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Supplementary Methods 

Patient cohorts and ethics statements 

Assay development 

For the design and development of the MYD88 L265P digital droplet PCR (ddPCR) 

assay (see below), plasma samples from patients with central nervous system 

lymphoma (CNSL, n=21) and healthy individuals (n=34) were used. These patients 

and healthy individuals participated in a research study conducted at the University 

Medical Center Freiburg, Germany (DRKS00015307), which was approved by the 

local ethics committee according to the Declaration of Helsinki and explores the role 

of circulating tumor DNA (ctDNA) in blood plasma and cerebrospinal fluid (CSF) as a 

biomarker in patients with CNSL(1).  

 

Assay validation 

For validation of the ddPCR assay in an independent patient cohort, a total of 77 CSF 

and 91 plasma samples from patients included in two research studies were used: 

The research study conducted at the University Medical Center Freiburg (Germany) 

as described above (DRKS00015307) and a study conducted at the University 

Hospital of the Ludwigs-Maximilian-University (LMU) Munich (Germany, Nr. 22-0008), 

both approved by the ethics committees according to the Declaration of Helsinki. 

Characteristics of patients participating in the independent validation cohort are 

presented in the main manuscript and Supplementary Tables. Importantly, plasma 

samples used in the independent validation cohort were independent from those 

analyzed for assay development (see above). In addition, 49 tumor samples from 
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CNSL patients with positive MYD88 L265P status were included in this work. These 

tumor samples were obtained from patients participating in the research study 

conducted at the University Medical Center Freiburg (Germany) as described above 

(DRKS00015307). 

 

Assay implementation and applications 

The ddPCR assay was applied to 205 CSF samples from 182 hospitalized patients 

and submitted from 21 internal and external centers for MYD88 L265P testing in our 

clinical laboratory. A subset of 127 patients participated in an observational study 

(DRKS00034686) that was approved by the local ethics committee according to the 

Declaration of Helsinki and allowed the assessment of all patient-related and disease-

related clinical information and parameters for this analysis.  

 

Processing of CSF, plasma, and tumor samples 

Samples obtained within the research study conducted at the University Medical 

Center Freiburg, Germany (DRKS00015307) 

Blood samples were collected in 10 mL EDTA tubes (Sarstedt) and centrifuged in two 

steps: 1) at 800 x g for 10 min to separate cells from plasma, and 2) at 1000 x g for 10 

min. Plasma and plasma-depleted whole blood (PDWB) were transferred to 1.8–2 mL 

tubes and stored at -80° C. CSF samples were centrifuged at 800 x g for 10 min (4° 

C) and separated into the cell-free DNA-containing supernatant and the cellular pellet 

fraction. The pellet was subsequently resuspended with 500 µl PBS. The supernatant 

and pellet were stored at -80° C. Plasma and CSF samples were further processed in 
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our laboratory following the same protocols as previously described(1). Specifically, 

the QIAamp Circulating Nucleic Acid Kit (Qiagen) was used to isolate cell-free DNA 

(cfDNA) from plasma or CSF supernatant according to the manufacturer’s instructions. 

Genomic DNA (gDNA) from the cellular CSF fraction was isolated using the QIAamp 

DNA Mini Kit (Qiagen) according to the manufacturer’s instructions. Isolated genomic 

DNA from the cellular CSF fraction was shorn as previously reported(1). Then, cfDNA 

from the CSF supernatant and shorn gDNA from the CSF pellet were pooled after 

isolation for subsequent analyses, as described before to increase sensitivity(1-3). 

Isolated cfDNA from plasma and pooled DNA from CSF were then used for 

subsequent analyses described below. 

Tumor samples were either obtained formalin-fixed paraffin-embedded (FFPE) tissue 

or fresh / fresh-frozen specimens. Tumor genomic DNA was isolated from FFPE 

blocks or slides using the AllPrep DNA/RNA FFPE Kit (Qiagen) and from fresh / fresh-

frozen samples with the AllPrep DNA/RNA Mini Kit (Qiagen) und used for subsequent 

analyses.  

 

Samples obtained within the research study conducted at the University Hospital of 

the Ludwigs-Maximilian-University (LMU) Munich (Germany) (Nr. 22-0008) 

CSF samples were centrifuged at 200 x g for 10 min and the supernatant was 

aliquoted into 2mL tubes and stored at -80° C.  The CSF samples were shipped to 

Freiburg on dry ice and further processed in our laboratory to isolate cfDNA from the 

supernatant for subsequent analyses as described above. 
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CSF submissions for routine MYD88 L265P testing 

CSF specimens were collected native without the addition of stabilizing reagents from 

internal and external centers for routine analysis of MYD88 L265P and shipped at 

room temperature to our clinical laboratory without the requirement of any processing 

at external sites. Median time from collection to arrival was 1 day (IQR: 1 day, average: 

