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Abstract

Brain metastasis remains a significant cause of morbidity and mortality for cancer patients with limited treatment
options. Single-cell RNA-seq has greatly expanded our ability to study cancer and metastasis, particularly in our
assessment of tumor heterogeneity and the tumor microenvironment. In recent years, there have been several
single-cell studies that have applied this technology to brain metastasis. These studies have described transcrip-
tional characteristics of brain metastatic tumor cells and characterized immune cell changes as well as contribu-
tions of vascular and stromal cells to the brain metastatic microenvironment.This review article summarizes these
studies, how they contribute to our knowledge of the molecular and cellular steps that occur in brain metastasis
and in response to therapy, and how they suggest promise for future treatments.

Key Points

® Primary tumors undergo molecular adaptations in the brain metastatic process
including expressing brain-specific lineage markers and adopting a stem cell-like state.

® The tumor microenvironment is distinct in brain metastases and leptomeningeal

disease.

e Immunotherapy shifts the T-cell population to an exhausted state in the central nervous
system, although inflammatory activity is correlated with a more favorable therapy

response.

Single-cell analysis has revolutionized the approach to tumor
profiling. Separation of individual cells from a tumor sample
can elucidate the various types of tumor, immune, stromal,
and surrounding normal cells and profile their transcriptional
state.’? Following single-cell separation, transcriptional states
are assessed by RNA-seq or methods to evaluate chromatin
structure such as ATAC-Seq.The tumor microenvironment has
become increasingly recognized as a crucial factor to whether
tumor cells are suppressed, proliferate, or even metastasize.3
Further, tumor microenvironmental factors are central to ther
apeutic response, especially in the age of immune checkpoint
inhibitors, chimeric antigen receptor therapy, and other im-
mune therapies.®’ Single-cell analysis has accordingly been
an effective methodology to assess both molecular changes in
tumor cells and the surrounding microenvironment."2€ A wide

array of software has been developed for single-cell analysis,
many of them specifically designed for cancer applications in-
cluding the identification of tumors and associated immune
cells.2While the advent of single-cell studies has queried many
primary tumors and extracranial metastatic sites,®'? there
have been only a handful of papers that have used single-cell
technology to assess brain metastases.

Brain metastasis (BM) is a common complication of many
types of tumors. They occur in up to 40% of patients with met-
astatic disease from solid tumors and are a frequent cause of
morbidity and death as they progress.’®'* Given the burden of
brain metastatic disease and the fact that patients with intra-
cranial metastases are often excluded from clinical trials, there
is a great need for further study of the molecular features of
BM." While there has been incredible progress, the biology of
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how primary tumors invade, adapt, and proliferate is still
being elucidated.'®'® Further, brain metastases are often
resistant to initial treatment strategies, whether due to is-
sues of blood-brain barrier penetration, unfavorable brain
tumor microenvironmental factors, or other reasons.™
Single-cell analysis provides an opportunity to study these
types of biological questions. This review article describes
the studies and results of single-cell technologies pub-
lished through February 2025, focusing primarily on single-
cell RNA-seq, that have assessed intracranial metastases
in patients. Table 1 summarizes the major articles that have
pursued single-cell RNA-seq analysis of brain metastases.

The Brain Metastatic Cascade

While the genetic and environmental changes that permit
primary tumorigenesis have been extensively studied and
described,?' less is known about the steps required for tu-
mors to undergo metastasis, including BM. Work that has
been done so far has described a series of steps, known as
the brain metastatic cascade.®'3" In this paradigm, tumors
acquire changes that allow intravasation into the circula-
tory system, extravasation and invasion into a new tissue
microenvironment, and ultimately new cell growth.3233
Tumor cells in a new microenvironment may also undergo
a period of dormancy where a subset of cells will be sup-
pressed from further growth by protective intrinsic tissue
mechanisms but some cells may ultimately proliferate
leading to a new focus of metastasis.?4-36

Single-cell studies have confirmed tenets of the brain
metastatic cascade. From a genomic perspective, brain
metastases tend to have more chromosomal instability, in-
cluding whole genome duplication compared to primary
tumors across multiple primary tumor histologies.?"2237
Across many studies of intracranial and extracranial me-
tastasis, single-cell clustering of cells typically finds that
tumor cells are transcriptionally unique in each individual
patient sample, whereas nonmalignant cells cluster to-
gether across individuals.?'?2 Across multiple primary
tumor histologies, single-cell analyses have also found
that brain metastases tend to be relatively genetically and
transcriptionally homogeneous compared to their primary
tumor counterparts.?>3 This idea is consistent with the
“bottleneck” hypothesis with respect to brain tumor evo-
lution, which hypothesizes that there is a narrow subset of
cells that acquire the genetic and epigenetic characteristics
that allow progression through the brain metastatic cas-
cade and ultimate proliferation in the brain. Previous bulk
sequencing approaches also support this hypothesis,'0.1838
including studies that have shown that brain metastases
are even more genetically homogeneous compared to
lymph node metastases.®®

