
expression phenotypes (see Methods), and the LymphGen algorithm (Wright et al., 2020)
was used to assign tumors to genetic subtypes. As a control to gauge the validity of our
genetic subtype assignments, we compared the genetic and phenotypic characteristics of
the Phoenix subtypes with those of corresponding subtypes in a previously analyzed “NCI
cohort” of 574 DLBCL samples, which were obtained from patients receiving standard
chemotherapy at multiple academic centers (Schmitz et al., 2018; Wright et al., 2020).

Enrollment on the Phoenix trial was restricted to non-GCB patients as approximated by
the “Hans” immunochemical algorithm, which is based on CD10, BCL6 and IRF4 protein
expression (Hans et al., 2004). By gene expression profiling, the majority of biopsies from
younger Phoenix trial patients were ABC DLBCL (n=239, 70.2%), with the remainder
consisting of CD10™negative GCB (n=72, 21.3%) or Unclassified DLBCL (n=29, 8.4%)
(Fig. 1A). Ibrutinib provided a survival advantage for patients with ABC DLBCL, as
reported (Younes et al., 2019), but this effect was not evident in non-ABC DLBCL, nor

in the GCB or Unclassified DLBCL subgroups individually (Fig. 1B, S1A). This provided
early evidence that the benefit of ibrutinib depended on molecular attributes of a patient’s
tumor.

Non-GCB DLBCL is comprised primarily of four genetic subtypes that can be discerned
using the LymphGen algorithm: MCD, BN2, N1 and A53 (Schmitz et al., 2018; Wright

et al., 2020). The LymphGen classifier was established using sequencing data from fresh
frozen DLBCL tumor biopsies, unlike the FFPE biopsies from the Phoenix trial that could
have adventitial sequence alterations due to fixation. Given this consideration and our wish
to identify highly homogenous biological subsets within the Phoenix cohort, we focused on
cases with a high probability (=90%) of DLBCL subtype membership, previously termed
“core” subtype cases (Wright et al., 2020). Using this rigorous cutoff, LymphGen classified
203 (26.3%) biopsies, including 110 MCD, 47 BN2, and 28 N1 cases, as well as 18 cases
with genetic features of more than one subtype, previously termed “genetically composite”
(Wright et al., 2020), and were not considered further. The A53 subtype could not be
identified due to the lack of DNA copy number data, which is required for this subtype
assignment. The subtype distributions in the Phoenix and NCI cohorts were comparable,
after accounting for differences in the cell-of-origin (COQ) types of DLBCL tumors
included in both studies (see Supplementary Methods; Fig. 1C). The subtype distributions in
the Phoenix China and non-China cohorts were also comparable (Figure S1B).

The genetic features that significantly distinguished each subtype from all other DLBCLs
(p<0.01; Fig. 1D) occurred with frequencies that mirror those observed among non-GCB
DBLCL cases in the NCI cohort (Fig. 1E). Likewise, the subtype-defining genetic lesions
were identified comparably in the China and non-China and among younger and older
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patients in the Phoenix trial, further demonstrating the reproducibility of the genetic subtype
assignments (Fig. S1C, S1D).

Phenotypes of DLBCL genetic subtypes

As judged by gene expression signature analysis, DLBCL genetic subtypes have
characteristic tumor phenotypes (Schmitz et al., 2018; Wright et al., 2020), which we
examined in the Phoenix subtypes. Using the DLBCL cell-of-origin signature (Wright

et al., 2003), MCD cases were primarily ABC DLBCL phenotypically, whereas N1 and
particularly BN2 were more often GCB and Unclassified, as expected (Schmitz et al., 2018;
Wright et al., 2020) (Fig. 2A, Table 1). We next examined the expression of signatures

that reflect biological attributes of normal and malignant lymphocytes, many of which are
differentially expressed by the DLBCL genetic subtypes (Schmitz et al., 2018; Shaffer et
al., 2006; Wright et al., 2020). To determine the relative enrichment of each signature in a
given subtype, we compared the average expression of signature genes in subtype samples
versus all other samples. We used these relative signature expression values to compare the
biological attributes of subtypes defined in the Phoenix and NCI cohorts and observed a
high degree of correlation for the MCD (p=0.00039), BN2 (p=0.0086), and N1 (p=0.013)
subtypes (Fig. 2B).

Briefly, MCD was characterized by signatures of oncogenic BCR, NF-xB and P13 kinase
signaling, signatures of subtype-defining transcription factors (IRF4, TBL1XR1, Oct-2), and
signatures of cellular proliferation. BN2 expressed a signature of Notch pathway activation
as well as signatures of NF-xB, STAT3 and p53 activity. N1 also expressed a Notch
activation signature, as well as signatures of cellular quiescence (low proliferation) and

the memory B-cell differentiation state.

