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Simple Summary: Neoplastic meningitis (NM) is a frequent complication of cancer and is associated
with a poor prognosis. The currently available therapies aim to alleviate symptoms and preserve
the quality of life. It comprises a multimodal approach, including surgery, intrathecal and systemic
chemotherapy, and radiotherapy. The specific treatment is individualized, based on clinical practice
guidelines and expert opinion. There are multiple clinical trials undertaken to evaluate the efficacy of
novel therapies, including targeted and immunotherapies. This article presents an updated review of
treatment approaches in NM.

Abstract: Central nervous system (CNS) metastasis from systemic cancers can involve the brain
parenchyma, leptomeninges, or the dura. Neoplastic meningitis (NM), also known by different
terms, including leptomeningeal carcinomatosis and carcinomatous meningitis, occurs due to solid
tumors and hematologic malignancies and is associated with a poor prognosis. The current manage-
ment paradigm entails a multimodal approach focused on palliation with surgery, radiation, and
chemotherapy, which may be administered systemically or directly into the cerebrospinal fluid (CSF).
This review focuses on novel therapeutic approaches, including targeted and immunotherapeutic
agents under investigation, that have shown promise in NM arising from solid tumors.

Keywords: neoplastic; meningitis; leptomeningeal; chemotherapy; radiotherapy; intrathecal;
immunotherapy

1. Introduction

Neoplastic meningitis (NM), also known as leptomeningeal metastasis or leptomeningeal
carcinomatosis, refers to the involvement of the subarachnoid space and leptomeninges-
arachnoid and pia mater by primary tumor spread. The incidence of NM ranges from
5–8% in patients with solid tumors to 15% in patients with hematologic malignant spread,
and it often accompanies metastases to the brain (BMs) [1]. NM has historically been
associated with a dismal prognosis of 2–4 months, and it continues to remain poor, with
patients presenting with a wide range of clinical features from simultaneous involvement
of multiple locations throughout the neuraxis [1,2]. The diagnosis of NM requires a high
index of clinical suspicion and is made by imaging with cerebrospinal fluid (CSF) studies.
The management of patients with NM has evolved tremendously over the past decade,
improving both the quality of life and survival. This narrative review highlights these
advancements in management, focusing on new therapeutic modalities, including targeted
and immunotherapies.

2. Epidemiology

The incidence of NM is around 5% in patients with metastatic cancer, with most
patients being diagnosed late in the disease course [3]. Brain metastases frequently accom-
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pany NM in as much as 50–80% of patients with NM [4]. The most common solid tumors
resulting in NM include breast cancer, followed by lung cancer, melanoma, gastrointesti-
nal malignancies, and metastases from an unknown primary [5]. Among patients with
lung cancer, NM occurs most frequently with epidermal growth factor receptor (EGFR)
positive non-small cell lung cancer (NSCLC). Similarly, in breast cancer, tumors harboring
the human epidermal growth factor receptor 2 (HER2) are more likely to spread to the
leptomeninges [6,7]. Primary parenchymal brain tumors also have the potential to spread
through the leptomeninges or via the CSF [8]. Surgical resection and stereotactic radio-
surgery inpatients with brain metastases have rarely been associated with consequent NM
due to spillage and consequent seeding of malignant cells. A multi-institutional analysis
studying radiographic NM subtypes showed a greater risk of neurologic death among
the classical NM pattern, as compared to nodular NM [9–11]. The risk of leptomeningeal
seeding has been greater with the omission of whole-brain radiation therapy (WBRT) and
reported more with piecemeal rather than en-bloc resections [12,13]. Finally, with the
development of targeted therapies and associated improvements in survival, the incidence
of NM with or without BM has increased [14].

3. Pathogenesis

The pathophysiology of NM involves a multifactorial process in which tumor cells
spread from the primary tumor, traverse the vasculature, and seed at a location where
they can enter the CSF. A key process in the pathway is the breakdown of the brain barrier
(Figure 1).
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Figure 1. The structure and composition of the brain barrier The brain barrier consists of three parts:
the blood- cerebrospinal fluid (CSF) barrier, blood–brain barrier, and CSF-brain barrier. (a) The
blood-CSF barrier is located between the blood and CSF in the ventricular choroid plexus. (b) The
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blood–brain barrier (BBB) is located between microvascular endothelial cells and the nerve cells of
the brain and spinal cord. There are intact tight junctions between capillary endothelial cells that
prevent the passage of macromolecules other than water and certain ions. The intact and continuous
capillary basement membrane is surrounded by a glial membrane of protruding astrocytes. The
BBB, main barrier that protects the CNS, prevents many macromolecules from entering the brain
and selectively pumps harmful substances out of the brain. (c) The CSF-brain barrier is located
between the CSF in the ventricles and subarachnoid space and the nerve cells of the brain and
spinal cord. Reproduced with Permission from Wang, Y., Yang, X., Li, N.J., Xue, J.X. Leptomeningeal
metastases in non-small cell lung cancer: Diagnosis and treatment. Lung Cancer. 2022;174:1–13.
doi:10.1016/j.lungcan.2022.09.013 [15].

Involvement of the leptomeninges, which comprise the arachnoid and pia mater,
allows the malignant cells to grow and reach throughout the subarachnoid space via
the CSF [16]. While present inside the CSF, the tumor cells are preserved from immune
surveillance and attack, which aids in their further proliferation, referred to as the CSF
sanctuary phenomenon [17].

There exist various means via which the tumor cells reach the CSF, with hematogenous
dissemination being the most common. Other routes include a direct extension from
pachymeningeal or dural metastases, infiltration along nerve sheaths, spread from choroid
plexus metastases, and rarely, from tumors arising within the meninges itself [18]. Cranial
nerve involvement by tumors comes in several shapes or forms, many of which give rise
to the cranial neuropathies in neoplastic meningitis and some of which contribute to the
causation of neoplastic meningitis as well (Table 1).

Table 1. Mechanisms of nerve invasion: several mechanisms of nerve involvement are known and
vary from mechanical lesions to different oncological patterns. Abbreviations: NGF, Nerve growth
factor; NCAM, Neural Cell Adhesion Molecule. Reproduced with Permission from Grisold W, Grisold
A. Cancer around the brain. Neurooncol Pract. 2014; 1(1): 13–21. doi:10.1093/nop/npt002 [19].

Type of Nerve Growth Subgroups Remarks

Mechanical causes Compression
Engulfing
Pushing and stretching of the nerve by
mass lesion

Invasion Direct invasion (local infiltration)
Perineural
Endoneurial
Intravascular spread

Metastasis Isolated intranerval (rare)
Perineurial spread Anterograde

Retrograde
Particular patterns:
Spread via nerve scaffolds
Dermatomal spread
Anastomotic spread from one nerve
region into another

Tumor invasion—nerve growth Peripheral nerve sprouting Observed experimentally

Growth factors NGF, NCAM, other local factors
promoting nerve growth

Angiosoma vs. common anatomical
distribution Concept of metastatic distribution The angiosoma concept divides the skull

into 13 different angiosomas

The causation of a multitude of symptoms is attributed to various pathophysiological
mechanisms, like cerebral edema, due to BBB disruption or direct tumor involvement,
leading to cranial nerve and spinal root dysfunction. Invasion of the brain parenchyma
can interfere with circulation and cause diffuse cerebral dysfunction. Finally, increased
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intracranial pressure, due to either mass effect or flow obstruction, leads to hydrocephalus
and associated symptoms.

4. Clinical Features

NM classically has a multifocal involvement, and despite presenting with a single
symptom, a thorough neurologic evaluation reveals further sites of CNS affection. The
specific clinical symptoms are attributable to sites of invasion by leptomeningeal disease
itself, or to sequela like hydrocephalus. Headache is the most common symptom of
NM, the presenting symptom in 30–50% of patients, and can be due to either meningeal
irritation or increased intracranial pressure (ICP) [20]. An association with neck stiffness
suggests headache due to meningeal irritation, whereas accompanying symptoms of nausea
with vomiting and signs including papilledema point towards increased ICP. Various
presentations of encephalopathy are also common in NM due to hydrocephalus, seizures,
or diffuse cerebral dysfunction. This can present as disorientation, personality changes,
confusion, and forgetfulness. Seizures are observed in up to 25% of patients with NM due
to parenchymal irritation from invasion, edema, or adjacent leptomeningeal deposits [21].
The occurrence of epileptiform activity is frequently confused with plateau waves, which
occur during positional changes and are a marker of increased ICP. These can be associated
with positional headache, dizziness, presyncope, or episodes of frank syncope, and their
presence should follow a workup for increased ICP [22]. Cerebellar dysfunction is reported
in 20% of patients at presentation and can cause midline and lateral cerebellar symptoms [4].

Invasion of cranial nerves in the subarachnoid symptoms leads to a multitude of
symptoms due to cranial neuropathies. Diplopia is the most common symptom and can
be caused by the involvement of either cranial nerves III, IV, or VI [23]. Trigeminal nerve
involvement leads to sensory changes over the face, with a classic presentation of facial
numbness known as the “numb chin syndrome.” [24]. Facial and vestibulocochlear nerve
involvement leads to weakness of facial muscles and sensorineural hearing loss, respec-
tively, and lower cranial nerve dysfunction causes dysphagia, dysarthria, and hoarseness,
due to laryngopharyngeal involvement. Spinal nerve root involvement has also been
reported, with resultant radiculopathy and cauda equina syndrome, with lower spinal
roots more frequently involved than the cervical roots. Finally, cortical signs are rarely seen
and suggest an accompanying parenchymal invasion.

5. Diagnosis

A thorough evaluation, including a complete history and physical examination, is
pertinent to identify clues of NM’s multifocal involvement. Neuroimaging studies include
a gadolinium-enhanced magnetic resonance imaging (MRI) scan of the brain and cervical,
thoracic and lumbar spine, or computed tomography (CT) scan with contrast, with the
former having greater sensitivity. However, an MRI is less specific than a CSF cytology
examination and depicts enhancing foci within the sulci, cisterns, and subarachnoid space
in the spine [25]. These findings can be accompanied by ventriculomegaly, and fluid-
attenuated inversion recovery (FLAIR) images depict hyperintensity due to increased
protein content in the CSF [26].