Single-cell analysis of tumor samples along various
stages in the brain metastatic cascade has deepened our
understanding of the tumor and microenvironmental
changes that happen from normal tissue to primary tumor-
igenesis, lymph node metastasis, and ultimately to BM. In
a study of lung metastasis, Kim et al. analyzed single-cell
samples at each of these timepoints to yield a “pseudo-
time” of transcriptional and microenvironmental changes

that occur along these steps.?® Epithelial and stromal cells
gained pro-proliferative and angiogenic properties. T-cell
phenotypes shifted from more naive and cytotoxic T-cells
in primary tumors to increased exhausted and regulatory
T-cell phenotypes in BM that suppress anti-tumor immu-
nity.? As single cells have been studied along the brain
metastatic cascade, specific transcriptional properties are
selected for to successfully cross the blood-brain barrier
and proliferate in a new microenvironment.?223:30

Brain Organotropism

Some primary tumors, particularly breast, lung, mela-
noma, and renal cell carcinoma, are known to metastasize
to the brain, while other types of primary tumors rarely
metastasize to the brain.'4? Paget originally coined the
idea of the “seed and soil” hypothesis, suggesting that
metastatic colonies grow in new environments with com-
patible molecular, metabolic, and immunologic character-
istics.*! The specific mechanisms for predilection for BM,
sometimes called brain organotropism, have been studied
but remain poorly understood.*?

Previous studies using approaches other than single-
cell sequencing have identified molecular changes that
may allow for brain metastatic organotropism.*?> Broadly,
it has been hypothesized that metastatic cells must cross
the blood-brain barrier and subsequently adapt to the
relatively hypoxic and immunologically distinct envi-
ronment. Molecular factors have been identified in BM
organotropism that fit along the brain metastatic cascade,
including how primary tumors can express components
of cell-cell communication pathways with resident brain
cells, secrete factors to alter the blood-brain barrier, and
even co-opt neuronal synapse pathways through the ex-
pression of neurotransmitter receptors.3-45

Single-cell studies of BM have also identified genes
important for brain organotropism. Figure 1 summar-
izes the molecular pathways for brain organotropism that
have been implicated by single-cell studies. For example,
Biermann et al. compared melanoma brain metastases to
extracranial metastases and found upregulation of neural
differentiation, morphogenesis, and adhesion transcrip-
tional programs in the brain including upregulation of
neuronal growth factor receptor,?’ which has also been
associated with melanoma phenotypic plasticity and drug
resistance.*® Synaptic function and formation were also
upregulated,?' supporting the idea that tumor metastases
form pseudo-synapses with existing neurons (as do pri-
mary gliomas?*’) to support their malignant growth. By ap-
plying bulk Assay for Transposase-Accessible Chromatin
(ATAC)-Seq to study cell lines generated from a subset
of patients, they further demonstrated a neuronal pro-
gram of transcription factor motifs upregulated and hy-
pothesized that this program enabled melanoma brain
metastases to adapt to brain-specific growth signaling
pathways.?! A recent study identified non-small cell lung
cancer brain metastases also upregulate a variety of brain
lineage factors, and that these factors are similar to but
do not completely overlap with factors seen in melanoma
brain metastases.®®
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Table 1. Key Single-Cell Studies Published Through February 2025.

Study Samples Main Methods Used Main Conclusions

Alvarez- 32 sequentially collected Single-cell RNA- Identified features of myeloid and lymphocyte,

Breckenridge, melanoma BMs from 27 seq, whole exome including clonal expansion, in melanoma BMs (rel-

C. et al. Cancer patients (23 patients were sequencing, TCR ative to extracranial metastases) after ICl, including

Immunol Res.?®. post-ICI treatment) sequencing markers of response to therapy

PMID: 35706413

Biermann, J. et 22 melanoma BM (from 21 Single-cell and Compared treatment-naive melanoma BM to

al. Cell.?' PMID: patients); 10 extracranial single-nucleus RNA- extracranial mets and found that BM expresses

35803246. metastases. seq, neuronal-lineage genes. Associated immune cells
spatial have an increased inflammatory meta state.
transcriptomics

Gonzalez, H. et 15 BMs across 7 primary Single-cell RNA-seq, Characterized genetic and transcriptional character-

al. Cell.?? PMID: histologies mass cytometry istics across many primary tumor types, including

35063085 by time-of-flight transcriptional “meta” states of BM-associated
(CyTOF) for analysis immune cells.
of protein markers

Kim, N. et al. 44 patients with lung ad- Single-cell RNA-seq; Performed a pseudotime analysis on samples

Nat Commun.?3. enocarcinoma of various whole exome seq; along stages from lung adenocarcinoma to brain

PMID: 32385277 stages. 10 BM samples. IHC; flow cytometry metastasis and identified trajectories of tumor and

associated immune cells

Prakadan, S. 12 pretreatment and 25 se- Single-cell RNA-seq; Serial CSF examination of LMD patients post-ICI

M. et al. Nat rial posttreatment (ICl) CSF cell-free DNA-Seq revealed CD8 +T-cells and IFN-y as correlating with

Commun.?. samples from 19 patients clinical response.

PMID: 34642316 with LMD (various primary

histologies)

Rubio-Perez, 50 brain metastases of var- Bulk RNA-Seq, IHC, Immunotherapy and BRAF-MEK inhibition in mel-

C. etal. Nat ious histologies, 9 of which whole exome seq, anoma BM and LMD led to distinct post-therapy

Commun.?. underwent single-cell single-cell RNA-seq. TIMEs, with specificT-cell and dendritic cell popula-

PMID: 33686071 RNA-Seq. 6 patients with tions being predictive of therapy response.

matched BM and
CSF samples un-
derwent single-

cell RNA-seq and

TCR-seq
Smalley, I. et 26 melanoma patients: 8 Single-cell RNA-seq Compared melanoma BM and LMDTIME and found
al. Clin Cancer with skin metastases, 14 Also re-analyzed distinct CD4 +T-cell, CD8 +T-cell, and myeloid pro-
Res.?6. PMID: BMs, 6 patients with LMD and incorporated portions and phenotypes, some of which influence
34035069 (with sequential CSF sam- data from Biermann response to ICl

pling, 19 CSF samples total) et al.?!

