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Immunogenomics and spatial proteomic mapping highlight
distinct neuro-immune architectures in melanoma vs. non-
melanoma-derived brain metastasis
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BACKGROUND: Brain metastases (BrMs) are a devastating complication of solid tumours. A better understanding of BrMs biology is

needed to address their challenging clinical management.

METHODS: Immunogenomic and digital spatial analyses were applied to interrogate the peripheral blood and tumour specimens
derived from 53 unique patients with BrMs originating from different solid tumours.

RESULTS: At craniotomy time, patients with melanoma-derived brain metastasis (MBM) displayed in the periphery lower
neutrophil-lymphocyte ratio (NLR) compared to non-melanoma-derived brain metastasis (non-MBM). Regardless of the primary
tumour source, higher NLR was associated with reduced overall survival (OS). Tumour MicroEnviroment genomic evaluations
revealed higher expression of genes identifying NK, CD8 and B cells in MBM vs. non-MBM. Moreover, MBM patients with longer OS
displayed increased CD8+ cell infiltration. Spatial proteomic analysis further highlighted enriched infiltration of CD8+ cells,
antigen-presenting cells, T-cell agonists and B cells in MBM. Conversely, increased expression of genes and proteins associated with
neurodevelopment, cell-cell adhesion and neutrophil infiltration were observed in non-MBM.

CONCLUSIONS: These findings reveal an increased immunogenicity of MBM vs non-MBM and highlight the presence of a unique
neuro-immune interplays in MBM vs non-MBM, suggesting that a balance between neuro-immune architectures might be

associated with diverging clinical outcome of patients with BrMs.

BJC Reports; https://doi.org/10.1038/5s44276-024-00060-y

INTRODUCTION

Brain metastases (BrMs) are the most frequent central nervous
system (CNS) malignancy and represent a fatal cancer complica-
tion with unmet therapeutic needs [1]. In the United States, the
estimated number of BrMs cases diagnosed each year is
between 98,000 and 170,000 [2], with melanoma, breast and
lung cancers being the most common histologies (incidence of
disease and percent developing brain metastases contributing
to their relative numbers and the overall total) [3]. Among them,
melanoma has the highest frequency of metastases to the brain
[4]. The standard of care therapies for BrMs management,
including surgical resection and/or radiotherapy, have histori-
cally resulted in a difficult control of tumour progression
reporting poor survival rates [5]. The difficult clinical manage-
ment of BrMs is mainly due to the fact that the resident cells
within the CNS create a complex and dynamic microenviron-
ment, with interactions among neurons, astrocytes, oligoden-
drocytes, microglia, immune cells, and extracellular matrix, all

essential to normal function [6, 7]. This ecosystem is separated
from the peripheral vasculature by the blood-brain barrier (BBB),
a selective filter composed of tightly connected endothelial cells,
pericytes, and astrocyte projections within a dense basement
membrane. The invasion of metastatic cells into this ecosystem
results in an evolving TME distinct from any other seen in
systemic metastasis [1].

Recent studies have demonstrated that immune checkpoint
blockade (ICB) have efficacy in the treatment of BrMs derived
from melanoma and non-small cell lung cancer (NSCLQ),
improving the survival outcomes in these patients [8-10].
Particularly, the phase 2 CheckMate 209-204 trial evaluated the
efficacy of monoclonal antibodies blocking the Cytotoxic
T-Lymphocyte Antigen 4 (CTLA-4) and the Programmed Death
1 Receptor Pathway [PD-(L)1] in 94 patients with melanoma
brain metastasis (MBM) and reported an intracranial and similar
extracranial/global response rate of 55%, with a partial response
rate of 30% and complete response rate of 26%. In breast
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cancer, ICB targeting PD-L1 has been approved in combination
with nab-paclitaxel for the treatment of triple-negative meta-
static breast cancer (MBC) [11]. As in melanoma, if immunother-
apy proves effective for MBC, patients with breast-derived brain
metastasis (BBM) could also benefit from an intracerebral
response. This hypothesis is leading to the development of
novel immune-oncology clinical trials for the treatment of
patients with BBM.