The lumbar puncture could show an elevated opening pressure, and CSF examination
typically reveals elevated protein and low glucose concentrations, lymphocytic pleocyto-
sis. The derangement in all the parameters is uncommon; however, a completely normal
CSF examination is rare [27]. Xanthochromia may be seen with hemorrhage from the lep-
tomeningeal deposits, primarily originating from melanoma [28]. The definitive diagnostic
finding by identifying malignant cells within the CSF carries a high specificity, but the
sensitivity is low due to sampling issues and may necessitate repeat lumbar punctures.
Immunohistochemical studies in the CSF yield may assist in diagnosing patients with NM
due to unknown primary [29].

The concentration of tumor markers may also carry relevance, as an increase with
respect to serum concentration is strongly suggestive of NM. A rise in the concentration of
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CSF tumor makers more than 2–3% of serum values is unlikely due to simple diffusion or
serum contamination unless an increased CSF albumin concentration is also present- which
indicates disruption of the BBB [30]. Novel techniques, including identifying circulating
tumor cells and cell-free DNA in CSF, carry high sensitivity and specificity and have
been increasingly used in the last few years [31]. Evaluation of CSF by flow cytometry
accords importance in the assessment of patients with suspected NM due to primary central
nervous system lymphoma or other subtypes of non-Hodgkin lymphoma with a propensity
for CNS involvement. The CSF examination reveals an elevated protein concentration,
lymphocyte-predominant pleocytosis, and decreased glucose levels, with flow cytometry
confirming the presence of malignant lymphoid cells [32].

6. Management

The management strategies for patients with neoplastic meningitis (NM) aim to im-
prove neurologic function, prolong survival and prevent further neurologic deterioration.
A multidisciplinary tumor board is essential to deciding individual treatment strategies,
with inputs from a team of neurosurgeons, radiation oncologists, neuro-oncologists, and
medical oncologists. The treatment options are broadly categorized into systemic ther-
apies, radiation therapies (RT), and therapies instilled directly into the CSF: intrathecal
therapies (IT).

6.1. Symptomatic Management

The development of increased intracranial pressure (ICP) is a frequent consequence
of NM, owing to the hindrance of CSF outflow via the arachnoid granulations. Medical
therapies exploited to curb the increasing ICP consist of acetazolamide to decrease the CSF
production from choroid plexus and, occasionally, hyperosmotic agents such as mannitol
and hypertonic saline to treat acute symptomatic raised ICP. Mechanical means of ICP
reduction may need to be employed in refractory cases, with the ventriculoperitoneal
shunt leading to improvements in both acute decompensation and overall survival [33,34].
Theoretical risks of seeding the tumor cells from CSF to the peritoneum exist, but the
overall benefit far outweighs the benefits of CSF redirection [35]. Seizures can be managed
with various antiepileptic drugs, with levetiracetam being an excellent first-line option,
considering its low risk of drug interactions [36]. Similar to patients with BMs, routine
prophylaxis with anti-seizure drugs is not advised, as it leads to unnecessary adverse effects
associated with these drugs.

6.2. Radiotherapy

Radiotherapy in NM serves the role of symptom palliation in managing bulky disease
and may improve subsequent penetration of systemic therapies by disturbing the blood–
brain barrier (BBB) [37]. It, however, has not demonstrated an improvement in survival.
The extent of RT is tailored according to the extent of neuraxis affected, with focal RT
preferred to ablate localized bulky metastases while limiting dose-related toxicity. Whole-
brain RT (WBRT) is employed more often, especially in the setting of concomitant brain
metastases (BMs), but is associated with significant cognitive decline and toxicity, when
combined with systemic therapies. The typical regimen of WBRT delivers a radiation dose
of 30 Gy in 10 fractions, but an attenuated course is preferred for patients unable to tolerate
an increased dose or duration of treatment, commonly with 20 Gy being delivered in 4 Gy
fractions [38].

Based on disease distribution, RT can improve function rapidly in symptomatic pa-
tients with or without radiographic evidence of disease. NM leading to radiculopathies
or cauda equina syndrome causes varying pain levels, weakness, and bowel and bladder
involvement and can be effectively treated with prompt lumbosacral RT [39]. Focused
skull-base RT can manage different cranial neuropathies, with the routine dose delivered
being 30 Gy in 10 fractions. Avoiding radiation to the temporal lobe can avoid subsequent
memory deficits and is primarily pursued in patients having received WBRT in the past [40].
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Patients with diffuse cerebral involvement present with encephalopathy, and WBRT is uti-
lized to treat NM and concomitant BMs. The subset of patients experiencing symptomatic
improvement with radiotherapy is those with a lower radiographic bulk and a shorter
duration of symptoms, with those suffering from prolonged symptoms deriving little to no
benefit [41].

The use of memantine and hippocampal avoidance techniques has shown promise
in reducing the rate of cognitive deterioration in BMs, but its role in NM remains unclear.
Finally, the use of an even more extensive approach, craniospinal irradiation (CSI), targets
a broader area theoretically but is infrequently employed in clinical practice. Other than its
significant radiation exposure to the abdominal organs, CSI destroys a considerable amount
of marrow in the vertebral bodies, making future use of immunosuppressive chemotherapy
difficult [35]. Irradiation with a proton beam instead may avoid these toxicities. A phase II
trial comparing craniospinal proton irradiation with photon-involved-field radiotherapy
recently reported favorable outcomes with the use of proton therapy in patients with solid
tumor NM. A significant improvement was noted in CNS PFS (7.5 mths vs. 6.6 mths) and
OS (9.9 mths vs. 6.0 mths) with no difference in toxicity outcomes with the use of proton
irradiation [42].

6.3. Intrathecal Chemotherapy

Intrathecal (IT) chemotherapy has the theoretical advantage of delivering anticancer
agents directly to the site of solid metastases and allowing sufficient concentration to be
administered throughout the CSF in case of diffuse metastases. However, since the diffusion
beyond the CSF is limited only to a few millimeters, IT chemotherapy is employed in non-
bulky disease and to treat bulky metastases post-radiation. By avoiding the route through
BBB, IT chemotherapy allows a lower dose of cytotoxic agents to be delivered, thereby
lowering the risks of systemic toxicity. The IT chemotherapy regimens involve three phases:
high-dose induction, intermediate-dose consolidation, and low-dose maintenance [43].

The two main routes for the administration of IT chemotherapies include a lumbar
puncture (LP) or via a ventricular reservoir (e.g., Ommaya reservoir). The advantages
associated with using the Ommaya reservoir include a better distribution throughout the
CSF compartment, avoidance of repeated LPs, and thus greater ease of administration.
Ideally, A CSF flow study is conducted prior to administering IT chemotherapy to ensure
an unobstructed CSF path and optimal drug distribution. The CSF flow studies described
by Chamberlain utilized the isotopes Technetium-99 or Indium-111, and if the reports
suggested an obstruction, IT chemotherapy was not opted for [44].

The procedural risks associated with both these approaches constitute the main draw-
back of this treatment route. These include, but are not limited to, CNS infection, cerebral
herniation, and CSF leak [45]. The ventricular reservoirs carry additional risks, including
catheter misplacement, tip occlusion, and aseptic, chemical, or septic meningitis. Ces-
sation of therapy with the removal of the reservoir may be required to manage these
complications. Besides, the drugs administered intrathecally have short half-lives, with con-
centrations declining to subtherapeutic levels in matter of hours, and complete elimination
in 1–2 days [46].

Other serious complications associated with IT chemotherapy include the occurrence
of progressive leukoencephalopathy. It typically occurs with intrathecal methotrexate
and has a chronic presentation with cognitive symptoms, incontinence, seizures, and gait
alterations. The incidence further increases upon the combination with RT, which forms the
basis of the recommendation of administering RT and IT methotrexate at least 2–3 weeks
apart. Liposomal cytarabine is a sustained-release form of the drug, which requires a
biweekly administration, and may achieve more homogenous CSF distribution than the
non-liposomal form [47]. However, it did not demonstrate increased survival or response
rates compared to IT methotrexate across a clinical trial or retrospective case review [48,49].
In 1998, Glantz and colleagues reported findings from a classic trial comparing liposomal
cytarabine versus methotrexate, both injected intrathecally. They found that while median
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survival was not significantly different, the time elapsed without symptoms or toxicity
(TWIST) was significantly higher, being 99 days for cytarabine and 28 days for methotrexate
(Table 2).

Table 2. Comparison of key results associated with liposomal cytarabine versus methotrexate,
both injected intrathecally. TWIST = time elapsed without symptoms or toxicity. n = number
of patients. Reproduced with permission from Beauchesne P. Intrathecal chemotherapy for treat-
ment of leptomeningeal dissemination of metastatic tumors. Lancet Oncol. 2010; 11(9): 871–879.
doi:10.1016/S1470-2045(10)70034-6 [1].

Liposomal Cytarabine (n = 31) Methotrexate (n = 30) p Value

Response (cytology rendered negative and
clinical condition stable or improved) 8 6 0.76

Median duration of response 39 days 26 days 0.31
Time before neurological progression 58 days 30 days 0.0068
Survival directly linked to the meningitis 343 days 98 days 0.074
Median survival 105 days 78 days 0.15
Survival > 6 months 13 5 0.15
Survival > 1 year 5 2 0.43
Grade 3 toxicity 24 20
Duration of Grade 3 toxicity 18 days 11 days 0.2
TWIST 99 days 28 days <0.05

Besides, conus medullaris syndrome with arachnoiditis occurs with liposomal cytara-
bine, which may be prevented to some extent by spacing IT and systemic chemotherapy
and administering corticosteroids. The occurrence of bone marrow suppression is common
with the use of various cytotoxic agents, with folinic acid rescue recommended after the
administration of methotrexate [50]. Finally, acute myelopathy, a disastrous complication
classically associated with methotrexate use, can present as quadriparesis or locked-in
syndrome. A diagnostic spinal MRI study can reveal normal findings or T2-hyperintense
lesions in the posterior columns. It may also be caused by the use of thiotepa or cytarabine
and can be differentiated from myelopathy due to tumor progression by measurement of
myelin basic protein in the CSF, which rises in case of drug-induced myelopathy.

