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a b s t r a c t
We analyzed potential biomarkers of response to ibrutinib plus nivolumab in biopsies from patients with diﬀuse
large B-cell lymphoma (DLBCL), follicular lymphoma (FL), and Richter’s transformation (RT) from the LYM1002
phase I/IIa study, using programmed death ligand 1 (PD-L1) immunohistochemistry, whole exome sequencing
(WES), and gene expression proﬁling (GEP). In DLBCL, PD-L1 elevation was more frequent in responders versus
nonresponders (5/8 [62.5%] vs. 3/16 [18.8%]; p = 0.065; complete response 37.5% vs. 0%; p = 0.028). Overall
response rates for patients with WES and GEP data, respectively, were: DLBCL (38.5% and 29.6%); FL (46.2%
and 43.5%); RT (76.5% and 81.3%). In DLBCL, WES analyses demonstrated that mutations in RNF213 (40.0% vs.
6.2%; p = 0.055), KLHL14 (30.0% vs. 0%; p = 0.046), and LRP1B (30.0% vs. 6.2%; p = 0.264) were more frequent
in responders. No responders had mutations in EBF1, ADAMTS20, AKAP9, TP53, MYD88, or TNFRSF14, while the
frequency of these mutations in nonresponders ranged from 12.5% to 18.8%. In FL and RT, genes with diﬀerent
mutation frequencies in responders versus nonresponders were: BCL2 (75.0% vs. 28.6%; p = 0.047) and ROS1
(0% vs. 50.0%; p = 0.044), respectively. Per GEP, the most upregulated genes in responders were LEF1 and BTLA
(overall), and CRTAM (germinal center B-cell–like DLBCL). Enriched pathways were related to immune activation
in responders and resistance-associated proliferation/replication in nonresponders. This preliminary work may
help to generate hypotheses regarding genetically deﬁned subsets of DLBCL, FL, and RT patients most likely to
beneﬁt from ibrutinib plus nivolumab.

Introduction
Among novel targeted therapies for the treatment of B-cell malignancies, ibrutinib, a ﬁrst-in-class, oral, covalent inhibitor of Bruton’s
tyrosine kinase (BTK), improved clinical outcomes in randomized trials
in patients with treatment-naive or relapsed/refractory non-Hodgkin’s

✩
✩✩
∗
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lymphoma (NHL) [1–9] leading to approval of ibrutinib in the United
States and Europe for the treatment of adult B-cell malignancies, and
also for chronic graft versus host disease (cGVHD) [10,11].
Ibrutinib is an investigational therapy for diﬀuse large B-cell lymphoma (DLBCL), follicular lymphoma (FL), and Richter’s transformation (RT), and responses have been observed in phase I/II studies in
patients with treatment-naive [12] and relapsed/refractory disease [13–
15]. However, the prognosis for patients with relapsed disease remains
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poor [16], and the synergistic antitumor activity of ibrutinib combined
with other novel agents is currently being investigated as an approach
to improve long-term outcomes.
Nivolumab is a fully human immunoglobulin G4 monoclonal antibody that blocks interaction between the programmed death 1 (PD-1)
receptor and its ligands, PD-L1 and PD-L2, and augments antitumor activity of T cells [17]. High expression of PD-L1 in solid tumors and lymphomas is generally thought to be related to greater response to antiPD-1 therapy, but the results from clinical trials are conﬂicting [17,18].
Based on data from a phase II study [19], nivolumab was approved in the
United States for the treatment of classic Hodgkin’s lymphoma [20] and
has been investigated as monotherapy in DLBCL and FL [21,22], and in
combination with ibrutinib in RT [23].
The phase I/IIa LYM1002 study (NCT02329847) evaluated the efﬁcacy and safety of ibrutinib plus nivolumab in 141 patients with relapsed/refractory B-cell malignancies [24]. Safety was consistent with
that reported for single-agent ibrutinib or nivolumab. The overall response rate (ORR) was 22/36 (61%) for patients with chronic lymphocytic leukemia/small lymphocytic lymphoma CLL/SLL (including patients with del17p/del11q), 13/40 (33%) for FL, 16/45 (36%) for DLBCL, and 13/20 (65%) for RT. Response to ibrutinib plus nivolumab in
RT was high; historically, these patients have had poor outcomes with
chemotherapy [25] or single-agent ibrutinib [26].
Biomarker analyses can enhance the eﬃcacy of molecularly targeted therapies by improving rational combinations and identifying patients most likely to beneﬁt from the therapies. Whole genome or exome sequencing studies have identiﬁed the spectrum of mutations in
genes known to be functionally relevant in DLBCL [27,28], and revealed mutations driving initiation and progression of FL (CREBBP,
EZH2, KMT2D, EBF1, MYD88, TNFAIP3) [29] and RT (MYC, BCL2,
CDKN2A,TP53, TNFRSF14, TNFSF9) [30]. Some gene mutations, including CD79B, TP53, CARD11, MYD88, EZH2, KMT2D, TNFRSF14, BTG1,
MEF2B, and GNA13, have been implicated in the pathogenesis of DLBCL
[27]. Exploration of gene variants that may impact response to ibrutinib
therapy in NHL (such as BCR and MYD88 pathway mutations in DLBCL
and CARD11 mutations in DLBCL and FL) [13,14] is limited and requires
further examination.
This analysis evaluated the associations between response to ibrutinib plus nivolumab and a variety of biomarkers including PD-L1 expression by immunohistochemistry (IHC), DNA exome sequencing, and gene
expression proﬁling (GEP), including pathway analyses. Analyses were
performed using biopsy samples collected at baseline or before start of
treatment from patients with DLBCL (including subtypes), FL, and RT
enrolled in the LYM1002 study.