Song, Q. et 5 samples from lung (N =2) Single-cell RNA-seq In both lung and breast BM, tumor-associated fibro-
al. Commun and breast (N = 3) BMs Also re-analyzed blasts were identified that express collagen genes
Biol.?’. PMID: data from Nguyen and modify cell-cell interactions. An inflammatory
37479733 etal. pattern of immune cells was also found in BM.
Sudmeier, L. J. 31 BMs of several Single-cell RNA-seq, Characterized CD8T-cell subtypes across multiple
et al. Cell Rep histologies (14 lung, 4 mel- TCR-seq, Spatial histologies of primary tumor BMs and compared
Med.8 PMID: anoma, 6 breast, 7 other). Transcriptomics. clonotypic profiles at the tumor site and in circula-
35584630 Analysis focused on tion.

T-cell populations
Sun, H.-F et 4 glioma and 10 lung BMs Single-cell RNA-seq In comparing TIME between lung BMs to primary
al. ClinTransl gliomas, the lung BMTIME is characterized by im-
Med.?® PMID: mune cells and endothelial cells with invasive gene
36336787 signatures. Epithelial cells have cancer stem cell-

like traits that also are associated with invasiveness.

Wu, Y. et al. 23 primary lung adenocar- Single-cell RNA-seq Compared cellular landscape between lung adeno-
Biomolecules.®° cinoma; 16 lung adenocar- Also re-analyzed carcinoma primary tumor vs brain mets as well as
PMID: 36671569 cinoma BMs data from Nguyen et used novel approaches to infer cell-cell interactions

al. " and Brastianos and to predict ICl responses.

etal.’

Abbreviations: BM, brain metastasis; ICl, inmune-checkpoint inhibitor; LMD, leptomeningeal disease; TIME, tumor immune microenvironment.

Epithelial cells in lung adenocarcinoma BM samples also  cells are characterized by specific cell surface markers, and
have upregulated transcription factor pathways that en-  characteristic changes in epigenetic, signaling, and meta-
able cancer stem cell-like states (Figure 1).2° Cancer stem  bolic pathways, as has been previously reviewed.®' It has



Porter et al.: Single-cell advances

Molecular mechanisms of brain organotropism identified by single-
cell approaches
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Figure 1.  Single-cell studies identify molecular factors co-opted by brain metastases to adopt a brain-specific organotropism. (A) Tumor cells
can express neuronal growth factors to promote growth in the new microenvironment, synaptic genes that allow communication with pre- or
postsynaptic neurons, and adhesion molecules for inferred interactions with astrocytes or other brain support cells.?' The direct interactions
between metastatic tumor cells and resident brain cells are inferred, although some studies have used single-cell analytic methodologies to
infer interactions through programs like CellPhoneDB.* There is also a rapidly growing field of cancer neuroscience studying the interactions
between malignant and normal brain cells, as reviewed elsewhere.”” (B) Cancer stem cell-like pathway transcription factors are upregulated
and the NOTCH signaling pathway is increased to maintain a stem-like state.? (C) Chromatin-regulating genes are expressed that allow changes
in epigenomic state for ongoing proliferation and/or adaptation to the brain microenvironment.* Created in BioRender. Nayyar N, and Porter, R.
(2024) BioRender.com/z33z676



been hypothesized that adopting a stem cell-like state may
give metastatic tumor cells the ability to modulate their
transcription in a way that is favorable to the metastatic
site microenvironment. Malignant epithelial cells iden-
tified in lung adenocarcinoma BM single-cell data have
stem cell-like traits, including expression of stemness-like
transcription factors, such as FOSL1, and characteristic
cell surface markers including CD133 and LGR5.%° Further,
multiple studies have used single-cell bioinformatics
programs to infer cell-cell interactions and demonstrated
that malignant epithelial cells are able to interact with local
endothelial cells, suggesting that this interaction could be
necessary for invasion.?®3% NOTCH signaling contributes
to these cell-cell interactions,?®3° a pathway known for
maintaining the cancer stem cell-like state.5?2 Consistent
with these findings, whole exome and RNA sequencing ap-
proaches have found that BMs from colorectal carcinoma
expressing the same cancer stem cell markers (including
CD133 and LGR5) are enriched in chromatin-regulating
genes including KMT2C, KMT2D, and ARID1A.*8 Single-cell
sequencing of melanoma metastatic to extracranial sites
also found high expression of another chromatin factor,
KDMS5B, particularly in slowly dividing stem-like cells.5?

