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Abstract

:

A multicenter study was performed to determine an optimal workflow for liquid biopsy in a clinical setting. In total, 549 plasma samples from 234 non-small cell lung cancer (NSCLC) patients were collected. Epidermal Growth Factor Receptor (EGFR) circulating cell-free tumor DNA (ctDNA) mutational analysis was performed using digital droplet PCR (ddPCR). The influence of (pre-) analytical variables on ctDNA analysis was investigated. Sensitivity of ctDNA analysis was influenced by an interplay between increased plasma volume (p < 0.001) and short transit time (p = 0.018). Multistep, high-speed centrifugation both increased plasma generation (p < 0.001) and reduced genomic DNA (gDNA) contamination. Longer transit time increased the risk of hemolysis (p < 0.001) and low temperatures were shown to have a negative effect. Metastatic sites were found to be strongly associated with ctDNA detection (p < 0.001), as well as allele frequency (p = 0.034). Activating mutations were detected in a higher concentration and allele frequency compared to the T790M mutation (p = 0.003, and p = 0.002, respectively). Optimization of (pre-) analytical variables is key to successful ctDNA analysis. Sufficient plasma volumes without hemolysis or gDNA contamination can be achieved by using multistep, high-speed centrifugation, coupled with short transit time and temperature regulation. Metastatic site location influenced ctDNA detection. Finally, ctDNA levels might have further value in detecting resistance mechanisms.
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1. Introduction


Non-small cell lung cancer (NSCLC), which makes up approximately 80% of all lung cancer cases, remains one of the world’s leading causes of cancer-related mortality [1]. The latest American Society of Clinical Oncology (ASCO) guidelines concerning systemic therapy for stage IV NSCLC highlight that tumors should be examined for the presence of targetable molecular alterations [2]. Detection of activating Epidermal Growth Factor Receptor (EGFR) mutations warrants treatment with EGFR tyrosine kinase inhibitors (TKIs), such as afatinib, erlotinib, or gefitinib). Despite high response rates and durable responses, most patients develop resistance after a median period of 12 months [3]. The EGFR T790M mutation accounts for approximately half of the instances in acquired resistance to first line EGFR TKI therapy [4], in which case osimertinib (third generation EGFR TKI) is recommended [2]. Hence, genotyping is important in order to provide patients with the most optimal treatment. Although tissue biopsies remain the gold standard, it is associated with several limitations. Taking a biopsy is an invasive procedure, which can be potentially harmful for the patient. In addition, the tumor cell content can be very low. Liquid biopsy, consisting of circulating cell-free (tumor) DNA (cfDNA/ctDNA) analysis, has emerged as viable approach to guide therapeutic decisions and provide real-time follow-up [5,6]. The development of both targeted, digital-PCR based and (non-) targeted, genome-wide analyses have increased the potential of ctDNA analysis. Several studies have demonstrated high concordance of mutational profiles between tissue, plasma, and most recently urine samples [7,8]. Importantly, detection of EGFR mutations in a liquid biopsy is sufficient proof to warrant EGFR TKI therapy [7,9,10,11]. Patients have been found to display similar clinical response to EGFR TKI therapy, irrespective of whether EGFR mutations were identified in plasma, urine, or tissue samples. The group of Sacher et al. demonstrated the feasibility of plasma genotyping using the digital droplet PCR (ddPCR), which is a high-throughput technology with a high level of sensitivity and specificity [12]. This study also reported a shorter turnaround time (TAT) in comparison to tissue biopsies, making it a promising approach for guiding precision medicine. In 2016, the cobas® EGFR Mutation Test v2 (Roche Molecular Systems, Inc., Branchburg, NJ, USA) was the first liquid biopsy test to acquire U S Food and Drug Administration (FDA) approval, which was a major advance in the ctDNA liquid biopsy field [10]. At present, it remains the only FDA approved ctDNA analysis test, though more companion diagnostic liquid biopsies are being developed and validated [13].