The rapid development of novel immune-oncology clinical trials
able to address the challenging clinical management of patients
with BrMs leads to an urgent need to better explore the immune
portrait of BrMs derived from different solid tumours in order to
better inform the development of novel and efficacious treatment
strategies [12, 13]. However, to our knowledge, no study has
comprehensively examined the immune landscape of the tumour
microenvironment of derived BrMs from different solid tumours.
This is critical to uncovering more immune-responsive BrMs as
compared with more immune-resistant ones. To address this gap
in knowledge, we analysed a set of surgically resected BrMs
originating from different solid tumours, including melanoma,
lung cancer, breast cancer and renal cell carcinoma (RCC), using
whole gene expression profiling, digital spatial proteomics (DSP),
immunohistochemistry (IHC), multiplex immunofluorescence (mIF)
and spectral flow cytometry.

Although multiple studies clearly reported decreased immuno-
genicity of BrMs when compared to extracranial metastases (ECM)
and primary tumours [14-16], we hypothesised that the TME of
MBM is more immunogenic when compared to BrMs derived from
other solid tumours (non-MBM). The results of our integrated and
multidimensional comparative study may help guide the devel-
opment of novel patient selection strategies and novel therapeu-
tic strategies for improving the clinical outcome of patients with
brain metastases.

METHODS
Detailed information is available in Supplementary Materials and Methods.

Patient cohort and specimens

Samples derived from 59 unique patients (53 with BrMs and 6 with Primary
Melanoma) treated at the Saint John's Health Center (Santa Monica, CA)
between 2004 and 2023 were evaluated in this study, which was approved
by the Providence Health Center Institutional Review Board (IRB). Patients
consented to the collection of blood and/or tumour specimens for
research. Detailed information for the patient cohort evaluated in this
study is shown in Table 1, Supplementary Table 1 and Supplementary
Materials and Methods.

Gene expression profiling and analysis

Tumoral regions were carefully identified by the pathologist and were
manually dissected from 5-um tissue Formalin-fixed, paraffin-embedded
(FFPE) sections as previously described [17]. Total RNA was isolated from
selected tumour areas with the High Pure RNA Paraffin Kit (Roche
Diagnostics GmbH, Mannheim, Germany) following the manufacturer’s
guidelines. Global gene expression profiling was assessed by lllumina and
further analysed in a total of 54 FFPE specimens derived from 50 unique
patients with brain metastasis. More information regarding the FFPE
specimens used for gene expression profiling in this study are provided in
Table 2. The EdgeR [18] package with a negative binomial model and
common dispersion estimates was used to calculate the Differentially
Expressed Genes (DEG) between the groups of interest. DEG were
identified based on a significant P value (adjusted P value <0.05).
Functional analysis was performed using the Ingenuity Pathway Analysis
(IPA) software. Only significant pathways derived from IPA analysis were
reported in this study.

Digital spatial profiling (DSP)

High-plex proteomic analyses with spatial resolution were conducted on
56 immune proteins using GeoMx DSP (NanoString Technologies, Seattle,
WA, USA) following instructions elsewhere described [19]. FFPE sections

Table 1. Demographics and type of treatments received across the different BrMs types.

Melanoma-derived BrM

Lung cancer-derived

Breast cancer-derived RCC-derived BrM

(MBM) (N =14) BrM (LBM) (N = 16) BrM (BBM) (N = 18) (RBM) (N =5)
Mean age at diagnosis of BrMs 67.6 66.8 55.9 68.8
(years)
Gender patients (% out of BrMs type)
Female 5 (35.7%) 8 (50%) 18 (100%) 1 (20%)
Male 9 (64.3%) 8 (50%) 0 (0%) 4 (80%)
Treatment received before BrMs diagnosis (% out of BrMs type)
Surgery 13 (92.9%) 6 (37.5%) 15 (83.3%) 1 (20%)
Chemotherapy 1 (7.1%) 4 (25%) 17 (94.4%) 0 (0%)
Radiotherapy 2 (14.3%) 3 (18.8%) 10 (55.6%) 1 (20%)
Immunotherapy 5 (35.7%) 3* (18.8%) 0 (0%) 0 (0%)
Others (i.e., HER2 targeted 0 (0%) 1 (6.3%) 16 (88.9%) 2 (40%)
therapy)
Untreated 0 (0%) 6 (37.5%) 0 (0%) 1 (20%)
Unknown 0 (0%) 1 (6.3%) 0 (0%) 2 (40%)
Treatment received after BrMs diagnosis (% out of BrMs type)
Surgery 12 (85.7%) 16 (100%) 18 (100%) 5 (100%)
Chemotherapy 4 (28.6%) 2 (12.5%) 10 (55.6%) 1 (20%)
Radiotherapy 11 (78.6%) 14 (87.5%) 18 (100%) 3 (60%)
Immunotherapy 6 (42.9%) 7 (43.8%) 3 (16.7%) 2 (40%)
Others (i.e., HER2 targeted 3 (21.4%) 2 (12.5%) 14 (77.8%) 3 (60%)

therapy)