Methods
Patients and study design
Detailed methodology for the LYM1002 study (NCT02329847) was
published previously; the study was approved by an independent ethics
committee, and all patients provided written informed consent [24].
Brieﬂy, this nonrandomized, open-label phase I/IIa study enrolled adult
patients with NHL who received intravenous nivolumab (3 mg/kg)
once per 14-day cycle combined with oral ibrutinib 420 mg or 560 mg
once daily. Key eligibility criteria were histologically conﬁrmed relapsed/refractory CLL/SLL (with del17p or del11q), DLBCL, FL, or RT
(transformation from CLL/SLL only), ≥1 prior systemic therapy (≥2 for
FL) but no more than four prior lines of treatment, Eastern Cooperative Oncology Group (ECOG) performance status ≤2, measurable disease, and no prior ibrutinib or anti-PD-1 therapy. Patients were excluded
for (a) having major surgery within 4 weeks of the ﬁrst dose of ibrutinib, (b) getting diagnosed or treated for malignancies other than the
indication under study, or (c) requiring treatment with either strong
CYP3A inhibitors or warfarin (including equivalent vitamin K antago-
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nists). Biomarker analyses presented herein were conducted in patients
with DLBCL, FL, and RT for whom tumor tissue samples were available.
Assessments
DLBCL subtyping
DLBCL subtyping, based on the Wright et al. classiﬁcation algorithm [31], was conducted in the R software environment using
MAS5-normalized (aﬀy v1.48.0, Bioconductor) baseline formalin-ﬁxed
paraﬃn-embedded (FFPE) biopsy GEP data (GeneChip Human Genome
U133 Plus 2.0 Array; Aﬀymetrix, Santa Clara, CA, USA).
Treatment response and survival outcomes
Preliminary activity and clinical response to treatment were evaluated by radiological assessments every ﬁve cycles for the ﬁrst 15 months
and every 12 cycles thereafter until disease progression, at the end of
treatment, and every 6 months during the follow-up period for patients
who had not progressed while on therapy and did not start subsequent
therapy. Response was assessed per Lugano Classiﬁcation by Cheson for
DLBCL, FL, and RT [32]. For calculation of ORR, responders were deﬁned as patients who achieved complete response (CR) or partial response (PR) by investigator assessment. Progression-free survival (PFS)
and overall survival (OS) were estimated using the Kaplan-Meier method
and log-rank tests were performed to assess signiﬁcance.
Biomarker analyses and correlation with clinical outcome
PD-L1 expression
PD-L1 expression as a predictive biomarker for clinical outcomes was
evaluated by IHC from baseline tissue biopsies. PD-L1 levels were assessed by IHC as the percentage of tumor cells demonstrating plasma
membrane PD-L1 staining of any intensity in a minimum of 100 evaluable tumor cells using the Dako PD-L1 IHC 28–8 pharmDx assay (Agilent
Technologies, Glostrup, Denmark). PD-L1 elevation was deﬁned as expression in ≥5% of tumor cells. Kaplan-Meier survival probability with
response or survival endpoints was calculated for patients with elevated
or nonelevated PD-L1 subgroups with DLBCL, FL, and RT. The association of PD-L1 with clinical response was assessed using Fisher’s exact
test.
DNA sequence analyses
Exome data were generated from FFPE samples, each from
a diﬀerent patient at baseline. Raw Illumina FASTQ ﬁles were
processed as follows on the DNAnexus platform (DNAnexus Inc;
https://www.dnanexus.com/) using a custom exome analysis workﬂow:
quality was assessed using FastQC 1.0.0, sequences were aligned to the
hs37d5 genome build using the BWA-MEM algorithm in BWA Software
Package 0.5.9, alignments were recalibrated with the GATK 3.5 Exome
Pipeline, variants were annotated with MuTect 1.1.7, and annotations
were made with both SnpEﬀ 4.2 (using the GRCh37.75 database and
dbNSFP 3.4c) and GEMINI 0.20.0 (modiﬁed by using “non-TCGA” gnomAD and ExAC references).
Mutation analysis was performed on a set of cancer-related genes of
interest (n = 1742), including those from DLBCL-associated genes (ie, activated B-cell–like [ABC]/germinal center B-cell–like [GCB] discriminating genes, genes used to discriminate between four recently deﬁned subtypes, genes predicted as hypermutated in DLBCL) [33], and genes previously identiﬁed from ibrutinib studies, focusing on nonsynonymous
single-nucleotide variants that are likely to be somatic based on a set of
deﬁned criteria (Supplementary Figure S1). A number of variant ﬁlters
were used to reduce the likelihood of incorporating sequencing artifacts
and germline variants into the analyses.
The signiﬁcance of variant frequency diﬀerences between treatment responders (CR + PR) versus nonresponders (no response or stable disease [SD] + progressive disease [PD]), and between patients with
durable responses (PFS >24 months) versus those with PFS ≤24 months,
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Table 1
Responses in Patients with DLBCL, FL, and RT who had GEP and WES Data.
GEP Data Set

Total

DLBCLa

FL

RT

N = 66

Alln = 27

ABCn = 5

GCBn = 18

n = 23

n = 16

ORR (CR + PR), n (%)
CR, n (%)
PR, n (%)
Nonresponders, n (%)
No response or SD, n (%)
PD, n (%)

31 (47.0)
9 (13.6)
22 (33.3)
35 (53.0)
10 (15.2)
25 (37.9)

8 (29.6)
4 (14.8)
4 (14.8)
19 (70.4)
4 (14.8)
15 (55.6)

2
2
0
3
0
3

6 (33.3)
2 (11.1)
4 (22.2)
12 (66.7)
2 (11.1)
10 (55.6)

10 (43.5)
3 (13.1)
7 (30.4)
13 (56.5)
6 (26.1)
7 (30.4)

13 (81.3)
2 (12.5)
11 (68.8)
3 (18.8)
0
3 (18.8)

WES Data Set

Total

DLBCL

FL

RT

N = 69

Alln = 26

ABCn = 4

GCBn = 16

n = 26

n = 17

35
10
25
34
12
22

10 (38.5)
5 (19.2)
5 (19.2)
16 (61.5)
4 (15.4)
12 (46.2)

2
2
0
2
0
2

6 (37.5)
2 (12.5)
4 (25.0)
10 (62.5)
2 (12.5)
8 (50.0)

12 (46.2)
3 (11.5)
9 (34.6)
14 (53.8)
8 (30.8)
6 (23.1)

13 (76.5)
2 (11.8)
11 (64.7)
4 (23.5)
0
4 (23.5)

ORR (CR + PR), n (%)
CR, n (%)
PR, n (%)
Nonresponders, n (%)
No response or SD, n (%)
PD, n (%)

(50.7)
(14.5)
(36.2)
(49.3)
(17.4)
(31.9)

(40.0)
(40.0)
(60.0)
(60.0)