2 days). It was communicated with the treating physician to submit an amount of at 

least 3 mL CSF. However, the ddPCR analyses were performed regardless of the CSF 

volume due to the often critical clinical situations.  In cases with a submitted CSF 

volume of less than 1 mL, we report the result with a note indicating that it should be 

interpreted with caution due to the low CSF volume. After arrival, the CSF was 

immediately centrifuged at 800 x g for 10 min and separated into the cfDNA-containing 

supernatant and the cellular pellet fraction. The pellet was subsequently resuspended 

with 200 µl RLT plus buffer. If possible, supernatant and resuspended cell pellet were 

immediately processed or, if this was not possible, stored at -80° C. Isolation of cfDNA 

from the supernatant was performed using the QIAamp Circulating Nucleic Acid Kit 

(Qiagen) and gDNA from the cell pellet was isolated with the QIAamp DNA Mini Kit 

(Qiagen) according to the manufacturer’s instructions as described above. After 

isolation, cfDNA from the CSF supernatant and gDNA from the CSF pellet were pooled 

after isolation for subsequent analyses. Notably, we did not quantify DNA after 

isolation from CSF to avoid DNA loss for subsequent analyses. 

 

Development and approval process of the MYD88 L265P ddPCR assay 
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We developed a digital droplet PCR (ddPCR) assay as a laboratory-developed test 

(LDT) for the detection of MYD88 L265P in circulating tumor DNA (ctDNA) of body 

fluids. The development of this ddPCR assay was conducted in a clinical laboratory at 

the Department of Medicine I (Hematology, Oncology, and Stem Cell Transplantation) 

of the University Medical Center Freiburg (Germany) that was accredited by the 

Deutsche Akkreditierungsstelle (DAkkS, ‘National accreditation body of the Federal 

Republic of Germany’, D-ML-13134-07-00) for the usage of LDTs that test the 

presence of single mutations in ctDNA of body fluids by ddPCR according to the DIN 

ISO 15189:2014-11 criteria.  

In a first step, we designed Locked nucleic acid (LNA) probes and corresponding 

primer pairs for the detection of MYD88 L265P (genomic coordinate in hg19: 

chr3:38182641, also annotated as MYD88 L273P in certain annotation tools) using 

the Beacon Designer v.8.20 software (Premier Biosoft, Palo Alto, CA, USA), optimized 

for its use on cfDNA from body fluids. Primers and probes were manufactured by 

Integrated DNA Technologies (IDT, Leuven, Belgium). Mutant (Mut) probes were 

labeled with 6-carboxyfluorescein (FAM), wildtype (WT) probes were labeled with 

hexachlorofluorescein (HEX). Primer and probe sequences are listed in 

Supplementary Table 1. For each ddPCR run, 7 μL of the DNA template (i.e. either 

gBlock [see below], isolated DNA from CSF, or isolated DNA from plasma), 1.1 μL of 

probes (250 nM final concentration each), and 0.22 μL of primers (forward and 

reverse, 900 nM final concentration each) were added to 11 μL of ddPCR Supermix 

for Probes (Bio-Rad; total of 22 μL). Next, 20 μL of this mixture was automatically 

transferred into a cartridge of an Automated Droplet Generator (QX100/200TM, Bio-

Rad) along with 70 μL of generation oil. After droplet generation, the reactions were 
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transferred into a 96-well PCR plate (Bio-Rad). PCR was performed using a C1000 

Touch thermal cycler (Bio-Rad). Droplet fluorescence was then measured using a 

QX100/200TM Droplet Reader (Bio-Rad) and the results were analyzed using 

QuantaSoftware v1.7.4.0917 (Bio-Rad). Optimal PCR conditions and temperature 

gradients were determined for the assay (Supplementary Table 1). Within each run, 

one negative control (wildtype only), one positive control, and one control without a 

template (non-template control, NTC) were included. 

 

After the design of the MYD88 L265P ddPCR assay, it was approved for routine use 

following the DIN ISO 15189:2104-11 criteria of the DAkkS (D-ML-13134-07-00). For 

the approval process, several performance criteria were determined: 

Limit of detection / Analytical sensitivity and linearity 

To determine the limit of detection (LOD) for the MYD88 L265P ddPCR assay, serial 

dilutions of respective recombinant mutant DNA fragments (gBlock, IDT, USA) in the 

presence of human genomic DNA (Roche Diagnostics, Mannheim, Germany) were 

performed, while the relative mutant allele concentrations were set to 1:20, 1:40, 

1:100, 1:200, 1:400, 1:800, 1:1,000, 1:2,000, and 1:10,000 and run in at least 4 wells. 

Human genomic DNA without recombinant mutant DNA fragments were included as 

WT controls. Significant mutant DNA detection was determined by comparing the 

mutant DNA samples (average of the 4 wells) with the WT control using an unpaired 

two-tailed t-test. The LOD was then calculated as the ratio of mutant copies vs. the 

total number of copies from the highest dilution that was significantly above the 

background, for our MYD88 L265P assay 0.05% (Supplementary Table 2, 
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Supplementary Fig. S1A). In addition, linearity was assessed by correlating 

measured and expected MYD88 L265P AFs of the dilution series (p<0.0001, r=0.99, 

Supplementary Fig. S1A). 

