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                                                                                                                        Abstract

                                                            A high allele burden of the KIT D816V mutation in peripheral blood or bone marrow aspirates indicates multi-lineage hematopoietic involvement and has been associated with an aggressive clinical course of systemic mastocytosis. Since mast cells are substantially underrepresented in these liquid specimens, their mutation burden likely underestimates the tumor burden of the disease. We used a novel previously validated digital polymerase chain reaction (PCR) method for KIT D816V analysis to systematically analyze the mutation burden in formalin-fixed, paraffin-embedded bone marrow tissue sections of 116 mastocytosis patients (91 with indolent and 25 with advanced systemic mastocytosis), and to evaluate for the first time the clinical value of the tissue mutation burden as a novel biomarker. The KIT D816V mutation burden in the tissue was significantly higher and correlated better with bone marrow mast cell infiltration (r=0.68 vs. 0.48) and serum tryptase levels (r=0.68 vs. 0.58) compared to that in liquid specimens. Furthermore, the KIT D816V tissue mutation burden was: (i) significantly higher in advanced than in indolent systemic mastocytosis (P=0.001); (ii) predicted survival of patients in multivariate analyses independently; and (iii) was significantly reduced after response to cytoreductive therapy. Finally, digital PCR was more sensitive in detecting KIT D816V in bone marrow sections of indolent systemic mastocytosis patients than melting curve analysis after peptide nucleic acid-mediated PCR clamping (97% vs. 89%; P<0.05). In summary, digital PCR-based measurement of KIT D816V mutation burden in the tissue represents a novel biomarker with independent prognostic significance that can also be employed for monitoring disease progression and treatment response in systemic mastocytosis.
                                                            
                                                            Introduction
Systemic mastocytosis (SM) is a clonal hematopoietic disorder characterized by abnormal infiltration of mast cells (MC) in various organs, including the bone marrow (BM).1 The somatic KIT D816V mutation leads to growth factor-independent activation of the receptor tyrosine kinase KIT.32 Detection of the mutation in the BM, peripheral blood (PB), or another extra-cutaneous organ is a minor diagnostic criterion for SM.41 Although this typical driver mutation is present in a vast majority of all patients with SM, the clinical course in SM is highly variable.5 The World Health Organization (WHO) classification divides mastocytosis into cutaneous mastocytosis (CM), indolent SM (ISM), smoldering SM (SSM), aggressive SM (ASM), SM with an associated hematologic neoplasm (SM-AHN), and mast cell leukemia (MCL).641 These last three entities are collectively referred to as advanced mastocytosis, based on their increased risk of progression and death.74
Molecular diagnostics has become increasingly important in SM. Molecular techniques with a high analytical sensitivity, such as allele-specific quantitative polymerase chain reaction (qPCR) or digital PCR (dPCR), are required to reliably detect the KIT mutation in liquid specimens (PB or BM aspirate).138 Melting curve analysis after peptide nucleic acid (PNA)-mediated PCR clamping (clamp-PCR) is widely used for qualitative detection of the KIT mutation in formalin-fixed paraffin-embedded (FFPE) tissue biopsies despite its limited analytical sensitivity that requires micro-dissection of BM MC in a number of cases.1514 We have recently shown that dPCR is suitable as a new sensitive method for KIT D816V testing in SM that also reliably quantifies the variant allele frequency (VAF).16 A high mutant allele burden in liquid specimens was indicative of multi-lineage involvement with KIT D816V and was associated with an aggressive clinical course and advanced forms of SM.2016 However, in the majority of patients, only a small fraction of KIT D816V MC and/or MC precursors, if any, is found in liquid specimens.21 Therefore, quantification of KIT D816V VAF in liquid specimens typically only evaluates multi-lineage involvement in the non-MC compartment. In line with this observation, only a moderate correlation of KIT D816V VAF in liquid specimens with MC infiltration or serum tryptase as surrogate markers for disease burden in SM has been described.2017 In contrast, the percentage of KIT D816V MC is typically much higher in BM tissue biopsies compared to BM aspirates.2322 Therefore, molecular measurements in liquid specimens substantially underestimate the disease burden in SM, in particular in ISM. Moreover, while a reduction of the mutation burden in liquid specimens has been described in response to cytoreductive treatment in patients with advanced SM and multi-lineage involvement,2418 its value as a follow-up parameter in ISM and advanced SM without multi-lineage involvement remains uncertain. Molecular quantification of KIT D816V disease burden in the tissue has the potential to overcome these limitations as a biomarker of disease burden in SM.