*Two of the three LBM patients receiving 10 before the diagnosis of brain metastases had two BrMs FFPE samples collected at the time of craniotomy, leading
to a final number of 5 FFPE specimens derived from three unique LBM patients assessed by RNAseq and IHC. Information regarding specimens used for the

different assessments conducted in this study is provided in Table 2.
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Table 2. List of the specimens derived from primary tumours and BrMs evaluated in the study.

Patient #
1
2$,&
3$
4%
55
65
75

8
9&
10%
11
12%
13%
14
15
16
17
18
19
20
21
22
23
24
25%
26

27%
28
29
30
31
32
33%
34$,&

35
36
375&

38
39%
40
41
4%
43 $.&
44
45
46%
47
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PT FFPE sample ID
NA
MELBRM2-AP<
NA

NA

NA

NA

NA
MELBRM4-AP<
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

BrMs FFPE sample ID

MELBRM1-B*<4
MELBRM2-B*P<
MELBRM3-B*<
MELBRM4-B*<
MELBRM5-B*<¢
MELBRM6-B*<
MELBRM7-B*<
MELBRM8-B*P<
MELBRM9-B*<¢
MELBRM10-B><
MELBRM11-B*<4
MELBRM12-B><4
MELBRM13-B><4
NA

NA
BREBRM19-B*P<
BREBRM20-B>P<
BREBRM21-B*<¢
BREBRM23-B*<
BREBRM24-B<
BREBRM25-B><4
BREBRM26-B¢
BREBRM28-B*<
BREBRM30-B><¢
BREBRM32-B*<
BREBRM45-B*<
BREBRM46-B*<
BREBRM47-B*<
BREBRM48-B*<
BREBRM49-B><4
BREBRM50-BC
BREBRM51-B*<
BREBRM52-B*<
BREBRM53-B*<
BREBRM54-B2<4
LUNBRM14-B*<
LUNBRM44-B*<
LUNBRM15-B*<
LUNBRM17-B><¢
LUNBRM18-B*¢
LUNBRM36-B*<
LUNBRM27-B*¢
LUNBRM31-B*¢
LUNBRM33-B*¢
LUNBRM34-B*<
LUNBRM35-B*P<d
LUNBRM37-B*<
LUNBRM38-B*¢
LUNBRM39-B*<¢
LUNBRM40-B*<
LUNBRM41-B*¢

Circulating immune cells information
NA
X
NA
X
NA
X
NA
NA
X
X
X
X
NA
NA
NA
NA
X
X
X
NA
NA
NA
NA
NA
X
X
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

x

X X X X

TIL sample ID
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
MBM-TIL-14
SKCM-TIL-15
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA



A. Mendoza-Valderrey et al.

Table 2. continued

Patient # PT FFPE sample ID BrMs FFPE sample ID
48% NA LUNBRM42-B*P<d
49 NA LUNBRM43-B><4
50% NA RCCBRM55-B*¢
51 NA RCCBRM56-B*¢
52 NA RCCBRM57-B*¢
53 NA RCCBRM58-B?¢
54% NA RCCBRM59-B*¢
55 MELBRM1-A® NA

56 MELBRM3-A® NA

57 MELBRM5-A® NA

58 MELBRM6-A® NA

59 MELBRM13-A¢ NA

Circulating immune cells information TIL sample ID
X NA
X NA
X NA
X NA
NA NA
X NA
X NA
NA NA
NA NA
NA NA
NA NA
NA NA

BBM breast cancer-derived brain metastases, BrMs brain metastases, LBM lung cancer-derived brain metastases, MBM melanoma-derived brain metastases, PM

primary melanoma, PT primary tumour.

List of the specimens derived from primary tumours and BrMs evaluated in the study. Patients indicated with ($) received |0 treatment before BrMs diagnosis
and/or craniotomy. Patients indicated with (&) received 10 treatment after BrMs diagnosis and/or craniotomy.

