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Abstract

Melanoma-associated leptomeningeal disease (M-LMD) occurs when circulating

tumor cells (CTCs) enter into the cerebral spinal fluid (CSF) and colonize the

meninges, the membrane layers that protect the brain and the spinal cord. Once

established, the prognosis for M-LMD patients is dismal, with overall survival ranging

from weeks to months. This is primarily due to a paucity in our understanding of

the disease and, as a consequence, the availability of effective treatment options.

Defining the underlying biology of M-LMD will significantly improve the ability to adapt

available therapies for M-LMD treatment or design novel inhibitors for this universally

fatal disease. A major barrier, however, lies in obtaining sufficient quantities of CTCs

from the patient-derived CSF (CSF-CTCs) to conduct preclinical experiments, such as

molecular characterization, functional analysis, and in vivo efficacy studies. Culturing

CSF-CTCs ex vivo has also proven to be challenging. To address this, a novel protocol

for the culture of patient-derived M-LMD CSF-CTCs ex vivo and in vivo is developed.

The incorporation of conditioned media produced by human meningeal cells (HMCs)

is found to be critical to the procedure. Cytokine array analysis reveals that factors

produced by HMCs, such as insulin-like growth factor-binding proteins (IGFBPs) and

vascular endothelial growth factor-A (VEGF-A), are important in supporting CSF-CTC

survival ex vivo. Here, the usefulness of the isolated patient-derived CSF-CTC lines

is demonstrated in determining the efficacy of inhibitors that target the insulin-like

growth factor (IGF) and mitogen-activated protein kinase (MAPK) signaling pathways.

In addition, the ability to intrathecally inoculate these cells in vivo to establish murine

models of M-LMD that can be employed for preclinical testing of approved or novel

therapies is shown. These tools can help unravel the underlying biology driving
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CSF-CTC establishment in the meninges and identify novel therapies to reduce the

morbidity and mortality associated with M-LMD.

Introduction

Leptomeningeal disease (LMD) occurs when circulating

tumor cells (CTCs) disseminate into the cerebral spinal

fluid (CSF) and establish in the meninges, the membrane

surrounding the brain and spinal cord1,2 . LMD can occur in

several cancers but is particularly prevalent in melanoma.

In advanced stages of melanoma, approximately 5% of

patients will develop melanoma-associated M-LMD2,3 . While

relatively low in regard to other sites of metastasis, the

consequences of M-LMD are devastating, with overall

survival ranging from weeks to months, and is a significant

contributor to patient morbidity1,3 ,4 . This is primarily due to

a paucity of effective treatment options combined with major

gaps in our knowledge regarding how the leptomeninges are

colonized by melanoma cells2 . Therefore, understanding the

biology of M-LMD will facilitate in designing novel therapies

to improve clinical outcomes.

Recent reports have shown how CTCs colonize the unique

CSF microenvironment. For example, Complement C3

promotes the invasion of tumor cells into the CSF via the

choroid plexus, an intricate network of blood vessels in each

ventricle of the brain5 . Further, in response to the scarce

micronutrients in the CSF, CTCs can upregulate lipocalin-2,

an iron-scavenging protein, and its receptor SLC22A17 to

enhance survival6 . Using omic-based analyses of CSF, our

group also found that the CSF is enriched with proteins that

regulate insulin-like growth factor (IGF) signaling, as well as

innate immunity3 . Together, these data emphasize the value

of CSF-CTCs from liquid biopsies to study M-LMD.

While CSF-CTCs can sometimes be identified by sampling

patient CSF via lumbar puncture, Ommaya reservoir, or

rapid autopsies, a major limitation is obtaining sufficient

numbers of these rare and fragile cells1,7 . For example,

using the CTC enumeration technique, only several hundred

to several thousand tumor cells are identifiable per patient

CSF sample7 , which makes it difficult to perform molecular

and functional analyses in vitro or in vivo. Though there have

been reports of success in briefly growing CTCs ex vivo from

peripheral blood (i.e., breast cancer CTCs)8,9 ,10 , these cells

usually only grow for the short term, and there have been

no reported cases of being able to grow melanoma CTCs in

the CSF. Hence, finding ways to propagate melanoma CSF-

CTCs, or CTCs in general, will be highly beneficial to study

the biology of M-LMD7,11 .