 

Limit of blank 

To determine the limit of blank (LOB), the MYD88 L265P ddPCR assay was run using 

cfDNA extracted from blood plasma of young 21 healthy individuals known to be 

MYD88 L265P negative (median age: 26 years, range: 19-32 years, Supplementary 

Table 3) and calculated as follows: LOB = mean of mutant copies per wellHealthyControls 

+ 3 × (SDMean of mutant copies per well). The LOB for our assay was 0.2 copies per well or, 

normalized to the sample volume, 0.5 copies per milliliters (mL) sample volume 

(Supplementary Table 3). Notably, in consultation with the DAkkS, we here decided 

to apply a strict mathematical formula that differs slightly from the commonly used 

formula for LOB (mean(blank) + 1.645 × (SD(blank))) to ensure high specificity of our 

approach(4). Further, as strongly recommended by the DAkkS, we used plasma from 

healthy and nondiseased young subjects as blank samples for the assessment of 

LOB. These plasma samples tested negative for MYD88 L265P by targeted next-

generation sequencing (NGS, see below), i.e. did not contain any mutant molecules 

when assessed with an alternative sensitive technology, and were representative of 

the nature of the samples to be tested (in contrast to water that lacks comparable 

biological characteristics). 
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Collectively, a sample was considered positive if the detected mutant copies were 

above the LOB of 0.5 mutant copies per mL sample volume and if the detected mutant 

AF was above the LOD of 0.05%. Further, a total of 50 DNA copies (mutant + wildtype) 

per mL sample volume was required to faithfully report the results of our analyses. In 

the case of less than 50 copies per mL sample volume, a negative result was reported.  

 

Analytical specificity 

Since our approach requires optimal specificity for robust identification of central 

nervous system lymphoma (CNSL), we additionally assessed the analytical specificity 

of the MYD88 L265P ddPCR assay in an independent cohort of elderly healthy 

individuals (n=13) with a median age of 56 years, applying the above defined LOD 

and LOB (Supplementary Table 4)(5). In these healthy control samples, no false-

positive background errors were found, revealing an analytical specificity of 100%. 

 

Inter-assay reliability 

To assess inter-assay reliability, 13 plasma samples from lymphoma patients with 

known MYD88 L265P mutation status were repeatedly analyzed from two distinct 

operators on two different days, applying the LOD and LOB of our assay 

(Supplementary Table 5). For this performance parameter, no divergent results 

between the operators and a Pearson correlation coefficient (PCC) of at least 0.9 for 

the correlation of AFs between both measurements were considered acceptable. 

Supplementary Fig. S1B,C highlights that the results for ctDNA positivity (n=7) and 

ctDNA negativity (n=6) were 100% concordant and that there was a significant 



 12 

correlation of mutant AFs with a PCC of 0.99 (p<0.0001), demonstrating high inter-

assay reliability. 

 

Intra-assay reliability 

Intra-assay reliability was assessed by comparing the number of DNA copies detected 

across single wells within the assay. We investigated four technical replicates of eight 

plasma samples from lymphoma patients to quantify the sum of mutant and WT copies 

per well. We then calculated the variation coefficient (in %) of these replicates, defining 

a coefficient of less than 20% for each individual sample as acceptable for our assay. 

Supplementary Fig. S1D demonstrates high intra-assay reliability with a maximum 

variation coefficient of 4.43% (Supplementary Table 6). 

 

Accuracy 

To assess the accuracy of our approach, we applied the MYD88 L265P ddPCR assay 

to cell-free DNA (cfDNA) reference specimens harboring the MYD88 L265P mutation 

with a known AF. We used a series of commercially available reference samples 

containing several lymphoma-specific mutations including MYD88 L265P with an AF 

of 1%, 0.5%, 0.1%, and WT (Seraseq® ctDNA Lymphoma Mix, Seracare). These 

samples were analyzed in triplicate and the median was determined. A PCC of at least 

0.9 for the correlation of expected vs. measured AFs was considered acceptable for 

this performance parameter. Supplementary Fig. S1E shows a significant correlation 

between the median measured AF and the expected AF with a PCC of 0.99 (p=0.002). 
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Independent clinical validation of the assay and results of this validation approach 

After assay development, the settings were locked and the MYD88 L265P ddPCR 

assay was tested and validated in an independent clinical cohort of patients with 

contrast-enhancing brain lesions and verified histopathological diagnoses to evaluate 

its diagnostic performance parameters in both CSF and blood plasma samples. 

