Mansouri et al.

            NFKBIE deletions in PMBL

Frequent NFKBIE deletions are associated with poor outcome in primary mediastinal B-cell lymphoma 
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Key points

· A recurrent 4-bp deletion in the NFKBIE gene is a common event during lymphomagenesis in various lymphoid malignancies.
· The deletion occurs in 27% of PMBL cases and is associated with a particularly aggressive clinical course.
Abstract 
We recently reported a 4-bp truncating deletion in the NFKBIE gene, which encodes IκBε, a negative feedback regulator of NF-κB in B cells, in clinically aggressive chronic lymphocytic leukemia (CLL) patients. Considering preliminary data indicating an enrichment of NFKBIE aberrations in other lymphoid malignancies, we screened for NFKBIE aberrations in a large cohort of patients (totaling 1310 cases) diagnosed with a range of different lymphoid neoplasms. While NFKBIE deletions were relatively infrequent in follicular lymphoma, splenic marginal-zone lymphoma, and T-cell acute lymphoblastic leukemia (<2%), more moderate frequencies were seen in diffuse large B-cell lymphoma, mantle cell lymphoma, small lymphocytic lymphoma, and primary CNS lymphoma (3-11%). In contrast, a remarkably high frequency of NFKBIE deletions (17/63 cases, 27%) was observed in primary mediastinal B-cell lymphoma (PMBL). PMBL patients carrying this aberration were more often therapy-refractory and displayed a significantly shorter overall survival compared to wildtype patients (median survival, 13 months vs. not reached, P=.005). In summary, we provide further support that NFKBIE aberration is a common genetic event across B-cell malignancies and highlight NFKBIE deletions as a potential, novel poor-prognostic marker in PMBL.     

Introduction 
Deregulated NF-κB signaling is a hallmark of most, if not all, lymphoid malignancies, and recurrent activating mutations in NF-ĸB transcription factors or upstream signalling components, such as CD79B, CARD11, MYD88 or TNFAIP3/A20 are common findings in B-cell neoplasms
 ADDIN EN.CITE 
1-3
. Genetic aberrations in both the canonical and the non-canonical NF-κB pathway are known to lead to NF-κB activation4, however the full complement of NF-κB pathway genes affected by recurrent mutations in lymphoid malignancies remains to be deciphered. Recently, we reported a 4-bp truncating mutation in the NF-ĸB inhibitor I-kappa-B-epsilon (NFKBIE) gene, which encodes IκBε, a negative regulator of NF-κB in normal B cells, in patients with chronic lymphocytic leukemia (CLL)
 ADDIN EN.CITE 
5-7
. The NFKBIE deletion was enriched in clinically aggressive CLL patients (7-8%) and associated with significantly shorter time-to-first-treatment. Compared to wildtype patients, NFKBIE-deleted cases showed reduced IκBε protein levels and decreased p65 inhibition, along with increased phosphorylation and nuclear translocation of p65. Similarly, loss of IκBε was reported to lead to constitutive NF-κB transcriptional activation in C57B16 mice, which in turn resulted in increased B-cell proliferation and survival


8 ADDIN EN.CITE . 
Preliminary data indicate an increased frequency of NFKBIE aberrations in other lymphoid malignancies, e.g. in relapsed/refractory diffuse large B-cell lymphomas (DLBCL) and in primary mediastinal large B-cell lymphomas (PMBL)
 ADDIN EN.CITE 
9,10
. By investigating a large cohort of 1310 patients with different lymphoid neoplasms, we here provide further support that NFKBIE deletion is a common event during lymphomagenesis, albeit at varying frequencies, and highlight an enrichment in PMBL, possibly linked to a particularly poor outcome. 
Methods
Patients

In total, 1310 patients diagnosed with different lymphoid malignancies were included from collaborating institutions in Denmark, Germany, Greece, France, Sweden, and the United Kingdom. The study cohort compromised DLBCL (n=521), follicular lymphoma (FL; n=225), mantle cell lymphoma (MCL; n=189), splenic marginal-zone lymphomas (SMZL, n=175)


11 ADDIN EN.CITE , T-cell acute lymphoblastic leukemia (n=94), PMBL (n=63), primary central nervous system lymphoma (PCNSL; n=34), and small lymphocytic lymphoma (SLL, n=9). All samples were diagnosed according to the WHO classification and were reviewed to confirm diagnosis and tumor content12. Written consent was obtained in accordance with the Declaration of Helsinki and with ethical approval obtained from the local ethics committees.
Mutational analysis of NFKBIE

The entire coding region of NFKBIE was investigated by bidirectional Sanger sequencing in a representative subset (n=292) of the study cohort, while the 4-bp deletion hotspot located in exon 1 was analyzed either by Sanger sequencing (n=350) or GeneScan analysis (n=669) in the remaining cases (detailed in Supplemental Methods). All PMBL cases were investigated by two independent GeneScan experiments and verified by Sanger sequencing or deep sequencing. In addition, targeted deep-sequencing was performed in 44 PMBL and 22 DLBCL samples using the Nextera XT kit (Illumina, CA, USA) for library preparation of the PCR amplified products. The libraries were sequenced on the MiSeq sequencer (Illumina, CA, USA) using standard protocols