(50.0)
(50.0)
(50.0)
(50.0)

a

All DLBCL patient set also includes patients with unclassiﬁed and/or transformed DLBCL not outlined
in the Table.ABC, activated B-cell–like; CR, complete response; DLBCL, diﬀuse large B-cell lymphoma;
FL, follicular lymphoma; GCB, germinal center B-cell–like; GEP, gene expression proﬁling; NHL, nonHodgkin’s lymphoma; ORR, overall response rate; PD, progressive disease; PR, partial response; PRL,
partial response with lymphocytosis; RT, Richter’s transformation; SD, stable disease; WES, whole exome
sequencing.

were examined gene-by-gene using Fisher’s exact test (no adjustments
for multiple hypothesis testing). Patients with no response data were
not included in the analyses. Diﬀerences in tumor mutational burden
(TMB), calculated by dividing the number of inferred somatic mutations
in each sample by 30 Mb (the approximate size of the whole exome),
were assessed using the Wilcoxon rank sum test.
For patients with DLBCL, mutations were examined in terms of functional groupings by tying mutations in particular genes to potential dysregulation of certain pathways and counting the number of patients with
such mutations. Supplementary Table S1 shows which genes were chosen and the functional groups to which they were assigned.

n = 19, del11q n = 17), DLBCL (n = 45), FL (n = 40), and RT (n = 20). At
the time of clinical cutoﬀ on October 10, 2017, 35/141 (25%) patients
remained on treatment (13 with CLL/SLL, 9 with DLBCL, 7 with FL,
and 6 with RT). The most common reasons for treatment discontinuation in all patients were progressive disease or relapse (39%) and adverse events (28%). Median age was 65 years (interquartile range [IQR]
54.0–71.0), 87 (62%) patients were male, 130 (93%) had an ECOG performance status of 0 to 1, and 68 (48%) had bulky disease (≥5 cm). The
median number of prior lines of treatment was three. Median follow-up
for patients included in this analysis was 18.4 months (IQR 14.8–19.4)
for DLBCL, 19.6 months (IQR 14.1–20.7) for FL, and 8.7 months (IQR
6.5–12.1) for RT.

Gene expression analyses
DLBCL subtyping
Gene expression microarray data were generated from baseline FFPE
biopsy samples using the GeneChip Human Genome U133 Plus 2.0 Array. CEL ﬁles were processed and analyzed for DGE and DLBCL subtyping using the R software environment. Raw data were prepared for
DGE analyses by Robust Multichip Average normalization (aﬀy v1.48.0,
Bioconductor) and annotation with the University of Michigan BrainArray CDF (hgu133plus2hsentrezgcdf, v20.0.0); DGE analyses were performed with empirical Bayes moderation (limma v3.40.6, Bioconductor)
and resulting p values were adjusted using the Benjamini-Hochberg false
discovery rate-controlling method for multiple hypothesis testing. Gene
set enrichment analyses were performed to assess enrichment of canonical pathways from the C2 collection of gene sets from mSigDB. Genes
were preranked according to log FC values (from aforementioned DGE
results) and analyzed using the Java-based application gsea2–2.2.0.jar
with default parameters.
Results
Patients and treatment
Baseline demographics and primary eﬃcacy and safety results for
LYM1002 have been reported previously [24]. Brieﬂy, between March
12, 2015 and April 11, 2017, 141 patients were enrolled and treated
with daily oral ibrutinib (420 mg or 560 mg) plus intravenous nivolumab
(3 mg/kg every 2 weeks): relapsed/refractory CLL/SLL (n = 36; del17p

Twenty-eight patients with DLBCL were evaluable for subtyping using the GEP microarray method; most (19/28) had the GCB subtype,
ﬁve had the ABC subtype, and four were unclassiﬁed.
Treatment responses
Of 70 patients (DLBCL + FL + RT) who had GEP data, 66 were evaluable for response. ORRs were 47.0% (31/66) for all patients, 29.6%
(8/27) for DLBCL, 33.3% (6/18) for GCB DLBCL, and 43.5% (10/23)
for FL. ORR was highest for patients with RT (81.3%; 13/16) (Table 1).
CRs were reported in four patients with DLBCL (two with GCB and two
with ABC), three with FL, and two with RT.
Of 72 patients who had WES data, 69 were evaluable for response.
ORRs were 50.7% (35/69) for all patients, 38.5% (10/26) for DLBCL,
37.5% (6/16) for GCB DLBCL, 46.2% (12/26) for FL, and 76.5% (13/17)
for RT (Table 1). CRs were reported in ﬁve patients with DLBCL (two
with GCB, two with ABC, and 1 with unclassiﬁed DLBCL), three with
FL, and two with RT (Table 1).
Clinical outcome analyses by biomarker
PD-L1 expression
Twenty-six patients with DLBCL, 25 with FL, and 15 with RT had
IHC-based PD-L1 data available for analysis. Because only 1 of 25 pa-
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Fig. 1. PFS and OS by IHC-based PD-L1 expression in patients with DLBCL (A and B) and GCB DLBCL (C and D). The numbers below the X-axis depict patients at
risk of progression who had elevated PD-L1 and those who did not have elevated PD-L1. DLBCL, diﬀuse large B-cell lymphoma; GCB, germinal center B-cell–like;
IHC, immunohistochemistry; OS, overall survival; PD-L1, programmed death ligand 1; PFS, progression-free survival.

tients with FL had PD-L1 elevation (≥5% tumor cells by IHC), this analysis focused on patients with DLBCL and RT. Among the 26 patients
with DLBCL who had IHC data, 18 patients had PD-L1 expression <5%
(range 0–2%) and 8 patients had PD-L1 expression ≥5% (range 5–95%),
with the mean (standard deviation [SD]) of 9.6 (21.6)% (Supplementary
Figure S2). Of the 8 patients with elevated PD-L1, three had a CR and
two had PRs. Of the 26 DLBCL patients with IHC data, 24 also had GEPbased subtyping calls, with six (25.0%) having elevated PD-L1; among
these patients, four had GCB DLBCL (one CR, two PRs, and one SD), one
had ABC DLBCL (PD), and one was unclassiﬁed (PD) (Supplementary
Table S2). Based on the IHC analysis, elevated PD-L1 in DLBCL (≥5%
tumor cells positive for PD-L1) was observed more frequently in responders versus nonresponders (62.5% [5/8] vs. 18.8% [3/16]; p = 0.065)
and was signiﬁcantly associated with CR (37.5% [3/8] vs. 0% [0/16];
p = 0.028). There was a trend toward improved PFS and OS in patients
with DLBCL or GCB DLBCL who had elevated PD-L1 (Fig. 1). In RT, 3/15
(20.0%) patients with available IHC data had elevated PD-L1; all three
had PRs with durable PFS and OS. At study closure, two of the three patients with elevated PD-L1 had not progressed, and all three were alive,
but no signiﬁcant correlation could be established because of the small
number of patients.