Samples were collected from patients participating in research studies conducted at 

the University Medical Center Freiburg, Germany (DRKS15307), and University 

Hospital of the Ludwig-Maximilians-University (LMU) Munich, Germany (Nr. 22-0008) 

that were approved by the ethics committees in accordance with the Declaration of 

Helsinki (see above). In total, we collected 77 CSF samples and 91 plasma samples 

from 87 CNSL patients and 41 Non-CNSL patients with a broad variety of malignant, 

inflammatory, and infectious brain diseases (Supplementary Fig. S2A). From 75 of 

these CSF/plasma samples and from 49 matched tumor specimens, the MYD88 

L265P mutation status was additionally assessed by a targeted-capture next-

generation sequencing (NGS) technology that has been described in previous studies 

(CAPP-Seq, see below, Supplementary Fig. S2A)(1, 6, 7).  

The 77 CSF specimens had a median volume of 1.9 mL (range: 0.2–9.9 mL), the 91 

plasma samples a median volume of 8.5 mL (range: 2.7–11.8 mL, Supplementary 

Fig. S2B). They were collected from a total of 128 patients with contrast-enhancing 

brain lesions and verified histopathological diagnosis to evaluate its diagnostic 

sensitivity, specificity, positive predictive value (PPV), and negative predictive value 

(NPV) in both compartments (Supplementary Fig. S2A, Supplementary Table 7). 

Two-thirds of these patients (n=87, 68%) were diagnosed with either primary CNSL 

(PCNSL, 88%) or isolated secondary CNSL (iSCNSL, 12%) (defined as ‘CNSL 
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patients’), while 41 patients showed a broad variety of other brain diseases, including 

primary brain tumors (glioblastoma, lower-grade gliomas and others, 46%), brain 

metastases (25%), or inflammatory/infectious diseases such as multiple sclerosis 

(MS, 29%) (defined as ‘Non-CNSL patients’) (Supplementary Fig. S2C, 

Supplementary Table 7). In this setting, which is agnostic to the tumor mutation 

status (‘tumor-agnostic approach’), we minimal-invasively detected MYD88 L265P 

with a sensitivity of 67% from CSF and 37% from plasma samples of patients with 

confirmed CNSL (Supplementary Fig. S3A). In comparison, conventional CSF 

analyses including CP and FC identified CNSL infiltration with a sensitivity of 22% 

(n=46, Supplementary Fig. S3B). Importantly, the hotspot variant was never detected 

in Non-CNSL patients, revealing a specificity and PPV of 100% for both analytes 

(Supplementary Fig. S3A). The amount of ctDNA was 24-fold higher in MYD88 

L265P-positive CSF samples than in plasma, with a median CSF-ctDNA AF of 5.5% 

compared to 0.23% in blood plasma (p=0.0001, Supplementary Fig. S3C). In 49 

CNSL cases, the MYD88 L265P mutation was detected in a matched tumor specimen 

by targeted-capture NGS (Supplementary Fig. S2A). Limiting our analyses to 

CSF/plasma samples with corresponding tumors and known MYD88 L265P positivity 

(‘tumor-informed approach’), we observed a clinical sensitivity for our assay of 82% in 

CSF and 37% in plasma specimens (Supplementary Fig. S3D). Finally, we further 

assessed the reproducibility of our measurements and representation of allelic 

fractions across analytical platforms, comparing our results with those obtained from 

targeted-capture NGS of 75 CSF and plasma samples (Supplementary Table 7). We 

found a high concordance rate of 89.3% for the detection of MYD88 L265P and a 

significant correlation of ctDNA concentrations between the technologies (p<0.0001, 
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r=0.99, Supplementary Fig. S3E). Collectively, these data demonstrate robust 

performance of the ddPCR technology in a representative clinical setting, revealing 

superior sensitivity for minimal-invasive MYD88 L265P identification in the CSF 

compared to blood plasma, mainly due to markedly higher ctDNA concentrations in 

this compartment.  

 

Assay application in routine practice 

After assay development and independent validation, we implemented the approved 

MYD88 L265P ddPCR technology in our clinical laboratory at the University Medical 

Center Freiburg, Germany, and prospectively analyzed CSF specimens obtained from 

hospitalized patients at 21 distinct centers between January 2022 and June 2024. 

Results of the analyses were reported directly to treating physicians, who made 

treatment decisions and conducted communication of findings with patients. A subset 

of patients (n=127), providing 143 CSF samples, participated in our observational 

study, approved by the ethics committee according to the Declaration of Helsinki, that 

facilitated the use of clinical, pathological, and radiological information, and enabled 

the assessment of clinical implications following CSF-ctDNA analyses 

(DRKS00034686, see above).  