For the first time, a novel technique to propagate CSF-

CTCs from M-LMD patients ex vivo is described. Here in

this report, a detailed protocol was developed that allows

for the culture and expansion of CSF-CTCs from M-LMD

patients. Since the meninges secrete a variety of growth

factors such as FGF, IGF, VEGF-A, and IGFBPs that support

the growth surrounding its environment12,13 ,14 ,15 ,16 , it was

rationalized that CSF-CTCs may require these components

to grow in ex vivo conditions. Therefore, this protocol uses

conditioned media generated by culturing human meningeal

cells- (HMCs-) in vitro. For in vivo inoculation, patient-

derived cells are inoculated into immunodeficient mice to

generate patient-derived CSF-CTCs (PD-CSF-CTCs) lines.

The availability of patient-derived M-LMD cells will support
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cellular, molecular, and functional assays to study M-LMD

and propose novel treatment strategies for this deadly

disease.

Protocol

The collection of deidentified patient CSF specimens was

approved by the University of South Florida's Institutional

Review Board (IRB) (MCC 50103, 50172, and 19332).

Patients with M-LMD may be diagnosed in several ways,

including positive CSF cytology, a characteristic magnetic

resonance imaging (MRI) of the brain and/or spine, or a

combination of clinical findings with suggestive MRI findings.

CSF from these M-LMD patients were collected routinely

as a part of their standard clinical care. No procedure is

performed unless there is a clinical indication. Informed

consent was obtained from patients for sample collection and

using them for research and publication. The generation of in

vivo murine-LMD models was approved by the University of

South Florida Institutional Animal Care and Use Committee

(IACUC# IS00010398). The overall scheme of this protocol

is summarized in Figure 1. The details of the reagents

and equipment used in the study are listed in the Table of

Materials.

1. Preparation of HMC-conditioned media

1. Precoat a T175 flask with poly-l-lysine at 2 µg/cm2 .

2. Place the flask in a 37 °C incubator for 1 h.

3. Aspirate the poly-l-lysine solution using a sterile

serological pipette. It is not required to rinse the flask, and

is ready for the HMC culture.

4. Culture approximately 1.0 x 106  HMCs in 30 mL

of complete Meningeal Culture Medium (MenCM),

which contains 5% fetal bovine serum, 1% meningeal

cell growth supplement, and 100 I.U./mL penicillin-

streptomycin antibiotic solution per flask. Culture the cells

in the cell culture incubator at standard tissue culture

conditions at 37 °C and 5% CO2.

5. Change media every 3 days.

6. When cells reach approximately 75%-80% confluency,

collect and save the HMC cultured media in a 50 mL

conical tube.

7. Split HMCs into new T175 flasks and fresh complete

MenCM if more HMC cultured media is needed.

8. To the HMC cultured media, add a 1:1 ratio of complete

MenCM.

9. Add 20 ng/mL fibroblast growth factor (FGF), and 20 ng/

mL epidermal growth factor (EGF), which will become the

HMC-conditioned media for CSF-CTCs.
 

NOTE: It is recommended to add fresh FGF and EGF

when CTCs are ready for culturing.

10. Store HMC-conditioned media in 50 mL aliquots at 4 °C.
 

NOTE: It is recommended that HMC-conditioned media

in aliquots be stored at 4 °C but not more than 4 weeks.

2. Collection of CSF and sample processing

1. Prechill centrifuge by setting it to 4 °C.

2. Once drawn from the patient, place the CSF sample in a

15 mL conical tube on ice immediately to keep it cool.
 

NOTE: Our IRB approved protocol allows drawing 7.5 mL

CSF from the consented patient.

3. Centrifuge the CSF at 257 x g for 5 min at 4 °C.

4. Remove, save, and make aliquots of the CSF

supernatant without disturbing the cell pellet at the

bottom. CSF supernatant aliquots can be stored frozen

at -80 °C if needed for further analysis.
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NOTE: The pellet may not be visible to the naked eye;

hence, it is suggested to leave ~40-50 µL at the bottom

of the tube.