These studies have shown that cancer stem cell-like
states allow various types of primary tumors to gain inva-
sive characteristics that are able to interact with and invade
the brain microenvironment (Figure 1). Across several pri-
mary tumor histologies, brain metastases upregulate neu-
ronal proteins to interact with normal brain cells.?'%°These
brain-specific changes include alterations in both malig-
nant tumor cells and associated epithelial and endothelial
cells.?®30 Associated cancer stem cells express cell surface
markers, transcription factors, and epigenetic markers that
allow for interaction with local cells and ongoing prolifera-
tion and invasion in a new microenvironment.2%:3053

Common Transcriptional
Characteristics of Metastatic Tumor
Cells

Brain metastatic tumor cells are genetically diverse and
difficult to classify. Not only do they vary across primary
histologies, but even within primary histologies, inter-
patient genetic variation is high which makes transcrip-
tional and molecular classification challenging.”?? Within
single-cell studies, metastatic tumor cells are often iden-
tified by the presence of chromosomal instability such as
copy number variants.®” Bulk sequencing approaches have
found increased chromosomal instability in metastases
compared to primary tumors.'® Biermann et al. compared
melanoma BM with melanoma extracranial metastases by
whole exome sequencing and showed that BM had more
chromosomal instability compared to extracranial metas-
tases.?’ An in vitro assay of melanoma brain metastases
showed that increased chromosomal instability led to in-
creased migratory capacity, compared to melanoma extra-
cranial metastases.?’

Recent single-cell studies have attempted to identify
clusters of gene expression to characterize metastatic
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tumor cells. Gonzalez et al. identified patterns of gene ex-
pression in metastatic tumor cells across 15 BM samples of
varied primary histologies (melanoma, breast cancer, lung
cancer, ovarian cancer, colorectal cancer, and renal cell
carcinoma).?? Their clustering analysis revealed 2 “meta”-
gene expression programs, one defined by a proliferative
state and the other an inflammatory state. Proliferating
cells express a gene expression program with pre-mRNA
splicing and DNA replication signatures. Opposingly,
inflammatory cells exhibit gene expression programs
with inflammation, stress responses, epithelial-to-
mesenchymal transition, and increased regulation of extra-
cellular matrix remodeling.?? Genes within meta-programs
are co-expressed, and this co-expression pattern appears
to be unique in metastases compared to primary tumors.??
Biermann et al., in their single-cell analysis, compared
clusters of gene expression between melanoma BM and
melanoma extracranial metastasis and demonstrated that
the BM group was enriched in expression of lineage genes
for neuronal differentiation while still maintaining melan-
ocyte lineage gene expression.?! Despite the intrinsic ge-
netic and transcriptional heterogeneity, the identification
of transcriptional “meta” states in groups of cells within
brain metastases (of various primary histologies) shows
that similar patterns of transcriptional dysregulation are
necessary for proliferation in the brain metastatic niche.?'22

Immune Microenvironment

The immune microenvironment is a key factor that deter-
mines how metastatic cells invade and proliferate in the
brain. This new era of single-cell studies is ideally posi-
tioned to evaluate and compare changes in tumor immune
microenvironment (TIME), and previous reviews have
summarized how single-cell studies have led to advance-
ments in our TIME knowledge.?8% Interestingly, studies
have revealed that the BM TIME shares characteristics re-
gardless of primary tumor histology, even across brain
metastases from lung adenocarcinoma, breast cancer,
renal cell carcinoma, melanoma, and ovarian carcinoma.?

Lymphoid Cells

Earlier work used single-cell techniques to characterize the
brain TIME in primary gliomas®%7; however, more recent
work has compared the TIME in BM samples to primary
glioma. Comparisons of lung BMs and primary gliomas
demonstrated increased infiltration of T-cells, mast cells,
and macrophages in lung BMs compared to gliomas which
have more microglia and oligodendrocyte precursor cells.?®
Sajjadi et al. availed of publicly accessible single-cell RNA-
seq data to compare gliomas, lung BMs, and breast BMs
and found that each group had a unique composition.5®
The glioma microenvironment was enriched with macro-
phages and monocytes, the lung BM microenvironment
had more cytotoxic CD4 +T-cells and more exhausted-type
CD8 +T-cells, and the breast BM microenvironment identi-
fied novel subclusters of cancer-associated fibroblasts.%®
Such findings highlight the interplay between the primary




Porter et al.: Single-cell advances

tumor and the brain microenvironment. While metastatic
cells must adapt to a new microenvironment, metastatic
cells also modulate lymphoid cell phenotypes and the com-
position of associated epithelial and endothelial cells.?%58

Single-cell studies have also shed light on mechan-
isms that brain metastases use for immune evasion. In
comparing lung and breast BMs to primary gliomas,
macrophage-mediated inflammation and T-cell malfunc-
tion, including the exhausted CD8 +T-cell phenotype, are
suspected mechanisms by which BMs achieve immune
evasion compared to gliomas which tend to have pre-
served cytotoxic T-cell function and antigen presenta-
tion.3%58 Exhausted T-cells are thought to lack proliferative
and cytotoxic properties due to stimulation of co-inhibitory
cell surface markers such as PD-1, CTLA-4, and LAGS.
However, recent single-cell studies of metastatic mela-
noma have found that exhausted T-cells may retain dys-
functional proliferative abilities and have a distinct group
of cell surface markers.535° T-cells in BMs have been char-
acterized by single-cell sequencing, often in concert with
T-cell receptor sequencing. In categorizing CD8 +T-cells
within BMs of various primary histologies, Sudmeier et al.
identified multiple clusters of T-cell phenotypes, including
dividing cells, terminally differentiated cells, and multiple
categories of progenitor-exhausted cells.?®