6,7,13 ADDIN EN.CITE . The alignment tool BWA (v.0.7.12) was first used to align sequences and VarScan 2 (v.2.3.7) was employed for variant calling analysis, while Annovar was used for annotation of variants. A median coverage of ~57K reads per amplicon was obtained.
Statistical analysis

Pairwise comparisons of variables for exploratory purposes were performed using the Mann-Whitney test or the χ2 test. Overall survival (OS) was calculated from time of diagnosis until date of death or last follow-up. Kaplan-Meier analysis was performed to construct survival curves and log-rank test was applied to evaluate differences between subgroups. All analyses were carried out using the software package of SPSS Version 23.0 (IBM, Armonk, NY).
Results and Discussion

Overall, NFKBIE mutations were identified in 53 of 1310 patients (4%) with all but two patients (a heterozygous L495V missense mutation and a 4-bp splice-site deletion at position chr6:44232713-44232716) exhibiting the recurrent 4-bp deletion, starting at codon T253 and known to result in a truncated protein. A single PMBL case showed two NFKBIE frameshift mutations: the recurrent 4-bp deletion (delTTAC) and a 7-bp deletion at codon Y254 (delTACATCT). The somatic nature of the 4-bp deletion has previously been confirmed by sequencing germline DNA
 ADDIN EN.CITE 
5,6,10
. By applying a conservative cutoff of >5% for the mutant allele, GeneScan analysis and deep-sequencing revealed a high concordance of both techniques (n=10, r=0.80, p=0.005), with variant allele frequencies (VAF) ranging from 5.2% to 59% in NFKBIE-deleted cases, indicating that NFKBIE mutations may evolutionarily occur at different time points of lymphomagenesis (Supplemental Table 1/Figure 1).

While NFKBIE deletions were relatively rare in patients diagnosed with FL (3/225, 1.3%), SMZL (3/175, 1.7%), and T-ALL (1/94, 1.1%), a slightly higher frequency was detected among DLBCL (18/521, 3.5%), MCL (88/189, 4.2%), PCNSL (1/34, 2.9%), and SLL (1/9, 11.1%) patients. In contrast, PMBL patients showed a marked enrichment with 17/63 cases harboring a NFKBIE deletion (27% vs 2.8% (35/1247), P<0.001; Figure 1A). Notably, the prevalence of NFKBIE-deleted PMBL cases was independent of contributing center (Supplemental Table 2). In addition, screening of 4 PMBL cell lines (FARAGE, KARPAS-1106P, MEDB-1 and U-294014) revealed that U-2940 showed a homozygous 4-bp NFKBIE deletion (Supplemental Figure 1) whereas the remaining were wildtype. 
For 32 of investigated PMBL cases, clinical follow-up data were available; the median follow-up time for patients who remained alive was 84.5 months (range, 6 to 192 months). There were no significant differences between NFKBIE-deleted and wildtype PMBL patients with respect to age, sex, Ann Arbor stage, IPI risk-groups, extranodal or bone marrow involvement, bulky disease, and LDH elevation (Table 1). However, NFKBIE-deleted patients were more likely to be refractory to primary chemotherapy compared to wildtype patients (40% vs. 0%, P=.005). Furthermore, patients carrying the NFKBIE deletion had a significantly shorter OS as compared to patients with wildtype NFKBIE (median OS, 13 months vs. not reached; CI: 1.44 - 25.97; HR: 6.12; P=.005, Figure 1B). An improved patient outcome was recently demonstrated with the addition of rituximab to PMBL patients treated with dose-intense chemotherapy regimen, i.e. dose-adjusted etoposide, doxorubicin, cyclophosphamide, vincristine and prednisone (DA-EPOCH), resulting in an OS rate of 97%


15 ADDIN EN.CITE . Although our patient cohort received heterogeneous treatment regimens, presence of NFKBIE aberration remained significantly associated with adverse prognosis in patients treated with immunochemotherapy (n=23, P=.042) or with dose-intense chemotherapy protocols (n=11, P=.017; Supplemental Figure 2). In contrast, no significant difference in treatment response and OS was seen between 16 NFKBIE-deleted vs. 434 wildtype DLBCL patients (median OS, 64.9 vs. 52.2 months; CI: 0.57- 2.04; HR: 1.08; P=0.809; Figure 1C and Supplemental Table 3). 
Several studies have reported high frequencies of TNFAIP3 aberrations (ranging from 30-60%
 ADDIN EN.CITE 
9,16-18
), another key regulator of NF-ĸB, in PMBL. Considering that the NFKBIE deletion was reported to lead to constitutive NF-ĸB activation in CLL, by increased phosphorylation and nuclear translocation of p65


6 ADDIN EN.CITE , we favor the hypothesis of a similar mechanism in NFKBIE-deleted PMBL patients. Based on 7 PMBL cases with whole-exome/genome sequencing data available


9,18 ADDIN EN.CITE , three NFKBIE-mutated samples showed TNFAIP3 aberrations, indicating that both genes may co-occur and represent major factors behind constitutive activation of NF-ĸB signaling in PMBL. However, the extent of concurrent mutations and their corresponding functional consequences remain to be identified. 
In conclusion, our finding highlights NFKBIE deletions as a common, recurrent genetic event among different lymphoid malignancies. NFKBIE deletions emerged among the most frequent genetic aberrations in PMBL, and were associated with chemo-refractoriness and an inferior clinical outcome. Further validation studies are now warranted to confirm this novel finding.
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Table 1. Comparison of pre-treatment characteristics of the 32 PMBL patients with available survival data.

