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Introduction

CNSide is a platform that detects and characterizes tumor cells in the cerebrospinal fluid (CSF) of patients with leptomeningeal disease (LMD). The platform was validated per College of American Pathologists (CAP) and Clinical Laboratories Improvement Amendment (CLIA) guidelines and run as a commercial Laboratory Developed Test (LDT) at Biocept in San Diego, CA. The platform allows CSF tumor cell (CSF-TC) enumeration and biomarker characterization by fluorescent in situ hybridization (FISH). 





Methods

We performed a multicenter retrospective chart review of HER2 FISH CNSide test results that were commercially ordered on 26 patients by physicians for LMD breast cancer patients between April 2020 and October 2022.





Results

We show that HER2 is amplified on CSF tumor cells in 62% (16/26) of LMD breast cancer patients. 10/26 (38%) patients had discordant HER2-positivity between the primary tumor tissue and CSF-TC; of these, 35% (9/26) of the patients displayed HER2 amplification on the CSF-TCs, however were categorized as HER2 negative on the primary tumor. Of the 27% (7/26) patients with a HER2 positive primary tumor, one patient showed a HER2 negative LMD tumor. Two patients, 8% (2/26) had a HER2 equivocal primary tumor; of these, one demonstrated a HER2 negative, and one a HER2 positive LMD tumor. Serial analysis (at least 4 longitudinal tests) of HER2 status of the CSF-TC throughout therapy was available for 14 patients and demonstrated that HER2 status of the LMD changed in 29% (4/14) during their treatment course and impacted care decisions. 





Conclusions

Our data suggests that CSF-TC HER2 FISH analysis in LMD breast cancer patients may be discordant to the primary tumor sample and the discovery of HER2 positivity in the CSF may open doors to anti-HER2 targeted therapy options for LMD patients.
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1 Introduction

Leptomeningeal Disease (LMD) or seeding of tumor cells to the pia and arachnoid mater, is a devastating complication of patients who have cancer. The incidence of LMD varies by cancer origin, from an incidence of 3-4% in patients having Non-Small Cell Lung Cancer (NSCLC) (1), to 1-8% of all breast cancers (2–4). However, autopsy results suggest LMD is underdiagnosed (5, 6) and actual incidence is far higher. Survival for patients with breast cancer LMD is dismal with an overall survival (OS) ranging from 3-11 months from diagnosis (1, 7).The diagnosis and treatment of LMD is constrained by poor sensitivity and reliability of the current standard of care diagnostic modalities including MRI imaging, CSF cytology and evaluation of clinical symptoms. This diagnostic challenge makes the assessment of treatment response and the designing of effective clinical trials in LMD challenging.

Treatment options for patients having LMD aim to prolong survival and to alleviate symptoms (8–10). Therapeutic strategies include whole brain radiation therapy (WBRT), craniospinal irradiation (CSI), intrathecal therapy (IT), and systemic therapy that penetrates the blood brain barrier (BBB) and blood CSF barrier (BCSFB). The goal of treatment should be to improve, or at least stabilize, neurological function, as well as improve OS without compromising quality of life (QOL).

RT has remained a mainstay in LMD treatment for decades. Various RT modalities are listed in the National Comprehensive Cancer Network (NCCN) guidelines including proton CSI, photon involved field radiation therapy (IFRT), WBRT as well as stereotactic radiosurgery (SRS). Systemic therapies have historically been less favorable for brain metastases and LMD given overall poor BBB/BCSFB penetrance. However, particularly for HER2 positive breast cancer LMD, novel systemic HER2-directed therapies with good CSF penetrance have been identified, including drugs such as tucatinib and trastuzumab deruxtecan (11, 12). Intrathecal targeted agents have recently also shown benefit. Kumthekar et al. demonstrated that intrathecal trastuzumab in HER2+ LMD breast cancer patients led to improved OS of 10.5 months (13). Despite these advances, there is no standard of care treatment for patients diagnosed with LMD. In fact, given the prognosis, in patients with a low Karnofsky performance status (<60%), with multiple, serious, or major neurological deficits, extensive systemic disease, and bulky central nervous system disease, a palliative/supportive care approach is commonly recommended (14, 15). It has been previously demonstrated that specific mutational status can be different in the primary vs metastatic vs brain metastatic tumor (16). Given ongoing discovery of novel therapeutic targets against specific mutations, going forward it will be critical to identify brain- and LMD-specific mutational status to optimize treatments for patients with brain metastases.