Exome analyses
Responders versus nonresponders
Exome and response data were available for 26 patients with DLBCL
(ORR 38.5%; 10 responders [5 CR, 5 PR], 16 nonresponders), 16 with
GCB DLBCL (ORR 37.5%; 6 responders [2 CR, 4 PR], 10 nonresponders),
26 with FL (ORR 46.2%; 12 responders [3 CR, 9 PR], 14 nonresponders),
and 17 with RT (ORR 76.5%; 13 responders [2 CR, 11 PR], 4 nonresponders).
DLBCL responders versus nonresponders were more likely to have
mutations in RNF213 (4/10 [40.0%] vs. 1/16 [6.2%]), KLHL14 (3/10
[30.0%] vs. 0/16), LRP1B (3/10 [30.0%] vs. 1/16 [6.2%]), and OSBPL10 (3/10 [30.0%] vs. 1/16 [6.2%]) (Table 2, Fig. 2). The diﬀerence
in expression between responders and nonresponders was highest for
KLHL14 (p = 0.046) Fig. 2 is a heatmap of the frequently occurring mutations from the gene set of interest occurring in patients with DLBCL
by responder and nonresponder status, sorted by p values within the responder gene block (top four genes) and the nonresponder gene block
(all other genes). DLBCL nonresponders commonly had variants in EBF1,
ADAMTS20, and AKAP9. Mutations in the BCR pathway (TNFRSF14,
NFKB1B), epigenetic modiﬁers (CREBBP, KMT2D), and other signaling
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Table 2
Frequent Diﬀerentially Mutated Genes between Responders and Nonresponders in Diﬀuse Large
B-Cell Lymphoma (Occurring in at Least Three Patients in Either Group).
Gene

Odds Ratio (95% CI)

p Value

Mutations more frequent in responders
KLHL14
3 (30.0%)
0 (0.0%)
RNF213
4 (40.0%)
1 (6.2%)
LRP1B
3 (30.0%)
1 (6.2%)
OSBPL10
3 (30.0%)
1 (6.2%)

Responders(n = 10)

Nonresponders(n = 16)

Inf (0.730–Inf)
9.053 (0.711–522.371)
5.950 (0.397–358.476)
5.950 (0.397–358.476)

0.046
0.055
0.264
0.264

Mutations more frequent in nonresponders
EBF1
0 (0.0%)
4 (25.0%)
ADAMTS20
0 (0.0%)
3 (18.8%)
AKAP9
0 (0.0%)
3 (18.8%)
CHD8
0 (0.0%)
3 (18.8%)
CSDE1
0 (0.0%)
3 (18.8%)
EML4
0 (0.0%)
3 (18.8%)
GPR124
0 (0.0%)
3 (18.8%)
KIAA1109
0 (0.0%)
3 (18.8%)
KLF2
0 (0.0%)
3 (18.8%)
MDC1
0 (0.0%)
3 (18.8%)
MEF2C
0 (0.0%)
3 (18.8%)
SOCS1
0 (0.0%)
3 (18.8%)
SPTA1
0 (0.0%)
3 (18.8%)
TNFRSF14
0 (0.0%)
3 (18.8%)
TP53
0 (0.0%)
3 (18.8%)
CREBBP
1 (10.0%)
5 (31.2%)
KMT2D
2 (20.0%)
6 (37.5%)
BCL7A
1 (10.0%)
4 (25.0%)
4 (25.0%)
HIST1H1C
1 (10.0%)
HIST1H1E
1 (10.0%)
4 (25.0%)
SGK1
1 (10.0%)
4 (25.0%)
CSMD3
3 (30.0%)
7 (43.8%)

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.257
0.430
0.346
0.346
0.346
0.346
0.564

0.136
0.262
0.262
0.262
0.262
0.262
0.262
0.262
0.262
0.262
0.262
0.262
0.262
0.262
0.262
0.352
0.42
0.617
0.617
0.617
0.617
0.683

(0.000–2.304)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.000–3.825)
(0.005–2.940)
(0.034–3.353)
(0.006–4.350)
(0.006–4.350)
(0.006–4.350)
(0.006–4.350)
(0.068–3.754)

CI, conﬁdence interval.
Fig. 2. Diﬀuse large B-cell lymphoma gene-level mutation
heatmap showing variants from panel of interest occurring
in at least three patients, by responder status. Each vertical
column represents an individual patient.

pathways were also observed (Table 2, Fig. 3). Mutations in HIST1H1C,
BCL7A, and SGK1 were reported in both responders and nonresponders
but were generally more frequent in nonresponders (Table 2).
Gene mutations implicated in the pathogenesis of DLBCL [27] were
generally more frequent in nonresponders (Supplementary Table S2).
None of the DLBCL responders had mutations in TP53, MYD88, GNA13,
and TNFRSF14, while frequency of these mutations in nonresponders
ranged from 12.5% to 18.8%. Of note, there were two mutations in
MYD88 (both in nonresponders) and one in CARD11 (in a responder).
In DLBCL, a trend toward more BCR pathway–associated mutations was

observed in nonresponders, with 10% (1/10) of responders and 50%
(8/16) of nonresponders having mutations associated with BCR signaling (p = 0.087).
In the GCB DLBCL subset, there were no gene variants that reached
signiﬁcance between responders and nonresponders (Supplementary Table S3). The most diﬀerentially expressed gene mutations were more
frequent in nonresponders versus responders: CSMD3 (5/10 [50%] vs.
0/6 [0%], p = 0.093); BCL2 (6/10 [60.0%] vs. 1/6 [16.7%], p = 0.145);
KMT2D (6/10 [60.0%] vs. 1/6 [16.7%], p = 0.145); CREBBP, EBF1, and
SGK1 (all 4/10 [40.0%] vs. 0/6 [0%], p = 0.234).
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pathways related to the extracellular matrix (ECM) processing (eg, glycoproteins, collagen, ECM organization, and general matrisome activity;
Table 5). The most enriched pathways in responders and nonresponders
with DLBCL, FL, and RT are summarized in Supplementary Tables S7,
S8, and S9.
The pathways with greater activation in the DLBCL nonresponders
were predominantly related to cell cycle, DNA replication, and RNA
splicing/processing/metabolism (Supplementary Table S7). The responders with FL had enrichment of activity in pathways related to RNA
splicing/processing/metabolism (Supplementary Table S8).
Discussion

Fig. 3. Functional groups of mutated genes in patients with diﬀuse large B-cell
lymphoma. The pie chart shows the number of patients (N = 52) with somatic
mutations in ≥1 gene representing the associated functional grouping.