5. In the same tube, add 1 mL of sterile phosphate-buffered

saline (PBS) to resuspend and rinse cells, and repeat

spin at 257 x g for 5 min at 4 °C.
 

NOTE: (Optional) Perform red blood cell (RBC) lysis if the

sample contains blood contamination. However, keep in

mind that some cells could be lost during the process,

including CTCs. CTCs can be propagated without the

RBC lysis procedure.

6. Remove and discard PBS without disturbing the cell

pellet, and leave ~50 µL at the bottom.

7. Perform cell count to determine cell viability. From here,

there are two options to proceed with growing CSF-

CTCs: in vitro culture (step 3) or attempt in vivo patient-

derived xenograft expansion (step 4).
 

NOTE: If CSF-CTCs are to be cultured at a later time,

cryopreserve the cells in cell culture freezing media

until it is ready for propagation. Cell culture freezing

media can be made using 90% FBS + 10% DMSO.

If excess CSF is available (i.e., more than one CSF

collection from patients or CSF is collected at autopsy),

CTCs can be evaluated by submitting the sample for

CTC enumeration assay17 , or immunofluorescence (IF)

staining for melanoma marker (i.e., anti-MLANA) which

may provide insights on the quantity and viability of

CTCs. Cells cannot be recovered after performing these

experiments. Therefore, it is not recommended if there

are no backup CSF samples from the patient.

3. In vitro culture and expansion of CSF-CTCs

1. Resuspend CSF-CTCs in HMC-conditioned media. If

CSF-CTCs are cryopreserved, thaw the cells, spin them,

and gently wash them with PBS.

2. Split all the cells in triplicate wells in a 96-well plate

with 150 µL volume per well. Only viable cells will lightly

adhere to the surface overnight.
 

NOTE: The numbers of CSF-CTCs can vary greatly per

single patient sample (Table 1). For patients with low

CTC counts, a 96-well plate is used as a starting point for

culturing, and the entire pellet is plated without counting

for fear of losing CTCs. However, if there is a larger

quantity of CSF (i.e., obtained from an autopsy), it is

possible to count the cells. Not all tumor cells can grow

ex vivo; some will expand slowly for several passages

before they become static. Currently, the chance of

success of growing melanoma CSF-CTCs ex vivo is

approximately 60%7 .

3. For every 3 days, top up by adding fresh HMC-

conditioned media or gently remove the media by placing

the pipette tip on the side of the well, leaving some liquid

behind without disturbing the bottom of the well, and then

replace it with fresh HMC-conditioned media.

4. When ex vivo CSF-CTCs expand and become 90%

confluent, trypsinize and transfer the whole well to a new

well in a 24-well plate. When the well in a 24-well is

confluent, transfer it to a 12-well plate, then a 6-well plate

and so forth.
 

NOTE: After trypsinization, consider cryopreserving a

small subset of CTCs in cell culture freezing media (10%

DMSO + 90% FBS) before plating as backup.

https://www.jove.com
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5. Continue culturing CTCs. Some cells may propagate

for the short term and eventually become static.

However, one or more clones may transform and expand

exponentially (Figure 2A). Select these clones, which

will become the in vitro patient-derived CSF-CTC (PD-

CSF-CTCs) cultures.
 

NOTE: If these clones become overcrowded or cluster,

trypsinize and replate the cells in a fresh tissue culture

plate/flask.

4. In vivo inoculation of CSF-CTCs to generate
cell line-derived xenograft (CDX) or patient-
derived xenograft (PDX) model

NOTE: A PDX model involves the engraftment of cancer

cells directly from a cancer patient (without ex vivo culture),

whereas the CDX model uses cancer cell lines or, in this case,

CTCs that have been propagated and immortalized18 .

1. Use 6-8 weeks female immunodeficient NOD SCID

gamma (NSG) mice for CSF-CTCs inoculation. NSGs

are used because they are severely immunodeficient and

are very receptive to human tumor cell engraftment19 .

Due to their immune deficiencies, these mice should be

kept in a strictly controlled hygienic environment and

should be housed in isolation from other mouse strains.

The method to render murine-LMD has been described

in detail elsewhere20 .
 