Liquid biopsy has great potential for molecular pathology in cancer, but standard operating procedures have to be established in order to facilitate broad clinical implementation [6]. In this multicenter study, we have investigated various (pre-) analytical variables to provide an optimized workflow for implementation of liquid biopsy in a clinical setting.




2. Results


2.1. Patient Cohort


In total, 234 NSCLC patients were included (Table 1), of which 549 plasma samples were collected. These include 77 (32.91%) patients classified as EGFR wild type (WT) according to tissue analysis and 51 patients (21.79%) without any information regarding EGFR mutational status. EGFR mutations were detected in plasma samples of 1 (1.30%) and 3 (5.88%) patients, respectively. The 110 EGFR mutated patients (47.01%) were identified by tissue and/or plasma analysis. Of these patients, 38 provided one plasma sample (34.55%) and 68 (61.82%) provided on average six follow-up plasma samples. 101 patients received targeted therapy before or during the study. The EGFR T790M resistance mutation was detected in tissue and/or plasma of 34 (30.91%) EGFR mutated patients, of which 19 arose during follow-up. In the other patients, the presence of the T790M mutation was already established or suspected at inclusion.




2.2. Sample Characteristics


The plasma samples (n = 549) were collected primarily in Streck tubes (472, 85.98%). In some cases, K2 Ethylenediaminetetraacetic acid (EDTA) tubes (77, 14.03%) were used (at the start of the multicenter study and in-house inclusion). All samples were grouped based upon the reached assay sensitivity, which is the maximal detectable EGFR mutation frequency; non-informative ([>3%] 45, 8.20%), restricted sensitivity ([0.5–3%] 217, 39.52%), and adequate sensitivity ([<0.5%] 287, 52.28%). In total, 106 (19, 3%) samples were hemolytic upon plasma generation. During the study, the centrifugation protocol for Streck tubes (n = 472) was altered, with 369 (78.18%) samples processed using the original protocol and 103 (21.82%) with the two-step protocol (Table S1).




2.3. Pre-Analytical Variables


Reached assay sensitivity, which is calculated based on total cfDNA input, was significantly influenced by the amount of generated plasma (p < 0.001), irrespective of the type of collection tube. In addition, a negative correlation with the presence of hemolysis was observed (correlation coefficient (R) = −0.136, p = 0.001). Most samples were collected using Streck tubes. Based on the data obtained from samples collected in these tubes, the effect of several pre-analytical variables (centrifugation protocol, transit time, and ambient temperature (average temperature per month) (Table S1)) on reached assay sensitivity was investigated.



2.3.1. Effect of Pre-Analytical Variables on Plasma Volume and Hemolysis


The two-step centrifugation protocol resulted in a significant increase in the amount of generated plasma (p < 0.001). A longer transit time was associated with a lower amount of plasma in the original centrifugation protocol (p = 0.005). This effect was not observed in the two-step protocol. Average temperature did not seem to influence plasma generation. Hemolysis was found to be significantly correlated with a lower amount of plasma (p < 0.001). Hence, the effect of the pre-analytical variables (centrifugation protocol, transit time and temperature) on the occurrence of hemolysis was also determined. Transit time was the only factor to have a significant impact (p < 0.001). In conclusion, transit time had a significant impact on plasma generation and the occurrence of hemolysis. However, this effect on plasma generation could be negated by using a two-step, high-speed centrifugation protocol.




2.3.2. Effect of Pre-Analytical Variables on Reached Assay Sensitivity


Multivariate analysis was performed to determine the effect of the aforementioned pre-analytical variables on reached assay sensitivity (maximal detectable EGFR mutation frequency). Centrifugation protocol was significantly associated with reached assay sensitivity (p < 0.001). The original protocol resulted in a seemingly higher sensitivity than the two-step protocol, as additional long fragment DNA is removed in case of the latter. An increase in transit time in samples processed using the original protocol was found to negatively influence reached assay sensitivity (p = 0.001), whereas the opposite effect was observed in samples from the two-step protocol (p = 0.016). A trend was observed towards decreased sensitivity when hemolysis occurred (p = 0.047). In conclusion, sensitivity is influenced by the interplay between centrifugation protocol, amount of plasma, and transit time (p < 0.001).