Mutation frequencies diﬀering for responders versus nonresponders
in FL and RT, respectively, were in BCL2 (9/12 [75.0%] vs. 4/14
[28.6%]; p = 0.047) and ROS1 (0/13 vs. 2/4 [50.0%]; p = 0.044). No major diﬀerences were observed in overall TMB between responders and
nonresponders with DLBCL (p = 0.215), FL (P = .899), or RT (p = 1.000);
however, in GCB DLBCL, TMB was substantially lower for responders
(p = 0.003) (Supplementary Figure S3A-D).
PFS >24 versus ≤24 months in DLBCL
In DLBCL, RNF213 (3/7 [42.9%]), NBPF1 (3/7 [42.9%]), KLHL14
(2/7 [28.6%]), and LRP1B (2/7 [28.6%]) variants were more often seen
in patients with PFS >24 months. In patients with PFS ≤24 months,
the most common variants included KMT2D (8/20 [40.0%]), CREBBP
(6/20 [30.0%]), HIST1H1E (5/20 [25.0%]), EP400 (4/20 [20.0%]), and
PDE4DIP (6/20 [30.0%]), all of which are involved in chromatin structure; EBF1 (4/20 [20.0%]), CD79B, TP53, ADAMTS20, AKAP9, and TNFRSF14 (all 3/20 [15.0%]) variants were also seen (Table 3). The TMB
was substantially lower in DLBCL patients with PFS >24 versus ≤24
months (p = 0.0288) (Supplementary Figure S3E).
Gene expression proﬁling analysis
Diﬀerential gene expression
Gene expression and response data were available for 66 patients.
The 20 most common genes that were diﬀerentially expressed in responders versus nonresponders (all increased in responders) are listed
in Table 4. LEF1 and BTLA were the most upregulated genes in responders for all patients included in this analysis (DLBCL + FL + RT). The top
20 genes upregulated and downregulated in responders with DLBCL, FL,
and RT are summarized in Supplementary Tables S4, S5, and S6. In GCB
DLBCL, CRTAM was a top gene upregulated (2.25-fold) in the responder
group.
Pathway-level gene set enrichment analysis
Among all patients included in this analysis, pathway enrichment results were available for 41 ibrutinib plus nivolumab responders and 37
nonresponders. Among various histologies, responder and nonresponder results, respectively, were available for 8 and 19 patients with DLBCL, 10 and 13 patients with FL, and 13 and 3 patients with RT. Overall, pathways upregulated in responders to ibrutinib plus nivolumab related mostly to RNA translation/metabolism, IL-12 signaling, TCR signaling, IFN-gamma signaling, cytokine/chemokine activity, and general
immune activation (Table 5). Nonresponders had enriched activity in

Reliable disease subtype identiﬁcation in patients receiving novel
therapies is an important step toward personalizing treatment for patients with relapsed/refractory B-cell malignancies, who have limited
options for achieving durable responses. Further, biomarker analyses
can help identify patients most likely to beneﬁt from molecularly targeted therapies. This analysis evaluated several potential biomarkers of
response to combined treatment with ibrutinib and nivolumab in patients with DLBCL (subtyped using GEP and HTG methods), FL, and RT,
using data from the primary LYM1002 phase I/IIa study.
Among patients who had both GEP and response data, good responses to treatment were noted in all cohorts, with the highest response rate in RT (81.3%). Patients with DLBCL had an ORR of 29.6%.
Responses were more frequent in patients with the GCB subtype (6/18
[33.3%]), which is in contrast to the ORR of 5% reported previously
for single-agent ibrutinib [13]. These results, with the caveat of limited
sample size and no central review of GCB status, suggest that ibrutinib in
combination with nivolumab may have increased eﬃcacy in this patient
population.
PD-L1 expression was investigated in various solid tumors treated
with nivolumab, using the deﬁnition of PD-L1 positivity as ≥5% cell
membrane staining of any intensity [34]. DLBCL tumors often express
PD-L1 [35–38], and analyzing expression of PD-L1 in DLBCL using
biopsy samples and a 5% threshold for PD-L1 positivity reported varying percentages of PD-L1–positive DLBCL, ranging from 11% to 49%
[35,37,38]. In this study, approximately 30% of patients with DLBCL
(including the GCB and ABC subtypes) had elevated PD-L1 expression
by IHC. Studies in large groups of patients suggest that non-GCB DLBCL is more commonly associated with PD-L1 expression, although it
is observed within both GCB and ABC subtypes [35,36]. Patients with
DLBCL and PD-L1 elevation showed a trend toward improved response
rates and prolonged survival with ibrutinib and nivolumab, with statistical signiﬁcance reached for the association between PD-L1 expression
and CR (p = 0.028). These results are promising, particularly as PD-L1
positivity in tumor cells has been associated with poor outcomes (particularly OS) to rituximab, cyclophosphamide, doxorubicin vincristine, and
prednisone (R-CHOP) or R-CHOP–based regimens in DLBCL [35,36]. All
three patients with RT and elevated PD-L1 achieved PRs and none of
them experienced PD during the course of the study. However, meaningful correlations between PD-L1 status and RT outcome were not possible due to the small sample size. Only one patient with FL had PD-L1
elevation; previous research indicates that PD-L1 expression is rare in
this malignancy [39,40]. In a recent phase II study, nivolumab showed
very limited activity in relapsed/refractory FL (ORR 4%), and no correlation between PD-1 or PD-L1 expression and response was noted [22].
In view of this result, the high response in FL observed in our study
(43.5%) might have been driven mostly by ibrutinib, consistent with
single-agent ibrutinib achieving ORR of 37.5% in a phase II study in
relapsed/refractory FL [14].
Further investigation of the combination of BTK and PD-L1 inhibitor
therapy is ongoing in B-cell malignancies and could help identify histologies for which this treatment strategy is likely to be most beneﬁcial. Ongoing phase I/II studies are evaluating the safety and eﬃcacy
of ibrutinib combined with nivolumab (NCT02420912, NCT02940301)
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Table 3
Frequent Diﬀerentially Mutated Genes Between Patients with PFS >24 versus ≤24 Months in Diﬀuse
Large B-Cell Lymphoma (Occurring in at Least Three Patients Overall).
Gene