Challenges in evaluating the response to therapy of the LMD tumor have hampered clinical trial development for patients with LMD. This has led to exploration of additional methodologies, including the detection and quantification of CSF-TCs using CellSearch™, and CSF derived cell-free tumor DNA (cfDNA). CellSearch is FDA cleared for the detection of circulating tumor cells in blood and was shown to have improved sensitivity and specificity compared to cytology in a prospective study performed in LMD patients with epithelial tumor origin (17, 18). CellSearch was also used to demonstrate that changes in CSF-TC count during anti-HER2 directed therapy were associated with response to therapy in a prospective study of LMD breast cancer patients treated with IT trastuzumab (19). However, the CellSearch platform has limited utility: detection is restricted to CSF-TCs expressing epithelial cell adhesion molecule (EpCAM) and is therefore applicable only to patients with melanoma LMD. Furthermore, CellSearch may exclude the critical epithelial to mesenchymal transition (EMT) seen in LMD and has an upper limit of detecting 200 cells per sample (20).

CNSide™ (Biocept, San Diego) is a CAP/CLIA validated commercially run platform that quantifies and characterizes CSF-TCs. Recently using the CNSide platform, it was suggested that change in CSF-TC density corresponds with clinical response to therapy and can help with the detection of actionable biomarkers in the CSF (21). Here we describe a retrospective chart review of 26 unique LMD breast cancer patients treated at Northwestern University and University of Texas Southwestern Medical Center, in whom CNSide testing was utilized to analyze CSF for tumor cell number and HER2 status.




2 Materials and methods



2.1 Patient demographics and CSF collection

Data was collected on patients from both the Northwestern Medicine Lou and Jean Malnati Brain Tumor Institute, as well as at the University of Texas Southwestern Medical Center under institutional review board (IRB) approved retrospective protocols. The informed consent requirement was waived by the respective IRBs as most patients were no longer alive during time of analysis or were lost to follow up. Patients included were those who had breast cancer, with a suspected or confirmed diagnosis of LMD. CSF was collected at timepoints in line with standard of care in the diagnosis and treatment of patients with LMD. CSF was collected in institutional provided collection tubes; a portion of the CSF was analyzed for cytology at each institution’s respective histopathology laboratory and evaluated for presence of tumor cells by institutional board-certified pathologists while the remaining CSF was used for CNSide analysis (range 2-15 cm (3)). The analysis included 53 patients with breast cancer and LMD, of which 26 patients the HER2 status of the primary tumor was known, and these patients were further analyzed (Figure 1).




Figure 1 | Cohort and analysis performed. In this cohort, the CSF of 53 patients having breast cancer and confirmed LMD was analyzed by CNSide. The CSF of 26 these patients was tested for HER2 FISH. In this group, the HER2 status of the CSF was compared to that of the primary tumor, and CSF tumor cell detection between conventional cytology and CNSide was compared, respectively. HER2 was amplified in the CSF in 16 patients, which were further analyzed for distribution of HER2 amplification. For 14 patients the HER2 status of the CSF was evaluated throughout their LMD treatment.






2.2 CNSide platform analysis

Fresh CSF was transferred into CEE-Sure™ CSF Collection tubes (Biocept Inc, San Diego, CA) and sent to Biocept at ambient temperature for CNSide analysis. CNSide is a dual platform that allows for detection, enumeration, and biomarker analysis of CSF-TCs. CSF samples were analyzed for CSF-TC detection and HER2 characterization by FISH (Figure 2). The CSF-TC detection is CLIA validated and used as a commercial assay at Biocept’s CAP accredited and CLIA licensed laboratory and ordered at the physician’s discretion.




Figure 2 | Schematic of CNSide platform. (A) CSF is obtained from a patient via institutional procedures. (B) CSF is transferred to CNSide collection tubes containing preservatives. (C) CSF is centrifuged, and cells are incubated with an antibody capture cocktail followed by biotinylation. (D) Cell suspension is incubated on a streptavidin microfluidic channel. (E) Cells are identified with antibody mixture containing tumor cell specific antibodies. (F) Tumor cells are hybridized with a probe targeting HER2.






2.3 CSF tumor cell capture and detection

Fresh CSF samples were centrifuged, and the CSF-TC pellet was used for CNSide tumor cell enumeration. Cells are captured in the CSF via hybridization with a 10-antibody capture cocktail, followed by biotinylation. Biotinylated cells are pulled through a streptavidin coated microfluidic device, resulting in immobilization of cells. Tumor cells are then identified via immunocytochemistry analysis using specific markers, including various cytokeratin antibodies, CD45, and 4’,6’-diamindino-2-phenylindole (DAPI). Only cells that are positive for tumor associated cytokeratins and DAPI and negative for CD45 are designated CSF-TCs and included in the enumeration results as described by Pecot et al. (22).