 

Clinical data and analyses within the observational study 

For patients participating in the observational study, all relevant clinical information 

was available for this analysis for patients treated at the University Medical Center 

Freiburg. This included patient-specific, radiological, and pathological parameters. For 
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patients treated at external sites, we provided a questionnaire to the treating physician 

to obtain clinical information, outcome data, and the reason for the CSF submission to 

our laboratory to perform the analyses reported in this manuscript. In all patients 

except one, conventional CSF analyses including cytopathology (CP) and/or flow 

cytometry (FC) were performed as part of clinical routine to determine whether 

monoclonal lymphoma cells were present in the CSF compartment (Supplementary 

Table 9). A sample was considered positive when one of the two approaches or both 

showed infiltration of lymphoma cells. Magnetic resonance imaging (MRI) and/or 

computed tomography (CT) scans of the brain were performed as part of standard 

clinical care. Radiographic response of brain lesions was assessed according to the 

International PCNSL Collaborative Group (IPCG) criteria(8). Progression-free survival 

(PFS) was calculated from the lumbar puncture to lymphoma progression, relapse, or 

death from any cause. Overall survival (OS) was calculated from the lumbar puncture 

to death from any cause. 

 

Statistical analyses and tests 

To compare continuous variables, we used the non-parametric Mann Whitney U test. 

Linear relationships were determined using Pearson correlation (r). P-values <0.05 

were considered as significant. Statistical tests were performed using GraphPad Prism 

(version 10.2.3). 

 

Targeted next-generation sequencing 
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In addition to the ddPCR analyses, 75 CSF and plasma samples (Supplementary 

Table 7) as well as 49 CNSL tumor samples were simultaneously analyzed by 

targeted capture NGS using the Cancer Personalized Profiling by Deep Sequencing 

(CAPP-Seq) technology(1, 6, 9, 10). The NGS analyses have been performed as part 

of a previous publication and utilized for direct comparative evaluation of the presence 

of MYD88 L265P between the ddPCR and the NGS platform(1). Specifically, to assess 

the reproducibility of our ddPCR measurements from patients of the independent 

validation cohort, we compared the presence of the MYD88 L265P mutation and the 

allelic representation in all available 75 CSF and plasma samples between the two 

platforms (Supplementary Fig. S3E).  Separately, we utilized the MYD88 L265P 

genotyping information obtained by CAPP-Seq from CNSL tumor samples (n=49) to 

explore the ability of the ddPCR assay to detect the hotspot mutation in a ‘tumor-

informed’ fashion, e.g. in patients with known MYD88 L265P positivity 

(Supplementary Fig. S3D). Furthermore, this sensitive approach was also used to 

identify those MYD88 L265P negative plasma samples used for the assessment of 

LOB (see above). All information on the CAPP-Seq approach and analysis of NGS 

data have been reported previously(1). 

 

Supplementary Discussion 

Due to the aggressiveness and localization of brain lymphomas, rapid diagnostic 

workup and treatment initiation are crucial to prevent neurological impairment and 

maintain favorable clinical outcomes(11). Yet, various factors in clinical reality, which 

can be either patient-specific, treatment-related, or associated with the disease, often 

impair a timely and accurate diagnosis of CNSL. In these situations, there is a critical 
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need for minimal-invasive approaches that utilize CSF biomarkers for the identification 

of CNSL. Current CNSL clinical guidelines such as the 2024 ‘EHA-ESMO Clinical 

Practice Guideline’ consider the assessment of CSF biomarkers including MYD88 

L265P as a promising tool for CNSL diagnosis when biopsies are not possible(5). A 

plethora of research studies have explored protein and genetic markers for biopsy-

free identification of CNSL from CSF and several laboratories have developed PCR-

based assays for the detection of MYD88 L265P from body fluids(1-3, 12-23). 

However, despite exhibiting some clinical utility in anecdotal cases and small CNSL 

case series(2, 23), these technologies have not been regularly and broadly applied in 

clinical routine yet and data demonstrating their value for clinical decision making and 

guiding treatment in large prospective patient cohorts are lacking. For example, Gupta 

et al. developed a rapid qPCR-based approach for the detection of mutations in 

MYD88, TERT promotor, IDH1, IDH2, BRAF, and H3F3A genes in CSF(2). While the 

detection of MYD88 L265P influenced clinical decisions in 7 cases with brain 

lymphoma, the authors noted that ‘larger studies are needed to determine whether 

their findings in a limited number of patients are broadly applicable’(2). 

We here underwent an extensive regulatory development and validation process that 

led to the implementation of a MYD88 L265P ddPCR assay in our clinical laboratory 

environment for minimal-invasive detection of CNSL from CSF. This procedure was 

optimized for high specificity to minimize false-positive results and misclassification. 