2Subset of tumour specimens subjected to RNA extraction following selection of the tumour area and assessed by RNAseq (n = 54 BrMs derived from 50
different patients); BREBRM26-B and BREBRM50-B specimens were not assessed by RNAseq due to the poor QC readouts.

PSubset of tumour specimens assessed by Digital Spatial Profile using GeoMx NanoString [n = 8 (2 PM, 2 MBM, 2 BBM, 2 LBM), 32 Areas of lllumination in total].
“Subset of tumour specimens assessed by IHC (n = 56 BrMs derived from 52 different patients and n =7 PM derived from 7 different patients).

9Subset of tumour specimens assessed by immunofluorescence (S100B-PMEL17/PanCK, CD3, CD20, NeuN and SYTO13) [n = 15 BRMs (5MBM, 5 BBM, 5 LBM)].
Patients indicated with (X) in “Circulating immune cells information” section had available lymphocytes and neutrophil counts assessed in the peripheral
blood at the time of brain tumour biopsy collection. Six TIL clones were generated from MBM-TIL-14 fresh tissue specimen and 14 TIL clones were generated

from SKCM-TIL-15 fresh tissue specimen.

were deparaffinized and incubated with a mixture of detection and
morphological markers. Statistical comparisons between Areas of lllumina-
tion (AQIs) derived from MBM vs non-MBMs specimens were performed
applying a linear mixed-effect model (LMM). Differentially expressed
proteins were identified by comparing AOIs between the two groups with
a significance of + Log2 Fold Change (FC) > 0.6 and —log10 (P) > 1.3. More
information regarding FFPE specimens assessed in this study with digital
spatial profiling are provided in Table 2.

Multiplex immunofluorescence (mliF) staining

Serial 5-um-thick sections from FFPE tumour specimens were stained for
the expression of selected markers. More information regarding FFPE
specimens assessed in this study with mIF analysis are provided in
Table 2.

Immunohistochemistry (IHC) analysis

Serial 5 um-thick sections from FFPE tumour specimens were stained for
the expression of selected markers. Data were analysed using GraphPad
Prism version 7.04 (GraphPad Software Inc, San Diego, CA). More
information regarding FFPE specimens assessed in this study with IHC
analysis is provided in Table 2.

Generation of tumour-infiltrating lymphocytes (TILs) and
immunophenotyping

Fresh surgically resected tumours derived from primary melanoma and
melanoma brain metastases were used for the generation of TIL cultures
following a previously described workflow [20]. Immunophenotyping was
conducted on fresh TILs using multiparametric spectral flow cytometry.
Briefly, TIL cultures were stained using an 11-antibody panel described
in Supplementary Materials and Methods. Stained cells were acquired on
Cytek” Northern Lights™ flow cytometer, and data were analysed with
Spectroflo” software (Cytek Biosciences) and GraphPad Prism version 7.04
(GraphPad Software Inc., San Diego, CA).

Overall survival analyses of patients

Duration of overall survival (OS) was calculated from the date of detection
of brain metastasis to death. Patients without recorded death were
censored at the time of the last known clinical follow-up. All survival
analyses were carried out in R v.4.2.2.

RESULTS

Increased infiltration of NK cells is observed in the TME of
primary melanoma vs. melanoma brain metastases

Previous studies have demonstrated the increased immunogeni-
city of extracranial metastasis (ECM) and primary melanoma (PM)
when compared to MBM [14]. Our team also recently performed
a multi-omic analysis of a large, real-world melanoma cohort,
detecting in MBM a reduced expression of interferon-gamma
(IFNy) and T cell-inflamed signatures when compared to primary
cutaneous melanoma (PCM) or extracranial metastases (ECM)
[21]. The immunogenicity of MBM vs. PM was further assessed in
this study on a small subset of PM and MBM specimens evaluated
by protein digital spatial profiling (DSP) or immunohistochem-
istry (IHC) and by spectral cytometry immunophenotype of
multiple clones of tumour-infiltrating lymphocytes (TILs) derived
from n=1PM and n =1 MBM fresh tissues. Results derived from
IHC conducted on FFPEs derived from 7 PM vs 13 MBM showed a
trend of increased infiltration of CD45+ immune cells in PM vs
MBM (P =0.2; Supplementary Fig. 1A). Further results derived
from DSP evaluations conducted on 2 matched FFPE specimens
(2 PM and 2 MBM derived from the same patients) and
immunophenotype of TILs derived from 1 PM vs 1 MBM might
also suggest an increased infiltration of dendritic cells (CD80+
cells), NK cells (CD56 +), and dim-NK cells (CD3—, CD56 +,
CD16 + ) in the TME of PM vs MBM (Supplementary Fig. 1B, C).
Additional studies are currently ongoing on prospective col-
lected specimens to further validate these preliminary observa-
tions and to deeper explore the role played by dim-NKs
(CD56 + CD16 + ) and bright-NKs (CD56 4+, CD16—) cells in PM
and MBM.