PFS >24 Months(n = 7)

PFS ≤24 Months(n = 20)

Odds Ratio (95% CI)

p Value

Mutations more frequent in patients with PFS >24 months
RNF213
3 (42.9%)
2 (10.0%)
KLHL14
2 (28.6%)
1 (5.0%)
LRP1B
2 (28.6%)
2 (10.0%)
TRIO
2 (28.6%)
2 (10.0%)
NBPF1
3 (42.9%)
4 (20.0%)
2 (28.6%)
3 (15.0%)
MEF2B
SGK1
2 (28.6%)
3 (15.0%)
IGLL5
2 (28.6%)
4 (20.0%)
BCL2
3 (42.9%)
6 (30.0%)

6.147
6.889
3.398
3.398
2.863
2.190
2.190
1.571
1.712

(0.527–97.903)
(0.303–469.371)
(0.200–58.569)
(0.200–58.569)
(0.298–26.744)
(0.145–25.665)
(0.145–25.665)
(0.111–15.591)
(0.191–14.078)

0.091
0.156
0.269
0.269
0.328
0.580
0.580
0.633
0.653

Mutations more frequent in patients with PFS <24 months
CREBBP
0 (0.0%)
6 (30.0%)
PDE4DIP
0 (0.0%)
6 (30.0%)
HIST1H1E
0 (0.0%)
5 (25.0%)
KMT2D
1 (14.3%)
8 (40.0%)
ADAMTS20
0 (0.0%)
3 (15.0%)
0 (0.0%)
3 (15.0%)
AKAP9
ANK3
0 (0.0%)
3 (15.0%)
CD79B
0 (0.0%)
3 (15.0%)
CHD8
0 (0.0%)
3 (15.0%)
CSDE1
0 (0.0%)
3 (15.0%)
EML4
0 (0.0%)
3 (15.0%)
4 (20.0%)
EP400
0 (0.0%)
GPR124
0 (0.0%)
3 (15.0%)
HIST1H2AC
0 (0.0%)
3 (15.0%)
KIAA1109
0 (0.0%)
3 (15.0%)
KLF2
0 (0.0%)
3 (15.0%)
MAP3K1
0 (0.0%)
3 (15.0%)
MDC1
0 (0.0%)
3 (15.0%)
MEF2C
0 (0.0%)
3 (15.0%)
SF3A1
0 (0.0%)
3 (15.0%)
SLC4A5
0 (0.0%)
3 (15.0%)
SPEN
0 (0.0%)
3 (15.0%)
SPTA1
0 (0.0%)
3 (15.0%)
SPTAN1
0 (0.0%)
3 (15.0%)
TET2
0 (0.0%)
3 (15.0%)
TNFRSF14
0 (0.0%)
3 (15.0%)
TP53
0 (0.0%)
3 (15.0%)
BTG1
0 (0.0%)
4 (20.0%)
DCC
0 (0.0%)
4 (20.0%)
EBF1
0 (0.0%)
4 (20.0%)
4 (20.0%)
EP400
0 (0.0%)
MUC17
0 (0.0%)
4 (20.0%)
NRG1
0 (0.0%)
4 (20.0%)
CSMD3
2 (28.6%)
8 (40.0%)

0.000
0.000
0.000
0.261
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.611

(0.000–2.315)
(0.000–2.315)
(0.000–3.101)
(0.005–2.854)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–4.440)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–7.204)
(0.000–4.440)
(0.000–4.440)
(0.000–4.440)
(0.000–4.440)
(0.000–4.440)
(0.000–4.440)
(0.047–4.995)

0.155
0.155
0.283
0.363
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.678

CI, conﬁdence interval; PFS, progression-free survival.

or pembrolizumab (NCT03153202, NCT03514017, NCT03204188,
NCT02332980, NCT03204188) in NHL or classic Hodgkin’s lymphoma.
Exome analyses were aimed at identifying gene mutations enriched
in patients who responded versus those who did not respond to treatment with ibrutinib plus nivolumab. In DLBCL, the top three gene mutations more frequently mutated in responders versus nonresponders included KLHL14 (p = 0.046), RNF213 (p = 0.055), and LRP1B (p = 0.264).
KLHL14 belongs to the Kelch-like family of proteins that can serve as
subunits of Cullin-RING ubiquitin ligase complex [41] highly expressed
in B cells, promoting B1a but suppressing B1b cell development in
mice, and thus revealing a role in controlling B cell diﬀerentiation [42].
KLHL14 is frequently mutated in ABC DLBCL cells [43], and recent in
vitro data have highlighted involvement of KLHL14 in BCR-dependent
NF-𝜅B activation [44]. Mutations in RNF213, the Moyamoya disease
gene product and an E3 ligase, have been reported in liver cancers
[45] and RNF213-ALK fusion has been described in anaplastic large cell
lymphoma [46]. In HER2+ breast cancer cells, RNF213 was uncovered
to be a substrate for the protein-tyrosine phosphatase PTP1B, and both
proteins were required for survival of HER2+ breast cancer in the hypoxic tumor microenvironment[47] Mutations in LRP1B are frequent in

melanoma and an association with response to PD-1 blockade has been
reported[48].
DLBCL nonresponders commonly had mutations in EBF1,
ADAMTS20, and AKAP9 genes generally involved in tumor initiation/proliferation [49-51]. It has been suggested that mutations of
CARD11 (another gene implicated in NF-𝜅B pathway activation downstream of BTK) predict lack of response to ibrutinib in DLBCL and FL
[13,14]. In our analyses of patients with DLBCL, nonresponders were
more likely to have mutations in genes involved in alternate BCR pathways converging on NF-𝜅B, such as TNFRSF14, MYD88, and NFKB1B,
which are among the genes implicated in the pathogenesis of DLBCL
and recurrent in refractory disease [27,28]. Notably, none of the DLBCL
responders had mutations in TP53, MYD88, and TNFRSF14. Other gene
variants occurred frequently but were not linked to response, such as
CSMD3, BCL2, and NBPF1.
As mentioned, ibrutinib plus nivolumab had an unexpectedly high
antitumor activity in GCB DLBCL, emphasizing the clinical beneﬁt of
adding nivolumab to ibrutinib. However, overall TMB was lower in responders with GCB DLBCL and in DLBCL patients with PFS >24 versus
≤24 months, contrary to previous reports in non–small-cell lung car-
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Table 4
The Top 20 Genes Diﬀerentially Expressed Between Responders and Nonresponders to Ibrutinib plus Nivolumab Among All Patients with Non-Hodgkin’s Lymphomaa .
Gene
Genes upregulated in the responder group
LEF1
BTLA
PATL2

