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                                                            Intravascular large B-cell lymphoma (IVLBCL) is a rare subtype of diffuse large B-cell lymphoma (DLBCL) that lacks lymphadenopathy and extranodal tumors.1 For diagnosis, bone marrow biopsies (BMB) and random skin biopsies (RSB) are usually performed. However, due to the small tumor cell content, false negative findings are not uncommon. In recent reports, cell-free DNA (cfDNA) could be helpful for identifying tumor-specific mutations in a variety of neoplasms including malignant lymphomas.2 Given the difficulties of diagnosis via conventional biopsies, IVLBCL may be a good candidate to which cfDNA analysis is applied to assist diagnosis. The majority of IVLBCL cases are reportedly non-germinal center B-cell-like (non-GCB).1 Thus, mutations are likely to be frequent in genes involved in the B-cell receptor (BCR)-signaling pathway, the Toll-like receptor/Interleukin-1 receptor (TLR/IL-1R) pathway, and the nuclear factor kappa B (NFκB) pathway.62 Here, we report that a mutational analysis of genes via liquid biopsy resulted in high diagnostic yields and effective monitoring of IVLBCL.
This study included 27 IVLBCL patients with archived samples, who were diagnosed with IVLBCL from January 2005 to May 2017 in the participating institutions. Diagnosis of IVLBCL was made at the pathology department of each institution. The study was approved by the institutional review boards of each institution, and conducted according to the Declaration of Helsinki. Tissue-derived DNAs (tdDNAs) were available in 26 out of 27 patients (Online Supplementary Figure S1). Paired cfDNAs were also available in 9 out of the 26 patients with tdDNAs. Reference genomic DNAs (gDNAs) were available in 8 out of the 9 patients. In 1 patient, only cfDNA was available.
Targeted sequencing for 8 genes (B2M, BTG2, CARD11, CD79B, MYD88, PIM1, PRDM1, and TNFAIP3) was done in 9 IVLBCL patients with paired samples based on literature data (Online Supplementary Table S1) using the Ion Torrent Personal Genome Machine (Thermo Fisher Scientific). Mutational analysis to detect MYD88 mutation c.794T>C, p.Leu265Pro, (L265P MYD88) was performed using droplet digital PCR (ddPCR) assays (Bio-Rad) for 46 samples collected from 27 patients. See Online Supplementary Methods for further information.
Patient characteristics are summarized in Table 1 and described in more detail in Online Supplementary Table S2. All cases were categorized as the non-GCB according to Hans classification (Online Supplementary Table S3). The diagnostic yield of initial RSB was 78.9% (16/21). For 1 patient with a negative result at the initial biopsy, a second RSB was performed, which led to the diagnosis of IVLBCL. Initial BMB detected infiltration of lymphoma cells in 48.1% (13/27) patients, but repetition of BMB increased successful detection rate up to 66.7% (18/27). Sensitivity of conventional diagnostic tests in our cohort largely followed the results of a prior report except for a lower detection rate in bone marrow aspiration.7 FDG PET/CT (F-fluorodesoxyglucose positron emission tomography/computed tomography) demonstrated increased FDG uptake in 78.6% (11/14) patients.
[image: ]

Table 1.Patient characteristics
We extracted cfDNAs from 10 plasma and 28 serum samples at various time points (Online Supplementary Table S4). The median concentrations were 91.3 ng/ml (range, 19.1–2900.0 ng/ml). Nine cfDNAs from 4 plasma and 5 serum samples obtained at diagnosis were analyzed in targeted sequencing.
Targeted sequencing for 8 genes in 9 patients demonstrated at least 1 mutation in CD79B, MYD88, PIM1, PRDM1, or BTG2 in both tdDNAs and cfDNAs, or only in cfDNAs (Figure 1A, 1B, and Online Supplementary Table S5). Sequencing coverage of ≥ ×100 in cfDNAs, that of ≥ ×500 in tdDNAs, and that of ≥ ×100 in reference gDNAs were 78.3–88.8%, 82.9–90.6%, and 83.1–91.5%, respectively (Online Supplementary Table S6). We identified 3 missense CD79B mutations (p.Tyr196Cys, p.Tyr196His, and p.Leu199Pro) in 6 out of 9 (66.7%) patients. All MYD88 mutations, which were found in 5 of 9 (55.6%) patients, were L265P. Sixteen missense PIM1 mutations, 2 nonsense/2 missense PRDM1 mutations, and 2 missense BTG2 mutations were each seen in 6 (66.7%), 4 (44.4%), and 2 (22.2%) patients, respectively. Mutation enrichment in WRCY motifs and/or C:G base pair implied that the PIM1 mutations were associated with aberrant somatic hypermutations (aSHM) (Online Supplementary Table S7). Importantly, variant allele frequencies (VAFs) were significantly higher in cfDNAs than in tdDNAs (mean, 39.8 % vs. 2.6%; P<0.001) (Figure 1C). In 5 patients, 15 variants were called in cfDNAs, but not in tdDNAs (Figure 1D). On the other hand, all variants detected in tdDNAs were confirmed in cfDNAs.