Higher levels of circulating neutrophils and NLR are
associated with shorter survival times following craniotomy
Despite the reduced immunogenicity observed in MBM vs. ECM
and PM, we hypothesised MBM to be more immunogenic when
compared to BrMs derived from other solid tumours (non-MBM).
Acknowledging the multiple evidence suggesting that the
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immune repertoire in peripheral blood can mirror the immune
status of the tumour microenvironment (TME) [22, 23]. we first
assessed the lymphocyte counts, the neutrophil counts, and the
neutrophil lymphocytes ratio (NLR) detected at the time of
craniotomy in the peripheral blood of patients with brain
metastasis. The results showed trends of increased circulating
lymphocyte counts (P=0.12), as well as decreased neutrophil
counts (P=0.12) and decreased NLR (P=0.09) in patients with
MBM when compared to patients with non-MBM (Fig. 1a—c).
Interestingly, the increased NLR observed in the non-MBM
patient’s cohort here analysed seems to be driven by LBM
patients (Fig. 1c). Further evaluations also highlighted significant
associations between high neutrophil counts, high NLR, and
reduced overall survival (OS) of patients following craniotomy,
independent of the tumour types under consideration (Fig. 1a-c).
These results support previous evidence showing neutrophil
counts and NLR to be important peripheral biomarkers associated
with the clinical course of patients with brain metastasis [22]. Of
note, except for two patients whose corticosteroid treatment
information was unavailable, all patients here assessed were
receiving corticosteroids prior to blood draw. In addition, none of
the patients here evaluated received chemotherapy, radio-
therapy or ICB therapies within 30 days preceding the blood
collection.

A. Mendoza-Valderrey et al.

Whole gene expression profiling reveals distinct neuro-
immune architectures in melanoma vs. non-melanoma-
derived brain metastasis

To further characterise the TME of patients with MBM and non-
MBM, we performed whole gene expression profiling on the
tumour regions selected by the pathologist for 54 FFPE speci-
mens derived from 50 unique patients with BrMs originating from
different tumours. Unsupervised cluster analysis performed on
whole gene expression profiles (17912 transcripts) clearly showed
the TME of MBM to cluster differently from the TME of non-MBM
(Fig. 2a). Additional expression analysis revealed a subset of 4762
genes differentially expressed (adjusted P < 0.05) between MBM
and non-MBM. Among them, 1841 genes were upregulated, and
2921 genes were downregulated in MBM vs. non-MBM, respec-
tively (Supplementary Table S2). Functional IPA pathway analysis
conducted on the subset of 1841 transcripts highlighted that
genes upregulated in the TME of MBM vs. non-MBM are involved
in Th1 and Th2 activation, Fcg Receptor-mediated phagocytosis
in macrophages and monocytes, phagosome formation and
Natural Killer cell signalling (Fig. 2b) thus suggesting the TME of
MBM to be more immunogenic compared to the TME of non-
MBM. Further analysis conducted on the gene expression data
indicated the expression of mRNA signatures previously shown
by us and others to detect NK cells, CD8 cells and B cells in the
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Fig. 1