NOTE:  ex vivo cells (patients' CSF-CTCs that have only

been processed in step 2 without culturing) are used

to generate the PDX model; physical observation of the

animal and MRI of the brain are needed to determine

LMD progression. On the other hand, with the CDX

model using in vitro, PD-CSF-CTCs can be labeled

with a luciferase reporter, and the status of LMD can

be assessed by bioluminescent imaging (BLI). The cell

labeling system used in this report is a NanoLuc (NL)

reporter that utilizes furimazine as a substrate, which has

been shown to increase sensitivity in proportion to tumor

growth21 . An interference of CTC cell growth (in vitro or

in vivo) by NL expression was not observed.

2. Check for signs of LMD progression using these

methods: physical observation: weight loss, head tilt, and

hunched back. MRI: enlarged ventricles and signs of

hydrocephaly (Figure 2B). BLI: positive bioluminescent

signals in the CNS region (Figure 2C).

5. CSF collection from mice with LMD for
subsequent clone expansion

1. Anesthetize the NSG mouse with LMD with 2%-3%

isoflurane (following institutionally approved protocols)

until it shows no signs of the righting reflex.

2. Prepare the mouse by shaving the fur of the entire ventral

surface of the head and prepare the skin using sterile

technique.

3. Position the nose using a modified L-shaped nose cone

of the stereotactic apparatus, ensuring the nostrils stay

unobstructed. Secure the skin by gently pulling it forward

across the ventral surfaces of both pinnae with tape,

affixing it to the nose cone, and then bending the neck

at roughly a 90° angle after securing it. Administer 1.5%

isoflurane to maintain anesthesia.

4. Fully extending the neck and beginning just between the

pinnae, guide the surgical scissor tips downward across

the occipital bone with slight pressure.
 

NOTE: In this midline position, a subtle depression is

discernible as the scissor tips enter the concave area

over the cisterna magna.

https://www.jove.com
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5. Create a small midline incision measuring 5-7 mm just

above the palpated concavity.

6. Use blunt-tipped forceps with 1-2 mm tips to gently apply

pressure on the cisterna magna. Introduce tips in a

closed position and open them while exerting downward

pressure on the dura.

7. Repeat the blunt dissection process as outlined in step

6 until the dural membrane is clearly discernible, and the

associated blood vessels are visible within the exposed

area.

8. While keeping the forceps open to retract the surrounding

musculature, insert a 27-29 G needle attached to a 1 mL

syringe beneath the dura to visualize the bevel. Ensure

the needle penetrates just beyond the bevel. Gradually

retract the syringe plunger.

9. Collect as much CSF as possible (usually between 15-30

µL) prior to mouse euthanasia.
 

NOTE: Euthanasia is accomplished, following

institutionally approved protocols, by exposing the

subject to escalating concentrations of compressed CO2

gas. For instance, a displacement rate from 10% to 30%

of the chamber volume per minute will be employed

to prevent or reduce discomfort or distress. This is

followed by ensuring the cessation of cardiovascular and

respiratory movements through prolonged observation in

room air for longer than 10 min.

10. Deploy the CSF from the syringe to a microcentrifuge

tube and place it on ice.

11. Spin the sample at 257 x g for 5 min at 4 °C, and gently

remove the liquid (freeze the mouse CSF sample at -80

°C if needed for further analysis) without disturbing the

cell pellet.

12. Add 500 µL of sterile PBS and wash the cell pellet; repeat

spin at 257 x g for 5 min at room temperature.

13. Resuspend cells in HMC-conditioned media in a 96-well

plate.
 

NOTE: CSF-CTCs that have been engrafted in vivo

and successfully grown into LMD should be able to

grow like normal cell cultures. Continue to expand by

changing media every 3 days. Trypsinize and transfer

cells to a larger cell culturing apparatus when the cells

are confluent. These cells will become the in vivo  PD-

CSF-CTC cultures. In the current report, there was a

100% success rate with the CDX model, and have yet to

generate a PDX M-LMD.

Representative Results

Understanding the requirements for successful CSF-CTCs

growth ex vivo is an ongoing effort. To that end, it is

believed that providing essential factors that mimic the CSF

microenvironment is of key importance22 . Human meningeal

cells (HMCs) secrete a variety of growth factors into the

CSF, including FGF-2, EGF, IGFBP2, and IGFBP6, and are

known to support the growth of CTC cells12,13 ,14 ,23 ,24 .