Commonly used drugs included as part of IT chemotherapy are methotrexate, thiotepa,
topotecan, cytarabine, and sustained-release liposomal cytarabine, and thus the number of
available options is limited compared to those which can be administered systematically.
Owing to the dearth of clinical trials conducted to date, it has been difficult to conclude a
definite superiority of one agent over another. Moreover, most of the studies have been
single-arm studies, using different endpoints and not taking into account the multiple
subtypes or histologies of the primary tumor [35].

IT therapy was shown to increase survival up to 7.5 months in a cohort of patients
with NM from breast cancer upon being treated with a combinatorial regimen of RT with
IT methotrexate, cytarabine, or thiotepa [51]. In another subset of patients with NM due
to NSCLC studied by Chamberlain et al., the median survival was 5.0 months, with the
same combinatorial regimen utilized [52]. However, the results of the only randomized
clinical trial conducted to date comparing the efficacy of IT chemotherapy with systemic
chemotherapy revealed no difference in patient survival or neurologic response amongst
the groups. Boogerd et al. conducted this study on 35 patients with NM due to breast
cancer and noted an increased risk of neurotoxicity with IT chemotherapy. Finally, a
retrospective analysis by Bokstein et al. involving 104 patients with NM revealed no benefit
and an increased risk of complications with IT chemotherapy when combined with RT and
systemic chemotherapy, compared to a regimen excluding IT chemotherapy [53]. Recent
results from a phase I/II study of intrathecal trastuzumab in HER-2 positive cancer with
NM showed an OS of 8.3 months for patients with any HER-2 positive histology and
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10.5 months in HER-2 positive breast cancer [54]. Pharmacokinetic studies depicted a stable
CSF concentration of trastuzumab, suggesting promising future studies on the subject [54].

6.4. Systemic Therapy
6.4.1. Chemotherapy

The utilization of systemic chemotherapy assumes importance in treating associated
systemically active disease while avoiding cognitive decline and procedural complications
linked to WBRT and IT therapies, respectively. Systemic agents have shown some activity
due to the BBB breakdown in the NM setting, although efficacy depends heavily on tumor
subtype and histology. Some commonly used systemic chemotherapy agents utilized are
described in Table 3.

Table 3. Standard and experimental systemic chemotherapy drugs for treatment of neoplastic
meningitis. Reproduced with permission from Beauchesne P. Intrathecal chemotherapy for treat-
ment of leptomeningeal dissemination of metastatic tumors. Lancet Oncol. 2010; 11(9): 871–879.
doi:10.1016/S1470-2045(10)70034-6 [1].

Available for
Routine Use Induction Consolidation Maintenance

Methotrexate Yes 10–15 mg twice weekly 10–15 mg once 10–15 mg once a
(for 4 weeks) weekly (for 4 weeks) month

Thiotepa Yes 10 mg twice weekly 10 mg once weekly 10 mg once a month
(for 4 weeks) (for 4 weeks)

Cytarabine Yes 25–100 mg twice 25–100 mg once 25–100 mg once a
weekly (for 4 weeks) weekly (for 4 weeks) month

Liposomal Yes 50 mg every 2 weeks 50 mg every 4 weeks
cytarabine (for 8 weeks) (for 24 weeks)
Topotecan Yes 0·4 mg twice weekly 0·4 mg once per 0·4 mg twice monthly

(for 6 weeks) week (for 6 weeks) for 4 months, then
monthly thereafter

Mafosfamide No 20 mg once or twice 20 mg weekly 20 mg every
weekly until CSF 2–6 weeks
remission

Etoposide Yes 0·5 mg/day for 5 days 0·5 mg/day 0·5 mg/day for 5 days
every other week for 5 days every once a month
(for 8 weeks) other week

(for 4 weeks)
Floxuridine No 1 mg/day continued

for as long as possible
Diaziquone No 1–2 mg twice weekly

for few weeks
Mercaptopurine No 10 mg twice weekly for

4 weeks
Busulfan No 5–17 mg twice weekly

for 2 weeks

Non-targeted agents like methotrexate, a dihydrofolate reductase inhibitor, have
historically been used to treat primary central nervous system lymphoma. It has also
demonstrated efficacy in treating NM originating from solid tumors like squamous cell
carcinoma (SCC) of the head and neck. The use of high-dose intravenous methotrexate
demonstrated a significant increase in survival compared to IT methotrexate, when used as
a sole treatment for managing NM, with a median survival of 13.8 mths (vs. 2.3 mths) [55].
Thiotepa, a DNA alkylating agent, does cross the BBB, but its use remains limited as an
IT agent. Systemic temozolomide, a current standard of care in treating gliomas, has not
demonstrated appreciable efficacy in managing NM. The pyrimidine analog, cytarabine,
has shown efficacy in treating CNS leukemia, especially in patients with isolated CNS
involvement [56].
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6.4.2. Targeted Therapies

With an ever-increasing knowledge of driver mutations and molecular targets, the
development of targeted therapies has been progressing at a rapid pace. Non-squamous
cell lung carcinoma harboring a mutation in epidermal growth factor receptor (EGFR) has
been successfully targeted by erlotinib, which has led to extended survival in patients with
NM [57]. Another study reported a median survival of 14 months among patients treated
with erlotinib for NM associated with NSCLC [58]. Newer EGFR tyrosine kinase inhibitors
(TKIs) such as afatinib and osimertinib have demonstrated better CNS penetration and have
a critical established role in the management of BMs from EGFR-mutated NSCLC [59,60]. A
case reported the efficacy of a combination of afatinib and cetuximab in a patient with NM
due to NSCLC, leading to the resolution of NM lesions [61]. The BLOOM study, a recently
concluded phase I clinical trial, demonstrated considerable efficacy with osimertinib, a 3rd
generation TKI, in NM arising from NSCLC. Among 18 patients with NM, five patients
(28%) had a confirmed response, and 14 patients (78%) achieved disease control upon being
evaluated by MRI imaging [62].

Regarding NM arising from NSCLC harboring mutations involving the anaplastic lym-
phoma kinase (ALK) gene, new-generation ALK inhibitor alectinib has shown considerable
CSF penetration and activity in NM [63,64]. The efficacy of ceritinib, another 2nd generation
ALK inhibitor, has been reported recently in NM caused by ALK-mutated NSCLC as part
of the ASCEND-7 trial. In a cohort of 18 patients with NM, the whole-body ORR was 16.7%,
with the median PFS and OS being 5.2 and 7.2 months, respectively [65]. Lorlatinib, one
of the newer ALK inhibitors, has CNS penetration, as seen by adverse effects, and case
reports show initial efficacy [66].

Mutations in human epidermal growth factor receptor 2 (HER2) have been shown to
be associated with an increased risk of CNS spread [67]. Trials involving trastuzumab, a
HER2 inhibitor, have shown good CNS response in metastatic breast cancer with spread to
the brain, but separate results with respect to response in NM are unavailable [68]. Ongoing
trials evaluating the efficacy of lapatinib, a dual EGFR, and HER2 inhibitor, in treating NM
have completed recruitment, and results are awaited (NCT02650752). In combination with
capecitabine, a 5-fluorouracil prodrug, lapatinib has also demonstrated an encouraging CNS
response in the LANDSCAPE trial studying efficacy in patients with BMs [69]. Neratinib,
a HER2-targeting tyrosine kinase inhibitor combined with capecitabine, demonstrated
promising intracranial activity in patients with HER2 overexpressing breast cancer [70].
There are case series of efficacy in leptomeningeal metastases [71]. Preliminary results from
a phase II trial evaluating the effectiveness of the combination of tucatinib-trastuzumab-
capecitabine in the treatment of NM from HER2+ breast cancer have reported a median OS
of 11.9 months in a cohort of 17 patients (NCT03501979) [72]. Retrospective studies of an
antibody-drug conjugate, trastuzumab deruxtecan, in patients with HER2 breast cancer and
NM showed initial evidence of activity, and more recently, the DEBBRAH trial included
patients with both BM and NM, and the published data showed excellent responses in
patients with BM while the data for NM is awaited [73].

Mutations in v-Raf murine sarcoma viral oncogene homolog B (BRAF) are prevalent
in melanoma, with its subtype BRAFv600E being the most common subtype [74]. Three
separate case reports have described the efficacy of BRAFv600E inhibitors, dabrafenib, and
vemurafenib, in treating NM arising from melanoma. The clinical trials published so far
have focused on BMs from melanoma, but trials evaluating the efficacy of immunotherapies
in NM due to melanoma are underway (NCT02939300) (Table 4).
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Table 4. Overview of clinical trials evaluating targeted therapy in neoplastic meningitis. Original
table, updated till October 2022. Abbreviations: OS: Overall survival, PFS: Progression-free survival,
DCR: Disease control rate, DOR: Duration of response, A/E: Adverse Effects, QoL: Quality of Life.