Clinical attributes of DLBCL genetic subtypes

MCD had a higher proportion of older patients than BN2 and N1 (p=0.019), a distribution
mirrored in the NCI cohort (Table 1; Fig. 1C). The Phoenix MCD patients had more
frequent extranodal involvement than the other subtypes (p=0.0066; Fig. 2C), as also
observed in the NCI cohort (Wright et al., 2020). Previous genetic analysis revealed a
striking similarity between MCD and a specific subset of primary extranodal lymphomas,
including those that occur in the testis, breast, adrenal, ovary, and uterus (Wright et

al., 2020). As expected from previous analysis of the NCI cohort (Wright et al., 2020),
secondary involvement of these primary extranodal sites was significantly more frequent
in MCD than in BN2 or N1 (p=0.004), which conversely involved other anatomic sites
secondarily (p=0.024).

Overall, the genetic subtypes had similar proportions of cases with low (0-1), intermediate
(2-3) and high (4-5) values of the International Prognostic Index (IPI) (Table 1). Younger
MCD patients had a higher age-adjusted IPI and hence poorer prognosis with chemotherapy
than older MCD patients (2.3 vs. 1.6, respectively; p= 0.0018), which was driven by poor
ECOG scores and elevated LDH among younger patients.
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Effect of ibrutinib within DLBCL genetic subtypes

For patients treated on the placebo arm, the 3-year event-free survival (EFS) estimates were
65% for MCD, 74% for BN2 and 55% for N1, with a median follow-up of 46.2 months

(Fig. S2A). These outcomes are better than for R-CHOP-treated patients in the NCI cohort
(Fig. S2A) and may reflect the known accrual in phase I11 lymphoma trials towards patients
with better prognosis (Maurer et al., 2018). For patients treated on the ibrutinib arm, we
separately analyzed EFS and overall survival (OS) by age because of the increased toxicity
observed in patients older than 60 years, an effect not observed on the R-CHOP arm (Younes
etal., 2019). As reported, older patients did not benefit from ibrutinib, regardless of genetic
subtype (Fig. S2B).

Younger patients with MCD DLBCL (n=31) who received ibrutinib and R-CHOP had a
3-year EFS and OS of 100%, compared to a significantly lower EFS of 48% (p=0.01) and
OS of 69.6% (p=0.032) when treated with R-CHOP alone. Although younger non-MCD
patients also benefitted from ibrutinib, the effect was smaller than in MCD patients, as
indicated by interaction p-values for EFS and OS of 0.0084 and 0.057, respectively (Fig. 3).
The survival advantage conferred by ibrutinib was apparent in both the China and non-China
cohorts, demonstrating the reproducibility of this effect (Fig. S2C).

Ibrutinib addition was also associated with improved survival in younger patients with

N1 DLBCL (n=13). These patients had a 3-year EFS and OS of 100% whereas those
treated with R-CHOP alone had a significantly inferior EFS (50%; p=0.0161) and OS (50%;
p=0.0134). Ibrutinib had a greater effect on EFS in younger N1 patients than in non-N1
patients (interaction p-value=0.0268). In contrast to MCD and N1, younger patients with
BN2 DLBCL (n=21) did not benefit from ibrutinib (Fig. 3).

We suspected that ibrutinib might provide benefit beyond the genetically classified cases
because we were deliberately conservative in our assignment of genetic subtypes and also
because we could not identify A53 cases with the available data. Indeed, ibrutinib provided
a significant survival benefit for younger patients who were not genetically assigned,

but not for older patients (Fig. S3A). To explore this further, we extended our genetic
classification to include cases with an intermediate LymphGen probability of subtype
membership (50-90%), previously called “extended” subtype cases (Wright et al., 2020).
We were able to classify 43% (n=332) of Phoenix cases using this relaxed probability cutoff,
increasing the number of MCD (n=157) and BN2 (n=129) patients but not N1 patients.

For younger MCD patients in this cohort (n=46), those on the ibrutinib treatment arm

had 3-year OS and EFS rates of 100% and 89%, respectively, but those on the placebo

arm had significantly inferior survival, with OS and EFS rates of 78% (p=0.011) and 58%
(p=0.0265), respectively (Fig. S3B). Among younger BN2 patients in this extended cohort
(n=60), there was a trend towards ibrutinib benefit as determined by EFS (p=0.06; Fig.
S3B). The N1 subtype composition did not change with these relaxed conditions because

of the statistically dominance of NOTCHL1 in the LymphGen prediction of N1. Patients not
genetically classified using this relaxed probability threshold also had significantly improved
survival with ibrutinib, albeit to a lesser degree than in MCD and N1 (Fig. S3C).
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Genetic and phenotypic attributes of N1 DLBCL

The benefit of ibrutinib in MCD DLBCL is consistent with previous clinical studies showing
frequent response of such patients to ibrutinib monotherapy (Lionakis et al., 2017; Wilson et
al., 2015) as well as the strong dependence of MCD models on BCR-dependent NF-xB
activity (Davis et al., 2010; Phelan et al., 2018). The benefit of ibrutinib in N1 was
unanticipated based on previous analysis of its genetic attributes, which was hampered

by a small sample size (n=16) (Schmitz et al., 2018). To elucidate the molecular basis for
ibrutinib efficacy in N1, we analyzed publicly available tumor sequencing data for NOTCH1
mutations, which are necessary and sufficient for N1 classification. From 4,586 DLBCL
cases, we identified 79 (1.7%) NOTCHI-mutant cases (see Supplemental Methods). The
cell-of-origin assignment of these cases, when available (n=65), was primarily non-GCB
(n=57, 87.7%) (Fig. 4A).