Circulating immune cells repertoire in patients with BrMs. a Comparison of lymphocyte counts between MBM and non-MBM

assessed when craniotomy. Kaplan-Meier curves were used to illustrate the association between the circulating lymphocyte counts and
overall survival (OS) in all patients with BrMs. b Comparison of neutrophil counts between MBM and non-MBM assessed when brain tumour
biopsy was collected. Kaplan-Meier curves were used to illustrate the association between the circulating neutrophil counts and overall
survival (OS) in all patients with BrMs. ¢ Comparison of NLR between MBM and non-MBM assessed when brain tumour biopsy was collected.
Kaplan-Meier curves were used to illustrate the association between NLR and overall survival (OS) in all patients with BrMs. One-tailed
Mann-Whitney tests or one-tailed t tests were used to calculate P values. OS is here calculated from the time of BrMs diagnosis.
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TME, and to be associated with clinical response to immune
checkpoint blockade (ICB) in solid tumours [24-26], were
enriched in the TME of MBM vs. no-MBM (Fig. 2c). Conversely,
an increased expression of genes associated with neurodevelop-
ment (5100A2/4/8/9 and RBFOX3, also known as NeuN), cell-cell
adhesion (LAMA3), Hypoxia (NOST, HIF1A), adenosine signalling

(ADORA2B, ADORAT), Th17 pathway (IL17RB, IL23A), neutrophil
enrichment (CXCL8, CCL20, CXCRT), and other immunosuppres-
sive functions previously reported by us and others to be
associated with poor response to ICB in solid tumours [27-33]
was found highly increased in the TME of non-MBM vs. MBM
(Supplementary Table S2 and Fig. 2d).
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Fig. 2 Molecular characterisation of the tumour microenvironment of MBM vs non-MBM. a Dendrogram based on the on the whole
transcriptome (17912 transcripts) between MBM (red) and other BrMs (green). In (*) are indicated samples derived from the same patient; in ($)
are indicated samples derived from patients with BrMs treated with ICB prior to craniotomy; in ($) are indicated subset of samples derived
from patients with BrMs treated with ICB within 30 days prior to craniotomy; in (&) are indicated samples derived from patients with BrMs
treated with ICB after craniotomy. In (@) are indicated samples derived from patients with BrMs treated with radiotherapy before craniotomy
(treatment interrupted at least 80 days prior to craniotomy); in (ll) are indicated samples derived from patients with BrMs treated with
chemotherapy within 30 days prior to craniotomy. All samples are derived from patients undergoing corticosteroid at the time of craniotomy
with the exception of the ones indicated in (#). b Top 20 canonical pathways derived from Ingenuity Pathway Analysis (IPA) and associated
with the DEG upregulated (adjusted P value <0.05) in MBM vs non-MBM. ¢ Representation of the expression level of different molecular
signatures (NK, CD8 and B cell) in patients with MBM (red) and non-MBM (green) brain metastasis. One-tailed t tests were used to calculate P
values. d Top 15 canonical pathways derived from IPA and associated with the DEG downregulated (adjusted P value < 0.05) in MBM vs non-
MBM. The “Percentage” value of canonical pathways reported in (b, d) is calculated as the number of analysis-ready genes in each pathway,
divided by the total number of genes in the reference dataset that make up that pathway. The IPA P value of canonical pathways reported in
(b, d) are derived from Fisher’s exact test for each pathway and indicates the statistical significance of the overlap of analysis-ready genes that

are within the pathway.

Proteomic evaluations conducted by immunohistochemistry
and spatial digital pathology highlight increased
immunogenicity of MBM vs. non-VIBM

Results derived from gene expression analysis were further
evaluated at the protein level by conducting immunohistochem-
istry (IHC) evaluations on 56 FFPE specimens derived from n =52
unique patients with brain metastasis. Specifically, the expression
of CD8, CD20 and of the stromal S100 was evaluated by IHC on
specimens with available FFPEs, listed in Table 2. Results derived
from IHC staining showed a trend of higher density of CD8" cells,
higher infiltration of CD20" cells and lower-stromal S100B
expression in the TME of MBM compared with non-MBM,
respectively (P=0.07, P=0.016, P=<0.001, Fig. 3a-c), thus
confirming transcriptomic evaluations. Furthermore, Kaplan-Meier
(KM) evaluations in patients with MBM patients showed a positive
association between a higher density of CD8" cells in the TME and
longer OS. Interestingly, no significative association was found
between CD8" cells and OS when all the BrMs cases were taken
into consideration (Fig. 3c). In addition, no significant association
with OS was found when CD20™" or stromal S1007 cells were taken
into consideration (data not shown).