The average temperature was found to have no significant effect on either plasma generation or reached assay sensitivity. Interestingly, when looking at the samples processed using the original centrifugation protocol, a significant difference in average temperature per reached assay sensitivity was observed (p = 0.005). An average temperature of 8 °C was recorded for samples which generated a non-informative result, while 11.5 (p = 0.004) and 10.8 °C (p = 0.009) was recorded for samples with restricted and adequate sensitivity, respectively.






3. cfDNA Analysis


3.1. CtDNA Detection


In this study, the EGFR mutated patient cohort (n = 110) provided 416 plasma samples, of which 50 samples were taken prior to therapy, 69 at radiologic progression and 297 during follow-up. Mutated ctDNA was detected in 34 (68%) baseline samples and 51 (73.91%) samples at radiologic progression. Detectable levels of mutated ctDNA seemed to be more often found in samples with adequate sensitivity (EGFR mutation can be detected at frequencies below 0.5% of the total cfDNA), higher amount of generated plasma and shorter transit time (Table 2). However, no statistical differences between mutated and WT samples were observed with regards to these pre-analytical variables. In 63.16% of the samples with detectable mutated ctDNA, the sample was classified as adequate sensitivity.



The detection of ctDNA was found to be significantly associated with the presence of extrathoracic metastases both prior to treatment (p < 0.001) and at radiologic progression (p < 0.001). This association was also seen in the absence (p = 0.001, and p = 0.004) and presence (p = 0.038, and p= 0.006) of brain metastases in these two settings, respectively. The presence of brain metastases did not influence the detection of mutated ctDNA prior to therapy, irrespective of extrathoracic metastases. Unexpectedly, the presence of brain metastases at radiologic progression was found to positively influence the ctDNA detection (p = 0.009). However, this association was no longer detected when taking the presence or absence of extrathoracic metastases into account.




3.2. ctDNA Characteristics


The concentration (copies/mL) and allele frequency (%) of EGFR mutated ctDNA (both activating mutations and T790M resistance mutation) in samples taken at radiologic disease progression or prior to therapy were found to be similar in these two groups. Previous treatment schedules also did not seem to influence ctDNA levels. Interestingly, extrathoracic metastases were found to have a significant influence on allele frequency. Furthermore, higher concentrations were detected compared to brain metastases alone (Figure 1).



The dynamics between activating mutations and the T790M mutation were also investigated. The T790M mutation was detected in 29 samples taken at radiologic progression. Both the concentration and allele frequency were lower than those of the activating mutation (p < 0.001, and p < 0.001, respectively) (Figure 2A,C). Furthermore, the T790M mutation was also detected in 14 follow-up samples without radiologic progression to EGFR TKI therapy, in which a similar distribution was detected (p = 0.037, and p = 0.002, respectively) (Figure 2B,D). A clear difference in both the concentration and allele frequency was observed between the activating mutation and T790M mutation (p < 0.001, and p < 0.001, respectively) in 40 out of 43 plasma samples. In three cases, the activating mutation was not detected, mostly due to technical failure of the assay which screens for the activating mutations.



A significant difference in progression free survival (PFS) was detected between patients with or without detectable ctDNA levels (5.8 months vs. 13.3 months; hazard ratio (HR) = 3.646, 95% CI 1.201–11.071; p = 0.029) and with or without extrathoracic metastases prior to therapy (8.2 months vs. 14.4 months; HR = 2.082, 95% CI 1.303–3.326; p = 0.002). High concentration and allele frequency of the mutated ctDNA at baseline was also found to have an influence on radiologic progression (p = 0.004, and p = 0.017, respectively). The presence of brain metastases at the start of therapy was not found to affect PFS.





4. Discussion


In this study, several (pre-) analytic variables were investigated in order to provide an optimized and standardized workflow to implement liquid biopsy in a clinical setting (Table 3).