The quantification of KIT D816V VAF has not been assessed systematically in BM tissue sections of SM patients. Here we investigated the clinical value of dPCR-based KIT D816V tissue mutation burden quantification as a novel biomarker in SM.
Methods
Patients
We examined 390 samples (211 FFPE BM sections, 106 BM aspirates, 73 PB) from 116 SM patients (58 females, 58 males), diagnosed between April 1988 and February 2016 and included in a local registry. PB and BM samples at diagnosis and during follow up were obtained after informed consent and the study was approved by the institutional review board (EK:1750/2017). According to WHO criteria,61 83 patients were diagnosed with ISM, 8 with SSM, 7 with ASM, 3 with MCL, and 15 with SM-AHN. Patients’ characteristics are shown in Table 1. During the course of disease, 36 patients (31%) received a cytoreductive treatment with a median of two different regiments (range 1-5) (Online Supplementary Table S1). Fifty-seven FFPE BM sections from lymphoma patients undergoing a staging biopsy, and in whom no BM infiltration was detected, were used as control material (Online Supplementary Table S2). Quantification of BM infiltration by MC, flow cytometry of MC, and measurement of serum tryptase is described in the Online Supplementary Methods.
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Table 1.Patients’ characteristics.
Molecular analysis of KIT D816V
Genomic DNA was extracted from (FFPE) BM sections as well as PB and/or aspirated BM cells as previously described and dPCR for KIT D816V was performed with the PrimePCR ddPCR mutation assay for KIT wild-type and the KIT D816V point mutation (Bio-Rad Laboratories, Munich, Germany) and analyzed on the QX-200 droplet-reader (Bio-Rad Laboratories), as described in detail in the Online Supplementary Methods.16 In addition, qualitative detection of KIT codon 816 mutations was performed using melting curve analysis after PNA-mediated PCR clamping as described.1614
Statistical analysis
Statistical analysis was performed using R (version 3.4.2, Vienna, Austria)25 and GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Applied tests are described in detail in the Online Supplementary Methods and P<0.05 was considered to be significant.
Results
The KIT D816V tissue allele burden is a novel biomarker in systemic mastocytosis
The KIT D816V tissue allele burden was studied by dPCR in 211 FFPE BM sections from 116 SM patients (Table 1). Median VAF was 1.9%, with a range between 0.027% and 60% indicating a substantial difference in the tissue mutation burden over various orders of magnitude between patients. When we compared the KIT D816V VAF in FFPE BM section with that in matched PB or BM aspirates samples, higher tissue allele burden levels were observed (Figure 1A), whereas a strong correlation was found between PB and BM aspirates (r=0.99) (Online Supplementary Figure S1). A comparison between the log transformed KIT D816V VAF in the tissue and liquid specimens (BM aspirate n=96, PB n=12 in cases for which no BM aspirate was available for molecular analysis) in 108 matched samples from 79 patients, revealed a direct correlation in non-parametric analysis (r=0.87) but a constant and proportional deviation was found in Passing Bablok regression analysis (intercept: 1.72, 95%CI: 1.53-1.91; slope: 0.59, 95%CI: 0.52-0.65) (Figure 1B). In addition, Bland-Altman plot displayed a deviation tendency to higher KIT D816V allele burden in FFPE BM sections, particularly in samples with low VAF (Figure 1C). In summary, these findings indicate that the KIT D816V VAF in FFPE BM sections was not interchangeable with allele burden measurements in liquid specimens and represents a new biological variable of disease burden in SM patients.
