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Metastatic cancer is responsible for the overwhelming majority of cancer-related deaths, with metastatic tumors
being the most common neoplasms affecting the central nervous system. One of the major factors regulating
tumor biology is the tumor microenvironment. However, little is known about the cellular and non-cellular
composition of metastatic brain tumors and how tumor cell ontogeny influences the metastatic brain tumor
microenvironment. By integrating multiplex immunohistochemistry and histopathological analysis to investigate
composition and the spatial relationship between neoplastic cells, infiltrating and brain resident immune cells
and the extracellular matrix, we demonstrate that metastatic brain tumors exhibit differences in extracellular
matrix deposition, compared with the most common primary brain tumor type, glioblastoma, and that the
dominant immune cell types in metastatic brain tumors are immunosuppressive macrophages, which preferen-
tially localize to extracellular matrix-rich stromal regions.

1. Introduction

Intracranial metastases are the most frequent type of brain tumor and
one of the most common neurological complications of systemic cancer,
representing about 20% of intracranial tumors diagnosed in adults [1].
An estimated 20-40% of patients with cancer will develop brain me-
tastases (BrM), which are a common feature of advanced disease. The
two most common types of primary tumors metastasizing to the brain
are lung cancer, accounting for almost half of all BrM, followed by breast
cancer accounting for 15-30% of metastatic brain cancer [2]. At the
time of diagnosis, the majority of BrM patients harbor multiple lesions,
and most will experience some degree of neurocognitive impairment
during the course of the disease. The median survival for untreated
patients is 1-2 months, and about 6 months for patients who have

undergone various combinations of surgery, chemotherapy, and radio-
therapy [3]. As a direct cause of morbidity and mortality in cancer pa-
tients, BrM remains one of the most challenging diseases in clinical
oncology. Other than radiotherapy, to date there is no standard treat-
ment used for patients with BrM. The discovery of mechanisms regu-
lating BrM biology, leading to the implementation of new therapeutic
approaches for the treatment of patients with BrM to improve patient
outcome is of paramount importance.

One of the major factors regulating BrM biology is the tumor
microenvironment (TME), which is composed of both cellular and non-
cellular factors. Despite the promising outcomes of clinical trials
investigating the efficacy of immunotherapies in several metastatic
cancers, there is limited data available on the impact of these therapies
on the BrM TME. This is particularly pertinent for the central nervous
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system, which has a unique immunological microenvironment
compared to other metastatic tumor host organs [4]. Past studies have
shown that the number of infiltrating immune cells in BrM differs from
immune cell infiltration in the major primary brain cancer, glioblastoma
(GBM), and varies according to primary tumor ontogeny. It has been
shown that melanoma BrM tumors are characterized by a higher number
of CD8" T-cells compared to GBM [5]. BrMs also show lower microglial
infiltration compared to GBM, but exhibit substantial infiltration of
other myeloid cells, including protumorigenic immunosuppressive bone
marrow-derived macrophages [6]. Moreover, BrM tumor cells interact
with brain resident cells, other than microglia, including neurons and
astrocytes, which play roles in supporting BrM growth and colonization,
by secreting pro-tumorigenic cytokines and chemokines, which also
contribute to chemotherapy resistance in BrM [7,8].

Another relatively unexplored property of the BrM TME, is the
deposition and organization of the extracellular matrix (ECM), which is
the major component of the matrisome, and includes a multitude of
factors, which include a spectrum of ECM modifying enzymes, known as
the matrix metalloproteinases (MMPs). A feature of many primary
cancers is the desmoplastic reaction which is accompanied by an in-
crease in collagen deposition and tissue remodeling, especially in tissues
in which collagen is a substantial component of the healthy tissue.
However, the healthy human brain parenchyma exhibits only low levels
of ECM proteins, including the major ECM protein type, collagen [9].
Further, BrM cells can facilitate the compositional makeup of the brain
tumor ECM, by influencing mRNA expression of growth factors, MMPs
and ECM proteins directly, including collagen and fibronectin [10,11].

Despite the appreciation that ECM proteins regulate tumorigenesis,
the role of the ECM in promoting BrM biology remains unclear. Thus,
much of the current understanding of the role of the ECM in regulating
the growth of BrM is drawn from existing knowledge of the primary
tumors. For example, there is a positive correlation between ECM stiff-
ness, tumor invasion and resistance to therapy in breast cancer [12].
Moreover, in vitro experiments show that collagen, a major ECM
component in many tumor types, induces immunosuppressive macro-
phage polarization [13]. This has also been shown in breast cancer,
where ECM stiffening correlates with tumor infiltration of
pro-tumorigenic CD68" CD163" macrophages [12]. Expression of
additional ECM components, including hyaluronan and collagen are also
associated with poor prognosis in primary cancers [14-17].