2.4 HER2 FISH analysis

Cells immobilized in the microfluidic channels are hybridized with probes detecting amplification for HER2 and CEP17 (both from Abbott, Des Plaines, IL). HER2 amplification was defined by ≥ 2.0 HER2 to CEP17 ratio in one or more CSF-TC, or ≥ 6 HER2 signals per cell. The volume of CSF analyzed and total number of CSF-TCs varied per sample (due to variability in patient associated clinical factors such as tumor burden, treatment etc.). A minimum of 50 cells (and up to 100 cells) were randomly selected across the microfluidic channel and evaluated for HER2 amplification in each sample. If less than 50 cells were present in the microfluidic channel, all cells were analyzed for HER2 amplification.





3 Results



3.1 Patient characteristics and analysis

Between April 2020 and October 2022, 53 patients having breast cancer LMD who were treated at the two institutions (UT Southwestern and Northwestern University) were evaluated using CNSide. For a total of 26 unique patients, HER2 positivity of the primary tumor was known; this group was further analyzed (Figure 1) for HER2 status comparison between CSF and the primary tumor, and comparison of tumor cell detection between CNSide and conventional cytology (n=26 patients). CSF-TC HER2 was detected in 16 unique patients, and these were analyzed for HER2 FISH distribution analysis in the CSF. Analysis of the HER2 FISH status changes in the CSF for patients of which multiple CSF draws were analyzed sequentially during their LMD treatment was evaluated in 14 of these 26 patients (Table 1). Median age was 57 years (range 34 to 81 years). The median number of CSF draws was 4, ranging from 1 to 33 draws, with 12 patients having had one CSF draw and 8 patients more than 4 draws (Table 1B). Furthermore, in 23 patients the first draw was performed via lumbar puncture (LP), in 2 via an Ommaya intracranial reservoir device and in 1 patient CSF was collected during surgery. For the subsequent draws, one patient had an LP as well as an Ommaya draw, for 5 patients only LPs were performed and for 7 patients only Ommaya reservoir taps were performed, for one patient the CSF draw modality was unknown (Table 1C).


Table 1 | Patient characteristics and CSF draw information.




 




 






3.2 HER2 discordance between primary tumor and LMD: the HER2 flip

For 26 patients, the HER2 status of the primary tumor (as analyzed by immunohistochemistry) was compared to that of the CSF. In this group, 27% (7/26) patients had a HER2 positive primary tumor, 65% (17/26) patients had a HER2 negative primary tumor, and 8% (2/26) had a HER2 equivocal primary tumor (Figure 3). A ‘flip’ in the HER2 status between the primary tumor and LMD was observed in 38% (10/26) patients having a HER2 positive or negative primary tumor. For 35% (9/26) patients, the primary tumor was HER2 negative and the LMD was HER2 positive. One patient (4%) had a HER2 positive primary tumor with a HER2 negative LMD. The two patients who had a HER2 equivocal primary tumor, had respectively a HER2 positive and HER2 negative LMD tumor (Figure 3).




Figure 3 | Comparison of HER2 status between primary tumor and LMD. Of 26 patients, the HER2 status of the primary tumor was compared to that of the LMD. A ‘flip’ in the HER2 status between the primary tumor and LMD was observed in 38% (10/26) patients having a HER2 positive or negative primary tumor. For 35% (9/26) patients, the primary tumor was HER2 negative and the LMD was HER2 positive.






3.3 Improved CSF tumor cell detection with CNSide compared to cytology

Cytology and CNSide was performed on matched CSF samples on all patients (N=26). When compared for tumor cell detection at the first CSF draw, CNSide detected tumor cells in 100% of patients, whereas cytology detected cells in 65% (17/26) of the patients. For 34% (9/26) patients, cytology was negative and CNSide was positive for tumor cells. When all individual CSF draws were compared (n=120), CNSide detected cells in 78% (96/120) of the samples, vs. 40% (48/120) by cytology. Two samples had a ‘rare atypical’ cytology result, and one of those samples was positive and one was negative for tumor cell detection by CNSide. Four samples had only CNSide performed and no cytology result.