[image: ]

Figure 1.Relation of KIT D816V allele burden in formalin-fixed paraffin-embedded (FFPE) bone marrow (BM) sections of systemic mastocytosis (SM) patients with that in liquid specimens. (A) Ternary plot of KIT D816V variant allele frequency (VAF) from 54 paired FFPE BM section (red axis), BM aspirate (green axis) and peripheral blood (PB) (blue axis) samples. (B) Comparison of KIT D816V VAF in 108 paired FFPE BM (VAF) tissue] and BM aspirate/PB samples (VAF liquid) showing a systematic constant and proportional deviation to higher VAF in the tissue (r=0.87; slope: 0.59 (95%CI: 0.52-0.65), intercept: 1.72 (95%CI: 1.53-1.91) for log transformed data). (C) Bland-Altman plot of KIT D816V VAF in the tissue and liquid specimens showing a skewing towards higher results in the tissue for samples with low average VAF.
The KIT D816V tissue allele burden correlates with mast cell infiltration and serum tryptase levels
In a next step, we correlated KIT D816V VAF with BM MC infiltration and serum tryptase levels as established surrogate parameters of disease burden in KIT D816V positive SM patients (n=105). The correlation of mutant allele burden with BM MC infiltration as determined by immunohistochemistry was higher for DNA isolated from BM FFPE sections (r=0.68) (Figure 2A) than from liquid specimens (r=0.48) (Figure 2B). Likewise, a higher correlation with serum tryptase was observed for tissue mutation burden (r=0.68) (Figure 2C) than for liquid mutation burden (r=0.58) (Figure 2D). When we stratified the samples into ISM and advanced SM, a higher correlation of BM MC infiltration with the mutation burden in the tissue (compared to liquid samples) was observed for both subgroups, with a generally higher correlation in ISM patients (Online Supplementary Figure S2A and B). In contrast, we found only a modest correlation of the mutation burden with serum tryptase for both specimens in advanced SM, while the correlation with tryptase substantially increased from liquid (r=0.55) to tissue VAF (r=0.70) in ISM (Online Supplementary Figure S2C and D). Together, the KIT D816V allele burden in FFPE BM sections reflects the burden of neoplastic cells in SM better than established mutant allele burden measurements in PB or BM aspirate.
[image: ]

Figure 2.Association of KIT D816V allele burden with biomarkers of disease burden in systemic mastocytosis (SM). Correlation of KIT D816V mutation burden in 185 formalin-fixed paraffin-embedded (FFPE) bone marrow (BM) sections [variant allele frequency (VAF) tissue: A and C] and 108 BM aspirate/peripheral blood (PB) samples (VAF liquid: B and D) with immunohistologically determined BM mast cell (MC) infiltration (A and B) and serum tryptase (C and D). r: Spearman’s correlation coefficient.
The KIT D816V tissue allele burden is higher in advanced than in indolent systemic mastocytosis
Next, we compared surrogate markers of disease burden in SM patients between ISM (n=91) and advanced SM (n=25). The median BM MC infiltration was higher in advanced SM (20%) compared to ISM (7%) (P<0.01) (Figure 3A). Likewise, a tendency towards higher levels of serum tryptase levels were observed in advanced SM (median 140 ng/mL vs. 37 ng/mL; P=0.07) (Figure 3B). Within the KIT D816V positive patients, a significantly higher mutant allele burden was observed in advanced SM both in liquid specimens (21.31% vs. 0.34%; P<0.01) (Figure 3C) as well as in BM tissue samples (23.40% vs. 1.65%; P<0.001) (Figure 3D).
[image: ]

Figure 3.Biomarkers of disease burden in indolent and advanced systemic mastocytosis (SM). Bone marrow (BM) mast cell (MC) infiltration (A), serum tryptase levels (B), and KIT D816V mutant allele burden in BM aspirate/peripheral blood samples [variant allele frequency (VAF) liquid: C] and formalin-fixed paraffin-embedded (FFPE) BM sections (VAF tissue; D) were assessed for indolent (ISM) (blue, n=91) and advanced (green, n=25) SM patients. Samples from smoldering SM patients within the ISM cohort are shown in orange. **P<0.01; ***P<0.001.