Reached assay sensitivity was calculated based on total cfDNA input; however, it is important to note that no distinction could be made between WT ctDNA, normal cfDNA, and genomic DNA (gDNA). The categorization of reached assay sensitivity was based on the required thresholds to detect clinically relevant ctDNA levels, as seen in in-house data and literature [14]. Sensitivity of cfDNA analysis was found to be increased by an interplay between increased plasma volume and short transit time. We hypothesize that the efficacy of Streck tubes is impaired with increased transit time. The main function of these tubes is to stabilize (i) cfDNA and (ii) blood cells and subsequently prevent hemolysis and gDNA contamination. According to Streck, longer storage of blood samples requires an increase of centrifugation speed [15,16], which was also observed in our study. Furthermore, the multistep, high-speed centrifugation not only increased plasma volume, but also decreased the gDNA contamination [17]. This might explain the lower sensitivity in these samples, as well as the seemingly contradictory effect of transit time on reached assay sensitivity per centrifugation protocol. The fact that hemolysis was found to be strongly associated with an increased transit time and coincided with lower plasma volumes supports our hypothesis of impaired function of Streck tubes. Only a slight negative effect on sensitivity was observed, as we did not differentiate between hemolytic samples due to biological or technical causes.



According to the manufacturer’s instructions, Streck tubes remain effective for up to 14 days at 6 °C to 37 °C [16]. However, it has been demonstrated that storage of these tubes at 10 °C or lower was associated with an increase of gDNA as well as hemolysis and lower plasma volumes [18]. Even though we only recorded the average monthly temperature, temperatures below 10 °C were noted to have a detrimental effect on sensitivity in samples processed using the original centrifugation protocol. As the temperature in north western Europe often drops below 10 °C, optimization of transport conditions, such as other types of cfDNA collection tubes or more insulated transport, might aid in the standardization of liquid biopsy in a clinical setting. Further research might reveal specific, favorable temperature intervals by shipping a data logger with each blood sample. In this manner, differences between the outside temperature and the temperature inside the transport box, duration of exposure to aberrant temperatures, etc. can be closely monitored.



The majority of samples in our cohort in which mutated ctDNA was detected were classified as “adequate sensitivity”. This indicates that the characterization is a good indication. Optimization of these pre-analytical variables will ensure the accuracy of our characterization of actual maximum mutated ctDNA detection.



Pre-analytical variables as well as biological factors have an impact on cfDNA analysis and interpretation. The detection and allele frequency of mutated ctDNA were strongly associated with the presence of extrathoracic metastases. Furthermore, the concentration and allele frequency of mutated ctDNA in these patients were significantly higher than those in patients who only had brain metastases. This is in line with previously reported data in which the relationship between mutated ctDNA detection and both number of metastatic sites and the presence of liver and bone metastases were highlighted [12]. This indicates that tumor load has a significant impact on ctDNA in the circulation and that extrathoracic metastases are responsible for a significant part of the total cfDNA concentration. No effect of brain metastases themselves on the detection, concentration or allele frequency of mutated ctDNA could be discerned. The presence of the blood–brain barrier (BBB) as a physical obstacle could prevent ctDNA from entering the circulation [19]. Only a limited number of patients were included who had brain metastases without an extrathoracic component. Furthermore, it is difficult to detect a negative influence of these brain metastases on the ctDNA concentration in the circulation, especially in the presence of the positive effect of extrathoracic metastases. It is also important to note that information with regards to disruption of the blood brain barrier, or progressive disease due to brain and/or extrathoracic metastases was not available in all cases. However, we speculate that we have been able to detect the moment of BBB penetration in one patient (Figure 3A).