CD8 T-cells with progenitor-exhausted phenotypes are
suggested to be critical for tumor control in response
to immune checkpoint inhibitors.t%6" In BM sites, termi-
nally exhausted CD8 +T cells carried more often a pre-
sumed tumor-specific antigen clonotype, while bystander
CD8 T-cells had progenitor exhaustion gene signatures.?.
Likewise, in a cohort of melanoma BM tumors resected
post-immune-checkpoint inhibitor (ICl) treatment, CD8
T-cells carrying “private” clones (ie specificities unique to
the patient and possibly including tumor-specific clones)
were more frequent at the tumor locations and more likely
to be exhausted.? Interestingly, a higher fraction of private
clonotypes at the tumor was associated with clinical benefit,
as was the presence of peripheral expansions of CD8T-cells
with “effector” phenotypes and non-tumor specificities.?°

Taken together, both studies show that likely tumor-
specific expanded clonotypes are located in the tumor and
appear more exhausted presumably as a result of con-
tinued exposure to the antigen.?>?® As is further described
below with immunotherapy responses, the immune char-
acteristics of the exhaustedT-cell phenotype are associated
with worse clinical outcomes in the setting of immuno-
therapy.2°62 |n these single-cell analyses, the presence of
exhausted phenotypes that are associated with clinical
benefit is evidence to the transient functionality of the im-
mune system and the ability of ICl to boost the immune
response, even in BM.2%28 Current and future work using
single-cell techniques will aid in understanding of which
immune cells and their interactions are contributing to in-
evitable tumor progression or relapse in the brain.

Myeloid Cells

Classically, macrophages are characterized by either a
pro-inflammatory “M1” state or an anti-inflammatory
“M2" state.53%* However, this categorization seems more

complex in tumor-associated macrophages, particularly
with inflammatory subtypes in brain metastases.®® In
an analysis of pseudotime progression from lung ade-
nocarcinoma primary tumor to BM, macrophages seem
to differentiate from monoctyes into 2 phenotypes, a
complement-containing (C1Q+) phenotype which pro-
motes phagocytosis and is more anti-inflammatory versus
a secreted phospho-protein-containing (SPP1+) pheno-
type which promotes ongoing inflammatory activation,
cytokine release, migration, and pro-angiogenesis.3°
Alvarez-Breckenridge et al. found similar SPP1 + clusters
of macrophages in their melanoma BM dataset, a marker
that they note is associated with chronic viral infection.?°
Gonzalez et al. described a further step in metastasis-
associated macrophages such that APOE + macrophages
express both C1Q and SPP1, but a separate group of
macrophages expresses S100A for a distinct inflammatory
phenotype.?? Across multiple histologies of brain metas-
tases, distinct clusters of inflammatory macrophages are
unique to the BMTIME compared to classical macrophage
phenotypes and suggest mechanisms in which metastatic
tumor cells evade the immune response.2%:22:30

Microglia have also been identified in lung BMs that
express a high proportion of checkpoint inhibitor ligand
genes, suggestive of an immune evasion phenotype.?
Alvarez-Breckenridge et al. identified a cluster of reactive
microglia previously associated with models of neuronal
injury and aging.?’ These observations start to show how
chronic inflammation in brain metastases influences the
BMTIME.

Dendritic cells have also been identified in single-cell
BM analyses and have exceptionally high expression of
markers associated with migration and transcription reg-
ulation (such as JUNB, NR4A2).22 Conversely, a subset of
dendritic cells tended to downregulate antigen-presenting
molecules compared to various histologies of primary tu-
mors.??3% Markers of dendritic cell activation were also
decreased in BM samples compared to primary lung ade-
nocarcinoma.®° Dendritic cells associated with BMs have a
transcriptional profile that appears to increase their migra-
tory capacity and decrease their ability to react to external
stimuli.?230

Neutrophils in lung BMs (compared to primary gliomas)
are characterized by transcriptional states leading to
phenotypes that promote degranulation and formation of
reactive oxygen species that favor angiogenesis.?® Alvarez-
Breckenridge et al. found 4 subclusters of neutrophils in
their single-cell analysis of melanoma BMs.?° A cluster of
BM-associated neutrophils had elevated expression of in-
terleukin (IL)-8, which was associated with gene expres-
sion that promotes angiogenesis. Further, this neutrophil
phenotype was associated with metastatic tumor cells with
higher expression of epithelial-to-mesenchymal transition
pathways and an overall worse prognosis.? In their as-
sessment of immunotherapy treatment response, they also
found that an increased neutrophil-to-lymphocyte ratio
was associated with increased tumor necrosis and a poor
response to therapy.?’ These studies collectively suggest
that, similar to macrophages, neutrophils may polarize be-
tween pro-tumor and anti-tumor phenotypes. Further, the
specific transcriptional states in BM-associated neutrophils
appear to be distinct from tumor-associated neutrophils in