However, the observed difference was bigger in liquid specimens due to the higher KIT D816V allele burden in BM tissue (compared to liquid specimens) in our ISM patients. When we analyzed SSM patients within the ISM cohort (n=8), particularly high levels of MC infiltration (median: 35%, range: 20-80%), serum tryptase (median: 234 ng/mL, range: 188-545 ng/mL), liquid mutant allele burden (median: 35.40%, range: 10.60-39.10%) as well as tissue mutant allele burden (median: 10.94%, range: 3.90-36.90%) were found (Figure 3). In summary, our data indicate that tissue mutation burden is a promising novel bio-marker of disease burden in SM.
The KIT D816V tissue allele burden predicts survival in systemic mastocytosis and reflects response to cytoreductive treatment
To define the prognostic value of tissue mutation burden quantification, we associated KIT D816V tissue VAF results with the clinical end points overall survival (OS) and progression-free survival (PFS) in KIT D816V SM patients (n=103; no survival data available for 2 patients) in univariate and multivariate analyses including KIT D816V VAF in liquid specimens, age, sex, B-findings (BM MC infiltration, serum tryptase, organomegaly), and C-findings (anemia, thrombocytopenia, hypalbuminemia, weight loss, hepatomegaly with liver dysfunction, and increased alkaline phosphatase) as additional variables. In univariate analyses, PFS was adversely influenced by the majority of established risk factors including a high KIT D816V tissue allele burden with a hazard ratio (HR) of 15.82 (95%CI: 5.31-47.16) and a high KIT D816V liquid allele burden with a HR of 5.99 (95%CI: 2.41-14.88) (Table 2). In multivariate analysis including all molecular and clinical variables, only thrombocytopenia (HR: 21.26, 95%CI: 2.64-171.30; P=0.004) and a high KIT D816V allele burden in the tissue (HR: 50.71, 95%CI: 4.23-607.90; P=0.002) remained independent risk markers for PFS (Table 2). Similar results were obtained for OS with a HR of 12.79 (95%CI: 4.22-38.76) for a high KIT D816V tissue allele burden and 4.69 (95%CI: 1.84-11.98) for a high KIT D816V liquid allele burden in univariate analysis and a significant independent influence in multivariate analysis only for the tissue mutation burden (HR: 18.12, 95%CI: 1.98-165.57; P=0.01) (Online Supplementary Table S3). Using the maximum selected rank statistics method, 9% VAF in the tissue represents an optimal cut-off differentiating between surviving and non-surviving patients. In the group with <9% tissue mutant allele burden (n=79), the median PFS and OS was not reached, whereas in patients with a KIT D816V allele burden of ≥9% (n=24) the median PFS was 4.1 years (Figure 4A) and the median OS 4.6 years (Figure 4B). The observed differences in survival were highly significant both for OS and PFS (Log-rank test; P<0.0001 each).
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Table 2.Parameters for progression-free survival (PFS) in systemic mastocytosis.
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Figure 4.KIT D816V tissue mutation burden for prognostication and therapy response monitoring in systemic mastocytosis (SM). (A and B) Kaplan-Meier plot for progression-free survival (PFS) (A) and overall survival (OS) (B) of SM patients with a KIT D816V variant allele frequency (VAF) <9% or ≥9% in the bone marrow (BM) tissue. (C-E) Follow up of KIT D816V tissue mutation burden (blue) and serum tryptase (black) in three patients with SM who received cytoreductive treatment is shown: a patient initially diagnosed as indolent SM (ISM) with disease progression to SM with an associated hematologic neoplasm (SM-AHN) [aggressive SM (ASM)-chronic myelomonocytic leukemia (CMML)] and response to cytoreductive therapy with cladribine (2-CDA). Later on, the patient progressed to acute myeloid leukemia (AML) (C). A patient diagnosed with mast cell leukemia who responded to alternating treatment with the tyrosine kinase inhibitor midostaurin and 2-CDA (D). A patient diagnosed with ASM who responded to treatment with midostaurin, 2-CDA and achieved complete remission after hematopoietic stem cell transplantation (HSCT) (E).