We next identified genes that were recurrently mutated (2 or more cases) in this larger
cohort of N1 cases, 78.0% (39/50) of which were mutated more frequently in N1 than

in NOTCH1-wild type (WT) cases (Fig. 4B; Table S2). We grouped these genes into
functional categories that revealed new aspects of N1 biology (Fig. 4B). N1 tumors
recurrently mutated D7XZ, encoding a NOTCHL1 transcriptional target and inactivated
SPEN, encoding a negative regulator of NOTCH1 signaling. Given the non-GCB phenotype
of most N1 tumors, it was somewhat surprising to observe mutations in genes implicated

in the pathogenesis of germinal center lymphomas such as GCB DLBCL and Burkitt
lymphoma (Schmitz et al., 2014; Schmitz et al., 2018; Victora et al., 2012) (Fig. 4B). Unlike
those lymphoma types, however, N1 frequently acquired mutations targeting chromatin
proteins that potentially promote memory B-cell differentiation at the expense of plasma
cell differentiation, including TBL1XR1, NCOR1, SMRT (NCOR2), BCOR and BACH2
(see Discussion). Compared with MCD and BN2, N1 tumors expressed gene signatures of
memory B cells at significantly higher levels, and also had higher expression of genes that
are upregulated by mutant TBL1XR1 and by BACH2 (Fig. 2B, 4D). N1 also had the highest
expression of T-bet (7BX21) and other markers of a newly defined subset of IgM+ memory
B cells (CD27, CXCR3, CD11c (/TGAX); Fig. 4D) (Johnson et al., 2020; Kenderes et al.,
2018).

Another recurrent biological them in N1 tumors was genetic inactivation of genes required
for tumor immune surveillance, including B2-microglobulin, HLA-A, and transactivators
of MHC class | expression (NLRC5, RFX7), thereby hindering antigen presentation,

and inactivation of CD58, an NK cell activator. Unexpectedly, N1 tumors also acquired
mutations targeting KRAS, NRAS and BRAF in one third of cases, revealing an
unanticipated role of Ras/MAP kinase signaling in this lymphoma subtype.

Most notably from the perspective of the Phoenix trial, N1 recurrently acquired mutations
targeting components of the BCR-dependent NF-xB pathway, constituting 59.3% (n=47) of
cases (Fig. 4B, C). While MCD tumors primarily engage the BCR pathway by acquiring
CD79Band MYD&8 mutations, N1 mutations preferentially target CD79A, multiple
negative regulators of proximal BCR signaling, and downstream mediators of NF-xB
activation including phospholipase-Cy2 (PLCG2), protein kinase Cp (PRKCB), BCL10,
CARDL1, IxB kinase (IKBKB), and A20 (TNFAIP3) (Fig. 4C).
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Finally, given the limited number of younger N1 patients on the Phoenix placebo arm, we
wished to provide further evidence that R-CHOP alone is insufficient to achieve exceptional
EFS and OS in this subtype. Among 11 younger patients treated with R-CHOP-like
regimens from our literature-curated N1 cohort, 3-year EFS and OS rates were 64% and
73%, respectively, consistent with the survival of comparable Phoenix trial patients who
received R-CHOP alone (Fig. 4E).

Discussion

Here we provide a precision medicine framework for the use of BTK inhibitors in previously
untreated younger patients with non-GCB DLBCL. We identified two genetic subtypes of
DLBCL — MCD and N1 - for which the addition of ibrutinib to R-CHOP chemotherapy
improved survival significantly. These two subtypes are highly enriched in genetic lesions
that create a dependence on the BCR-dependent NF-xB pathway, providing a mechanistic
basis for the observed clinical benefit from ibrutinib. More broadly, ibrutinib was also
beneficial in younger patients not classified as MCD or N1, albeit to a lesser degree,
suggesting that the utility of BTK inhibitors may extend to other patients with non-GCB
DLBCL as well.

Based on pre-clinical and clinical observations, our starting hypothesis was that patients
with MCD DLBCL would benefit from the addition of ibrutinib to chemotherapy. The
chronic active BCR signaling in MCD renders the tumor cells highly dependent on BTK to
activate the pro-survival NF-xB pathway (Davis et al., 2010). This signaling is instigated by
binding of the BCR to various self-antigens and by the oncogenic cooperation between the
BCR, TLR9, MYD88 and components of the My-T-BCR supercomplex (Phelan et al., 2018;
Young et al., 2015). As a result, patients with MCD tumors frequently respond to ibrutinib
monotherapy (Wilson et al., 2015), as do patients with primary CNS lymphoma (Lionakis
et al., 2017), which bears the MCD genotype (Lionakis et al., 2017; Wright et al., 2020). In
addition, the inhibition of NF-xB by ibrutinib is likely to sensitize MCD tumors to R-CHOP
given the ability of NF-xB to suppress the apoptotic response to cytotoxic chemotherapy
(Mathews Griner et al., 2014; Wang et al., 1998). These considerations together with our
analysis of the Phoenix trial firmly establish the rationale for ibrutinib use in the treatment of
MCD-like lymphomas.