gliomas, primary melanoma tumors, and melanoma extra-
cranial metastases.?%:?°

Stromal Microenvironment
Vascular and Endothelial Microenvironment

Vascular cells, including endothelial cells and pericytes, are
important cells in the brain metastatic microenvironment,
particularly as they relate to the blood-brain barrier and
angiogenesis.® Unsurprisingly, single-cell analysis demon-
strated that vascular and endothelial cells have increased
expression of angiogenic genes in BM samples across
multiple primary tumor histologies.?? Further, BM endo-
thelial cells have increased expression of ABC cassette
genes, which is hypothesized to be a cellular mechanism
of treatment resistance via the efflux of chemotherapies,??
although this idea remains to be tested experimentally.
Endothelial cells in lung adenocarcinoma BMs also mod-
ulate their extracellular matrix protein expression in ways
that change focal adhesion molecules and facilitate brain
metastatic cell invasion.?® Wu et al. analyzed pericytes
from lung BM and found immature transcriptional sig-
natures that were hypothesized to decrease blood-brain
barrier integrity, increase vascular proliferation, and acti-
vate epithelial-to-mesenchymal transition transcriptional
programs.®® Beyond resident endothelial cells, brain me-
tastases are also associated with tumor-derived endothe-
lial cells which have properties that promote angiogenesis
and tissue remodeling.?® Single-cell study of endothelial
cells has collectively identified mechanisms of drug resist-
ance, angiogenesis, and alterations in cell-cell interactions
that promote invasion.2223:29.30

Epithelial Microenvironment

Fibroblasts, and specifically “cancer-associated fibro-
blasts,” are crucial components of BM, particularly for
tumor invasion into and out of the circulatory system.5¢
Most single-cell studies distinguish between normal ep-
ithelial cells and malignant epithelial cells by the pres-
ence of copy number variants. In a single-cell RNA-seq
analysis of 3 breast and 2 lung metastases, there were
tumor-associated fibroblasts with high expression of
collagen-related genes and tumor receptors, identifying
ways in which the stromal environment interacts with
metastatic tumor cells.?” Cancer-associated fibroblasts in
lung BMs have decreased expression of human leukocyte
antigen (HLA), suggesting a deficiency in antigen pres-
entation which may be another mechanism of immune
evasion.’® Upon re-analysis of lung BM single-cell data
from Kim et al.,®® Xiao et al. found that malignant epithe-
lial cells (as defined by a copy number variant score) have
properties associated with activation of coagulation and
complement pathways, which is thought to promote tumor
invasiveness.®” Similar to the decreased genetic heteroge-
neity in brain metastases compared to primary tumors,'822
cancer-associated fibroblasts also have less genetic heter-
ogeneity compared to cancer-associated fibroblasts seen
in primary tumors.®°These results collectively suggest that
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BM-associated epithelial cells evolve to express interaction
molecules that invade the new environment and evade im-
mune detection.2%3067

CSF Sampling of BM and
Leptomeningeal Disease

There is increasing interest in using serum samples as a
means of “liquid biopsy” to capture circulating tumor DNA
for diagnostic and prognostic purposes.®® Analogously,
there have been recent studies that have sampled cere-
brospinal fluid (CSF) for cell-free/circulating tumor DNA
in primary brain tumors, BM, and leptomeningeal disease
(LMD).8%70 LMD metastasis, characterized by the infiltra-
tion of tumor cells into the leptomeninges through the CSF,
has a particularly poor outcome, even compared to BM.”"
More recently, several studies have performed single-cell
analysis of CSF samples.?*2¢ |t is important to note that
CSF samples may not be representative of the cells within
BM, but they may offer central nervous system (CNS) mi-
croenvironment information that may be diagnostically or
prognostically useful. One single-cell study of melanoma
BM and LMD showed good concordance in the relative
microenvironmental cell numbers and cell proportions of
samples collected from CSF versus direct leptomeningeal
sampling performed at autopsy.2®

Rubio-Perez et al. directly compared the results of single-
cell analysis of CSF samples to matched surgical BM spe-
cimens from 6 patients of various primary histologies.?
Overall abundances of T and NK cells were similar across
CSF and surgical BM specimens. While T cells overall
showed a good correlation between CSF and surgical BM
specimens, subtype compositions across T-cells varied
such that there was increased ratio of CD8 + to CD4 +T-cells
in the surgical BM samples compared to the CSF sam-
ples. In combining single-cell analysis with T-cell receptor
sequencing, 4 out of 6 matched samples had identical T-cell
receptor sequences suggesting direct communication be-
tween BM and the CSF space in those samples.?*These
results suggest that there are differences between the im-
mune microenvironments between the CSF and within a
BM, but that specificT-cell isotypes can be shared between
the 2 compartments. Prognostically, the relative amount of
T cells in either the CSF or surgical BM sample correlated
with overall survival and was predictive of immunotherapy
response.?® In a clinical trial comparing both peripheral
blood and CSF single-cell RNA-seq in LMD patients of var-
ious primary histologies, Prakadan et al. showed that in-
flammatory signatures in the CSF are greater than what is
detected in the blood, and this correlated with overall prog-
nosis in patients receiving immunotherapy.?