	Characteristic
	NFKBIE

mutated
	NFKBIE

wildtype
	P

	
	(n=10)
	(n=22)
	 

	Age, years
	
	
	.776

	     Median
	34
	36
	

	     range 
	29 - 65
	17 - 74
	

	Sex 
	
	
	.248

	     male - no. (%)
	2 (20%)
	9 (41%)
	

	     female - no. (%)

    missing data – no. (%)
	8 (80%)

0 (0%)
	13 (59%)

0 (0%)
	

	Ann Arbor Stage
	
	
	.335

	     1 - no. (%)
	1 (10%) 
	7 (32%)
	

	     2 - no. (%)
	2 (20%)
	4 (18%)
	

	     3 - no. (%)
	0 (0%)
	2 (9%)
	

	     4 - no. (%)
	7 (70%)
	9 (41%)
	

	     missing data - no. (%)
	0 (0%)
	0 (0%)
	

	International Prognostic Index
	
	
	.546

	     0 - no. (%)
	0 (0%) 
	3 (14%)
	

	     1 - no. (%)
	3 (30%) 
	6 (27%)
	

	     2 - no. (%)
	1 (10%)
	2 (9%)
	

	     3 - no. (%)
	4 (40%)
	9 (41%)
	

	     4 - no. (%)

     5 - no. (%)
	2 (20%)

0 (0%)
	1 (4%)

0 (0%)
	

	     missing data - no. (%)
	0 (0%)
	1 (4%)
	

	Extranodal involvement 
	
	
	.548

	     yes - no. (%)

     no - no. (%)
	6 (60%)

3 (30%)
	7 (32%)

6 (27%)
	

	     missing data - no. (%)
	1 (10%)
	9 (41%)
	

	Bone marrow involvement 
	
	
	.130

	     yes - no. (%)

     no - no. (%)
	1 (10%)

5 (50%)
	0 (0%)

13 (59%)
	

	     missing data - no. (%)
	4 (40%)
	9 (41%)
	

	Bulky disease 
	
	
	1

	     yes - no. (%)

     no - no. (%)
	3 (30%)

1 (10%)
	9 (41%)

3 (14%)
	

	     missing data - no. (%)
	6 (60%)
	10 (45%)
	

	LDH elevation 
	
	
	.524

	     yes - no. (%)

     no - no. (%)
	8 (80%)

1 (10%)
	11 (50%)

3 (14%)
	

	     missing data - no. (%)
	1 (10%)
	8 (36%)
	

	IHC cell of origin 
	
	
	.480

	     GCB - no. (%)

     Non-GCB - no. (%)
	2 (20%)

3 (30%)
	2 (9%)

7 (32%)
	

	     missing data - no. (%)
	5 (50%)
	13 (59%)
	

	B-symptoms 
	
	
	.709

	     yes - no. (%)

     no - no. (%)
	5 (50%)

5 (50%)
	9 (41%)

12 (55%)
	

	     missing data - no. (%)
	0 (0%)
	1 (4%)
	

	CHOP based treatment
	
	
	

	     yes - no. (%)

     no - no. (%)
	10 (100%)

0 (0%)
	21 (96%)

0 (0%)
	

	     missing data - no. (%)
	0 (0%)
	1 (4%)
	

	Rituximab containing treatment
	
	
	.713

	     yes - no. (%)

     no - no. (%)
	7 (70%)

3 (30%)
	16 (73%)

5 (23%)
	

	     missing data - no. (%)
	0 (0%)
	1 (4%)
	

	Response to treatment
	
	
	.005

	     CR/ CRu - no. (%)

     Partial remission - no. (%)

     Progressive disease - no. (%)
	6 (60%)

0 (0%)

4 (40%)
	18 (82%)

3 (14%)

0 (0%)
	

	     missing data - no. (%)
	0 (0%)
	1 (4%)
	


Abbreviations: CR, complete remission; CRu, uncertain complete remission; ECOG, performance status of the Eastern Cooperative Oncology Group; IHC, immunhistochemistry; LDH, lactatdehydrogenase; P, p-value from two-sided Chi-squared tests for categorical variables and from two-sided Mann-Whitney-U tests for comparison.

Figure legend
Figure 1. Assessment of NFKBIE mutations in 1310 patients diagnosed with different lymphoid malignancies. NFKBIE mutation frequency per disease entity (A). Overall survival in 32 PMBL patients (B) and 434 DLBCL patients (C) according to their NFKBIE mutation status (p-value refers to log-rank test). 
Figure 1
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