The sensitivity of N1 DLBCL to ibrutinib plus R-CHOP therapy was unanticipated, largely
because the previous analysis of N1 was limited by its relative rarity. The biology of

N1 DLBCL came into focus from our genetic analysis of a larger cohort of NOTCH1-
mutant tumors gleaned from the literature. N1 DLBCLS engage the BCR-dependent NF-xB
pathway by diverse genetic mechanisms in a majority of cases, including CD79A mutations
that enhance proximal BCR signaling (Davis et al., 2010; Wilson et al., 2015). In addition,
they recurrently acquire mutations targeting multiple negative regulators of proximal BCR
signaling — SHP-1 (PTPN6), PRKCD, PTPRO and GRB2 - that might augment the
addiction of N1 tumors to BCR signaling. N1 DLBCLs also acquire mutant isoforms of
phospholipase-Cy2 are known to confer partial ibrutinib resistance but nonetheless remain
dependent on upstream signaling from the BCR for their enzymatic activity (Wist et al.,
2020). N1 tumors also acquire mutations targeting the CARD11-BCL10-MALT1 signaling
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adapter complex that is critical for chronic active BCR signaling in ABC DLBCL (Lenz
et al., 2008a). While some CARD11 mutant isoforms confer strong resistance to ibrutinib,
others remain sensitive to upstream signals and therefore may retain ibrutinib sensitivity
(Lenz et al., 2008a). The fact that patients with N1 tumors benefitted exceptionally from
ibrutinib suggests that the recurrent mutations in PRKCB, BCL 10, IKBKB, TNFAIP3and
TNIPI in these tumors might also potentiate chronic active BCR signaling and reinforce
BTK dependency.

While many N1 mutations suggest a germinal center origin, the memory B-cell phenotype
that it adopts may be due, in part, to frequent 7BL1XRI mutations that foster memory
B-cell differentiation (Menturutti et al., 2020). N1 tumors also frequently acquired truncating
mutations targeting the co-repressor BCOR as well as deleterious mutations targeting
NCOR1 and SMRT (NCOR2), all of which regulate germinal center biology. BCOR and
SMRT/NCOR complexes interact with BCL6 to form functionally distinct co-repressor
complexes that enforce the germinal center B cell phenotype (Hatzi et al., 2013). SMRT/
NCOR complexes also complex with TBL1XR1 and the transcription factor BACH2,
which specifies the memory cell phenotype (Beguelin et al., 2016; Hoshino et al., 2007;
Venturutti et al., 2020). Mutant TBL1XR1 isoforms together with SMRT/NCOR complexes
preferentially associated with BACH2 at the expense of BCL6, thereby fostering memory B
cell differentiation (Venturutti et al., 2020). This mechanism may be pertinent in N1 tumors,
which express memory B cell signature genes as well as genes that are upregulated by
mutant TBL1XR1 and/or BACH2. N1 tumors particularly resemble a recently defined subset
of memory B cells that are IgM+, rely upon the transcription factor T-Bet (78X21), and
express the surface markers CD27, CXCR3 and CD11c (Johnson et al., 2020; Kenderes et
al., 2018). This memory B cell subset is capable of long-term self-renewal, which could
provide a fertile context for malignant transformation into N1 DLBCL. The memory B cell
and TBL1XR1 signatures are less apparent in MCD tumors even though they also acquire
TBL1XRI mutations recurrently. Hypothetically, these 7BL1XR1 mutations in MCD may
primarily serve to diminish access of BCL6 to SMRT/NCOR co-repressor complexes,
thereby derepressing BCL6 target genes. These include genes that are upregulated during
BCR-dependent activation of normal B cells and are also characteristically expressed in
MCD, such as /RF4, which encodes the master regulatory transcription factor for this
genetic subtype (Basso and Dalla-Favera, 2012; Hatzi and Melnick, 2014; Shaffer et al.,
2000; Yang et al., 2012).