Therefore, a human cytokine array analysis was performed

on HMC-conditioned media to identify potentially important

components required for CTC survival. Indeed, several

growth factors were upregulated in the media cultured with

HMCs (Figure 3A). For example, granulocyte-macrophage

colony-stimulating factor (GM-CSF), VEGF-A, and IGFBPs

(IGFBP2, 3, 4, and 6).

The CSF-cellular components from patients may consist

of multiple cell types, such as CTCs, immune cells,

and fibroblasts. Non-CTCs will eventually stop passaging

overtime. Generally, cells that propagate successfully and

https://www.jove.com
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remain in proliferation are cancer (M-LMD) cells. Validation of

growing cells in culture is indeed M-LMD cells, which can be

done by IF detection of MLANA expression and transcriptomic

analyses, which have previously been shown7 .

As a proof of concept to show the potential use and

application of established in vitro and in vivo PD-CSF-CTC

lines, single-cell RNA-sequencing (scRNA-seq) analysis was

used, and the results revealed several genes that were

enriched and retained from the uncultured patient CSF-

CTCs7 . Two of them include receptor tyrosine-protein kinase

ErbB3 and IGF-1R, which have implications on melanoma

progression and chemotherapy resistance25,26 ,27 .

To test whether they played a role in CSF-CTC survival,

a crystal violet proliferation assay was conducted on PD-

CSF-CTCs treated with FDA-approved drugs tucatinib and

ceritinib that target ErbB28  and IGF-1R7,29  respectively.

Anti-IGFBP2 antibody was included as a positive control

that should hinder the growth of PD-CSF-CTC cultures.

The results showed that the absence of IGFBP2 or IGF-1R

was effective in reducing the proliferation of PD-CSF-CTCs

(Figure 3B). Given that MAPK signaling is downstream of

IGF-1R, calcein-AM live cell staining and MTT cell survival

assays were also performed in three M-LMD PD-CSF-CTC

lines by treating them with ceritinib or the MAPK inhibitors,

dabrafenib and trametinib or a combination of all three. The

data demonstrated that the viability of all three cell lines

was significantly reduced by ceritinib, whereas dabrafenib

and trametinib had mixed effects (Figure 3C). The result

from debrafenib and trametinib treatments was surprising. All

three PD-CSF-CTC lines were derived from M-LMD patients

that harbored a BRAFV600E mutation7 . This may suggest

an acquired chemo-resistance effect of CSF-CTCs, which is

something to be investigated in the future.

Next, as an example of how PD-CSF-CTCs can be utilized in

vivo, murine-M-LMD models were established by intrathecally

inoculated with varying numbers of PD-CSF-CTCs. The

median survival times in mice were determined (Figure

3D). To visualize M-LMD progression, PD-CSF-CTC lines

were tagged with a bioluminescent marker, such as the NL

reporter system21 , and captured by BLI (Figure 2C). The

location of the LMD metastases was also demonstrated using

immunohistochemistry with protein melan-A (MLANA)30  as

a marker of the melanoma cells (Figure 3E). As a proof of

concept to test therapeutic strategies against M-LMD in vivo,

murine-M-LMD cohorts were given daily oral monotherapy

of ceritinib or trametinib, or a combination of dabrafenib and

trametinib or ceritinib and trametinib. The control (untreated)

cohort received oral saline as a comparison. The results

showed a significantly prolonged survival (Figure 3F) and

delayed disease detection (Figure 3G) in the cohort that

was treated with ceritinib and trametinib (untreated M-LMD

median survival: 28.5 days vs. ceritinib and trametinib treated

M-LMD median survival: 38.5 days; P value = 0.0052). These

data underscore the potential usefulness of the developed M-

LMD PD-CSF-CTC lines for conducting preclinical studies to

determine the efficacy of novel therapeutics.

https://www.jove.com
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Figure 1: A schematic overview of the process of establishing patient-derived CSF-circulating tumor cells (PD-CSF-