In an extensive validation procedure before clinical implementation, we did not find 

MYD88 L265P in the CSF of patients with contrast-enhancing CNS lesions and 

verified Non-CNSL diagnosis, translating to a specificity and PPV of 100%. However, 

MYD88 L265P mutations have been associated with other brain diseases and 
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conditions, which necessitates careful interpretation in the specific clinical context. For 

example, MYD88 L265P can be detected in most patients with Bing-Neel syndrome 

(BNS), a rare disease manifestation of indolent Waldenstrom macroglobulinemia in 

the CNS(24). Indeed, BNS cannot be distinguished from aggressive CNSL by the 

detection of MYD88 L265P from CSF alone and correlations with radiological and 

clinical parameters need to be considered. Therapeutic strategies for BNS are not 

standardized and heterogeneous; however, treatment of patients with symptomatic 

BNS are often adapted from those used for aggressive PCNSL, including high-dose 

methotrexate and cytarabine(25). Separately, one previous publication has described 

the detection of MYD88 L265P in two patients with suspected MS and anti-GFAP 

astrocytopathy, where the conditions were diagnosed by CSF analyses without 

definitive exclusion of CNSL through stereotactic biopsies(26). In our study and in work 

from other groups that systematically investigated MYD88 L265P in CSF, the hotspot 

mutation was never observed in patients with confirmed inflammatory or autoimmune 

brain diseases, rendering misdiagnosis a highly unlikely scenario(2, 27). Finally, 

MYD88 L265P mutations can be found in the blood of individuals with clonal 

hematopoiesis of indeterminate potential (CHIP) and IgM-MGUS(28, 29). However, 

the clinical scenarios investigated in our study differ significantly from these conditions, 

as patients with CHIP and IgM-MGUS are largely asymptomatic. Furthermore, and 

most importantly, our clinical laboratory analyzes CSF in the routine setting and not 

blood, making a misclassification involving these conditions without the presence of 

brain lymphoma extremely unlikely. 

We applied our LDT to 205 CSF samples over a period of 2.5 years in clinical practice 

and assessed its implications in an observational study. Results were communicated 
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to treating physicians within 5 days (including weekends) and directly guided or helped 

guiding clinical management in 60% of CSF-ctDNA positive cases. Neurosurgical 

interventions were obviated or CNSL diagnosis was accelerated in 19 patients and a 

treatment-guiding effect was reported for 25 patients who received CNS-directed 

agents based on or supported by minimal-invasive CSF-ctDNA detection. Importantly, 

all but one patient objectively responded to CNSL-specific therapies, illustrating the 

clinical benefit of our liquid biopsy approach for a significant subgroup of patients 

whose final diagnosis otherwise might have remained unconfirmed or who would have 

faced high-risk surgical interventions to obtain a diagnosis. Thus, compared to 

previous publications in the field, the key advancement of our study is the prospective 

demonstration that minimal-invasive identification of CNSL can effectively guide 

clinical decisions and treatment, ultimately benefiting patients in routine practice and 

within a large patient cohort. Yet, in contrast to other studies, the real-world patient 

cohort we assessed in our study was rather heterogeneous, including patients with 

lymphoma entities such as Burkitt lymphoma or mantle cell lymphoma, in which 

MYD88 L265P is not expected. Furthermore, some patients with B-cell lymphomas 

who were asymptomatic for CNS involvement showed a positive CSF-ctDNA result in 

our observational study (Supplementary Table S9). In these cases, the optimal 

treatment is still unclear and warrants further investigation in prospective clinical trials. 

Of note, while positive CSF-ctDNA results can directly guide treatment or surgical 

strategies due to their high PPV, assessing the clinical impact of CSF-ctDNA negative 

results represents a considerable challenge, because a negative MYD88 L265P status 

does not exclude CNSL or help defining another diagnosis. Thus, knowing that CSF 

samples are negative for MYD88 L265P might help narrow down differential 
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diagnoses in certain scenarios, but it typically has no direct influence on the clinical 

management of patients with unknown CNS lesions.  

Another notable finding of our study was that the exposure to corticosteroids prior to 

lumbar punctures did not seem to have any impact on CNSL detection rates or the 

representation of MYD88 L265P allelic fractions. Corticosteroids are often used to 

manage neurological symptoms in CNSL patients but cause severe diagnostic delays 

and other challenges associated with steroid-induced transient lymphoma 

regression(30, 31). Our results indicate that CSF-ctDNA can be robustly detected 

irrespective of corticosteroid premedication, encouraging the use of minimal-invasive 

liquid biopsy technologies even in situations with radiological tumor reduction following 

steroid therapy. Yet, the duration of corticosteroid treatment and dosage were highly 

heterogeneous in our patient cohort, introducing some uncertainties around 

interpretability of the results and requiring further investigation of the corticosteroid 

effect for CSF-ctDNA detection in a prospective and standardized fashion. 

Another limitation of our technology can be attributed to the fact that approximately 

30% of CNSL patients do not harbor the hotspot MYD88 L265P mutation, inevitably 

reducing applicability and sensitivity/NPV of our tumor-agnostic approach(32). 

Alternative strategies have revealed higher sensitivities for CNSL identification, 

including assays that combine genetic and protein biomarkers or next-generation 

sequencing-based technologies. However, these methods require further regulatory 

standardization and have yet to prove their utility in clinical practice and large patient 

cohorts(1, 3, 12, 23). 
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Supplementary Figures 

 

Supplementary Fig. S1. Performance parameters of the development workflow 

for the MYD88 L265P ddPCR assay. (A) Assessing the limit of detection (LOD) by 

serial dilutions of recombinant mutant DNA fragments spiked into human genomic 

DNA with concentrations of 1:20 (5%), 1:40 (2.5%), 1:100 (1%), 1:200 (0.5%), 1:400 

(0.25%), 1:800 (0.125%), 1:1,000 (0.1%), 1:2,000 (0.05%), and 1:10,000 (0.01%). 