3.4 HER2 characterization on CSF tumor cells by FISH analysis

For the 16 patients where HER2 amplification was detected in the CSF (Figure 1), additional information on the HER2 amplification results of the CSF-TCs including the number of HER2 positive cells detected and the average number of HER2 signal per cell is shown in Supplementary Figure 1. The number of cells evaluated ranged from 1 to 100 cells per patient and was dependent on the number of cells present in the sample. The median number of HER2 amplified cells detected was 3, ranging between 1 and 100 amplified cells across the 16 patients, with 75% (12/16) of the patients having between 1 and 10 HER2 amplified cells and 25% (4/16) of the patients having more than 11 HER2 amplified cells (Figure 4A). The median average of HER2 copies per cell detected was 6, ranging between 2 and 25 copies (Figure 4B). On average, the median HER2/CEP17 ratio was 2, ranging between 2 and 25 (Supplementary Figure 1).




Figure 4 | Switch in HER2 LMD status throughout therapy. (A) For 14 patients CSF was analyzed in sequential fashion for HER2 amplification throughout their treatment. In 29% of the patients (4/14) LMD HER2 status switched twice throughout their treatment (Patients Y-17, K-04, Y-16 and K-10). For two patients, HER2 status switched once (patient K-04 and K-10) and for two patients up to two or three switches occurred during treatment (patients Y-17 and Y-16 respectively). Two patients with HER2 negative primary tumors, where HER2 amplification was detected after LMD diagnosis (Y-17 and Y-16) had anti-HER2 therapy administered via the Ommaya reservoir added to their treatment regimen (indicated by dark diagonal bars). Four patients where HER2 amplification in the CSF was detected at diagnosis had anti-HER2 targeted therapy added to their LMD directed therapy from the start of treatment (K-04, K-10, B2-01 and K-12). Squares indicate the time points when CSF was analyzed by CNSide; Red square- HER2 positive CSF, blue square- HER2 negative CSF, green square- HER2 FISH not performed, yellow square- no cells in the CSF were detected, so no HER2 FISH result was obtainable. (B) LMD breast cancer patient Y-17 with a HER2 negative primary tumor shows positive clinical response to anti-HER2 directed therapy after HER2 amplification was detected in the LMD tumor (black arrow), as indicated by the CSF tumor cell numbers remaining well below that detected at diagnosis, in combination with clinical evaluation and MRI (not shown). Blue squares: sequential time points where CSF was analyzed by CNSide, red squares: time points where CNSide did not detect tumor cells. The number of cells is normalized to volume CSF drawn for a given time point, and is indicated above each square.






3.5 HER2 status of the LMD tumor can change during therapy

For the 14 patients where multiple serial CSF analysis in sequential fashion during treatment was performed, the HER2 status of the LMD tumor was compared between different time points (Figure 4). In 29% of the patients (4/14) LMD HER2 status switched throughout their treatment (Patients Y-17, K-04, Y-16 and K-10, Figure 4A). For two patients, HER2 status switched once (patient K-04 and K-10), whereas two or three switches occurred during treatment for the other two patients (patient Y-17 and Y-16 respectively). For these two patients, anti-HER2 therapy was administered via the Ommaya reservoir upon detection of HER2 amplification in the CSF (indicated by dark diagonal bars). Four patients where HER2 amplification in the CSF was detected at diagnosis had anti-HER2 targeted therapy added to their LMD directed therapy from the start of treatment (K-04, K-10, B2-01 and K-12). CNSide provided tumor cell counts at each CSF evaluation. Previously, it was suggested that changes in CSF tumor cell counts can be a measure of the response of the LMD tumor to therapy (21). This observation was replicated in analysis of the patients described here. Furthermore, it was noted that anti-HER2 directed therapy given based on the HER2 status of the LMD tumor reduced the number of CSF tumor cells, which was associated with a positive clinical response to therapy (assessed via MRI, cytology and clinical evaluation). This is exemplified by patient Y-16 who had a HER2 negative primary tumor and HER2 amplification on the CSF tumor cells at the time of LMD diagnosis. At LMD diagnosis in this patient, CNSide detected 589 cells/ml. Treatment commenced and consisted of IT topotecan and trastuzumab. Within approximately one month, tumor cells decreased 84-fold to 7 cells/ml, together with disappearance of HER2 positive CSF tumor cells within the following two weeks (Figures 4A, B). No HER2 amplification on CSF tumor cells was observed for the next 4 months, and clinically the patient responded well to therapy. The CSF-TC density also remained well below the values observed at diagnosis, ranging between 7 and 212 cells/ml during that time.