Moreover, the KIT D816V tissue allele burden could be followed in 26 patients over a median observation time of 42 months (range 2-172 months). In patients with stable disease and no cytoreductive therapy, no substantial increase or decrease in the KIT D816V allele burden was observed. In contrast, marked changes in KIT D816V tissue VAF were found in patients with advanced SM receiving cytoreductive therapy. In particular, six patients who showed a response to cytoreductive treatment (cladribine n=3, midostaurin and cladribine n=3) showed a significant decrease in the KIT D816V tissue burden (92% median reduction comparing post- with pre-therapeutic samples; P<0.01). Representative examples of two patients are shown in Figure 4C and D. In addition, Figure 4E shows a patient with complete remission after allogeneic stem cell transplantation, in whom low minimal residual disease (MRD) was detected by dPCR at an early time point (day 93) after transplantation. In total, our data show that dPCR-based tissue mutation burden measurement is feasible for monitoring treatment responses and to assess MRD levels in patients with SM.
Digital polymerase chain reaction is a sensitive diagnostic test to detect KIT D816V in formalin-fixed paraffin-embedded bone marrow sections
Finally, we assessed the performance of dPCR as a diagnostic test to detect the KIT D816V mutation in FFPE BM section compared to melting curve analysis after PNA-mediated PCR clamping on diagnostic BM section from 116 SM patients (Table 1). In the total cohort, 105 patients (91%) were tested positive for KIT D816V by dPCR whereas the mutation was detected in 98 patients (84%) by melting curve analysis. When analyzing SM subgroups, the mutation was detected with equal sensitivity in 17 patients with advanced SM (68%) by both methods. In contrast, 88 ISM patients (97%) were tested positive by dPCR compared to 81 (89%) by clamp PCR (Table 3). The observed difference in sensitivity was statistically significant (P<0.05) in favor of dPCR. To confirm the specificity of the results, we analyzed FFPE BM sections of control subjects (n=57). No KIT codon 816 mutation was detected by either method, indicating 100% specificity.
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Table 3.Sensitivity of molecular techniques to detect the KIT D816V in the tissue.
When we further characterized patients that were tested ‘false-negative’ by melting curve analysis after PNA-mediated PCR clamping (n=7), a relatively low VAF for KIT D816V was observed (median 0.7%, range 0.027-2.1%). While some of these patients showed a mutant allele burden clearly below the limit of detection established for this method,15 others were found to have a low amount of total KIT copies (<1000) reflecting impaired quality or quantity of these specimens (Online Supplementary Figure S3D). However, importantly, constrained validity of the analysis was not recognizable by melting curve analysis after PNA-mediated PCR clamping. In this regard, quantitative dPCR results allow for an additional quality control of the specimen within the same assay. Altogether, dPCR was superior over clamp PCR to detect the KIT D816V mutation in FFPE BM sections of patients with SM.
Discussion
Although it is generally appreciated that the quantification of the total burden of KIT-mutated neoplastic cells in SM is an important prognostic parameter, quantification of the KIT mutant allele burden has so far been limited to liquid specimens (PB or BM aspirate). This is a critical point, as neoplastic MC and their progenitors are not easily aspirable from BM and are very rarely circulating in the PB; they are thus substantially underrepresented in liquid specimens compared to BM biopsy material. We had previously investigated the analytical validity of dPCR for KIT D816V in detail according to laboratory standards before applying the technology here.16 In the current study, we used dPCR for mutant allele burden measurement in FFPE BM sections of SM patients. To the best of our knowledge, this is the first study that comprehensively assesses the tissue mutation burden as a novel molecular biomarker in SM.
Our results suggest that the KIT D816V allele burden in BM tissue was not interchangeable with that in liquid specimens (PB or BM aspirate). In particular, a number of ISM patients showed substantially higher levels in FFPE tissue. In SM patients with multi-lineage involvement, the KIT D816V mutation is also present in CD34 hematopoietic stem/precursor cells, eosinophils, basophils, monocytes or neutrophils.2826 These cells are abundant in the liquid specimens and represent the main source of KIT D816V in PB of ISM patients with high mutant allele burden.19 In contrast, a MC infiltration of >10% is commonly found in the BM tissue of ISM patients.2322 The mutation burden in FFPE BM sections, therefore, reflects both the ‘infiltration burden’ of KIT D816V MC in the tissue and the multi-lineage involvement of the mutation in non-MC. Accordingly, the mutation burden in BM tissue correlated better with the established markers of disease burden in SM (serum tryptase levels and BM MC infiltration) than molecular parameters performed on liquid specimens.