SIDT1
PYHIN1
L3MBTL3
FAM114A2
TBC1D15
LEPROTL1
SACS
LMBRD1
GCLC
APOL3
SRBD1
TIGIT
CCL4
MDM1
SUB1
FCMR
GMFG
Genes downregulated in the responder group
C5orf66
PAPPA
CCDC120
SOX9
STS
LYPD6B
ARR3
LMOD1
LOC102546294
BAIAP2L1
SPINK2
FGF14
HMCN1
ATG9B
ESRP2
CASC15
ZFHX3
CLDN1
SLC1A1

LARGE-AS1
a

Description

Log FC

Adjusted p Value

Lymphoid enhancer-binding
factor 1
B and T lymphocyte associated
Protein associated with
topoisomerase II homolog 2
(yeast)
SID1 transmembrane family,
member 1
Pyrin and HIN domain family,
member 1
l(3)mbt-like 3 (Drosophila)
Family with sequence similarity
114, member A2
TBC1 domain family, member 15
Leptin receptor overlapping
transcript-like 1
Sacsin molecular chaperone
LMBR1 domain containing 1
Glutamate-cysteine ligase,
catalytic subunit
Apolipoprotein L, 3
S1 RNA binding domain 1
T cell immunoreceptor with Ig
and ITIM domains
Chemokine (C–C motif) ligand 4
Mdm1 nuclear protein
SUB1 homolog, transcriptional
regulator
Fc fragment of IgM receptor
Glia maturation factor, gamma

1.058

0.001

1.095
1.111

0.001
0.003

0.872

0.015

1.261

0.016

0.982
0.545

0.028
0.028

0.400
0.817

0.028
0.028

0.905
0.808
1.150

0.028
0.028
0.028

0.946
0.658
0.562

0.028
0.028
0.032

0.697
0.725
0.850

0.032
0.032
0.032

1.378
0.547

0.032
0.035

–0.503

0.053

–0.442

0.056

–0.331

0.061

–1.061

0.066

–0.421

0.067

–0.573

0.075

–0.497
–0.328
–0.427
–0.472
–0.545

0.076
0.081
0.085
0.085
0.090

–0.509
–0.895
–0.432
–0.554

0.092
0.093
0.095
0.099

–0.472

0.103

–0.340
–0.826
–0.430

0.103
0.103
0.103

–0.494

0.103

Chromosome 5 open reading
frame 66
Pregnancy-associated plasma
protein A, pappalysin 1
Coiled-coil domain containing
120
SRY (sex determining region
Y)-box 9
Steroid sulfatase (microsomal),
isozyme S
LY6/PLAUR domain containing
6B
Arrestin 3, retinal (X-arrestin)
Leiomodin 1 (smooth muscle)
Uncharacterized LOC102546294
BAI1-associated protein 2-like 1
Serine peptidase inhibitor, Kazal
type 2 (acrosin-trypsin inhibitor)
Fibroblast growth factor 14
Hemicentin 1
Autophagy related 9B
Epithelial splicing regulatory
protein 2
Cancer susceptibility candidate
15 (non-protein coding)
Zinc ﬁnger homeobox 3
Claudin 1
Solute carrier family 1
(neuronal/epithelial high aﬃnity
glutamate transporter, system
Xag), member 1
LARGE antisense RNA 1

Diﬀuse large B-cell lymphoma, follicular lymphoma, and Richter’s transformation.

cinoma and melanoma linking higher mutational burden with greater
eﬀectiveness of immune checkpoint blockade therapy [52,53]. On the
other hand, non–small-cell lung carcinoma and melanoma have a very
high average mutational burden, unlike the relatively low average mutational burden in DLBCL [54], suggesting that factors other than TMB
may be linked to the antitumoral immune response in DLBCL. Validation

of these results in larger patient samples is warranted to fully understand
their clinical and biological signiﬁcance.
In FL, BCL2 mutations were more frequent in responders (75% vs.
28.6% in nonresponders). It has been proposed that BCL2 mutations in
FL may be a surrogate for genomic instability triggered by activationinduced cytidine deaminase (AID) [55]. In FL, a signiﬁcant association
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Table 5
Most Enriched Pathways in Responders and Nonresponders to Ibrutinib plus Nivolumab among Patients with Non-Hodgkin’s Lymphomaa .
Pathway Name
Responders
Translationb
Metabolism of RNAb
SRP-dependent co-translational protein targeting to membraneb
IL12_2 pathwayc
HIV infectionb
Inﬂuenza life cycleb
Metabolism of mRNAb
Adaptive immune systemb
3UTR-mediated translational regulationb
Host interactions of HIV factorsb
Processing of capped intron containing pre-mRNAb
CD8 TCR pathwayc
TCR signalingb
Interferon signalingb
Respiratory electron transport ATP synthesis by chemiosmotic coupling and heat production by uncoupling proteinsb
TCA cycle and respiratory electron transportb
Interferon gamma signalingb
TCR pathwayc
Signaling by the BCR
Antiviral mechanism by IFN-stimulated genesb
Nonresponders
Core matrisomed
Integrin 1 pathwayc
ECM glycoproteinsd
Cytochrome P450 arranged by substrate typeb
ECM receptor interactione
ECM organizationb
Phase 1 functionalization of compoundsb
Regulation of IGF activity by IGF-binding proteinsb
Cell-cell junction organizationb
Collagen formationb
A tetrasaccharide linker sequence is required for GAG synthesisb
ECM regulatorsd
Olfactory signaling pathwayb
Linoleic acid metabolisme
Avb3 integrin pathwayc
Collagensd
Tight junction interactionsb
Bile acid and bile salt metabolismb
Cell junction organizationb
Integrin 3 pathwayc
a
b
c
d
e