Shown is the correlation of the expected allele frequency on the x-axis and the 

measured allele frequency as the average of 4 measurements on the y-axis. Asterisks 

on top of the black dots indicate whether the signal of the respective dilution was 

significantly above the background. (B,C) Assessment of inter-assay reliability. (B) 

Contingency table displaying the results of MYD88 L265P testing by two independent 

operators in 13 plasma samples from CNSL patients with known MYD88 L265P status 

and (C) correlation of ctDNA allele frequencies between measurements performed by 

0.01 0.1 1 10

0.01

0.1

1

10

Expected allele frequency (%)

M
ea
su
re
d
al
le
le
fre

qu
en
cy

(%
)

***p<0.0001
r=0.99

n.s.

*****
***

***

***
***

***

A

0.1 1 10ND

0.1

1

10

ND

Allele fraction (%), Operator 1

Al
le
le
fra

ct
io
n
(%

),
O
pe
ra
to
r2

p<0.0001
r=0.99

n=13
MYD88 L265P result

Operator 1n=13
pos neg

po
s

ne
g

7 0

60

M
YD

88
L2
65
P
re
su
lt

O
pe
ra
to
r2

B C

D E

P1
4

P1
5

P1
6

P1
7

P1
8

P1
9

P2
0

P2
1

0

500

1000

1500

2000

2500

3000

To
ta
lc
op
ie
s
/w

el
l

0

5

10

15

20

25
Variation

coefficient(%
)

0.2 0.4 0.6 0.8 1.0 1.2 1.4ND

0.2

0.4

0.6

0.8

1.0

1.2

1.4

ND

Expected allele frequency (%)

M
ea
su
re
d
al
le
le
fre

qu
en
cy

(%
) n=4

p=0.002
r=0.99



 23 

operator 1 (x-axis) and operator 2 (y-axis). (D) Assessment of intra-assay reliability by 

comparing the number of DNA copies detected across single wells within the MYD88 

L265P assay. Four technical replicates of eight plasma samples from CNSL patients 

were investigated, calculating the sum of mutant and wildtype copies per well (blue 

dots, left y-axis, black line: median). Variation coefficients (in %) of these replicates for 

each of the eight cases are depicted on the right y-axis. (E) Assessment of accuracy. 

The ddPCR assay was applied to cell-free DNA reference specimens harboring known 

concentrations of the MYD88 L265P mutation. Commercially available cfDNA 

reference samples containing the MYD88 L265P mutation with allele frequencies of 

1%, 0.5%, 0.1%, and 0% (wildtype) were analyzed. Shown here is the correlation of 

expected allele frequencies on the x-axis and measured allele frequencies on the y-

axis. Black dots represent the median and black lines the range of of triplicate 

measurement for each dilution. n.s., not significant; pos, positive; neg, negative; ND, 

not detected. 
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Supplementary Fig. S2. Independent validation of the MYD88 L265P ddPCR 

assay. (A) Overview and consort diagram showing patients and specimens available 

from the independent validation cohort. (B) Scatter plots showing the CSF (left) and 

plasma sample volumes (right) available for MYD88 L265P testing in the independent 

validation cohort. Black lines indicate the median and range of sample volumes. (C) 

Pie charts depicting the distribution of brain diseases in the independent validation 

cohort. mL, milliliters; CSF, cerebrospinal fluid; CNS, central nervous system; CNSL, 

CNS lymphoma; PCNSL, primary CNSL; iSCNSL, isolated secondary CNSL; GBM, 

glioblastoma; LLG, lower grade gliomas. 
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Supplementary Fig. S3. ddPCR assay performance in the independent validation 

cohort. (A) Performance parameters of the MYD88 L265P assay applied to CSF (left) 

and plasma samples (right) from patients of the independent validation cohort in a 

tumor-agnostic setting. (B) Sensitivity of CNSL detection by conventional CSF 

cytology and flow cytometry analyses in the independent validation cohort, depicted 

as a bar graph. (C) Concentrations of ctDNA (allele frequencies, in percent) measured 
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by MYD88 L265P analysis from CSF (left) and plasma (right). Black lines represent 

the median and range of allele frequencies. (D) Sankey plots showing the MYD88 

L265P positivity rate in CSF (top) and plasma (bottom) from CNSL patients with known 