To deeper explore differences in the tumour immune micro-
environment between MBM vs. non-MBM, additional assessments
were performed by digital spatial profiling (DSP) in 24 Area of
lllumination (AOQIs) selected from 6 FFPE specimens assessed by a
panel of 56 of selected immune markers. DSP results confirmed
the inter-TME heterogeneity between MBM and non-MBM
observed by IHC, revealing higher infiltration of CD8" cells,
antigen-presenting cells (APCs), (HLA-DR*, CD11c*, B2M™) and B
cells (CD20™) in MBM vs. non-MBM. Of relevance, agonists of T-cell
activity such as CD40 and the surface receptor 4-1BB (CD137,
TNFRSF9), known to promote T-cell proliferation, survival, and
cytotoxic functions [34], were also strongly increased in MBM vs.
non-MBM TME. Conversely, increased infiltration of Tregs (CD25™,
CD1277), neutrophils (CD66b™) and epithelial cells (EpCAM™,
PanCK") was observed in non-MBM compared with MBM
(Fig. 4a-c and Supplementary Table S3).

Immunofluorescence analysis revealed an inverse correlation
between CD3+ cells and NeuN+ cells in the TME of patients
with MBM
To further map the neural-immune architectures in the TME of
BrMs derived from different solid tumours, we next assessed the
expression of CD3, CD20, and NeuN (a marker usually associated
with neural development) by multiplex immunofluorescence (mIF)
analysis. This analysis was conducted in a subset of 15 FFPE
specimens derived from patients with MBM (n=15), BBM (n =5)
and LBM (n=5) and characterised by highest (n =6), medium
(n=3) and lowest (n = 6) overall survival following craniotomy.
Results confirmed an increased infiltration of CD3™" cells in MBM
with higher OS— (Fig. 4e). No significant association between
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CD3" cells and OS was found looking at the eight cases of brain
metastasis derived from BBM and LBM, suggesting the need to
further explore the impact and functional status of CD3" (and of
CD8™ cells) in the TME of these patients (Fig. 4e). Interestingly,
regions of interest (ROIs) showing aggregates of CD3" and CD20"
cells potentially forming tertiary lymphoid structures (TLS) were
observed in brain metastases derived from lung cancer and
melanoma patients characterised by medium OS (13 months and
22 months, respectively). However, deeper understanding of the
impact of TLS on patients with MBM is currently explored on a
larger dataset of patients. Focusing on NeuN+ infiltration, mIF
results confirmed an enrichment of NeuN+ cells in the TME of
patients with non-MBM vs. MBM (Fig. 4d-f). However, larger
sample sizes are needed to accurately evaluate the impact of TLS
and NeuN+ cells on the clinical outcome of patients with brain
metastasis.

DISCUSSION

Brain metastases (BrMs) are the most common intracranial
malignancy in adults, and a devastating and often fatal complica-
tion of melanoma, lung cancer, renal cell carcinoma and breast
cancer [1]. Current practice guidelines and management of brain
metastases include stereotactic radiosurgery for patients with
oligometastatic disease in the brain, and surgery, which is used for
highly symptomatic or threatening metastases. Recently, the
advent of ICB significantly improved the clinical outcome of
patients with brain metastasis, and exceptional results have been
obtained, particularly in melanoma [8-10]. Nevertheless, patients
with MBM treated with ICB show only a 2.4% OS at 5 years, and
the benefit from treatment is observed only in a subset of
patients. In addition, limited efficacy of ICB is observed in brain
metastasis derived from other solid tumours including lung
cancer, breast cancer and renal cell carcinoma, thus suggesting
the existence of additional features playing a pivotal role in ICB
treatment resistance in brain metastases originating from non-
melanoma tumours.

In this study, we evaluated clinical immune-based assessments
in the peripheral blood, and we applied complementary molecular
and proteomic approaches based on cutting-edge techniques to
analyse the TME and the tumour immune microenvironment
(TIME) of BrMs derived from different solid tumours.