Generally, a higher concentration and allele frequency of the activating mutation was detected compared to the T790M mutation. These findings confirm the data of Oxnard et al. [20], highlighting the importance of testing the majority of the cfDNA isolated from 10 mL of blood in case of T790M ddPCR analysis. In this study, we did not explore whether this difference was due to technical aspects (e.g., assay sensitivities). Furthermore, a recent study reported the correlation of the T790M ratio to the activating mutation and response to osimertinib [21]. Follow-up samples in our study revealed that the T790M mutation closely follows the activating mutation, albeit at a lower concentration and allele frequency (Figure 3B). The activating mutation was also found to be very informative when tracking progressive disease. In a subset of patients, this mutation was detected at very low allele frequency, without the T790M mutation. A blood sample in a few weeks’ time resulted in the detection of both the T790M and activating mutation, the latter in a higher allele frequency (Figure 3C,D). We hypothesize that the T790M mutation was already present in the first sample, but the concentration was too low to detect. Interestingly, increasing and/or high allele frequency of the activating mutation was detected in some patients, without evidence of the T790M mutation (Figure 3E,F). Tissue analysis confirmed absence of the T790M mutation despite the presence of the activating mutation. Further research might determine a clinically relevant threshold in which it is advisable to screen for other resistance mechanisms. In three samples, the T790M mutation was detected without the activating mutation. Presence of the T790M mutation was verified by tissue analysis. In two cases, the activating mutation was missed due to technical issues. To increase the detection of low levels of T790M mutation, it is key to analyze the majority of the cfDNA obtained from 10 mL of blood. Even though there have been reports of T790M detection without the activating mutation [22], most studies highlight coexisting mutations [23,24]. Absence of both mutations was taken as an indication of very low levels of ctDNA in the circulation.



In this study, reached assay sensitivity and detection of the EGFR activating mutations were used to determine good quality samples with sufficient ctDNA concentrations. As EGFR mutations only represent a fraction of the total ctDNA and are susceptible to EGFR TKI therapy, other biomarkers might be more suitable. Methylated ctDNA (metctDNA) has been shown to be a promising surrogate biomarker of tumor burden in liquid biopsy samples of colorectal cancer patients [25]. Furthermore, metctDNA could function as a prognostic marker, together with mutated ctDNA. The potential prognostic value of mutated ctDNA (concentration) has already been proposed [26,27]. However, discordant results [28] highlight the need for further research to fully optimize liquid biopsy analysis.




5. Material and Methods


5.1. Study Design


This study was designed as a real-life observational trial of NSCLC patients in several hospitals in Belgium. The objective was to determine the optimal (pre-) analytical settings to assess EGFR mutational status using liquid biopsy in a clinical setting. The study was conducted according to the Declaration of Helsinki. Ethical committee approval for this study was obtained from each site with the Ethical committee of the UZA as primary committee (B300201526045, 26 October 2015). All patients provided written informed consent. At inclusion, patients were separated in three groups based on EGFR mutational status determined by tissue analysis, namely; (i) tissue analysis was unsuccessful or impossible, (ii) EGFR wild type (WT), and (iii) EGFR mutated. Patients of the first two groups provided only one blood sample, but, if EGFR mutated ctDNA was detected in this sample, they were reassigned to the third group. Multiple blood samples were collected before and during (targeted) therapy and at radiologic disease progression. Feedback with regards to EGFR mutation status was provided to the treating thoracic oncologist. Additional information with regards to stage, therapy and the presence or occurrence of brain and extrathoracic metastases was requested.




5.2. Sample Collection and Processing


The majority of blood samples were collected using Cell-Free DNA BCT® tubes (Streck tubes; Streck, Biomedical Diagnostics, Antwerp, Belgium). These tubes were shipped to the UZA by post. The number of days from blood collection until arrival at UZA (transit time) and average monthly temperature during transport was recorded. Upon arrival, the blood samples were centrifuged and the generated amount of plasma and presence of hemolysis were documented. In the first part of this study, a one-step, low-speed centrifugation protocol (400× g for 10 min) was used. As part of the constant optimization process of the liquid biopsy workflow, this protocol was altered based on in-house comparison [29]. This protocol consists of a two-step, high-speed centrifugation (1600× g for 10 min followed by a second step, either 16,000× g for 10 min or maximum speed for 1 min). At the start of this study, patients were also included using samples in EDTA tubes. Plasma was generated within 2 h of blood collection, pooled and transported on dry ice. Samples from a small subset of in-house patients were also included using EDTA tubes. Sample collection, processing and storage was performed by Biobank@UZA (Antwerp, Belgium; ID: BE71030031000; Belgian Virtual Tumourbank funded by the National Cancer Plan, BBMRI-ERIC; No. Access: 1, Last: 25 September 2017) [30]. All plasma samples were stored at −80 °C prior to cfDNA isolation.