Study Targeted Therapy Primary Site Estimated
Completion N Primary

Endpoint (s)
Secondary

Endpoint (s)

NCT04833205 EGFR-TKI + Nimotuzumab Lung April 2023 30 PFS OS, A/E

NCT04425681 Osimertinib + Bevacizumab Lung June 2021 20 PFS, ORR OS, A/E

NCT04944069 Almonertinib + Bevacizumab Lung March 2025 69 OS PFS, ORR, DCR, DOR

NCT04778800 Almonertinib Lung February 2024 60 iPFS DCR, PFS, OS

NCT02616393 Tesevatinib Lung April 2018 36 ORR PFS, OS, TTP, QoL

NCT05146219 TY-9591 Lung December 2014 60 ORR DCR, OS, DOR, PFS

NCT04233021 Osimertinib Lung July 2022 113 ORR OS, PFS, A/E, QoL

NCT03257124 AZD-9291 Lung December 2021 80 ORR, OS DCR, OS,
DOR, PFS, A/E

NCT03711422 Afatinib Lung September 2021 25 PFS, OS, ORR A/E

6.4.3. Immunotherapies

A myriad of immunotherapies, ranging from immune checkpoint inhibitors (ICIs)
to CAR T cell therapies, have been incorporated into the management of multiple types
of tumors. Immune checkpoint blockade, with the use of antibodies targeted against
programmed death-1 (PD1), its ligand (PD-L1), or cytotoxic T lymphocyte-associated
protein-4 (CTLA-4), leads to disinhibition of T-cells, allowing them to target tumor cells
effectively. All three categories of drugs, anti-PD1, anti-PD-L1, and anti-CTLA-4, have
demonstrated efficacy against BMs from NSCLC and melanoma [75–77].

A limited number of studies have evaluated the impact of ICIs on managing NM. A
phase II study evaluated the combination of nivolumab and ipilimumab in 18 patients
with NM and reported an OS of 44% at three months. In addition, a complete response
was observed in one patient (5.6%), with stable and progressive disease in 7 (38.9%) and
4 (22.2%) patients, respectively [78]. Multiple phase II trials are underway, and the results
depicting the efficacy of PD-1 inhibitors pembrolizumab and nivolumab are keenly awaited
(NCT02886525, NCT04729348). Meanwhile, studies involving PD-L1 inhibitors durval-
umab and avelumab have been started to demonstrate safety and a tolerable dose for treat-
ing NM to inspire future studies involving variable combinations of ICIs (NCT03719768,
NCT04356222). Hendriks et al. evaluated a cohort of 1288 patients of NSCLC treated with
ICIs, among which 19 patients were observed to have NM. A PFS of 2.0 and a median OS
of 3.7 months were reported in that cohort. [79]. Finally, Geukes Foppen et al. evaluated a
series of 39 patients with NM due to melanoma and reported an abysmal prognosis even
after using ipilimumab at 15.8 weeks [80].

Other clinical trials currently ongoing related to NM due to breast cancer are evaluat-
ing the efficacy of CAR T cell therapy (HER2 CAR) and a bi-specific antibody (HER2Bi)
(NCT03696030, NCT03661424). Preliminary results from the NM cohort of patients re-
ceiving abemaciclib, a cyclin-dependent kinase 4/6 (CDK 4/6) inhibitor, in breast cancer
revealed a PFS of 5.9 months and an OS of 8.4 months [81]. Regarding the utilization
of immunotherapies to treat NM due to melanoma, two separate cohort studies have
demonstrated the use of IT interleukin-2 (IL-2) with varying chemotherapy combinations
and reported a similar survival of 7.8–7.9 months, respectively. [82,83]. Finally, intrathecal
administration of the immunotherapeutic agent nivolumab has also been attempted in a
single-arm phase I/Ib trial (NCT03025256) in patients with NM due to melanoma. Prelimi-
nary results include a median OS of 42% at six months, 30% at 12 months, and a tolerable
side effect profile, with no grade 4 or 5 toxicities [84] (Table 5).
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Table 5. Overview of clinical trials evaluating immunotherapy in neoplastic meningitis. Original table,
updated till October 2022. Abbreviations: OS: Overall survival, PFS: Progression-free survival, DLT:
Dose Limiting Toxicity, ORR: Objective Response Rate, A/E: Adverse Effects, IT: Intrathecal, CAR-T:
Chimeric Antigen Receptor T-cell, N: Number of patients. NSCLC: Non-Small Cell Lung Cancer.

Study Type of
Immunotherapy Type of Study Primary

Site N Therapy Outcome

NCT02886525 Immune checkpoint
inhibitor Phase II Multiple 102 Pembrolizumab ORR, OS, Extracranial ORR

NCT04729348 Immune checkpoint
inhibitor Phase II Multiple 19 Pembrolizumab +

lenvatinib % alive at 6 mth

NCT03719768 Immune checkpoint
inhibitor Phase I Multiple 16 Avelumab Safety, DLT

NCT04356222 Immune checkpoint
inhibitor Phase I NSCLC 30 Durvalumab OS, PFS, AEs

NCT03696030 CAR T cells Phase I Breast 39 HER-2 CAR-T cells DLT, AEs

NCT03661424 Immunomodulator Phase I Breast 16 Bi-specific antibody
(HER2Bi)

AEs: fre-
quency/type/severity/duration

NCT02308020 [81] Immunomodulator Phase II Breast 7 * Abemaciclib PFS: 5.9 mth
OS: 8.4 mth

Hendriks et al. [79] Immune checkpoint
inhibitor

Retrospective
cohort Lung 19 Pembrolizumab or

nivolumab
PFS: 2.0 mth
OS: 3.7 mth

Ferguson et al. [82] Immunomodulator Retrospective
cohort Melanoma 178

IT IL-2, other
combinations with

chemo
OS: 7.9 mth

Glitza et al. [83] Immunomodulator Retrospective
cohort Melanoma 43 IT IL − 2 ±

chemoradiotherapy OS: 7.8 mth

Geukes Foppen
et al. [80]

Immune checkpoint
inhibitor

Retrospective
cohort Melanoma 10 ** Ipilimumab OS: 15.8 wks

* 7 patients in cohort with NM, 58 patients analyzed in total. ** 6 patients received ipilimumab, 39 patients
analyzed in total.

6.4.4. Other Novel Therapies

Clinical trials evaluating ANG1005, or paclitaxel trevatide, are underway among
newly diagnosed NM from breast cancer (NCT03613181). It is a taxane derivative designed
to cross the BBB and is made from three paclitaxel molecules covalently linked to Angiopep-
2 [85]. IT-delivered monoclonal antibodies have been used to deliver selected radiation
or therapeutic agents. This approach of targeted radioimmunotherapy has been used in
a phase I study evaluating iodine-131 labeled monoclonal antibody 3F8, targeting GD2-
positive NM. A sufficient intra-CSF concentration was achieved, without significant toxicity,
with three out of thirteen patients with a radiographic response [86]. A phase II study
utilizing this agent is currently underway (NCT00445965). The glycoprotein 4Ig-B7H3 is
present on various tumors, targeted by iodine-131 labeled 8H9 monoclonal antibody, and is
currently being evaluated in phase I clinical trial (NCT00089245) (Table 6).

Table 6. Overview of Clinical trials evaluating intrathecal therapies in neoplastic meningitis. Original
table, updated till October 2022. Abbreviations: OS: Overall survival, PFS: Progression-free survival,
DLT, ORR: Objective Response Rate, RR: Response Rate, N: Number of patients, NSCLC: Non-Small
Cell Lung Cancer, SCLC: Small Cell Lung Cancer.

Study Treatment Arms Primary Site N Outcome

Hitchins [87]
IT methotrexate

SCLC (29%), Breast (25%), 1o brain (9%),
NSCLC (7%), lymphoma (7%)

44

ORR: 61%

IT methotrexate+ IT
cytosine arabinoside ORR: 45%

Grossman [88]
IT methotrexate

Breast (48%), lung (23%), lymphoma (19%) 52
OS: 15.9 weeks

IT thiotepa OS: 14.1 weeks
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Table 6. Cont.

Study Treatment Arms Primary Site N Outcome

Glantz [49]
IT methotrexate Breast (36%), NSCLC (10%), 1o brain (23%),

melanoma (8%), SCLC (7%) 61
RR: 20%,OS: 78 days

IT liposomal cytarabine RR: 26%, OS: 105 days

Glantz [89]
IT cytosine arabinoside

Lymphoma (100%) 28
RR: 15%, OS: 63 days

IT liposomal cytarabine RR: 71%, OS: 99 days

Shapiro [90]
IT liposomal cytarabine

Solid tumors (80%), lymphoma (20%) 128
PFS: 34 days

IT cytosine arabinoside PFS: 50 days

7. Conclusions

Neoplastic meningitis remains a disease process with poor survival outcomes due to
the tumor microenvironment, the inherently aggressive nature of the neoplasm, and the
restricted delivery of therapeutic drugs due to the blood–brain barrier. Its management
remains a challenge due to limited evidence from a small number of clinical trials. This
results in various non-standardized treatment regimens, which are personalized according
to patient and source tumor characteristics. There is a need for prospective studies focusing
on selected histological tumor types and gauging the efficacy of novel therapeutics which
have become available within the last few years. The utilization of improved diagnostic
biomarkers and an understanding of the molecular differences between the primary site and
metastatic disease will lead to the development of targeted therapies. Assessment of these
drugs within clinical trials, including patients with NM as sub-groups, will help define
better therapeutic management of patients affected by leptomeningeal tumor dissemination.

Author Contributions: Conceptualization, A.A.K., S.S., A.O., V.A.V., D.M.P. and M.S.A.; methodol-
ogy, A.A.K., A.O. and V.A.V.; writing—original draft preparation, A.A.K., A.O., V.A.V., D.M.P. and
M.S.A.; writing—review and editing, A.A.K., A.O., V.A.V., D.M.P. and M.S.A.; visualization, A.A.K.,
A.O. and V.A.V.; supervision, D.M.P. and M.S.A.; project administration, N/A; funding acquisition,
N/A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Manmeet Singh Ahluwalia Disclosures: Grants: Astrazeneca, BMS, Bayer,
Incyte, Pharmacyclics, Novocure, Mimivax, Merck. Consultation: Bayer, Novocure, Kiyatec, Insightec,
GSK, Xoft, Nuvation, Cellularity, SDP Oncology, Apollomics, Prelude, Janssen, Tocagen, Voyager
Therapeutics, Viewray, Caris Lifesciences, Pyramid Biosciences, Varian Medical Systems, Cairn
Therapeutics, Anheart Therapeutics, Theraguix. Scientific Advisory Board: Cairn Therapeutics,
Pyramid Biosciences, Modifi Biosciences. Stock shareholder: Mimivax, Cytodyn, MedInnovate
Advisors LLC. David M. Peereboom Disclosures: Consulting or Advisory Role: Orbus Therapeutics,
Sumitomo Dainippon Pharma Oncology Inc, Stemline Therapeutics, Novocure. Research Funding:
Pfizer (Inst), Novartis (Inst), Neonc Technologies (Inst), Orbus Therapeutics (Inst), Bristol Myers
Squibb (Inst), Genentech/Roche (Inst), Pharmacyclics (Inst), Bayer (Inst), Karyopharm Therapeutics
(Inst), Apollomics (Inst), Vigeo Therapeutics (Inst), Global Coalition for Adaptive Research (Inst),
MimiVax (Inst), Ono Pharmaceutical (Inst), Mylan (Inst).