CTCs). CSF from patients can be sampled via lumbar puncture, Ommaya reservoir, or rapid autopsies. Through a series

of in vitro and in vivo propagations, each step generates an intermediate CSF-CTC culture (i.e., patient CSF-CTCs, in vitro

culture, in vivo culture) until establishing a PD-CSF-CTC line. Please click here to view a larger version of this figure.
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Figure 2: Examples of in vitro and in vivo culturing of CSF-CTCs derived from M-LMD patients. (A) Representative

brightfield images showing the in vitro growth of an M-LMD CSF-CTC colony at 6 weeks and 9 weeks in HMC-conditioned

media. Scale bar: 1000 µm. (B) MRI images at 4 weeks and 8 weeks after intrathecally inoculated with PD-CSF-CTCs; a

successful establishment of a murine model of M-LMD. Yellow arrows point to enlarged ventricles and possible hydrocephaly

in this M-LMD mouse. (C) Representative BLI visualization of M-LMD development in mice. The figure is adapted from Law

et al.7 . Please click here to view a larger version of this figure.
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Figure 3: PD-CSF-CTC lines are used in various preclinical experiments to study M-LMD. (A) A human cytokine

array showing an increase of different secreted growth factors (i.e., IGFBPs, VEGF-A, and GM-CSF) in culture media

(MenCM) in the presence of human meningeal cells (HMCs). (B) A scanned image of a crystal violet cell proliferation

assay to determine the efficacy of anti-IGFBP2 antibody, tucatinib, and ceritinib against one of the PD-CSF-CTC lines. The

control condition was given vehicle treatment. The experiment was performed in triplicate. (C) Cell survival assay of three

different established PD-CSF-CTC lines (from patients 09, 12, and 16) in vitro. Cells were treated with either ceritinib (cer), a

combination of dabrafenib (dab) + trametinib (tra), cer + tra, or all three. Cells were collected at 72 h after treatment. Calcein-

AM staining was used to visualize cell viability, and an MTT assay was used to determine cell survival. A paired sample t-

test was used for statistical analysis. Scale bars: 20 µm. (D) A survival curve of a murine M-LMD model. NSG mice were

inoculated intrathecally (via the cisterna magna) with one of the PD-CSF-CTC lines at 10,000, 20,000, and 50,000 cells.

The median survival of M-LMD mice was determined. (E) IHC detection for MLANA, a marker for melanoma, in the brain

https://www.jove.com
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sections of M-LMD mice. Positive MLANA was found in the meninges (stained in red; pointed by yellow arrows), whereas

the normal (healthy) brain did not show cancer growth (negative for MLANA). Scale bars: 200 µm. (F) A representative

efficacy experiment of murine M-LMD cohorts given either daily oral saline, cer, tra, dab/tra or cer/tra. Survival of mice was

determined. The log-rank (Mantel-Cox) test was used for statistical analysis. (G) Representative BLI images of M-LMD

progression in 5 weeks, comparing control (saline) treated vs. cer/tra treated murine M-LMD cohorts. Panel (C) of the figure

is adapted from Law et al.7 . Please click here to view a larger version of this figure.

Table 1: Summary of clinical CSF-CTCs obtained for ex

vivo culture in M-LMD patients. A summary table of 11 M-

LMD patients, which their CSF-CTCs have been attempted

to propagate. The patients in the Table were previously

characterized in Law et al.7 . Please click here to download

this Table.

Discussion

M-LMD is a devastating, universally fatal disease, and there

is an urgent need to find better treatment strategies. One

of the major barriers to studying M-LMD is the inability

to acquire enough CSF-CTCs to perform molecular and

functional studies1,7 . Though there are existing methods

to culture CTCs from peripheral blood and CSF of other

cancer types, such as breast and ovarian cancers11,31 ,32 ,

these CTC propagation methods are usually short-term, and

there has been no reported success in culturing CSF-CTCs

from melanoma. In addition, the current methodologies for

propagating CTCs exist in short-term ex vivo settings and

have yet to yield an in vivo LMD model derived from patient

LMD cells. Here, a novel protocol is presented to culture these

cells in vitro and in vivo, leading to unique patient-derived

cell lines. Currently, of 11 M-LMD patients in the study, there

was an approximately 60% (7 of 11) chance of success in

propagating M-LMD CSF-CTCs in vitro, and while this was

lowered to ~20% (2 of 11) in vivo using the CDX method7 .