5.3. CfDNA Isolation and Analysis


CfDNA isolation was performed using the Maxwell RSC ccfDNA Large Volume Plasma Kit (Promega, Leiden, The Netherlands) according to the manufacturer’s protocol. The cfDNA was eluted in 65 µL of buffer, irrespective of input plasma volume, ranging from 0.5 to 4 mL. Samples were stored at −20 °C until genotyping. EGFR mutational analysis was performed by ddPCR (BioRad, Temse, Belgium). Two multiplex ddPCR assays were designed to detect (i) exon 19 hotspot deletions and the T790M resistance mutation and (ii) the L858R, L861Q and G719A/C/S activating mutations, respectively. The assays were composed of primers and probes described by Oxnard et al. [21] and in-house design (sequences, concentrations, ddPCR mix and thermal cycling conditions are available in Supplementary data). Detailed procedures can be found elsewhere [31]. In case of (suspected) progressive disease, samples were also analyzed using the T790M primer/probe assay from BioRad, according to the manufacturer’s instructions. These samples were analyzed in triplicate to decrease sampling error and increase detection rate. In 2016, these assays and the related workflow received accredited status by BELAC (the Belgian Accreditation Institution). Samples were grouped based on maximal attainable sensitivity (reached assay sensitivity), which is dependent on the previously determined threshold of a positive target event (e.g., T790M) and total cfDNA input. The classification was based on detectable EGFR mutation frequencies as seen in in-house data and literature [14]. Hence, samples were categorized as non-informative (>3%), restricted (0.5–3%), or adequate (<0.5%) for the multiplex assays. Thresholds for the T790M assay were lower, namely >1%, 0.1–1%, and <0.1%, respectively. cfDNA isolation, analysis and subsequent feedback to the treating thoracic oncologist were performed once a week. Hence, a TAT of approximately five working days, from sample arrival at UZA until feedback, was generally achieved.




5.4. Statistical Analysis


Linear regression was performed to determine the influence of plasma volume on reached assay sensitivity. The effect of pre-analytical variables, including transit time, centrifugation protocol, and average temperature, on plasma generation and the occurrence of hemolysis was investigated using linear and logistic regression, respectively. Next, the impact of all these variables, including plasma volume and hemolysis, on reached assay sensitivity was examined using multivariate analysis. In a subset of samples, one-way ANOVA was performed to determine the effect of temperature on reached assay sensitivity. Whether the presence of brain and/or extrathoracic metastases influenced ctDNA detection was analyzed using chi square analysis, with the Fisher’s exact test to determine the effect of these metastases in relation to each other. Furthermore, the Mann–Whitney U test was performed to investigate their effect on ctDNA concentration and allele frequency, as well as the dynamics between the activating and T790M mutation, ctDNA prior to therapy and at radiologic progression, and lines of treatment. Survival estimates and hazard ratio were calculated according to the Kaplan–Meier method and Cox regression, respectively. ROC curve analysis was used to assess whether ctDNA concentration and allele frequency prior to therapy has an influence on the occurrence of radiologic progression. Statistical analysis was performed using IBM SPSS Statistics version 24.0 (IBM, Brussels, Belgium). p-Values of <0.05 were considered statistically significant. Figures were made with Graphpad Prism 7 (Prism 7, Graphpad Software Inc., La Jolla, CA, USA).