MYD88 L265P-positive tumors (‘tumor-informed approach’). (E) Comparison of 

MYD88 L265P allele frequencies measured either by the ddPCR assay (x-axis) or the 

targeted NGS platform (y-axis) from CSF (orange dots) or plasma (blue dots). CSF, 

cerebrospinal fluid; CP, cytopathology; FC, flow cytometry; NGS, next-generation 

sequencing; ddPCR, digital droplet PCR; PPV, positive predictive value; NPV, 

negative predictive value.  
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Supplementary Fig. S4. Clinical implementation of the MYD88 L265P ddPCR 

assay and its implications for individual patient management. (A) Overview and 

consort diagram showing the submitted CSF samples for routine MYD88 L265P 

analysis and patient participation in the observational study. (B) Timeline depicting the 

course of a 67-year-old female patient who was diagnosed with a contrast-enhancing 

lesion in the right basal ganglia by MRI. Stereotactic biopsy was considered high-risk 

due to the localization and risk of bleeding. CSF was submitted to our laboratory for 

MYD88 L265P testing and we reported a positive result back (0.14% allele frequency) 

with a turnaround time of 5 days. The patient received 3 cycles of high-dose 

methotrexate-based induction chemotherapies (MATRix) followed by high-dose 

chemotherapy and autologous stem cell transplantation solely based on the CSF-

ctDNA results. After completion of treatment, MRI revealed an unconfirmed complete 

remission. (C) Shown is a timeline of a 55-year-old male patient who was admitted to 

the hospital with headaches and hemiparesis of the left arm. MRI revealed a contrast-

enhancing lesion in the right rostral striatum/frontal lobe, suspicious for CNSL. A 

stereotactic biopsy was performed and the tumor assessed by histopathology. The 

final diagnosis remained unconfirmed with evidence of unclear desmoplastic tissue 

fragments. CSF from this patient was submitted for ctDNA analysis and the MYD88 

L265P mutation was identified with an allele frequency of 1.3%, while conventional 

CSF analyses were negative for monoclonal lymphoma cells. We reported the result 

back to the treating physician within 1 day. Based on the CSF-ctDNA result, patient 

received 2 cycles of MATRix followed by high-dose chemotherapy and autologous 

stem cell transplantation. End-of-treatment MRI showed an unconfirmed complete 

response according to the IPCG criteria and MYD88 L265P was undetectable in CSF 
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after completion of therapy. (D) In a 75-year-old male patient, DLBCL was diagnosed 

after resection of an abdominal lymph node. Due to incontinence, an MRI of the 

thoracic (shown in the figure panel) and lumbar spine was performed, revealing two 

contrast-enhancing lesions, suspected for synchronous secondary CNS involvement 

of DLBCL. A lumbar puncture was performed and CSF submitted for ctDNA analysis 

as well as CP/FC analyses. While CP/FC showed no definitive result, MYD88 L265P 

was identified with an allele frequency of 0.17%, supporting the diagnosis of secondary 

CNSL. The patient received R-CHOP immunochemotherapy and the CNS-directed 

MARTA protocol followed by high-dose chemotherapy and autologous stem cell 

transplantation. While the neurological symptoms remained after treatment, 

radiological response assessment revealed complete remission for both the systemic 

DLBCL and SCNSL, supported by undetectable CSF-ctDNA more than one year after 

stem cell transplantation. (E) Timeline depicting the course of an 80-year-old patient 

with a history of SCNSL that was in complete remission after methotrexate-based 

immunochemotherapy and autologous stem cell transplantation. The patient 

presented with disorientation two years after transplant; an MRI showed a cerebellar 

contrast-enhancing lesion suspected for metachronous SCNSL relapse. Due to frailty, 

a neurosurgical intervention was not performed. CSF-ctDNA analysis showed a 

MYD88 L265P mutation with an allele frequency of 4.12%, reported to the treating 

physician with a turnaround time of one day. A palliative CNS-directed therapy was 

initiated after exclusion of systemic DLBCL relapse with rituximab and temozolomide. 

Patient’s condition improved rapidly after initiation of therapy and a follow-up MRI 

showed a partial response 81 days after start of treatment. Asterisk: no image 

available from radiological follow-up assessment. CSF, cerebrospinal fluid; MRI, 
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magnetic resonance imaging; PCNSL, primary central nervous system lymphoma; 

SCNSL, secondary CNSL; Susp., suspected; CP, cytopathology; FC, flow cytometry; 

d, day; CR, complete response; CRu, unconfirmed complete response; ND, not 

detected; PR, partial response; ctDNA, circulating tumor DNA; DLBCL, diffuse large 

B-cell lymphoma; LS, lumbosacral; autoSCT, autologous stem cell transplantation; 

MATRix, high-dose methotrexate, high-dose cytarabine, thiotepa, rituximab; R-CHOP, 

rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone; MARTA, high-

dose methotrexate, high-dose cytarabine, rituximab.  
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Supplementary Fig. S5. Association of the cumulative steroid dose and MYD88 

L265P AFs. Scatter plot comparing the cumulative corticosteroid dose on the x-axis 

with MYD88 L265P allele frequencies in CSF-ctDNA positive cases (y-axis). mg, 

milligram. 
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