It is clear that in vitro conditions do not recapitulate the CSF

microenvironment. However, proteomic approaches have

previously been performed to study protein components in

the CSF and provided some insights as to key factors that

were required for CTC growth ex vivo3 . For example, it was

identified that one of the major pathways promoting CTC

survival in M-LMD patients was associated with heightened

IGF-related activities3,7 . Further, studies have shown that the

leptomeninges secretes a variety of cytokines/growth factors

into the CSF, including FGF-2, EGF, GM-CSF, and proteins

related to IGF-signaling12 . Indeed, this was recapitulated in

the media cultured with HMCs, supporting a potential role for

these growth factors in promoting CSF-CTC growth.

A major advantage in generating a PDX (or CDX) model

is the ability to gain deeper insights into the pathology of

disease, something that in vitro conditions lack. Ideally, a PDX

approach is preferred since the CSF-CTCs would be directly

from patients without ex vivo culturing. Initially, attempts were

made to create M-LMD using this approach, but they have

not been successful thus far. The difficulty in generating

PDX mice is possibly associated with the abundance and

integrity of the starting material (i.e., very few viable CTCs

in patient CSF at routine collection in the clinic). This may

explain why we had superior success growing CTCs from

CSF collected at autopsy7 . To increase the probability of in

vivo propagation, this protocol was modified to provide an

alternate CDX approach. CSF-CTCs can be first expanded

in vitro (step 3) to generate PD-CSF-CTC lines that have

long-term and greater growth potential. These cells are then

https://www.jove.com
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inoculated in mice to create M-LMD. Though the current

method generated a limited number of in vivo CDX M-LMD

(~ 20%) models, this might reflect the transcriptional diversity

of CSF-CTCs, the complexity of the CSF microenvironment,

and the difficulty in culturing these cells in general. We posit

that future development of a humanized mouse model may

enhance the engraftment success rate given the importance

of the microenvironment in supporting cancer cell viability33 .

A limitation of the CDX approach is that only certain clones

were selected from patient samples, and genetic drift of

cancer cells through ex vivo culturing may no longer reflect

the transcriptional profile of the original source. However, it

has been reported that despite in vitro culturing, PD-CSF-

CTC lines retained approximately 97% similarity of gene

expression to isolated, non-cultured patient CSF-CTCs7 .

In that study, scRNA-seq analyses revealed overlapping

enriched gene signatures between non-cultured, in vitro

PD-CSF-CTCs and in vivo PD-CSF-CTCs, such as SOX9,

ErbB3, and IGF-1R7 , suggesting these may be potential

therapeutic targets. Additionally, these commonly enriched

genes are involved in biological pathways associated with

transcriptional regulation and metabolism7 . Collectively, this

highlights the translational value of PD-CSF-CTC cultures

for better understanding the biology of M-LMD, identifying

targetable molecular mechanisms and pathways driving the

disease, and designing rational therapies in future studies.

Though the current methodology remains imperfect, as there

is no way to predetermine the status and viability of CSF-

CTCs in M-LMD patients, several observations have been

made that would increase the likelihood of success since

the CTCs are low in number and quite fragile. These

critical steps include coordinating with the clinic to have

CSF samples placed on ice as soon as they are drawn

and have them quickly transported to the lab so as to

maintain cellular integrity. Subsequently, CSF-CTCs should

be processed immediately, either by plating them in culture

or cryopreserving the cells.

Overall, culturing and expanding CSF-CTCs was a trial-

and-error process, but the establishment of this protocol to

generate patient-derived M-LMD cells will give researchers

the resources required to perform experiments with patient

samples, which could not have been done previously. A

major goal moving forward is to utilize M-LMD PD-CSF-CTCs

to conduct molecular characterization, high throughput drug

screening, and in vivo drug efficacy studies to design rational

therapies to treat M-LMD. It is believed that this approach

will lead to treatment strategies that will greatly reduce the

morbidity and mortality associated with this currently fatal

aspect of advanced metastatic melanoma.
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