The present analysis represents the first implementation of the genetic classification system
for DLBCL in a clinical trial setting and demonstrates its utility in defining pathogenetically
related tumors that respond similarly to therapy. The reproducible classification of tumors
using the LymphGen algorithm (Wright et al., 2020) was evidenced by the consistent
association of each genetic subtype with a particular tumor phenotype, as judged by gene
expression profiling, and clinical attributes, such as the frequent extranodal involvement of
MCD tumors. Our success in classifying DLBCL cases using FFPE tumors demonstrates
that this method is applicable in clinical trials, which typically collect such biopsies. Given
the exceptional response of MCD and N1 tumors to ibrutinib plus R-CHOP, one could
consider a precision medicine approach tailored to just these subtypes. Indeed, sequencing
of a small number of genes (~20) in DLBCL biopsy specimens could provide this molecular
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diagnosis. However, the benefit of ibrutinib may not be limited just to these two subtypes.
In particular, we were unable identify the A53 subtype in the Phoenix cohort because

we lacked the DNA copy number data that is necessary to recognize aneuploidy. Like
MCD tumors, A53 tumors acquire frequent mutations targeting the BCR-dependent NF-xB
pathway and express BCRs with autoreactive immunoglobulin variable regions (Wright

et al., 2020), suggesting that A53 may account for some of the ibrutinib benefit among
genetically unassigned patients in our study.

More generally, we believe our study casts the Phoenix trial in a new light by providing a
mechanistic basis for the survival benefit of adding ibrutinib to R-CHOP in younger DLBCL
patients. The effect of patient age on response to ibrutinib was a secondary, not primary,
endpoint of the Phoenix trial. As a result, this highly significant association was considered
a subset analysis, implying that the benefit of ibrutinib for younger patients might represent
a fortuitous association. Arguing against this view is the fact that the failure of ibrutinib to
improve survival in older patients can be explained by the added toxicity of ibrutinib in this
age group, resulting in significantly reduced chemotherapy administration. Our observation
that the ibrutinib benefit was most pronounced in specific molecular subsets of younger
patients is inconsistent with this being a chance finding, but rather indicates that there is

a biological basis for the observed survival benefit. The survival benefit in the ibrutinib

arm was especially pronounced for the MCD and N1 subtypes, suggesting that the use of
ibrutinib with R-CHOP would almost certainly save lives among such patients. However,
ibrutinib was also beneficial in younger ABC patients who were not genetically classified in
our analysis, albeit to a lesser degree, suggesting that use of a BTK inhibitor with R-CHOP
would also be reasonable for these patients. From this line of reasoning, we conclude that

it would be rational to consider R-CHOP plus ibrutinib an effective treatment strategy for
younger patients with non-GCB DLBCL.

Star methods

Resource availability

Lead Contact—Correspondence and requests regarding this manuscript should be sent to
and will be fulfilled by the lead investigator Dr. Louis Staudt (Istaudt@mail.nih.gov). This
study did not generate any new unique reagents

Data and code availability—DNA and RNA sequencing data from the non-China

cohort are available through the European Genome-phenome archive (EGA) under accession
EGAS00001005554. Sequencing data from the China cohort cannot be made available due
to Chinese prohibitions on genomic data sharing. Clinical data are available in Table S1.
LymphGen code is available at https://doi.org/10.5281/zenodo.3700086.

Method Details

Tumor samples—Formalin-fixed and paraffin-embedded (FFPE) enrolment tumor
biopsies were obtained with informed consent from participants in the Phoenix phase

I11 clinical trial (NCT01855750). Full clinical trial results have been reported previously
(Younes et al., 2019).
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DNA and RNA sequencing—TFor biopsies from the non-China cohort, targeted
sequencing of 99 genes recurrently mutated in lymphoma (Table S3) was performed using
the NUGEN Ovation Custom Target Enrichment System to an average sequencing depth

of 707x. Whole exome sequencing in the China cohort was performed using a SureSelect
Human All Exon V6 capture kit, SureSelectXT Reagent Kit for library preparation kit, and
sequenced on a NovoSeq 6000 sequencer to an average sequencing depth of 167x. RNA-seq
was performed using TruSeq RNA Access library prep kit and sequenced on a NextSeq 500
instrument, with a target depth of 33 million 100bp paired-end reads per sample.

Bioinformatics and LymphGen classification—Analysis of sequence data and of
digital gene expression was performed as previously described (Schmitz et al., 2018).

Initial analysis of the RNA-seq data revealed roughly 2.5-fold more sequence variants

than were detected by targeted DNA sequencing from the same tumor biopsies, suggesting
an increased number of FFPE-generated artifactual variants in the RNA-seq data that
necessitated additional filtering. We therefore deemed an RNA-seq variant in a given sample
as “verified” if that exact variant was also found in either a) the NUGEN targeted DNA
sequencing data for that same sample, or in b) at least five DLBCL biopsy samples within a
compilation of 47 whole exome or whole genome sequencing studies that comprised 5,695
DLBCL cases, including nodal, primary extranodal, and transformed DLBCL (2017; Arthur
etal., 2018; Bodor et al., 2020; Bohers et al., 2018; Bohers et al., 2015; Braggio et al., 2015;
Bruno et al., 2014; Chapuy et al., 2016a; Chapuy et al., 2016b; Chapuy et al., 2018; Chitalia
et al., 2019; de Miranda et al., 2014; Dobashi et al., 2018; Dubois et al., 2017; Ducharme

et al., 2019; Ennishi et al., 2019b; Fontanilles et al., 2017; Franco et al., 2017; Fukumura