References
1. Beauchesne, P. Intrathecal chemotherapy for treatment of leptomeningeal dissemination of metastatic tumours. Lancet Oncol.

2010, 11, 871–879. [CrossRef]
2. Chorti, E.; Kebir, S.; Ahmed, M.S.; Keyvani, K.; Umutlu, L.; Kanaki, T.; Zaremba, A.; Reinboldt-Jockenhoefer, F.; Knispel, S.;

Gratsias, E.; et al. Leptomeningeal disease from melanoma-Poor prognosis despite new therapeutic modalities. Eur. J. Cancer
2021, 148, 395–404. [CrossRef] [PubMed]

3. DeAngelis, L.M. Current diagnosis and treatment of leptomeningeal metastasis. J. Neurooncol. 1998, 38, 245–252. [CrossRef]
[PubMed]

4. Clarke, J.L.; Perez, H.R.; Jacks, L.M.; Panageas, K.S.; Deangelis, L.M. Leptomeningeal metastases in the MRI era. Neurology 2010,
74, 1449–1454. [CrossRef] [PubMed]

http://doi.org/10.1016/S1470-2045(10)70034-6
http://doi.org/10.1016/j.ejca.2021.02.016
http://www.ncbi.nlm.nih.gov/pubmed/33789203
http://doi.org/10.1023/A:1005956925637
http://www.ncbi.nlm.nih.gov/pubmed/9696379
http://doi.org/10.1212/WNL.0b013e3181dc1a69
http://www.ncbi.nlm.nih.gov/pubmed/20439847


Cancers 2023, 15, 119 13 of 16

5. Balestrino, R.; Rudà, R.; Soffietti, R. Brain Metastasis from Unknown Primary Tumour: Moving from Old Retrospective Studies to
Clinical Trials on Targeted Agents. Cancers 2020, 12, 3350. [CrossRef]

6. Li, Y.S.; Jiang, B.Y.; Yang, J.J.; Tu, H.Y.; Zhou, Q.; Guo, W.B.; Yan, H.H.; Wu, Y.L. Leptomeningeal Metastases in Patients with
NSCLC with EGFR Mutations. J. Thorac. Oncol. 2016, 11, 1962–1969. [CrossRef]

7. Altundag, K.; Bondy, M.L.; Mirza, N.Q.; Kau, S.W.; Broglio, K.; Hortobagyi, G.N.; Rivera, E. Clinicopathologic characteristics and
prognostic factors in 420 metastatic breast cancer patients with central nervous system metastasis. Cancer 2007, 110, 2640–2647.
[CrossRef]

8. Andersen, B.M.; Miranda, C.; Hatzoglou, V.; DeAngelis, L.M.; Miller, A.M. Leptomeningeal metastases in glioma: The Memorial
Sloan Kettering Cancer Center experience. Neurology 2019, 92, e2483–e2491. [CrossRef]

9. Norris, L.K.; Grossman, S.A.; Olivi, A. Neoplastic meningitis following surgical resection of isolated cerebellar metastasis: A
potentially preventable complication. J. Neurooncol. 1997, 32, 215–223. [CrossRef]

10. Trifiletti, D.M.; Romano, K.D.; Xu, Z.; Reardon, K.A.; Sheehan, J. Leptomeningeal disease following stereotactic radiosurgery for
brain metastases from breast cancer. J. Neurooncol. 2015, 124, 421–427. [CrossRef]

11. Prabhu, R.S.; Turner, B.E.; Asher, A.L.; Marcrom, S.R.; Fiveash, J.B.; Foreman, P.M.; Press, R.H.; Buchwald, Z.S.; Curran, W.J., Jr.;
Patel, K.R.; et al. Leptomeningeal disease and neurologic death after surgical resection and radiosurgery for brain metastases: A
multi-institutional analysis. Adv. Radiat. Oncol. 2021, 6, 100644. [CrossRef] [PubMed]

12. Ahn, J.H.; Lee, S.H.; Kim, S.; Joo, J.; Yoo, H.; Lee, S.H.; Shin, S.H.; Gwak, H.S. Risk for leptomeningeal seeding after resection for
brain metastases: Implication of tumor location with mode of resection. J. Neurosurg. 2012, 116, 984–993. [CrossRef] [PubMed]

13. Cagney, D.N.; Lamba, N.; Sinha, S.; Catalano, P.J.; Bi, W.L.; Alexander, B.M.; Aizer, A.A. Association of Neurosurgical Resection
With Development of Pachymeningeal Seeding in Patients With Brain Metastases. JAMA Oncol. 2019, 5, 703–709. [CrossRef]
[PubMed]

14. Omuro, A.M.; Kris, M.G.; Miller, V.A.; Franceschi, E.; Shah, N.; Milton, D.T.; Abrey, L.E. High incidence of disease recurrence in
the brain and leptomeninges in patients with nonsmall cell lung carcinoma after response to gefitinib. Cancer 2005, 103, 2344–2348.
[CrossRef]

15. Wang, Y.; Yang, X.; Li, N.J.; Xue, J.X. Leptomeningeal metastases in non-small cell lung cancer: Diagnosis and treatment. Lung
Cancer. 2022, 174, 1–13. [CrossRef] [PubMed]

16. Fidler, I.J.; Yano, S.; Zhang, R.D.; Fujimaki, T.; Bucana, C.D. The seed and soil hypothesis: Vascularisation and brain metastases.
Lancet Oncol. 2002, 3, 53–57. [CrossRef]

17. Leal, T.; Chang, J.E.; Mehta, M.; Robins, H.I. Leptomeningeal Metastasis: Challenges in Diagnosis and Treatment. Curr. Cancer
Ther. Rev. 2011, 7, 319–327. [CrossRef]

18. Chang, E.L.; Lo, S. Diagnosis and management of central nervous system metastases from breast cancer. Oncologist 2003,
8, 398–410. [CrossRef]

19. Grisold, W.; Grisold, A. Cancer around the brain. Neurooncol Pract. 2014, 1, 13–21. [CrossRef]
20. Kaplan, J.G.; DeSouza, T.G.; Farkash, A.; Shafran, B.; Pack, D.; Rehman, F.; Fuks, J.; Portenoy, R. Leptomeningeal metastases:

Comparison of clinical features and laboratory data of solid tumors, lymphomas and leukemias. J. Neurooncol. 1990, 9, 225–229.
[CrossRef]

21. Lara-Medina, F.; Crismatt, A.; Villarreal-Garza, C.; Alvarado-Miranda, A.; Flores-Hernández, L.; González-Pinedo, M.; Gamboa-
Vignolle, C.; Ruiz-González, J.D.; Arrieta, O. Clinical features and prognostic factors in patients with carcinomatous meningitis
secondary to breast cancer. Breast J. 2012, 18, 233–241. [CrossRef] [PubMed]

22. Laas, R.; Arnold, H. Compression of the outlets of the leptomeningeal veins–the cause of intracranial plateau waves. Acta
Neurochir (Wien) 1981, 58, 187–201. [CrossRef] [PubMed]

23. Clarke, J.L. Leptomeningeal metastasis from systemic cancer. Continuum. (Minneap. Minn.) 2012, 18, 328–342. [CrossRef]
[PubMed]

24. Lossos, A.; Siegal, T. Numb chin syndrome in cancer patients: Etiology, response to treatment, and prognostic significance.
Neurology 1992, 42, 1181–1184. [CrossRef] [PubMed]

25. Straathof, C.S.; de Bruin, H.G.; Dippel, D.W.; Vecht, C.J. The diagnostic accuracy of magnetic resonance imaging and cerebrospinal
fluid cytology in leptomeningeal metastasis. J. Neurol. 1999, 246, 810–814. [CrossRef]

26. Singh, S.K.; Leeds, N.E.; Ginsberg, L.E. MR imaging of leptomeningeal metastases: Comparison of three sequences. AJNR Am. J.
Neuroradiol. 2002, 23, 817–821.