[image: ]

Figure 1.Results of targeted sequencing in 9 patients using cell-free DNAs, tissue-derived DNAs, and reference genomic DNAs.A. Summary of gene alterations in 9 IVLBCL patients. Numbers in boxes represent variant allele frequencies (%) in cell-free DNAs (cfDNAs). Mutations found in only cfDNAs are surrounded by black thick outline. Variants are color-coded according to their variant allele frequencies of cfDNAs. VAF: Variant allele frequencies; cfDNA: cell-free DNA; tdDNA: tissue-derived DNA. B. The positions of mutations in each gene at protein levels. A black triangle indicates missense mutation. A red box indicates nonsense mutation. IG, Immunoglobulin; TM, Transmembrane domain; ITAM, Immunoreceptor tyrosine-based activation motif; DEATH, Death domain; TIR, Toll-interleukin1-resistance; S_T_Kinase, Serine/Threonine protein kinases, catalytic domain; SET, Su(var)3–9, Enhancer-of-zeste, Trithorax domain; ZNFC2, Zinc-finger C2H2-type; AA, Amino acid. C. Comparison of variant allele frequencies in tissue-derived DNAs with those in cell-free DNAs. VAF, Variant allele frequencies; tdDNA, tissue derived DNA; cfDNA, cell-free DNA. D. Venn diagram of variants called in tissue-derived DNAs with those in cell-free DNAs; tdDNA: tissue-derived DNA; cfDNA: cell-free DNA.
The ddPCR assay for L265P MYD88 was performed with all 46 samples including tdDNAs and cfDNAs. This revealed L265P MYD88 in 5/10 (50.0%) cfDNA samples and 19/36 (52.8%) tdDNA samples from 16/27 (59.3%) patients with IVLBCL (Online Supplementary Table S8). The mean VAF of L265P MYD88 in the mutation-positive samples was 49.3% (26.7–81.3%) in cfDNAs and 6.5% (0.21%–34.8%) in tdDNAs (Online Supplementary Figure S2).
Longitudinal analysis of cfDNAs was performed in 4 patients (Figure 2). L265P MYD88 was detectable in cfDNA from one patient (IVL2) 117 days before the definite diagnosis of IVLBCL, when BMB resulted in a negative pathological finding (Figure 2A). Symptoms in this patient disappeared spontaneously without any therapy after initial presentation. The mutation was also detected in cfDNAs collected during the afebrile period, although VAFs were much lower. Mutations were detectable in cfDNAs prior to definite diagnosis of relapse in 3 patients (Figure 2B–2D).
[image: ]

Figure 2.Longitudinal analysis of cell-free DNA. A. L265P MYD88 mutation was detectable prior to a definite diagnosis of intravascular large B-cell lymphoma (IVL2). White squares with solid black line represent MYD88 in cell-free DNAs; Black triangles represent MYD88 in tissue-derived DNAs prepared from bone marrow cells; A black circle represents MYD88 in tissue-derived DNAs prepared from a skin FFPE sample; Blue X-marks with dotted line represent levels of soluble interleukin-2 receptor. VAF, Variant allele frequencies; BM, Bone marrow; sIL2R, soluble interleukin-2 receptor; BMB, bone marrow biopsy; RSB, random skin biopsy; FDG PET/CT, 18F-fluorodesoxyglucose positron emission tomography/computed tomography; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone; CR: complete response; ND, Not detected. B. L265P MYD88 mutation was detectable prior to relapse as extranodal diffuse large B-cell lymphoma of the cecum in a patient (IVL1). White squares with solid black line represent L265P MYD88 mutation in cell-free DNAs; Blue X-marks with dotted line represent levels of soluble interleukin-2 receptor. VAF, Variant allele frequencies; sIL2R, soluble interleukin-2 receptor; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone; PD, progressive disease; R-ESHAP, rituximab, etoposide, cytarabine, cisplatinum, and methylprednisolone; ASCT, autologous stem cell transplantation; CR, complete response; ND: not detected. C. Y196C CD79B and PRDM1 mutations were detectable prior to relapse in a patient (IVL5). White circles with solid black line represent PRDM1 mutation in cell-free DNAs; Red triangles with dashed line represent Y196C CD79B in cell-free DNAs; Blue X-marks with dotted line represent levels of soluble interleukin-2 receptor. VAF, Variant allele frequencies; sIL2R, soluble interleukin-2 receptor; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone; CR, complete response; IVLBCL, intravascular large B-cell lymphoma; ND, Not detected. D. L199P CD79B and PRDM1 mutations were detectable prior to relapse as extranodal diffuse large B-cell lymphoma of the central nervous system (IVL6). White circles with solid black line represent PRDM1 mutation in cell-free DNAs; Red triangles with dashed line represent L199P CD79B in cell-free DNAs; Blue X-marks with dotted line represent levels of soluble interleukin-2 receptor. VAF, Variant allele frequencies; sIL2R, soluble interleukin-2 receptor; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone; CR, complete response; CNS, central nervous system; ND, Not detected.