NES

FDR pValue

FWER pValue

2.98
2.93
2.88
2.80
2.79
2.79
2.78
2.73
2.71
2.71
2.68
2.68
2.67
2.66
2.66
2.64
2.63
2.60
2.59
2.59

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

–2.92
–2.77
–2.74
–2.58
–2.56
–2.48
–2.48
–2.48
–2.41
–2.41
–2.38
–2.38
–2.35
–2.32
–2.30
–2.29
–2.27
–2.25
–2.24
–2.23

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.003
0.003
0.004
0.009
0.009
0.009

Diﬀuse large B-cell lymphoma, follicular lymphoma, and Richter’s transformation.Databases:
REACTOME.
PID.
NABA.
KEGGFDR, false discovery rate; FWER, family-wise error rate; NES, normalized enrichment score.

between risk and TMB (also often used as a proxy for genomic instability) has been previously demonstrated [56]. The lack of a distinct anticorrelation between TMB and response in the FL cohort of this study
(compared with DLBCL) may indicate that there is some degree of beneﬁt being derived from ibrutinib plus nivolumab therapy in genomically
unstable patients with high TMB FL. This is supported by the fact that
the patients with ≥30 mutated cancer-related genes in the set examined
in this work (n = 1742) all had BCL2 mutations and a response rate of
75% (3/4; top two patients with the most mutations were responders),
while the patients with response data who had <10 mutated genes of
interest had a 0% (0/2) response rate (neither had BCL2 mutations).
CREBBP and KMT2D mutations were also frequent in FL, though not
signiﬁcantly associated with response. Longitudinal analyses had previously identiﬁed CREBBP and KMT2D variants as early driver mutations
in chromatin regulator genes [29]. The mutational spectrum in RT in
this study was quite diﬀerent than that observed in the other histologies. ROS1 was more frequent in RT nonresponders (2/4 vs. 0/13 in
responders, p = 0.044); both ROS1 and BCL2 are involved in the NF-𝜅B
pathway.
Gene expression analyses uncovered several genes and pathways differentially expressed in responders versus nonresponders to treatment

with ibrutinib plus nivolumab. The top genes upregulated in all patients
who responded to ibrutinib plus nivolumab included LEF1 and BTLA.
LEF1 is expressed at early stages of B-cell diﬀerentiation and is essential for cell survival and proliferation. Overexpression of LEF1 is associated with poor prognosis and disease progression in CLL [57], and its
presence here may reﬂect the contribution of ibrutinib to the response.
BTLA is a lymphocyte inhibitory receptor that is expressed on Th1 but
not Th2 cells [58]. Increased BTLA expression in ibrutinib-responding
patients with NHL is consistent with the ﬁnding that ibrutinib can drive
Th1- versus Th2 T-cell immunity [59]. Moreover, BTLA, TIGIT, and CCL4
are associated with T-cell exhaustion and tumor response to checkpoint
blockade [60,61]. Therefore, the fact that each of these genes is highly
upregulated in tumor tissue of responding patients suggests that the PD1 blockade was also a signiﬁcant part of the clinical eﬃcacy in these
patients.
In GCB DLBCL, CRTAM was the most upregulated gene in the responders. CRTAM is expressed on CD8+ T-cells, especially during late-stage
activation, and aids in maintaining activated T-cell populations within
lymph nodes [62]. A high level of CRTAM expression likely correlates
with an immunologically active phenotype, potentially providing a beneﬁt for patients undergoing immune therapy for cancer.
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Overall, pathways upregulated in responders to ibrutinib plus
nivolumab were mostly related to RNA translation/metabolism, TCR,
IL-12, IFN-gamma signaling, cytokine/chemokine activity, and general
immune activation; similar trends are seen with DLBCL and RT alone.
These results are consistent with studies reporting that PD-1 targets TCR
signaling to inhibit functional T-cell activation [63], and anti-PD-1 therapy reduces this inhibition. Moreover, successful activation of T cells
depends on a cross-talk between T cells and dendritic cells that involves
IL-12 and IFN-gamma signaling [64]. IL-12 and IFN-gamma are also associated with Th1 diﬀerentiation [65], and we have previously shown
increased secretion of these proteins in ibrutinib responders in FL [66].
Based on two separate analyses in all patients and a subgroup of patients
with DLBCL, our results suggest that patients showing high activity of
these immune-related pathways may be more responsive to anti-PD-1
agents in combination with ibrutinib. Pathways related to BCR signaling were also enriched in responders with FL, consistent with the mechanism of action of ibrutinib.
Among all patients, nonresponders had enriched activity in pathways
related to the ECM processing. A recently published study identiﬁed a
distinct set of ECM genes upregulated in cancer and correlated with poor
prognosis [67]. Transcriptional program dysregulation of these genes
was linked to the activation of TGF-beta signaling in cancer-associated
ﬁbroblasts and subsequent immunosuppression [67]. The pathways activated in the DLBCL nonresponders related mostly to cell cycle, DNA
replication, and RNA splicing/processing/metabolism. These pathways
may represent resistance mechanisms because they can drive cancer survival or progression using mechanisms that are not aﬀected by ibrutinib
or nivolumab. Interestingly, some of the pathways enriched in responders with FL appeared to be implicated in RNA metabolism or translational regulation, possibly indicating high AID activity in responders.
As discussed previously, responder-associated BCL2 mutations in FL may
serve as a proxy for AID-mediated genomic instability. The DNA mutator activity of AID, which can ultimately serve to increase neoantigen
presentation and thereby response to checkpoint inhibition, is regulated
by the RNA exosome complex, meaning that RNA processing could be
related to the mechanism behind many FL-associated BCL2 mutations
and genomic instability [68].
In conclusion, there was a trend toward improved survival with ibrutinib and nivolumab in patients with DLBCL with elevated PD-L1, although the diﬀerences did not reach statistical signiﬁcance. We have
identiﬁed several gene mutations, as well as diﬀerentially expressed
genes and enriched signaling pathways, in patients with DLBCL, FL, and
RT who responded versus those who did not respond to treatment with
ibrutinib plus nivolumab. The preliminary analyses reported herein may
highlight some of the mechanisms involved in the action of this therapeutic combination and help identify patients with B-cell malignancies
who are most likely to beneﬁt from treatment with ibrutinib combined
with an anti-PD-1/PD-L1 agent, which may represent a salvage therapy
for patients with relapsed/refractory NHL.
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