27. Glantz, M.J.; Cole, B.F.; Glantz, L.K.; Cobb, J.; Mills, P.; Lekos, A.; Walters, B.C.; Recht, L.D. Cerebrospinal fluid cytology in
patients with cancer: Minimizing false-negative results. Cancer 1998, 82, 733–739. [CrossRef]

28. Lossos, A.; Siegal, T. Spinal subarachnoid hemorrhage associated with leptomeningeal metastases. J. Neurooncol. 1992, 12, 167–171.
[CrossRef]

29. Bigner, S.H. Cerebrospinal fluid (CSF) cytology: Current status and diagnostic applications. J. Neuropathol. Exp. Neurol. 1992,
51, 235–245. [CrossRef]

30. Malkin, M.G.; Posner, J.B. Cerebrospinal fluid tumor markers for the diagnosis and management of leptomeningeal metastases.
Eur. J. Cancer Clin. Oncol. 1987, 23, 1–4. [CrossRef]

http://doi.org/10.3390/cancers12113350
http://doi.org/10.1016/j.jtho.2016.06.029
http://doi.org/10.1002/cncr.23088
http://doi.org/10.1212/WNL.0000000000007529
http://doi.org/10.1023/A:1005723801479
http://doi.org/10.1007/s11060-015-1854-6
http://doi.org/10.1016/j.adro.2021.100644
http://www.ncbi.nlm.nih.gov/pubmed/33732962
http://doi.org/10.3171/2012.1.JNS111560
http://www.ncbi.nlm.nih.gov/pubmed/22339161
http://doi.org/10.1001/jamaoncol.2018.7204
http://www.ncbi.nlm.nih.gov/pubmed/30844036
http://doi.org/10.1002/cncr.21033
http://doi.org/10.1016/j.lungcan.2022.09.013
http://www.ncbi.nlm.nih.gov/pubmed/36206679
http://doi.org/10.1016/S1470-2045(01)00622-2
http://doi.org/10.2174/157339411797642597
http://doi.org/10.1634/theoncologist.8-5-398
http://doi.org/10.1093/nop/npt002
http://doi.org/10.1007/BF02341153
http://doi.org/10.1111/j.1524-4741.2012.01228.x
http://www.ncbi.nlm.nih.gov/pubmed/22487060
http://doi.org/10.1007/BF01407125
http://www.ncbi.nlm.nih.gov/pubmed/7315550
http://doi.org/10.1212/01.CON.0000413661.58045.e7
http://www.ncbi.nlm.nih.gov/pubmed/22810130
http://doi.org/10.1212/WNL.42.6.1181
http://www.ncbi.nlm.nih.gov/pubmed/1603345
http://doi.org/10.1007/s004150050459
http://doi.org/10.1002/(SICI)1097-0142(19980215)82:4&lt;733::AID-CNCR17&gt;3.0.CO;2-Z
http://doi.org/10.1007/BF00172668
http://doi.org/10.1097/00005072-199205000-00001
http://doi.org/10.1016/0277-5379(87)90410-X


Cancers 2023, 15, 119 14 of 16

31. Boire, A.; Brandsma, D.; Brastianos, P.K.; Le Rhun, E.; Ahluwalia, M.; Junck, L.; Glantz, M.; Groves, M.D.; Lee, E.Q.; Lin, N.; et al.
Liquid biopsy in central nervous system metastases: A RANO review and proposals for clinical applications. Neuro Oncol. 2019,
21, 571–584. [CrossRef] [PubMed]

32. Wilson, W.H.; Bromberg, J.E.; Stetler-Stevenson, M.; Steinberg, S.M.; Martin-Martin, L.; Muñiz, C.; Sancho, J.M.; Caballero, M.D.;
Davidis, M.A.; Brooimans, R.A.; et al. Detection and outcome of occult leptomeningeal disease in diffuse large B-cell lymphoma
and Burkitt lymphoma. Haematologica 2014, 99, 1228–1235. [CrossRef] [PubMed]

33. Lee, S.H.; Kong, D.S.; Seol, H.J.; Nam, D.H.; Lee, J.I. Ventriculoperitoneal shunt for hydrocephalus caused by central nervous
system metastasis. J. Neurooncol. 2011, 104, 545–551. [CrossRef] [PubMed]

34. Jung, T.Y.; Chung, W.K.; Oh, I.J. The prognostic significance of surgically treated hydrocephalus in leptomeningeal metastases.
Clin. Neurol. Neurosurg. 2014, 119, 80–83. [CrossRef]

35. Lukas, R.V.; Thakkar, J.P.; Cristofanilli, M.; Chandra, S.; Sosman, J.A.; Patel, J.D.; Kumthekar, P.; Stupp, R.; Lesniak, M.S.
Leptomeningeal metastases: The future is now. J. Neurooncol. 2022, 156, 443–452. [CrossRef]

36. Zima, L.A.; Tulpule, S.; Samson, K.; Shonka, N. Seizure prevalence, contributing factors, and prognostic factors in patients with
leptomeningeal disease. J. Neurol. Sci. 2019, 403, 19–23. [CrossRef]

37. Lumniczky, K.; Szatmári, T.; Sáfrány, G. Ionizing Radiation-Induced Immune and Inflammatory Reactions in the Brain. Front.
Immunol. 2017, 8, 517. [CrossRef]

38. Graham, P.H.; Bucci, J.; Browne, L. Randomized comparison of whole brain radiotherapy, 20 Gy in four daily fractions versus 40
Gy in 20 twice-daily fractions, for brain metastases. Int. J. Radiat. Oncol. Biol. Phys. 2010, 77, 648–654. [CrossRef]

39. Le Rhun, E.; Weller, M.; Brandsma, D.; Van den Bent, M.; de Azambuja, E.; Henriksson, R.; Boulanger, T.; Peters, S.; Watts, C.;
Wick, W.; et al. EANO-ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up of patients with leptomeningeal
metastasis from solid tumours. Ann. Oncol. 2017, 28 (Suppl. 4), iv84–iv99. [CrossRef]

40. Le Rhun, E.; Preusser, M.; van den Bent, M.; Andratschke, N.; Weller, M. How we treat patients with leptomeningeal metastases.
ESMO Open 2019, 4 (Suppl. 2), e000507. [CrossRef]

41. Zhen, J.; Wen, L.; Lai, M.; Zhou, Z.; Shan, C.; Li, S.; Lin, T.; Wu, J.; Wang, W.; Xu, S.; et al. Whole brain radiotherapy (WBRT)
for leptomeningeal metastasis from NSCLC in the era of targeted therapy: A retrospective study. Radiat. Oncol. 2020, 15, 185.
[CrossRef] [PubMed]

42. Yang, J.T.; Wijetunga, N.A.; Pentsova, E.; Wolden, S.; Young, R.J.; Correa, D.; Zhang, Z.; Zheng, J.; Steckler, A.; Bucwinska, W.;
et al. Randomized Phase II Trial of Proton Craniospinal Irradiation Versus Photon Involved-Field Radiotherapy for Patients With
Solid Tumor Leptomeningeal Metastasis. J. Clin. Oncol. 2022, 40, Jco2201148. [CrossRef] [PubMed]

43. Chamberlain, M.C. Neoplastic meningitis. Neurologist 2006, 12, 179–187. [CrossRef] [PubMed]
44. Chamberlain, M.C. Radioisotope CSF flow studies in leptomeningeal metastases. J. Neurooncol. 1998, 38, 135–140. [CrossRef]
45. Groves, M.D. Leptomeningeal disease. Neurosurg. Clin. N. Am. 2011, 22, 67–78. [CrossRef]
46. Esteva, F.J.; Soh, L.T.; Holmes, F.A.; Plunkett, W.; Meyers, C.A.; Forman, A.D.; Hortobagyi, G.N. Phase II trial and pharmacokinetic

evaluation of cytosine arabinoside for leptomeningeal metastases from breast cancer. Cancer Chemother. Pharmacol. 2000,
46, 382–386. [CrossRef]

47. Phuphanich, S.; Maria, B.; Braeckman, R.; Chamberlain, M. A pharmacokinetic study of intra-CSF administered encapsulated
cytarabine (DepoCyt) for the treatment of neoplastic meningitis in patients with leukemia, lymphoma, or solid tumors as part of
a phase III study. J. Neurooncol. 2007, 81, 201–208. [CrossRef]

48. Le Rhun, E.; Taillibert, S.; Zairi, F.; Kotecki, N.; Devos, P.; Mailliez, A.; Servent, V.; Vanlemmens, L.; Vennin, P.; Boulanger, T.;
et al. A retrospective case series of 103 consecutive patients with leptomeningeal metastasis and breast cancer. J. Neurooncol. 2013,
113, 83–92. [CrossRef]

49. Glantz, M.J.; Jaeckle, K.A.; Chamberlain, M.C.; Phuphanich, S.; Recht, L.; Swinnen, L.J.; Maria, B.; LaFollette, S.; Schumann,
G.B.; Cole, B.F.; et al. A randomized controlled trial comparing intrathecal sustained-release cytarabine (DepoCyt) to intrathecal
methotrexate in patients with neoplastic meningitis from solid tumors. Clin. Cancer Res. 1999, 5, 3394–3402.

50. Chamberlain, M.C. Neoplastic meningitis. Oncologist 2008, 13, 967–977. [CrossRef]
51. Chamberlain, M.C.; Kormanik, P.R. Carcinomatous meningitis secondary to breast cancer: Predictors of response to combined

modality therapy. J. Neurooncol. 1997, 35, 55–64. [CrossRef]
52. Chamberlain, M.C.; Kormanik, P. Carcinoma meningitis secondary to non-small cell lung cancer: Combined modality therapy.

Arch. Neurol. 1998, 55, 506–512. [CrossRef] [PubMed]
53. Bokstein, F.; Lossos, A.; Siegal, T. Leptomeningeal metastases from solid tumors: A comparison of two prospective series treated

with and without intra-cerebrospinal fluid chemotherapy. Cancer 1998, 82, 1756–1763. [CrossRef]
54. Kumthekar, P.U.; Avram, M.J.; Lassman, A.B.; Lin, N.U.; Lee, E.; Grimm, S.A.; Schwartz, M.; Bell Burdett, K.L.; Lukas, R.V.;

Dixit, K.; et al. A Phase I/II Study of Intrathecal Trastuzumab in HER-2 Positive Cancer with Leptomeningeal Metastases: Safety,
Efficacy, and Cerebrospinal Fluid Pharmacokinetics. Neuro Oncol. 2022, 1, noac195. [CrossRef]

