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            Abstract
Mycosis fungoides and Sézary syndrome comprise the majority of cutaneous T cell lymphomas (CTCLs), disorders notable for their clinical heterogeneity that can present in skin or peripheral blood. Effective treatment options for CTCL are limited, and the genetic basis of these T cell lymphomas remains incompletely characterized1. Here we report recurrent point mutations and genomic gains of TNFRSF1B, encoding the tumor necrosis factor receptor TNFR2, in 18% of patients with mycosis fungoides and Sézary syndrome. Expression of the recurrent TNFR2 Thr377Ile mutant in T cells leads to enhanced non-canonical NF-κB signaling that is sensitive to the proteasome inhibitor bortezomib. Using an integrative genomic approach, we additionally discovered a recurrent CTLA4-CD28 fusion, as well as mutations in downstream signaling mediators of these receptors.
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                    Figure 1: Recurrent alterations in T cell survival and activation pathways in mycosis fungoides and Sézary syndrome.[image: ]


Figure 2: Mycosis fungoides and Sézary syndrome are characterized by recurrent structural variations.[image: ]


Figure 3: Genomic gains affect the expression of TNFR2.[image: ]


Figure 4: TNFR2 p.Thr377Ile alterations activate non-canonical NF-κB2 signaling.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Details of sequencing analysis.
(a) Flow chart showing which patients fall into each category and were used for analysis. (b) Graph showing the average and median coverage for all samples that were resequenced. (c) Graph showing the sensitivity and specificity of each of the mutation callers used in our analysis pipeline as compared to the gold standard of a SNP array. (d) Box plots showing the range, quartiles and mean of allele frequency for each mutation in a patient in stage 1, 2 or 4. Stage 3 was not included due to small sample size. Allele frequencies were obtained from the mutational caller used to make the call as described in Supplementary Table 2.


Supplementary Figure 2 Clinical and genomic annotations of patients with Mycosis fungoides and Sézary syndrome.
(a) Somatically acquired mutations in CTCL samples of genes mutated in at least 5% of patients. Identical recurrent mutations marked in blue were validated by Sanger sequencing. Diagnosis of Mycosis fungoides or Sézary syndrome is marked, as is large-cell transformation (LCT). (b) Pathway diagram of canonical NF-κB1 signaling highlighting multiple pathway members altered in the targeted resequencing data set.


Supplementary Figure 3 Additional fusion validation.
(a) Diagram of TP63 fusion indicating the location of the breakpoint. (b) The genomic breakpoint of the TP63 fusion was validated by Sanger sequencing in Mycosis fungoides 64. (c) Diagram of the TNFRSF10A breakpoint. (d) Sanger validation of the genomic breakpoint in TNFRSF10A in Sézary syndrome 69. (e) Diagram of the CTLA4-CD28 fusion event. (f) Sanger validation of the genomic breakpoint in Mycosis fungoides 59. (g) Sanger validation of the cDNA breakpoint in Mycosis fungoides 59. cDNA was generated with quantitative PCR amplification. (h) Jurkat cells with exogenously expressed empty vector (EV), CTLA4 or CTLA4-CD28 fusion construct stained with CTLA4 antibody or isotype control and analyzed using flow cytometry.


Supplementary Figure 4 TNFR2 genomic gain.
(a) Picture of a group of cells with the gain from a punch biopsy of a Mycosis fungoides tumor; this is the same patient as shown in Figure 3a. (b) Graph of the ratio of TNFRSF1B to the control region in ddPCR and FISH analyses in HH cells.