4 Discussion

The current standard of care for the diagnosis and response measurement in LMD is laden with challenges. The “gold standard” in LMD diagnosis is CSF cytology, however this modality has poor sensitivity and does not allow for quantification of tumor cells. Radiographic findings are limited in LMD and are not always present; clinical findings can be confounded by many other variables. In recent years, technology used for circulating tumor cell and ctDNA analysis in serum is being adapted for use in CSF. First generation iterations of this (i.e. CellSearch) showed improved sensitivity in testing as well as the ability to quantify tumor cells in the CSF and follow serially. Newer generation CSF testing in these domains, such as CNSide testing expand beyond epithelial cell detection, also allow quantification of increasing cell quantities, and include the key epithelial to mesenchymal transition cells seen in LMD. This IRB approved retrospective protocol aimed to assess the impact of this testing in patients with LMD. Through this aggregate data as well as deidentified patient cases, this retrospective review demonstrated multiple key points.



4.1 CNSide testing can detect CSF-TCs not seen on traditional CSF cytology

CSF cytology has been known to have poor sensitivity. With a single CSF draw, CSF cytology sensitivity is thought to be approximately 60%. This is similar to what we found in this retrospective analysis with only 65% of the analyzed patients demonstrating positive cytology, whereas CNSide detected CTCs in 100% in these patients with clinical suspicion of LMD based on radiographic findings or examination findings. CNSide’s better-suited ability to detect CSF-TC indicative of LMD could lead to earlier diagnosis, more expedient intervention, and potentially better outcomes for these patients.




4.2 HER2 status can be different in the CSF as compared to primary tumor/other systemic metastases

This concept has previously been demonstrated comparing systemic metastases vs brain parenchymal metastases (16), however has not yet been shown on this scale with CSF testing as demonstrated herein. Furthermore, CSF collection and HER2 status testing is less invasive and less risky than brain tissue biopsy which requires surgical intervention. HER2 positivity detection in CSF may open additional doors for treatment options available to each patient. Anti-HER2 therapeutic agents are modalities that have shown favorable results and can positively impact both a patient’s quality and quantity of life (13).




4.3 Using the CNSide platform, CSF-TC trends can be followed to assess for treatment response and improve treatment decisions

This CSF diagnosis pattern has the unique ability to enumerate tumor cells in the CSF, a key component missing with CSF cytology. This ability allows for improved treatment monitoring both in treatment response assessment and in monitoring for recurrence. Additionally, trends may be followed in HER2 positivity with gain or loss of HER2 amplification across disease trajectory or treatment, which will support treatment decision making along the course of LMD treatment.

Despite these merits, there are multiple shortcomings to this study. First and foremost, this is a retrospective analysis which confers potential selection or misclassification bias. Because of the retrospective nature of this work, not all datapoints were available in all included patients. Additionally, data collection timepoints were not uniform across sites and patients. Much of these biases will be overcome with the results of the prospective FORESEE study which started enrollment in March 2023 (NCT05414123). This prospective study enrolled patients with lung or breast cancer with suspected LMD and took concurrent timepoints of radiographic, clinical, cytologic and CNSide testing for simultaneous comparison. The study is currently closed to accrual following enrollment of the planned 40 patients however is currently suspended due to financial insolvency of the company. The results of this prospective study are pending and planned to be published.





5 Conclusion

Overall, this study posits the importance of measuring tumor markers in the CSF such as HER2. We have captured a significant rate of this “HER2 flip” in this multi-institutional retrospective study, which is the first time this finding has been published on this scale in CSF/LMD literature. Furthermore, we highlight the importance of serial quantification of CSF-TCs in both diagnosis and treatment management, particularly while on LMD directed therapy. Given their ability to more effectively detect CSF-TC for early LMD diagnosis, to detect LMD mutations discordant to primary tumor for treatment, and to reliably serially follow expression of these mutations to modify treatment strategies, CSF-TC testing modalities such as CNSide are an essential target for further investigation and optimization in order to improve outcomes in this fragile patient population.
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Supplementary Figure 1 | CSF HER2 amplification analysis of LMD breast cancer patients. (A) For 16 patients, between 1 and 100 CSF tumor cells were evaluated for HER2 amplification (blue bars), of which the median number of cells amplified was 3 ranging between 1 and 100 cells. (B) The median average number of HER2 copies was 6, ranging between 2.4 and 25 copies per cell. (C) The median average ratio HER2/CEP17 was 2, ranging from 0.89 to approximately 12 per cell.
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