55. Glantz, M.J.; Cole, B.F.; Recht, L.; Akerley, W.; Mills, P.; Saris, S.; Hochberg, F.; Calabresi, P.; Egorin, M.J. High-dose intravenous
methotrexate for patients with nonleukemic leptomeningeal cancer: Is intrathecal chemotherapy necessary? J. Clin. Oncol. 1998,
16, 1561–1567. [CrossRef] [PubMed]

http://doi.org/10.1093/neuonc/noz012
http://www.ncbi.nlm.nih.gov/pubmed/30668804
http://doi.org/10.3324/haematol.2013.101741
http://www.ncbi.nlm.nih.gov/pubmed/24727817
http://doi.org/10.1007/s11060-010-0512-2
http://www.ncbi.nlm.nih.gov/pubmed/21274592
http://doi.org/10.1016/j.clineuro.2014.01.023
http://doi.org/10.1007/s11060-021-03924-2
http://doi.org/10.1016/j.jns.2019.05.032
http://doi.org/10.3389/fimmu.2017.00517
http://doi.org/10.1016/j.ijrobp.2009.05.032
http://doi.org/10.1093/annonc/mdx221
http://doi.org/10.1136/esmoopen-2019-000507
http://doi.org/10.1186/s13014-020-01627-y
http://www.ncbi.nlm.nih.gov/pubmed/32736566
http://doi.org/10.1200/JCO.22.01148
http://www.ncbi.nlm.nih.gov/pubmed/35802849
http://doi.org/10.1097/01.nrl.0000219732.33321.cc
http://www.ncbi.nlm.nih.gov/pubmed/16832237
http://doi.org/10.1023/A:1005982826121
http://doi.org/10.1016/j.nec.2010.08.006
http://doi.org/10.1007/s002800000173
http://doi.org/10.1007/s11060-006-9218-x
http://doi.org/10.1007/s11060-013-1092-8
http://doi.org/10.1634/theoncologist.2008-0138
http://doi.org/10.1023/A:1005803918194
http://doi.org/10.1001/archneur.55.4.506
http://www.ncbi.nlm.nih.gov/pubmed/9561978
http://doi.org/10.1002/(SICI)1097-0142(19980501)82:9&lt;1764::AID-CNCR24&gt;3.0.CO;2-1
http://doi.org/10.1093/neuonc/noac195
http://doi.org/10.1200/JCO.1998.16.4.1561
http://www.ncbi.nlm.nih.gov/pubmed/9552066


Cancers 2023, 15, 119 15 of 16

56. Morra, E.; Lazzarino, M.; Brusamolino, E.; Pagnucco, G.; Castagnola, C.; Bernasconi, P.; Orlandi, E.; Corso, A.; Santagostino, A.;
Bernasconi, C. The role of systemic high-dose cytarabine in the treatment of central nervous system leukemia. Clinical results in
46 patients. Cancer 1993, 72, 439–445. [CrossRef] [PubMed]

57. Liao, B.C.; Lee, J.H.; Lin, C.C.; Chen, Y.F.; Chang, C.H.; Ho, C.C.; Shih, J.Y.; Yu, C.J.; Yang, J.C. Epidermal Growth Factor Receptor
Tyrosine Kinase Inhibitors for Non-Small-Cell Lung Cancer Patients with Leptomeningeal Carcinomatosis. J. Thorac. Oncol. 2015,
10, 1754–1761. [CrossRef] [PubMed]

58. Morris, P.G.; Reiner, A.S.; Szenberg, O.R.; Clarke, J.L.; Panageas, K.S.; Perez, H.R.; Kris, M.G.; Chan, T.A.; DeAngelis, L.M.;
Omuro, A.M. Leptomeningeal metastasis from non-small cell lung cancer: Survival and the impact of whole brain radiotherapy.
J. Thorac. Oncol. 2012, 7, 382–385. [CrossRef] [PubMed]

59. Hochmair, M. Medical Treatment Options for Patients with Epidermal Growth Factor Receptor Mutation-Positive Non-Small Cell
Lung Cancer Suffering from Brain Metastases and/or Leptomeningeal Disease. Target. Oncol. 2018, 13, 269–285. [CrossRef]

60. Park, K.; Tan, E.H.; O’Byrne, K.; Zhang, L.; Boyer, M.; Mok, T.; Hirsh, V.; Yang, J.C.; Lee, K.H.; Lu, S.; et al. Afatinib versus
gefitinib as first-line treatment of patients with EGFR mutation-positive non-small-cell lung cancer (LUX-Lung 7): A phase 2B,
open-label, randomised controlled trial. Lancet Oncol. 2016, 17, 577–589. [CrossRef]

61. Lin, C.H.; Lin, M.T.; Kuo, Y.W.; Ho, C.C. Afatinib combined with cetuximab for lung adenocarcinoma with leptomeningeal
carcinomatosis. Lung Cancer 2014, 85, 479–480. [CrossRef] [PubMed]

62. Yang, J.C.H.; Kim, S.W.; Kim, D.W.; Lee, J.S.; Cho, B.C.; Ahn, J.S.; Lee, D.H.; Kim, T.M.; Goldman, J.W.; Natale, R.B.; et al. Osimer-
tinib in Patients With Epidermal Growth Factor Receptor Mutation-Positive Non-Small-Cell Lung Cancer and Leptomeningeal
Metastases: The BLOOM Study. J. Clin. Oncol. 2020, 38, 538–547. [CrossRef] [PubMed]

63. Gadgeel, S.M.; Gandhi, L.; Riely, G.J.; Chiappori, A.A.; West, H.L.; Azada, M.C.; Morcos, P.N.; Lee, R.M.; Garcia, L.; Yu, L.;
et al. Safety and activity of alectinib against systemic disease and brain metastases in patients with crizotinib-resistant ALK-
rearranged non-small-cell lung cancer (AF-002JG): Results from the dose-finding portion of a phase 1/2 study. Lancet Oncol. 2014,
15, 1119–1128. [CrossRef] [PubMed]

64. Arrondeau, J.; Ammari, S.; Besse, B.; Soria, J.C. LDK378 compassionate use for treating carcinomatous meningitis in an ALK
translocated non-small-cell lung cancer. J. Thorac. Oncol. 2014, 9, e62–e63. [CrossRef]

65. Chow, L.Q.M.; Barlesi, F.; Bertino, E.M.; van den Bent, M.J.; Wakelee, H.A.; Wen, P.Y.; Chiu, C.H.; Orlov, S.; Chiari, R.; Majem, M.;
et al. ASCEND-7: Efficacy and Safety of Ceritinib Treatment in Patients with ALK-Positive Non-Small Cell Lung Cancer Metastatic
to the Brain and/or Leptomeninges. Clin. Cancer Res. 2022, 28, 2506–2516. [CrossRef]

66. Sun, M.G.; Kim, I.Y.; Kim, Y.J.; Jung, T.Y.; Moon, K.S.; Jung, S.; Oh, I.J.; Kim, Y.C.; Choi, Y.D. Lorlatinib Therapy for Rapid and
Dramatic Control of Brain and Spinal Leptomeningeal Metastases From ALK-Positive Lung Adenocarcinoma. Brain Tumor Res.
Treat. 2021, 9, 100–105. [CrossRef]

67. Barnholtz-Sloan, J.S.; Sloan, A.E.; Davis, F.G.; Vigneau, F.D.; Lai, P.; Sawaya, R.E. Incidence proportions of brain metastases in
patients diagnosed (1973 to 2001) in the Metropolitan Detroit Cancer Surveillance System. J. Clin. Oncol. 2004, 22, 2865–2872.
[CrossRef]

68. Murthy, R.K.; Loi, S.; Okines, A.; Paplomata, E.; Hamilton, E.; Hurvitz, S.A.; Lin, N.U.; Borges, V.; Abramson, V.; Anders, C.;
et al. Tucatinib, Trastuzumab, and Capecitabine for HER2-Positive Metastatic Breast Cancer. N. Engl. J. Med. 2020, 382, 597–609.
[CrossRef]

69. Bachelot, T.; Romieu, G.; Campone, M.; Diéras, V.; Cropet, C.; Dalenc, F.; Jimenez, M.; Le Rhun, E.; Pierga, J.Y.; Gonçalves, A.; et al.
Lapatinib plus capecitabine in patients with previously untreated brain metastases from HER2-positive metastatic breast cancer
(LANDSCAPE): A single-group phase 2 study. Lancet Oncol. 2013, 14, 64–71. [CrossRef]

70. Freedman, R.A.; Gelman, R.S.; Anders, C.K.; Melisko, M.E.; Parsons, H.A.; Cropp, A.M.; Silvestri, K.; Cotter, C.M.;
Componeschi, K.P.; Marte, J.M.; et al. TBCRC 022: A Phase II Trial of Neratinib and Capecitabine for Patients With Human
Epidermal Growth Factor Receptor 2-Positive Breast Cancer and Brain Metastases. J. Clin. Oncol. 2019, 37, 1081–1089. [CrossRef]

71. Pellerino, A.; Soffietti, R.; Bruno, F.; Manna, R.; Muscolino, E.; Botta, P.; Palmiero, R.; Rudà, R. Neratinib and Capecitabine for the
Treatment of Leptomeningeal Metastases from HER2-Positive Breast Cancer: A Series in the Setting of a Compassionate Program.
Cancers 2022, 14, 1192. [CrossRef] [PubMed]

72. OncLive. Safety and Efficacy of Tucatinib–Trastuzumab-Capecitabine Regimen for Treatment of Leptomeningeal Metastasis in
HER2+ Breast Cancer: Results from TBCRC049, A Phase 2 Non-Randomized Study: OncLive; 2022 [updated 11 March 2022].
Available online: https://www.onclive.com/view/safety-efficacy-of-tucatinib-trastuzumab-capecitabine-regimen-for-treatment-
of-lm-in-her2-breast-cancer (accessed on 22 October 2022).