A high MC burden in the BM biopsy (>30% infiltration of cellularity) and high serum total tryptase (>200 ng/mL) also represent B-findings (‘burden of disease’) for definition of SSM.4 Although the clinical course in SSM is often stable for many years, progression to advanced SM can occur. Therefore, SSM represents a rare high-risk subcategory compared to ISM.29 Quantification of KIT D816V allele burden in FFPE might be useful as an additional molecular marker of disease burden in SSM since it includes all KIT D816V positive cells in the tissue. In our study, a particularly high tissue allele burden was found in SSM patients. However, the numbers of samples tested were too small to allow us to draw a final conclusion as to the value of KIT D816V allele burden measurement in FFPE BM sections as an additional criterion of SSM. Multi-center studies with larger patient cohorts are currently being prepared to investigate the definitive value of measurement of tissue mutation burden and its applicability as a B-finding in SSM.
The current definition of advanced SM relies largely on the presence of C-findings (‘cytoreduction-requiring’) as markers of organopathy in ASM.41 For these patients, cytoreductive treatment is required.304 With the development of tyrosine kinase inhibitor (TKI) treatment in SM as a more specific therapeutic option,3231 additional subgroups of patients might benefit from treatment and are the subject of ongoing clinical trials.3533 Thus, prognostic biomarkers are warranted to define patients at risk that do not meet the current ASM criteria. We and others have shown that multi-lineage involvement of KIT D816V indicated by a high mutant allele burden in PB was associated with an aggressive clinical course.2017 In liquid specimens, we have previously used a 2% VAF cut-off to stratify OS in SM patients.18 Jara-Acevedo et al. used a 6% VAF cut-off in PB to discriminate between MC-restricted versus multilineage SM.19 In this study, we used a higher cut-off of 9% VAF in BM sections to take into account the higher ISM mutational burden in the tissue. Using this cut-off, highly significant differences in both PFS and OS were observed and the tissue mutation burden remained an independent poor risk marker in multivariate analysis when B- and C-findings were considered. This is an important and novel finding as all previous studies assessing the mutation burden in liquid samples (PB and BM aspirate samples) found a significant effect on survival only in univariate but not in multivariate analyses.3736201817 This difference might be explained by the close association of multi-lineage KIT D816V involvement (indicated by a high liquid mutation burden) with advanced SM (indicated by the presence of C-findings). Our observations have a clear clinical impact and strongly argue for inclusion of assessment of the KIT D816V mutation burden in prognostic scoring systems for mastocytosis. A potential limitation of our study is that different cytoreductive treatment modalities were applied in this retrospective analysis with a relatively high proportion of interferon-α or cladribine. In fact, more effective treatment regimens may improve OS in the future.31 However, the vast majority of patients with a low tissue mutation burden experienced no events despite the lack of any cytoreductive treatment, suggesting mutation burden analysis is important irrespective of treatment.