Particularly, to explore differences versus commonalities in the
immunologic characteristics of BrMs arising from different solid
tumours, we first assessed differences in peripheral blood absolute
lymphocyte, neutrophil counts, and NLR at the time of brain
metastasis surgery (craniotomy). Our results showed a slight
increase of circulating lymphocytes and a trend of decreased
neutrophil counts and NLR in patients with MBM compared to
non-MBM patients. Interestingly, increased absolute neutrophil
counts and NLR in the peripheral blood were strongly associated
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Fig.3 IHC analysis of paraffin-embedded tumour specimens (FFPE) derived from MBM vs non-MBM. Representative data from positive and
negative CD8 (a), CD20 (b) and S100 (c) staining’s conducted on specimens derived from MBM and non-MBM patients are shown here with
x40 magnification. Positive and negative CD8™ staining cells percentage was 30% and 0% for MBM and non-MBM specimens, respectively (left
panel). Positive and negative CD20™" staining cells percentage was 25% and 0% for MBM and non-MBM specimens, respectively (medium
panel). In MBM representative case, S100" staining cells percentage was 95% (tumoral area) and 0% (stromal area). In non-MBM representative
case, S100+ staining cells percentage was 0% (tumoral area) and 25% (stromal area) (right panel). b The percentage of CD8" (left panel),
CD20" (medium panel) and S100" cells (right panel) evaluated by IHC are shown in MBM vs non-MBM. One-tailed Mann-Whitney tests were
used to calculate P values. ¢ Kaplan-Meier curves assessing the association between CD8" expression in the TME and patients OS in
melanoma-derived brain mets (left panel) and in all BrMs (right panel), OS was calculated from BrMs diagnosis to death or to the last patient
contact.

with poor OS. This is an important observation that has been In the TME, molecular and proteomic evaluations performed on
reported in many other therapeutic trials as well as retrospective FFPEs further showed that the microenvironment of MBM was
studies, and it emphasizes the utility of monitoring simple highly immunogenic when compared to non-MBM.

parameters like circulating blood counts in the management of Particularly, the MBM tumour microenvironment was charac-
patients with BrMs [22]. However, more multicenter studies and terised by increased infiltration of NK cells, antigen-presenting cells
larger sample sizes are needed to validate the predictive vs. (e.g., dendritic cells, DCs), Th1 cells, and B cells, thus suggesting that
prognostic impact of NLR on the clinical outcome of patients with a synchronised innate, adaptive, and humoral immune interplay
brain metastasis. orchestrates higher immunogenicity in brain metastases derived
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from melanoma. Interestingly, the presence of a functional interplay
between NK, DCs, CD8 cells and B cells in the TME has also been
shown to be associated with the likelihood of improved responses
to ICB in multiple tumour types [26, 35, 36]. In addition, in patients
with MBM, increase infiltration of CD8™ cells detected in the TME at
the time of craniotomy was associated with better overall survival
following surgical resection. Of note, 18 out of 53 patients with brain
metastasis here evaluated and derived from different tumour types
(6 MBM, 7 LBM, 3 BBM, 2 RBM), received ICB treatments following
craniotomy. Unfortunately, no clear associations with ICB response
can be evaluated in this retrospective study due to the limited
number of patients available in each subgroup and the variety of
additional treatments received after craniotomy in addition to ICB.
Despite this limitation, the results here obtained could altogether
suggest that the increased response to ICB observed in MBM might
potentially be due to the increased immunogenicity of MBM vs.
other BrMs and that other studies are critical to the development of
more appropriate treatment interventions for non- melanoma BrMs.

Interestingly, the tumour microenvironment of MBM was also
observed to be highly enriched with T-cell co-stimulatory signals
such as CD40 and CD137, suggesting that strategies that include
agonistic co-stimulation of these receptors might increase ICB
response and overall survival in patients with MBM.

Focusing on non-melanoma-derived brain metastases, the
expression of genes and proteins associated with neurodevelop-
ment, cell-cell adhesion, immune suppression, and other func-
tions previously shown to be associated with poor response to ICB
in solid tumours [27-33] was found highly increased in the TME of
non-MBM vs. MBM brain metastases.

These results provide the basis to further explore the impact of
the TME neuro-immune architectures on the regulation of
treatment resistance and impairment of anti-cancer immunity in
patients with brain metastases. In addition, although the
identification of distinct features associated with ICB response of
brain metastases is not the focus of this retrospective study, these
data might suggest that pathways associated with neurodevelop-
ment and immunosuppressive functions that were found enriched
in non-MBM vs. MBM could potentially lead to a limited response
to ICB in patients with non- MBM brain metastases.

CONCLUSIONS

While these exploratory findings require further confirmation in
larger independent cohorts, our results provide the basis for the
first comprehensive transcriptomic and proteomic immune atlas
characterisation of BrMs arising from different solid tumours. This
study also highly supports the development of follow-up studies
to mechanistically explore our findings and guide new transla-
tional therapeutic research for patients with solid tumours
metastatic to the brain.
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