Studies have compared melanoma and breast BM with
LMD and the associated TIME.?*?6 Previous work has
shown examples of metastatic melanoma patients with
both BM and LMD, where immunotherapy was only effec-
tive at the BM site but not the LMD site, or vice versa.?This
clinical finding prompted the hypothesis that the BM and
LMD TIMEs are distinct. Indeed, while both BM and LMD
are within the CNS, they appear to have distinct TIMEs
using single-cell sequencing. Extracranial metastases had
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more phenotypic overlap with the BM compartment com-
pared to the LMD compartment. LMD has a higher propor-
tion of T and NK cells and the highest proportion of myeloid
and monocytic cells compared to the BM compartment.2426
Contrastingly, the BMTIME appears to contain more B cells
and plasma cells than the LMD compartment. Finally, com-
pared to LMD, the myeloid cells in the BM group presented
a more immunosuppressive phenotype and had the least
amount of antigen-presenting dendritic cells.?® As noted
above, while there are shared immune cells between BMs
and throughout the CSF space, there are differences in the
local TIME between BM and LMD. The above studies show
how TIME differences have diagnostic and prognostic
importance.?4-26

Posttreatment Changes in BM and LMD

Immunotherapy, and particularly ICls, has become key
therapeutics for primary and metastatic cancers in-
cluding BM.”?>74 As ICls have become more widely used,
studies have begun to investigate the cellular and molec-
ular changes associated with ICl use. Single-cell analysis
of ICI response is useful to measure T-cell infiltration and
immune effector function.3® Reviews of the TIME field have
attempted to predict ICl response based on the primary
tumor microenvironment.> Profiling has characterized

immunologically “hot” tumors (often characterized by a
high proportion of CD8 +T-cells) that would theoretically
be more susceptible to ICl compared to immunologically
“cold” tumors (often characterized by a high percentage
of tumor-associated macrophages).'?%* Single-cell molec-
ular characterization of melanoma extracranial metastasis
has suggested that tumor mutational burden, neoantigen
load, and T-cell infiltration are important molecular fac-
tors in ICl response.®? However, it is unclear if these con-
clusions apply to intracranial brain metastases given the
distinct brain TIME. Figure 2 summarizes the TIME changes
that occur post-ICl treatment in the BM and LMD compart-
ments, as outlined in the studies described next.
Alvarez-Breckenridge et al. analyzed 27 patients with mel-
anoma BM and characterized the TIME after ICI treatment
with single-cell RNA-seq and T-cell receptor sequencing,
factoring in whether there had been a treatment response,
partial response, or no response.?° Although there was
great systemic clonal expansion of T-cell populations out-
side of the CNS, this expansion was limited in the BM sam-
ples. As described earlier, post-ICl treatment BM T-cells
showed expansion of the exhausted phenotype.?°
Prakadan et al. sampled CSF from patients with LMD of
breast and other primary tumors at several time points
following ICI treatment and subjected the samples to
single-cell RNA-seq. An early (<30 days posttreatment)
and transient influx of CD8 +T-cells was observed, as well
as an early transient increase in interferon-y and antigen

Tumor Microenvironmental Changes Identified by Single-Cell Analysis Post-Immune Checkpoint Inhibition

A Brain Metastasis Compartment
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Figure 2. Tumor microenvironmental changes identified by single-cell sequencing studies performed after immune checkpoint inhibitor treat-
ment. Systemically, ICl causes broad expansion of immune cells and T-cell clones. (A) In brain metastases, T-cell expansion is limited, and
CD8 + T-cells are predominantly of the exhausted phenotype. An increased neutrophil-to-lymphocyte ratio is a negative prognostic sign.? (B)
Post-ICI, there is a transient increase in CD8 + T-cells in the LMD compartment. There is also increased expression of IFN-gamma signaling
and antigen-presenting signatures in lymphoid, myeloid, and tumor cells. Increased CD4 + T-cells and CD8 + effector memory T cells are a good
prognostic factor, whereas increased macrophages and decreased lymphocytes relatively are a negative prognostic factor in LMD post-ICI.%#?
Created in BioRender. Nayyar N and Porter R. (2024) BioRender.com/a58k470. ICIl, immune-checkpoint inhibitor; LMD, leptomeningeal disease.



presentation response signatures across lymphoid, mye-
loid, and tumor cells.?* This result underscores the impor-
tance of longitudinal sampling to understand the effect of
treatment on the TIME. Increased activity of interferon-y
signaling was associated with overall prognosis and dura-
bility of response to ICL.2* One particularly striking result
came from the analysis of a patient with rapid progres-
sion in LMD. Compared to other analyzed patients, there
was increased copy number variation heterogeneity sug-
gesting the presence of tumor subclones. Ultimately,
a subclone with less interferon-y response activity was
selected for which likely led to disease progression.?*Their
results show that both the magnitude and persistence of
CD8 +T-cell influx and interferon-y response are important
prognostic markers in ICI response for LMD patients.?*

Smalley et al. compared melanoma BM and LMD sam-
ples including samples after ICl treatment. Particularly
interesting was one patient sample with LMD who had
a remarkable response to ICl and lived well beyond the
median survival time and was particularly enriched with
CD4 +T-cells.?® In a separate patient with melanoma BM
that underwent serial BM resections, both ICl and targeted
therapy (with tyrosine kinase inhibitors) greatly increased
the number of infiltrating immune cells; however, targeted
therapy led to an increased ratio of CD8 + to CD4 +T cells in
BM, whereas ICl was characterized by a more diverse lym-
phocytic landscape as well as a marked increase in B cells
and plasma cells in BM.?8 Larger cohorts will be necessary
to validate this result to compare the immunologic effect
of BRAF-MEK inhibition to immune checkpoint inhibition.

In all 3 studies, across various primary tumor
histologies, CNS infiltration of specific populations of
T-cells (particularly CD8 +T-cells) appears to be required
for immunotherapy response (Figure 2).202426 Profiling of
the pretreatment TIME by single-cell analysis may have
prognostic value. Future work could use such profiling to
inform a personalized treatment strategy that optimizes a
patient’s response to immunotherapy.