Therapy response criteria in advanced SM mainly rely on resolution of C-findings as markers of SM-mediated organopathy to define major response.38 In addition, reduction of MC infiltration and/or of serum tryptase levels is used to define complete remission, incomplete remission, and pure clinical response.38 The TKI midostau-rin showed high efficacy in advanced SM with 45% major response and marked decreases in BM MC burden and serum tryptase.31 Both measurements are valuable surrogate parameters of disease burden in SM, but they do have some limitations.39 While the basal level of total tryptase is well established as being quite a stable parameter in SM, single time-point measurements might be substantially influenced by MC activation or allergic reactions.4240 On the other hand, quantification of MC burden is a rather robust parameter of disease burden, but relies on experienced hematopathologists.43 In this regard, measurement of KIT D816V allele burden might be useful as an additional objective response parameter. Recently, a ≥25% reduction in expressed KIT D816V allele burden in PB was described as an independent ‘on treatment’ marker for improved OS in midostaurin-treated patients with advanced SM.24 Based on the results of individual patients before and after cytoreductive treatment, FFPE-based allele burden measurement as a more direct marker of the number of all KIT D816V positive cells in the tissue might be an interesting additional follow-up parameter for treatment response. This might be of particular relevance for ISM patients undergoing TKI treatment in the future, since the mutation burden in liquid specimens substantially underestimates the disease burden in ISM. Furthermore, the high sensitivity of the assay makes it applicable for KIT D816V-based MRD measurement in patients that achieve complete remission in the histopathological assessment. However, further multi-centric studies are needed to definitively establish the tissue mutation burden as a parameter for therapy response in SM.
A potential limitation of dPCR and any other molecular test detecting specifically KIT D816V is that neither rare non-D816V mutations of KIT nor somatic mutations in other genes can be monitored. In particular, mutations of SRSF2, ASXL1 and RUNX1 are found in aggressive forms of mastocytosis and TET2 mutations have been described to precede the acquisition of KIT D816V in some patients.4437 KIT D816V-negative clonal cells in advanced SM might be overlooked by dPCR while sequencing of a gene panel would identify them. Thus, additional next generation sequencing (NGS)-based monitoring of the disease might be warranted, particularly when there is clinical suspicion of disease progression despite a low KIT D816V allele burden. Here we show a higher clinical sensitivity of dPCR to detect KIT D816V in BM sections of SM patients compared to the clamp PCR that is widely used for tissue analysis. This is partly due to the higher analytical sensitivity of dPCR, which allows low mutant alleles to be detected.16 The analytical sensitivity of clamp PCR can be increased by analysis of micro-dissected neoplastic MC.14 Micro-dissection of MC has been used to detect KIT D816V in SM patients but requires time-consuming sample processing and is not widely available for routine diagnostics. In this regard, dPCR seems sufficiently sensitive, as it allows the detection of KIT D816V without micro-dissection in >95% of all ISM patients. However, micro-dissection of MC is still valuable to detect non-D816V mutations in KIT by clamp PCR or sequencing. Thus, both molecular techniques for KIT D816V detection are necessary and helpful, but the dPCR technique may have some advantages and should be considered in the future. One advantage of dPCR is the quantification of KIT wild-type alleles in the sample as quality control. Samples with borderline quality/quantity of DNA isolated from FFPE material are easily identified. In a number of these samples, clamp PCR could have shown false negative results if no additional (quantitative) quality control measurements for amplifiable DNA had been applied. Beside these assays, a number of other molecular tests, such as qPCR or ultra-sensitive NGS, have been described for quantification of KIT D816V in PB or BM aspirate.451713 We have previously shown an excellent correlation of dPCR and qPCR in these liquid specimens with easier inter-laboratory standardization and lack of amplification bias in highly fragmented DNA as potential advantages of dPCR.16 For diagnostic assessment, the high analytical sensitivity of digital PCR is sufficient to use not only trephines but also BM aspirates.16 In addition, qPCR and dPCR detect the mutation in the PB of the majority of patients,474616 arguing for an early molecular assessment during the diagnostic workup of SM.9
In summary, dPCR for KIT D816V is a valuable diagnostic test to detect and quantify the mutation in FFPE BM sections of SM patients. The clinical sensitivity to detect the mutation is superior to clamp PCR without micro-dissection of MC. The KIT D816V mutant allele burden in FFPE BM sections correlates with BM MC infiltration and serum tryptase levels and represents a novel molecular parameter which differs from the mutant allele burden in PB or BM aspirate. Importantly, dPCR-based measurement of KIT D816V mutation burden in the tissue represents a novel biomarker with independent prognostic significance that can also be employed for follow-up analyses in SM. We therefore propose to include the measurement of tissue mutation burden in future studies for prognosis, SSM definition, and monitoring of disease progression and treatment response in SM patients.
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