6. Conclusions


To conclude, optimization of (pre-) analytical variables is key to successful cfDNA analysis. Sufficient plasma volumes without hemolysis or gDNA contamination can be achieved by using multistep, high speed centrifugation coupled with short transit time and precautions in case of low temperatures. Deviating pre-analytical variables, such as low levels of ctDNA in the circulation due to brain and no extrathoracic metastases, might hinder ctDNA detection. In the case of using liquid biopsy as a tool to detect resistance, the detection of low allele frequency of the activating mutation without the T790M resistance mutation might be indicative of low ctDNA levels in the circulation. If clinically possible, a new liquid biopsy in a few weeks might reveal the T790M mutation. A tissue biopsy is advisable in case of either no detectable ctDNA or high allele frequency of the activating mutation alone. The detection of the T790M mutation in the ctDNA is sufficient to initiate osimertinib therapy. Complementary metctDNA analysis, as a biomarker for total ctDNA concentration, might improve real-time follow-up. In this study, an optimized workflow for liquid biopsy has been established which might aid in a further standardization and implementation in clinical practice.
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Figure 1. Influence of metastases on detectable EGFR mutated ctDNA levels. (A) distribution of concentration (copies/mL); (B) distribution of allele frequency (%); Br: brain metastases; ET: extrathoracic metastases; AF (%): percentage of allele frequency; +: present; −: absent; median with 95% confidence interval (CI); * p < 0.05. 
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Figure 2. Comparison of ctDNA (activating mutations vs. T790M mutation) (n = 43). (A,B) concentration (copies/mL) of EGFR activating mutations (ex19del, L858R, L861Q, and G719X) versus T790M mutation detected in samples taken at radiological progression (n = 29) (A) and during follow up (n = 14) (B), respectively. The lowest detectable concentration was 190 and 40 copies/mL, with a median of 1950 and 360 copies/mL, respectively; (C,D) distribution of the allele frequencies detected in samples taken at radiological progression (n = 29) (C) and during follow up (n = 14), respectively. The lowest allele frequency detected was 0.0985 and 0.0012%, with a median of 2.530 and 0.0107%, respectively; * p < 0.05; ** p < 0.001. 
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Figure 3. Kinetics of mutated ctDNA. (A) initial increase and decrease until undetectable levels of mutated ctDNA after osimertinib therapy. A spike of the activating mutation was detected from week 13 until week 17. At week 15, brain metastases with penetration of the blood brain barrier were detected via brain magnetic resonance imaging (MRI); (B) the T790M mutation follows the pattern of the activating mutation throughout several treatment schemes, however, at lower allele frequencies; (C,D) the activating mutation was detected at very low allele frequencies. A blood sample in a few weeks’ time resulted in the detection of increased allele frequency of this mutation together with the T790M resistance mutation. This corresponded with progressive disease to first- and second-generation EGFR TKI therapy respectively; (E,F) increasing and extremely high AFs of the activating mutations were detected, respectively. Due to progressive disease under first generation EGFR TKI therapy, tissue biopsies were performed at the last time point, which confirmed the absence of the T790M mutation; AF (%): percentage of allele frequency; PFS: progression-free survival in weeks;  [image: Cancers 10 00290 i001]: brain MRI. 
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Table 1. Overview of patient cohort.
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Parameters

	
N (%)






	
EGFR WT (n = 124)




	
Median age (years)

	
67




	
Stage at inclusion

	




	
I

	
13 (10.48)




	
II

	
5 (4.03)




	
III

	
26 (20.97)




	
IV

	
75 (60.78)




	
Unspecified

	
5 (4.03)




	
EGFR mutated (n = 110)




	
Median age (years)

	
67.5




	
Stage at inclusion

	




	
I

	
4 (3.64)




	
II

	
4 (3.64)




	
III

	
10 (9.09)




	
IV

	
89 (80.91)




	
Unspecified

	
3 (2.73)




	
EGFR modification as defined by tissue and/or plasma analysis

	




	
DEL19

	
63 (57.27)




	
T790M mutated

	
26 (41.26)




	
L858R

	
32 (29.09)




	
T790M mutated

	
6 (18.75)




	
L861Q

	
3 (2.73)




	
T790M mutated

	
1 (33.33)




	
G719X

	
4 (3.64)