et al., 2016; Greenawalt et al., 2017; Hattori et al., 2019; Hattori et al., 2017; Intlekofer et
al., 2018; Juskevicius et al., 2017; Juskevicius et al., 2016; Karube et al., 2018; Lacy et al.,
2020; Lohr et al., 2012; Ma et al., 2021; Mareschal et al., 2016; Mareschal et al., 2017;
Menter et al., 2017; Morin et al., 2016; Morin et al., 2013; Nakamura et al., 2016; Park et
al., 2016; Pasqualucci et al., 2011; Reddy et al., 2017; Rossi et al., 2017; Scherer et al.,
2016; Schmitz et al., 2018; Sha et al., 2019; Shin et al., 2019; Suehara et al., 2018; Vater et
al., 2015; Zhang et al., 2013; Zhou et al., 2018a). For each sample, all verified alterations
were retained, as well as those unverified alterations for which the number of mutant reads
was above a sample-specific cut-point. This cut-point was chosen so as to maximize the
proportion of verified alterations with a mutant count above the cut-point plus the proportion
of unverified alterations below the cut-point. Samples were classified into MCD, BN2, and
N1 subtypes with the LymphGen algorithm version 2.0 as implemented on the LymphGen
website (https://Iimpp.nih.gov/lymphgen/index.php).

Analysis of the NCI cohort—To compare the genetic subtype distribution in the Phoenix
trial to that of the previously studied NCI cohort (Schmitz et al., 2018; Wright et al.,

2020), we needed to account for differences in the type of tumors included in both studies.
There is a highly reproducible relationship between the DLBCL genetic subtypes and the
cell-of-origin (COOQ) gene expression subgroups, which can be used to compare studies that
includes different percentages of ABC, GCB, and Unclassified subgroups (Wright et al.,
2020). For the analysis in Figure 1B, we used this relationship to normalize the prevalence
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of the MCD, BN2 and N1 subtypes within the NCI cohort by adjusting the COO distribution
in the NCI trial to match that of the Phoenix trial.

Analysis of NOTCH1-mutant DLBCL—NOTCH1-mutant DLBCL cases were
ascertained from a compilation of whole exome, whole genome, transcriptome and targeted
DNA resequencing data from 4,586 biopsies of nodal and primary extranodal DLBCL,
curated from 45 studies (2017; Arthur et al., 2018; Bohers et al., 2018; Braggio et al., 2015;
Bruno et al., 2014; Chapuy et al., 2016a; Chapuy et al., 2016b; Chapuy et al., 2018; Chitalia
et al., 2019; de Miranda et al., 2014; Dobashi et al., 2018; Dubois et al., 2017; Dubois et

al., 2016; Ducharme et al., 2019; Ennishi et al., 2019a; Fontanilles et al., 2017; Franco et al.,
2017; Greenawalt et al., 2017; Hattori et al., 2019; Intlekofer et al., 2018; Juskevicius et al.,
2017; Juskevicius et al., 2016; Karube et al., 2018; Kataoka et al., 2019; Lacy et al., 2020;
Lohr et al., 2012; Ma et al., 2021; Mareschal et al., 2016; Mareschal et al., 2017; Menter et
al., 2017; Mishina et al., 2021; Morin et al., 2016; Morin et al., 2011; Morin et al., 2013;
Park et al., 2016; Pasqualucci et al., 2011; Ramis-Zaldivar et al., 2020; Rossi et al., 2017;
Schmitz et al., 2018; Sha et al., 2019; Spina et al., 2018; Vater et al., 2015; Vela et al., 2020;
Zhou et al., 2018a; Zhou et al., 2018b).

Quantification and Statistical analysis—P-values for the relationship between
subtype and categorical variables (such as mutation incidence or performance status) were
calculated with a Fisher’s exact test and were two sided. P-values for the relationship
between subtype and numeric variables (such as age or IPI) were calculated with a F-test.

The Z-scores plotted in Figure 2B were calculated as follows: For each signature, we
averaged the log signal values for all the genes in that signature, producing a signature
average score for each sample. We than calculated a Z-score for the difference between
MCD and non-MCD samples according to the following formula:

Hl — K12
n16%+n26%
np+np

where 4, o1 and m, respectively represent the mean, standard deviation, and variance of
the signature average within the MCD samples, while /b, o», and 1, represent those same
quantities within the non-MCD samples. This is effectively the t-statistic for the difference
between MCD and non-MCD samples but without the adjustment for sample size, and so
it allows us to directly compare the significance of the relationship between subtype and
signature average in data sets of different sizes. Z-scores for BN2 and N1 were similarly
calculated.

Z =

Since many of the signatures included overlapping sets of genes, the signature Z-scores

did not represent independent data points, which made the determination of statistical
significance challenging. The p-values reported in Figure 2B were estimated from a
permutation test as follows: The LymphGen class labels for the NCI and Phoenix cohorts
were randomly permuted, severing the connection between class label and gene expression,
but retaining the correlation between genes and between signatures within a data set.
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We then re-calculated the Z-scores for each signature in both data sets and recorded

the correlation coefficient between the resulting scores. This was repeated 1,000 times.
We estimated the null distribution of the correlation coefficient as a normal distribution
with mean and variance equal to the sample mean and variance of the 1,000 permuted
correlation values. The reported p-value was the right-tail probability of this distribution at
the unpermuted correlation value.