Comparative analysis of 6 cfDNA pairs extracted from serum and plasma samples (Online Supplementary Table S4) demonstrated higher concentrations and lower VAFs in serum (Online Supplementary Figure S3-S4).
Here, we described how gene mutations affecting the BCR/TLR/IL-1R/NFκB signaling pathways were frequent in patients with IVLBCL. L265P MYD88 was particularly frequent. This mutation has been detected in most cases of Waldenström macroglobulinemia1 and 22–32.5% of non-GCB type DLBCL.984 A higher rate of L265P MYD88 has been reported in some subtypes of extranodal DLBCL: primary central nervous system lymphoma (PCNSL, more than 50%), primary cutaneous DLBCL, leg-type (60%), primary testicular DLBCL, and primary breast DLBCL.1 The CD79B mutations, especially in p.Tyr196 (Y196 CD79B), were also recurrently found in our study, although the small number of samples tested limits the accuracy of an estimation of frequencies. These mutations have been reported in non-GCB nodal and extranodal DLBCL, similar to MYD88 L265P.981 PIM1 is known as a target of aberrant somatic hypermutation (aSHM), and its mutations have been reported in 43% of DLBCL.10
Our targeted sequencing data showed higher VAFs in cfDNAs than in tdDNAs. Correspondingly, the sensitivity of mutation detection with liquid biopsy was 100% for the samples from those whose tdDNAs showed positive results. Furthermore, 45% of variants (15/33) were detected only in cfDNAs, but not in tdDNAs, with targeted sequencing. In studies of liquid biopsy for both unselected DLBCL and PCNSL, tdDNA showed higher mean VAFs than cfDNA (mean VAFs in tdDNA vs. in cfDNA; 35% vs. 11% in DLBCL, 47% vs. 4.7% in PCNSL).1211 Correspondingly, the sensitivity to detect tdDNA-identified mutations in cfDNA was lower than our current result (32% in PCNSL and 85% in DLBCL vs. 100% in IVLBCL).1211 Based on this contrast, IVLBCL may be unusual in that cfDNA is a particularly excellent source of tumor cell-derived DNA, despite the fact that VAFs in tdDNAs were generally low due to the low tumor cell burden in the diagnostic specimens.
Because of the high sensitivity of liquid biopsy and possible high frequencies of L265P MYD88 and Y196 CD79B in IVLBCL, methods detecting these hotspot mutations in cfDNA could be highly useful diagnostic tools in the clinical setting. For example, differential diagnoses between B-cell lymphoma and other diseases are of particular value. Because these hotspots are also found in other B-cell lymphomas as described, the detection of these mutations only implies that the patient is likely to have B-cell lymphoma, without necessarily suggesting IVLBCL. However, discriminating IVLBCL from other B-cell lymphomas is often made easier by clinical manifestations including lack of lymphadenopathy and tumor formation.
In all the 3 patients, we were able to detect increasing VAFs in cfDNA prior to diagnosis of relapse (Figure 2B–2D), indicating the usefulness of liquid biopsy to monitor minimal residual disease (MRD) in some IVLBCL. Since mutation analysis via ddPCR seems to have higher sensitivity than that via next-generation sequencing,13 ddPCR may therefore enable early detection of MRD.
Previous studies reported significantly higher cfDNA concentrations in serum than in plasma during the clotting process in collection tubes.14 Lower VAFs in serum could be explained by the contamination of gDNAs from circulating leukocytes.
If these mutations were frequent in healthy, aged individuals, the risk of false positivity would have to be considered. However, this is unlikely because, in a large-scale study, L265P MYD88 and Y196 CD79B were found only in 1/12380 and 0/12380 with the cut-off value of 2%.15 Because our sequencing analysis was not comprehensive, it is possible that more suitable for mutational analysis could be found. However, we describe the prevalence of mutations in genes involved in BCR/TLR/IL-1R/NFκB signaling pathways in IVLBCL. Furthermore, our analysis suggests that tumor cell-derived DNA is abundant in serum/plasma. Therefore, liquid biopsy to detect mutations of L265P MYD88 and Y196 CD79B may provide a powerful tool for approaching diagnosis of IVLBCL.
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