	
T790M mutated

	
1 (25)




	
Other

	
8 (7.27)




	
Therapy (n = 101 *)

	




	
erlotinib

	
42




	
PFS (months)

	
12.3




	
gefitinib

	
20




	
PFS (months)

	
12.7




	
afatinib

	
21




	
PFS (months)

	
11.4




	
osimertinib

	
16




	
PFS (months)

	
8.5




	
Metastases (at inclusion)

	




	
Brain

	




	
yes

	
26 (23.64)




	
no

	
75 (68.18)




	
na

	
9 (8.18)




	
Extrathoracic

	




	
yes

	
40 (36.36)




	
no

	
61 (55.46)




	
na

	
9 (8.18)








N: number of patients; Na: not available; PFS: progression-free survival; WT: wild type; *: two patients were included in a study, erlotinib vs. osimertinib in first line, hence no information with regards to their therapy was available.
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Table 2. Detection of mutations in plasma samples taken prior to therapy and at radiologic progression in relation to pre-analytical variables.
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Sampling Time

	
EGFR Mutational Stage

	
ctDNA Sensitivity Adequate

	
Plasma Volume mL

	
Transit Time Days

	
Average Temperature °C

	
Centrifugation Protocol Two-Step

	
Hemolysis Status Present






	
PtT (50)

	
WT (16)

	
9 (56.3%)

	
3.00

	
1.77

	
13.0

	
5 (38.5%)

	
3 (18.8%)




	
Mutated (34)

	
21 (61.8%)

	
3.00

	
1.59

	
11.0

	
10 (34.5%)

	
7 (20.6%)




	
PD (69)

	
WT (21)

	
12 (60%)

	
2.85

	
1.67

	
11.6

	
8 (40%)

	
6 (28.6%)




	
Mutated (48)

	
29 (61.7%)

	
3.00

	
1.34

	
12.5

	
14 (35.9%)

	
5 (10.4%)








Centrifugation protocol-original (one-step, low-speed) vs. (two-step, high-speed); ctDNA: circulating, cell-free tumor DNA; adequate sensitivity (<0.5%); PD: progressive disease; PtT: prior to therapy; WT: wild type.
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Table 3. Optimized workflow for liquid biopsy in a clinical setting.
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Variables

	
Protocol

	
Specifications






	
Pre-analytical variables

	
Streck tubes

	




	
Centrifugation protocol

	
Two-step, high speed: ↑ plasma volume & ↓ gDNA contamination




	
Transit time

	
Short: to ensure proper cell and cfDNA stabilization in Streck tubes




	
Temperature

	
>10 °C: to ensure proper cell and cfDNA stabilization in Streck tubes




	
EDTA tubes

	




	
Processing

	
Within 2 hours: no liquid biopsy-specific preservatives present




	
Centrifugation protocol

	
Two step: ↓ gDNA contamination




	
Analytical & biological variables

	
ddPCR

	




	
Reached assay sensitivitiy

	
Indication of cfDNA concentration




	
T790M mutation

	
Test the majority of the isolated cfDNA: lower concentration & AF than activating mutation↑ ctDNA detection




	
Metastases

	




	
Extrathoracic

	




	
Intrathoracic

	
Very high sensitivity is necessary due to low ctDNA concentrations




	
Brain

	
Disruption of BBB ↑ ctDNA detection




	
Interpretation

	
ctDNA detection

	




	
No EGFR mutation

	
Tissue biopsy




	
EGFR activating mutation

	




	
Prior to therapy

	
EGFR TKI therapy is recommended




	
Without T790M mutation at progressive disease to EGFR TKI therapy

	




	
Low AF

	
New blood sample in a few weeks time




	
High AF

	
Tissue biopsy




	
EGFR (activating &) T790M mutation

	
Osimertinib therapy is recommended








AF: allele frequency; BBB: blood brain barrier; cfDNA: circulating cell-free DNA; ctDNA: circulating cell-free tumor DNA; gDNA: genomic DNA; ↑: increase; ↓ decrease.
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