P-values comparing the survival of treatment arms were calculated with a log-rank test

and were one-sided in the direction of the hypothesis that patients treated with ibrutinib
would have superior survival. P-values for the survival interactions between treatment arm
and subtype were calculated with a likelihood ratio test that compared a Cox proportional
hazards model that included individual effects for subtype and treatment versus one that
included these individual effects and an additional interaction effect. These reported p-values
were one-sided in the direction of the hypothesis that the improvement in survival due to
ibrutinib treatment would be stronger within patients of the MCD and N1 subtypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Bullet points:

. BTK inhibitor ibrutinib plus R-CHOP is effective in younger patients with

ABC DLBCL

. Genetic subtypes of DLBCL differ in genotype, phenotype, and oncogenic
mechanisms

. MCD and N1 subtypes acquire mutations that promote chronic active BCR
signaling

. Patients with the MCD and N1 subtypes have 100% survival with ibrutinib
plus R-CHOP
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Figure 1.
Identification of DLBCL genetic subtypes within the Phoenix clinical trial cohort. A.

Distribution of gene expression subgroup assignments among tumors from younger
(age<60) Phoenix trial patients. The immunohistochemical method used to enrich for non-
GCB DLBCL cases allowed Phoenix trial enrollment of patients with CD10~ GCB DLBCL.
B. Kaplan-Meier plots of event-free and overall survival in younger (age < 60) patients

with ABC or non-ABC DLBCL assigned to the ibrutinib or placebo Phoenix trial arms, as
indicated. Shown are log-rank p values for the difference in survival between patients on

Cancer Cell. Author manuscript; available in PMC 2022 December 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wilson et al.

Page 22

the ibrutinib and placebo arms. C. Distribution of the genetic subtypes among younger (age
< 60), older (age > 60) and all patients in the Phoenix and NCI cohorts. D. Distribution

and prevalence of genetic aberrations in DLBCL genetic subtypes in the Phoenix non-China
cohort. Missense or inframe deletion/insertion mutations (Mut), protein-truncating mutations
(Trunc), and gene rearrangement (Fusion) are shown as indicated. Also shown is the cell-of-
origin (COOQ) gene expression subgroup (NA: Not available), the age category (Younger:
age<60, Older: age>60), and the Phoenix study arm. E. Prevalence and significance of
association between genetic aberrations and the DLBCL genetic subtypes. P values compare
each subtype to all other cases in the Phoenix cohort. The prevalence of each genetic
aberration in non-GCB biopsies from the NCI cohort is shown for comparison.
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Figure 2.

Phenotypic and clinical characteristics of Phoenix genetic subtypes. A. Distribution of
DLBCL gene expression subgroups among cases assigned to the MCD, BN2 and N1
genetic subtypes. B. Comparison of gene expression signature averages between genetic
subtypes and all other DLBCL samples. Shown are Z scores (see Methods) representing

the relative expression of each signature in a given subtype versus all other DLBCLSs. Z
scores calculated for the Phoenix and NCI cohorts are plotted on the y-axis and x-axis,
respectively. The brown dashed lines indicate the Z scores corresponding to a significant
difference between the two sample subsets (p=0.01). The yellow shaded areas include those
signatures that are more highly expressed in the indicated subtype than in other samples
and the blue shaded areas are signatures that are expressed at lower levels in the indicated
subtype relative to other samples. The indicated p value is for the correlation of the Z scores
from the two cohorts. C. Extranodal involvement in the genetic subtypes, subdivided by
anatomic site as indicated. P values are from a 2-way Fisher’s Exact test. ns: non-significant.
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Survival of Phoenix trial patients subdivided by genetic subtype and treatment arm. Shown
are Kaplan-Meier plots of event-free and overall survival in younger (age < 60) patients
assigned to the MCD, BN2 and N1 genetic subtypes. Also shown are log-rank p values

for the difference in survival in the indicated genetic subtype treated with R-CHOP plus
ibrutinib or placebo. The interaction p values indicate the significance of the difference in
ibrutinib benefit within the indicated genetic subtype compared with all other DLBCLSs.
“No. at risk” indicates the number of patients remaining without events (for event-free
survival) or remaining alive (for overall survival.
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Figure 4.