73. Pérez-García, J.M.; Batista, M.V.; Cortez, P.; Ruiz-Borrego, M.; Cejalvo, J.M.; de la Haba-Rodriguez, J.; Garrigós, L.; Racca, F.;
Servitja, S.; Blanch, S.; et al. Trastuzumab Deruxtecan in Patients with Central Nervous System Involvement from HER2-Positive
Breast Cancer: The DEBBRAH Trial. Neuro Oncol. 2022, noac144. [CrossRef] [PubMed]

74. Hill, M.V.; Vidri, R.J.; Deng, M.; Handorf, E.; Olszanski, A.J.; Farma, J.M. Real-world frequency of BRAF testing and utilization of
therapies in patients with advanced melanoma. Melanoma Res. 2022, 32, 79–87. [CrossRef] [PubMed]

75. Rounis, K.; Skribek, M.; Makrakis, D.; De Petris, L.; Agelaki, S.; Ekman, S.; Tsakonas, G. Correlation of Clinical Parameters with
Intracranial Outcome in Non-Small Cell Lung Cancer Patients with Brain Metastases Treated with Pd-1/Pd-L1 Inhibitors as
Monotherapy. Cancers 2021, 13, 1562. [CrossRef]

http://doi.org/10.1002/1097-0142(19930715)72:2&lt;439::AID-CNCR2820720220&gt;3.0.CO;2-4
http://www.ncbi.nlm.nih.gov/pubmed/8319175
http://doi.org/10.1097/JTO.0000000000000669
http://www.ncbi.nlm.nih.gov/pubmed/26334749
http://doi.org/10.1097/JTO.0b013e3182398e4f
http://www.ncbi.nlm.nih.gov/pubmed/22089116
http://doi.org/10.1007/s11523-018-0566-1
http://doi.org/10.1016/S1470-2045(16)30033-X
http://doi.org/10.1016/j.lungcan.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24999085
http://doi.org/10.1200/JCO.19.00457
http://www.ncbi.nlm.nih.gov/pubmed/31809241
http://doi.org/10.1016/S1470-2045(14)70362-6
http://www.ncbi.nlm.nih.gov/pubmed/25153538
http://doi.org/10.1097/JTO.0000000000000174
http://doi.org/10.1158/1078-0432.CCR-21-1838
http://doi.org/10.14791/btrt.2021.9.e19
http://doi.org/10.1200/JCO.2004.12.149
http://doi.org/10.1056/NEJMoa1914609
http://doi.org/10.1016/S1470-2045(12)70432-1
http://doi.org/10.1200/JCO.18.01511
http://doi.org/10.3390/cancers14051192
http://www.ncbi.nlm.nih.gov/pubmed/35267501
https://www.onclive.com/view/safety-efficacy-of-tucatinib-trastuzumab-capecitabine-regimen-for-treatment-of-lm-in-her2-breast-cancer
https://www.onclive.com/view/safety-efficacy-of-tucatinib-trastuzumab-capecitabine-regimen-for-treatment-of-lm-in-her2-breast-cancer
http://doi.org/10.1093/neuonc/noac144
http://www.ncbi.nlm.nih.gov/pubmed/35639825
http://doi.org/10.1097/CMR.0000000000000795
http://www.ncbi.nlm.nih.gov/pubmed/35254330
http://doi.org/10.3390/cancers13071562


Cancers 2023, 15, 119 16 of 16

76. Gauvain, C.; Vauléon, E.; Chouaid, C.; Le Rhun, E.; Jabot, L.; Scherpereel, A.; Vinas, F.; Cortot, A.B.; Monnet, I. Intracerebral
efficacy and tolerance of nivolumab in non-small-cell lung cancer patients with brain metastases. Lung Cancer 2018, 116, 62–66.
[CrossRef]

77. Hodi, F.S.; O’Day, S.J.; McDermott, D.F.; Weber, R.W.; Sosman, J.A.; Haanen, J.B.; Gonzalez, R.; Robert, C.; Schadendorf, D.;
Hassel, J.C.; et al. Improved survival with ipilimumab in patients with metastatic melanoma. N. Engl. J. Med. 2010, 363, 711–723.
[CrossRef]

78. Brastianos, P.K.; Strickland, M.R.; Lee, E.Q.; Wang, N.; Cohen, J.V.; Chukwueke, U.; Forst, D.A.; Eichler, A.; Overmoyer, B.;
Lin, N.U.; et al. Phase II study of ipilimumab and nivolumab in leptomeningeal carcinomatosis. Nat. Commun. 2021, 12, 5954.
[CrossRef]

79. Hendriks, L.E.L.; Bootsma, G.; Mourlanette, J.; Henon, C.; Mezquita, L.; Ferrara, R.; Audigier-Valette, C.; Mazieres, J.; Lefebvre, C.;
Duchemann, B.; et al. Survival of patients with non-small cell lung cancer having leptomeningeal metastases treated with immune
checkpoint inhibitors. Eur. J. Cancer 2019, 116, 182–189. [CrossRef]

80. Geukes Foppen, M.H.; Brandsma, D.; Blank, C.U.; van Thienen, J.V.; Haanen, J.B.; Boogerd, W. Targeted treatment and
immunotherapy in leptomeningeal metastases from melanoma. Ann. Oncol. 2016, 27, 1138–1142. [CrossRef]

81. Tolaney, S.M.; Sahebjam, S.; Le Rhun, E.; Bachelot, T.; Kabos, P.; Awada, A.; Yardley, D.; Chan, A.; Conte, P.; Diéras, V.; et al. A
Phase II Study of Abemaciclib in Patients with Brain Metastases Secondary to Hormone Receptor-Positive Breast Cancer. Clin
Cancer Res. 2020, 26, 5310–5319. [CrossRef]

82. Ferguson, S.D.; Bindal, S.; Bassett, R.L., Jr.; Haydu, L.E.; McCutcheon, I.E.; Heimberger, A.B.; Li, J.; O’Brien, B.J.; Guha-Thakurta,
N.; Tetzlaff, M.T.; et al. Predictors of survival in metastatic melanoma patients with leptomeningeal disease (LMD). J. Neurooncol.
2019, 142, 499–509. [CrossRef] [PubMed]

83. Glitza, I.C.; Rohlfs, M.; Guha-Thakurta, N.; Bassett, R.L., Jr.; Bernatchez, C.; Diab, A.; Woodman, S.E.; Yee, C.; Amaria, R.N.;
Patel, S.P.; et al. Retrospective review of metastatic melanoma patients with leptomeningeal disease treated with intrathecal
interleukin-2. ESMO Open 2018, 3, e000283. [CrossRef] [PubMed]

84. John, I.; Foster, A.P.; Haymaker, C.L.; Bassett, R.L.; Lee, J.J.; Rohlfs, M.L.; Richard, J.; Iqbal, M.; McCutcheon, I.E.; Ferguson, S.D.;
et al. Intrathecal (IT) and intravenous (IV) nivolumab (N) for metastatic melanoma (MM) patients (pts) with leptomeningeal
disease (LMD). J. Clin. Oncol. 2021, 39 (Suppl. 15), 9519. [CrossRef]

85. Kumthekar, P.; Tang, S.C.; Brenner, A.J.; Kesari, S.; Piccioni, D.E.; Anders, C.; Carrillo, J.; Chalasani, P.; Kabos, P.; Puhalla, S.; et al.
ANG1005, a Brain-Penetrating Peptide-Drug Conjugate, Shows Activity in Patients with Breast Cancer with Leptomeningeal
Carcinomatosis and Recurrent Brain Metastases. Clin. Cancer Res. 2020, 26, 2789–2799. [CrossRef]

86. Kramer, K.; Humm, J.L.; Souweidane, M.M.; Zanzonico, P.B.; Dunkel, I.J.; Gerald, W.L.; Khakoo, Y.; Yeh, S.D.; Yeung, H.W.;
Finn, R.D.; et al. Phase I study of targeted radioimmunotherapy for leptomeningeal cancers using intra-Ommaya 131-I-3F8. J.
Clin. Oncol. 2007, 25, 5465–5470. [CrossRef] [PubMed]

87. Hitchins, R.N.; Bell, D.R.; Woods, R.L.; Levi, J.A. A prospective randomized trial of single-agent versus combination chemotherapy
in meningeal carcinomatosis. J. Clin. Oncol. 1987, 5, 1655–1662. [CrossRef]

88. Grossman, S.A.; Finkelstein, D.M.; Ruckdeschel, J.C.; Trump, D.L.; Moynihan, T.; Ettinger, D.S. Randomized prospective
comparison of intraventricular methotrexate and thiotepa in patients with previously untreated neoplastic meningitis. Eastern
Cooperative Oncology Group. J. Clin. Oncol. 1993, 11, 561–569. [CrossRef]

89. Glantz, M.J.; LaFollette, S.; Jaeckle, K.A.; Shapiro, W.; Swinnen, L.; Rozental, J.R.; Phuphanich, S.; Rogers, L.R.; Gutheil, J.C.;
Batchelor, T.; et al. Randomized trial of a slow-release versus a standard formulation of cytarabine for the intrathecal treatment of
lymphomatous meningitis. J. Clin. Oncol. 1999, 17, 3110–3116. [CrossRef]

90. Shapiro, W.R.; Schmid, M.; Glantz, M.; Miller, J.J. A randomized phase III/IV study to determine benefit and safety of cytarabine
liposome injection for treatment of neoplastic meningitis. J. Clin. Oncol. 2006, 24 (Suppl. 18), 1528. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.lungcan.2017.12.008
http://doi.org/10.1056/NEJMoa1003466
http://doi.org/10.1038/s41467-021-25859-y
http://doi.org/10.1016/j.ejca.2019.05.019
http://doi.org/10.1093/annonc/mdw134
http://doi.org/10.1158/1078-0432.CCR-20-1764
http://doi.org/10.1007/s11060-019-03121-2
http://www.ncbi.nlm.nih.gov/pubmed/30847840
http://doi.org/10.1136/esmoopen-2017-000283
http://www.ncbi.nlm.nih.gov/pubmed/29387478
http://doi.org/10.1200/JCO.2021.39.15_suppl.9519
http://doi.org/10.1158/1078-0432.CCR-19-3258
http://doi.org/10.1200/JCO.2007.11.1807
http://www.ncbi.nlm.nih.gov/pubmed/18048828
http://doi.org/10.1200/JCO.1987.5.10.1655
http://doi.org/10.1200/JCO.1993.11.3.561
http://doi.org/10.1200/JCO.1999.17.10.3110
http://doi.org/10.1200/jco.2006.24.18_suppl.1528

	Novel Therapeutic Approaches in Neoplastic Meningitis
	Citation

	Introduction 
	Epidemiology 
	Pathogenesis 
	Clinical Features 
	Diagnosis 
	Management 
	Symptomatic Management 
	Radiotherapy 
	Intrathecal Chemotherapy 
	Systemic Therapy 
	Chemotherapy 
	Targeted Therapies 
	Immunotherapies 
	Other Novel Therapies 


	Conclusions 
	References