Supplementary Figure 5 Patient survival stratified by genomic and clinical profile.
(a) Patients with LCT histology (n = 26) are significantly more mutated in the gene set that was resequenced than patients without LCT histology (n = 47) (Student’s t test, P = 0.0003). (b) Kaplan-Meier survival curve indicating survival of patients from the time of biopsy to death or current survival (marked as censored points with slashes). Patients with an LCT histology (n = 26) have significantly worse survival than patients without LCT histology (n = 47) (P = 0.0232, Gehan-Breslow-Wilcoxon test; P = 0.0472, Mantel-Cox test). (c) Kaplan-Meier survival curve indicating the survival of patients from the time of biopsy to death or current survival (marked as censored points with slashes). Patients with stage IV Mycosis fungoides or Sézary syndrome disease (n = 39) have significantly worse survival than those with stage IIb + III (n = 21) or stage I (n = 13) disease (P = 0.0199, Gehan-Breslow-Wilcoxon test; P = 0.0583, Mantel-Cox test). (d) Kaplan-Meier survival curve indicating survival of patients from the time of biopsy to death or current survival (marked as censored points with slashes). Patients with a lesion in T cell survival and proliferation pathways (n = 28) have poorer survival than those without an alteration in this pathway (n = 45) (P = 0.0306, Gehan-Breslow-Wilcoxon test; P = 0.0644, Mantel-Cox test). (e) Kaplan-Meier survival curve comparing survival of patients with more than the median number of mutations (n = 30) or fewer than or equal to the median number of mutations (n = 43) in our targeted resequencing. There is no significant difference between these groups (P = 0.26, Gehan-Breslow-Wilcoxon test; P = 0.24, Mantel-Cox test). (f) Kaplan-Meier survival curve comparing the survival of patients older than the median age (n = 36) or younger than or the same as the median age (n = 37). There is no significant difference between these groups (P = 0.43, Gehan-Breslow-Wilcoxon test; P = 0.38, Mantel-Cox test). (g) Kaplan-Meier survival curve comparing the survival of patients with Mycosis fungoides (n = 41) or Sézary syndrome (n = 32) as original diagnosis. There is no significant difference between these groups (P = 0.26, Gehan-Breslow-Wilcoxon test; P = 0.24, Mantel-Cox test). (h) Kaplan-Meier survival curve indicating the survival of patients from the time of biopsy to death or current survival (marked as censored points with slashes). There is no survival difference between patients with a TP53 mutation (n = 9) and those without one (n = 64) (P = 0.94, Gehan-Breslow-Wilcoxon test; P = 0.79, Mantel-Cox test). (i) Kaplan-Meier survival curve indicating the survival of patients from the time of biopsy to death or current survival (marked as censored points with slashes). Patients with a lesion in the top 5% of mutated genes (including TNFR2 gain) (n = 35) have no significant difference in survival compared to those without lesions in these genes (n = 37) (P = 0.33, Gehan-Breslow-Wilcoxon test; P = 0.47, Mantel-Cox test).


Supplementary Figure 6 TNFR2 expression in primary T cells and Jurkat cells.
(a) Primary T cells stained with TNFR2 antibody or isotype control and analyzed using flow cytometry. (b) Jurkat cells with exogenously expressed empty vector, wild-type TNFR2 or mutant TNFR2 stained with TNFR2 antibody or isotype control and analyzed using flow cytometry.


Supplementary Figure 7 Tumor and cell line effects of TNFR2 p.Thr377Ile and pathway inhibition.
(a) Graph of the tumor volumes of subcutaneous tumors generated with Jurkat cells expressing empty vector (EV), wild-type TNFR2 (WT) or mutant TNFR2 (MT). The TNFR2 MT tumor volumes are significantly larger over time compared to the EV controls (P = 0.002), as are the TNFR2 WT volumes (P = 0.04); n = 10 mice per group, total of 30 mice, mean ± standard error shown. Asterisks are used to indicate the results of ANOVA analysis: *P < 0.05, **P < 0.01, ***P < 0.0001, ****P < 0.00001. (b) Dose-response curves of Jurkat cells expressing EV, TNFR2 WT or TNFR2 MT upon treatment with bortezomib for 24 h; n = 3 biological replicates. Mean ± standard error shown. (c) Control or TNFR2-knockout (KO) HH cells stained with TNFR2 antibody or isotype control and analyzed by flow cytometry. (d) Dose-response curves of control or TNFR2 KO HH cells upon treatment with bortezomib for 24 h; n = 3 biological replicates. Mean ± standard error shown. (e) Cell viability of CRISPR control and TNFR2 KO cells over 4 d. There was no significant difference observed. (f) Dose-response curves of the HH CTCL cell line and the Hut78 CTCL cell line exposed to bortezomib treatment for 24 h; n = 3 biological replicates. Mean ± standard error shown.


Supplementary Figure 8 Original immunoblots shown in Figure 4d.
(a) Original TNFR2 immunoblot. (b) Original TRAF2 immunoblot. (c) Original NF-κB2 immunoblot. (d) Original tubulin immunoblot.
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