Genetic, phenotypic, and clinical attributes of N1 DLBCL. A. Distribution of DLBCL gene
expression subgroups among NOTCHI-mutant DLBCLSs. B. Recurrently mutated genes in
NOTCHI-mutant DLBCL. Shown are the type and prevalence of mutations in the indicated
genes among NOTCH1-mutant and NOTCHI-wild type DLBCLS. Genes are assigned to
functional categories, as indicated. P values are from a Fisher’s Exact Test comparing the
prevalence in NOTCHI-mutant and NOTCHI-WT cases. Mut: Non-synonymous mutation;
Trunc: Truncating mutation; WT: wild type; ns: non-significant. C. Prevalence of mutations
targeting biologic pathways characteristic of N1 DLBCL. Prevalence is based on 1,431
DLBCL NOTCHI-WT and NOTCHI-mutant DLBCL cases for which sequencing data was
available for all genes in the indicated pathways. P values are from a Fisher’s Exact Test
comparing the prevalence in NOTCHI-mutant and NOTCHI-WT cases. D. Left panel:
Average expression of the indicated gene expression signatures in the indicated genetic
subtypes in the NCI cohort(Schmitz et al., 2018). Bmem-6: Genes upregulated in memory
B and memory B precursors relative to germinal center dark zone and light zone B cell
cells (Menturutti et al., 2020); TBL1XR1MutUp-1: Genes up regulated by a TBL1XR1
mutant isoform (Venturutti et al., 2020); BACH2Up-1: Genes upregulated in BACH2+
germinal center light zone cells (Venturutti et al., 2020). Right panel: Average expression
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of the indicated memory B cell marker genes. ****p<0.0001, ***p<0.001, **p<0.01,
*p<0.05. Error bars: SEM. E. Schematic of the BCR-dependent NF-xB pathway showing
the prevalence of mutations targeting each pathway component in the N1 (VOTCHI-mutant)
and MCD subtypes of DLBCL according to the color scale shown. DAG: diacylglycerol;
IP3: inositol triphosphate; Ca™: calcium ion; CBM complex: CARD11-BCL10-MALT1
complex; My-T-BCR: MYD88-TLR9-B cell receptor complex. F. Kaplan-Meier plots of
event-free and overall survival in younger (age < 60) and older (age > 60) patients

with NOTCHI-mutant DLBCL treated with R-CHOP-like chemotherapy, curated from the
published literature.
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Table 1.
Relationship between DLBCL genetic subtypes and clinical parameters
All cases MCD subtype BN2 subtype N1 subtype
Total Young Old Total Young Old Total Young Old Total Young Old p-Value
Age (average) 59.8 48.1 69.0 64.1 51.7 68.9 61.3 52.1 68.7 59.6 46.5 71.0 0_13'3
Gender (% male) 584 446 65.8 59.6 387 671 591 524 654 536 46.2 60.0 0_87b
Cell-of-origin
ABC (%) 766 702 815 971 900 1000 739 714 760 846 909  80.0  qgoos3?
GCB (%) 168 214 133 10 33 00 152 190 120 77 00 133 (go144?
UNC (%) 66 84 53 19 67 00 109 95 120 77 91 67  0.036”
International prognostic index
IPI (average) 2 2 3 3 2 3 2 2 3 2 2 3 0_83‘7
IPI sans age a
(average) 2 2 2 2 2 2 2 2 2 2 2 2 0.79
IP1 0-1 (%) 243 376 139 164 194 152 170 . 77 250 385 133 (53”
IP1 2-3 (%) 62.2 58.8 64.9 67.3 67.7 67.1 70.2 714 69.2 53.6 46.2 60.0 0.3217
IP1 4-5 (%) 135 35 21.2 16.4 129 17.7 12.8 0.0 231 214 154 26.7 0_58b
age>60 (%) 560 00 1000 718 o0 1000 553 00 1000 536 00 1000 00527
ECOG
performance 120 141 104 100 29.0 25 149 143 154 286 308 26.7 0_051b
status>1 (%)
LDH>1 (%) 54.9 60.9 50.1 53.6 71.0 46.8 63.8 76.2 53.8 64.3 61.5 66.7 0.3917
extranodal sites>1
%) 338 365 316 409 484 380 234 286 192 179 154 200 qg?
stage>2 (%) 76.5 774 75.8 745 80.6 72.2 83.0 81.0 84.6 82.1 84.6 80.0 0.4717

UNC, unclassified.

a . .
3-way F test comparing total cases in each subtype.

b, . . .
3-way Fisher’s Exact Test comparing total cases in each subtype.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Ovation Custom Target Enrichment System | NuGEN

SureSelect Human All Exon V6 capture kit | Ilumina

Deposited data

RNA and DNA sequencing data This Paper European Genome-phenome archive

EGAS00001005554

NCI RNA and DNA sequence data

Schmitz et al., 2018

dbGaP: phs001444.v2.pl

Software and algorithms

Bcl2fastq https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-
conversion-software.html

STAR2 https://github.com/alexdobin/STAR

SamTools https://sourceforge.net/projects/samtools/

Htseq_count

https://htseq.readthedocs.io/en/release_0.11.1/count.html

VarScan2 https://sourceforge.net/projects/varscan/files/
BWA http://bio-bwa.sourceforge.net/

ANNOVAR https://annovar.openbioinformatics.org/en/latest/
SnpEff http://pcingola.github.io/SnpEff/se_introduction/
LymphGen Wright et al. 2020 https://limpp.nih.gov/lymphgen/index.php
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