Perspective and Future Directions

Single-cell RNA-seq studies of BM have already led to im-
portant findings about the molecular and cellular steps re-
quired for BM, the brain metastaticTIME, and the response
to treatments, particularly immunotherapy. Several im-
portant overarching conclusions arise from this group of
studies: (1) Primary tumors use distinct intrinsic strategies
to adapt and proliferate in the brain metastatic niche. (2)
The BM TIME is different from the primary glioma TIME.
Distinct inflammatory characteristics of myeloid cells and
CD8 +T-cells allow for immune evasion in the BMTIME. (3)
Immunotherapy modulates the BM TIME including a shift
in T-cell phenotypes toward the exhausted phenotype;
however, the exhausted T-cell phenotype requires further
study as it has more proliferative potential than previously
appreciated. (4) CSF studies hold promise as a method
to less invasively interrogate the CNS TIME. Notably, BM
samples have a distinct TIME compared to LMD samples.
There are multiple similarities seen in BMs regardless
of the original primary tumor histology. Brain metastases

Porter et al.: Single-cell advances

of distinct primary tumor histology appear to have dif-
ferent transcriptional characteristics and unique genetic
and epigenetic mechanisms of adapting to the brain mi-
croenvironment,?'?2 although the specific similarities and
differences merit additional study. Contrastingly, the asso-
ciated immune microenvironmental changes have much
in common across distinct primary tumor histologies,
and these were the focus of most of the studies reviewed
here. Studies across 7 different primary tumor types iden-
tified a polarization of immune cell phenotypes such that
immune cells associated with BMs have an inflammatory
“meta” state.This inflammatory state is associated with in-
creased cytokine release, increased myeloid cell migration,
and a predominance of CD8 +T-cells of the exhausted phe-
notype.?'-?* Overlap in immune phenotypes is also seen
in LMD from both melanoma and breast cancer: in both
types of cancer, the influx of CD8 +T-cells and inflamma-
tory cytokines is associated with ICI treatment response,
although this seems to decline when CD8 +T-cells shift
to the exhausted phenotype.?*26 Similarities in the TIME
across multiple tumor types may be useful diagnostically
or therapeutically and could constitute a clinical applica-
tion for single-cell technologies.

Single-cell analysis has several limitations. The cost of
the technology remains high (typically ranges between
$500 and $10 000 per sample, depending on the applica-
tion) relative to bulk sequencing methods. While there
are many clinical trials studying the role of single-cell
sequencing in clinical settings, its use has not yet become
widely available or considered standard-of-care. Single-
cell RNA-seq samples must be processed immediately
after tissue collection, making sample collection chal-
lenging in many scenarios. Single-nucleus RNA-seq, how-
ever, does allow evaluation of fixed or frozen samples, as
some of the studies reviewed here performed. Extracellular
matrix components or other noncellular components of
the BM microenvironment are not necessarily captured
by single-cell analysis. Further, there is a biased selection
of certain cell types during the steps required to prepare
a single-cell RNA-seq library. In brain tissue, for example,
there are well-known perturbations in gene expression in
microglia and other immune cells that alter accurate inter-
pretation of transcriptional states.”> Gene representation
may also be biased, such as with “drop-outs,” or difficulty
in detecting low-abundance genes that are poorly ampli-
fied during library preparation.’®

While most of these initial studies are limited in their
power due to small sample numbers, further work will ex-
pand both common molecular features and the complex
tumor heterogeneity seen in BM. Some of the studies de-
scribed here included samples that are paired between a
primary tumor and metastatic site, adding additional value
in inferring the molecular steps from the primary tumor to
an established BM. In addition, some studies included both
pre- and posttreatment samples allowing inference of the
treatment effect including tools that may help predict treat-
ment effect in the future. Further work and greater power
in such paired studies will offer diagnostic and prognostic
information.

Future work using spatial transcriptomics that com-
bines sequencing approaches with spatial context within
a histologic sample will add knowledge about how the
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immune system interacts with the tumor and stroma in
functional niches and will assess cell-cell interactions.
These approaches are also advantageous as they can
be performed on formalin-fixed tissues, increasing the
ease of the timing at which samples can be analyzed and
offer the possibility of retrospectively recovering key in-
formation on prior interesting cases. These technologies
are becoming increasingly powerful as they approach
single-cell resolution. Single-cell studies tend to focus
on either primary tumor biopsies or BM biopsies, which
allow inference of the molecular steps in between the 2
samples, but do not directly assess intermediate steps of
the brain metastatic cascade. Recent work assessed au-
topsy samples of breast cancer patients and found brain
micro-metastases that may represent initial steps in BM.””
Serum or CSF liquid biopsies in the future may be nonin-
vasive ways in vivo to elucidate these intermediate steps
in patients.

Multi-omic studies in the future will also add to our
knowledge of the molecular and cellular characteristics
in brain metastases. Further studies will continue to elu-
cidate how brain metastases acquire drug resistance,
change their signaling pathways, and modulate the TIME
in response to therapies. Combining single-cell RNA-seq
with genomic or epigenomic approaches will show how
mutations influence expression, and this could be further
related to proteomic data. Such multi-omic approaches will
define molecular and cellular pathways that brain metas-
tases use and can ultimately serve as potential treatment
targets.
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