Despite the early encouraging outcomes observed with the use of
immunotherapeutic based approaches for the treatment of non-central
nervous system cancers, in addition to the limited clinical trials con-
ducted for BrM patients with lung cancer and melanoma metastases
[18], the response is transient and increases in median survival for these
patients remains modest. To date, investigations into metastatic cancer
biology have focused on the molecular and cellular characteristics of the
metastatic cells and the mechanisms regulating their metastatic transi-
tion. Several genomic studies have shed light on the molecular and ge-
netic properties driving metastasis of primary tumor cells to specific host
organs, including the brain [19-21]. For example, in a breast cancer
mouse model, analysis of the ECM in several metastatic host tissue
niches of breast cancer xenografts, demonstrated that the brain is
characterized by fewer but more diverse and unique matrisomal pro-
teins, compared to other metastatic host tissues [22]. Detailed properties
of organ-specific matrisomes in metastatic niches, including the brain,
are extensively reviewed by Deasy and Erez [23].

By integrating multispectral immunohistochemistry (mIHC) and
histopathological analysis of BrM tissue to interrogate the spatial rela-
tionship between the ECM and cellular tumor components, we examined
the ECM content, focusing on collagen deposition, and the correspond-
ing localization of T-cells and myeloid cells. We show that metastatic
brain tumors exhibit substantial ECM deposition, which differs from
primary brain tumors, and that immune cells are enriched in ECM-
stromal regions. We also show that the majority of bone marrow-
derived macrophages are immunosuppressive.
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2. Methods
2.1. Tumor tissue

All metastatic brain tumor tissue used in this study was localized
within the cerebrum or cerebellum. Details of patient samples are shown
in Supplementary Table 1. All brain metastatic and GBM tissue speci-
mens were formalin-fixed paraffin embedded (FFPE) and sourced from
US Biomax (GL806f and GL861a). All metastatic brain tumor tissue was
collected using HIPPA (Health Insurance Portability and Accountability
Act USA) approved protocols and donor informed consent. For GBM
tissue, human ethics approval was covered by project application
1853511 and was approved by the Medicine and Dentistry Human
Ethics Sub-Committee, The University of Melbourne.

2.2. Automated multiplex immunohistochemistry staining

Multiplex IHC staining was automated using the Bond RX stainer
(Leica Biosystems) with the Opal 7-Color IHC kit (Akoya Biosciences). 4
pm thick FFPE tissue sections were baked at 60 °C for 1 h prior to
deparaffinization in xylene and rehydration in a series of graded
ethanol. Heat-induced antigen retrieval was performed using either a
Citrate pH 6 buffer or Tris-Ethylenediaminietetraacetic acid (EDTA) pH
9 buffer. Endogenous peroxidase activity was blocked with 3% hydrogen
peroxide prior to the addition of any primary antibodies which were
prepared in the Opal Blocking/Antibody Diluent (Akoya biosciences). A
pan-immune antibody panel and a macrophage subset antibody panel
were used to investigate immune cell localization in brain metastasis
samples. The pan-immune panel included CD68 (Abcam ab955, 1:100),
TMEM119 (Abcam 185333, 1:1000), CD11c (Abcam ab52632, 1:1000)
and CD3 (Abcam ab16669, 1:150). The macrophage subset antibody
panel included CD68 (Abcam ab955, 1:100), CD163 (Cell Signaling
Technology #93498, 1:250), CD206 (Abcam ab64693, 1:2000), HLA-
DR (Cell Signaling Technology #97971, 1:100), Cytokeratin (AE1/
AE3) (Dako M3515, 1:400) and TMEM119 (Abcam 185333, 1:1000). All
tissue slides were incubated with a primary antibody for 1 h at room
temperature prior to the incubation with the Opal Polymer HRP Ms + Rb
secondary antibody for 30 min. Immunofluorescence was visualized
using Opal fluorophores (Opal 520, 540, 570, 620, 650 and 690) diluted
at 1:150 in a Plus Automation Amplification Diluent (Akoya bio-
sciences). Serial multiplexing was performed by repeating the sequence
of antigen retrieval, primary antibody and Opal polymer incubation,
followed by Opal fluorophore visualization for all six antibodies. Tissue
sections were counterstained with DAPI, and cover-slipped using Pro-
Long Glass Antifade Mountant (Invitrogen).

2.3. Multi-spectral image acquisition and image analysis

Multispectral images were acquired using the Vectra 3.0.5 Multi-
spectral Imaging Platform (Perkin Elmer, USA) at 40x magnification.
Spectral deconvolution was then performed using inForm 2.4.8 software
(Perkin Elmer, USA) and multispectral images were fused using Halo
software (Indica Labs, USA). Image analysis (cell phenotyping) was
performed using the analysis algorithm, Highplex FL, where the nuclear
detection sensitivity and the minimum intensity threshold for positive
cell detection based on staining localization (nuclear, cytoplasmic or
membrane) were defined. Spatial analysis was performed with Halo by
annotating ECM-rich tissue regions positive for Masson’s Trichrome
staining. CD3%, CD11C*, TMEM119" and CD68" macrophage subsets
were counted in ECM and neoplastic cell (NC)-rich regions. Cell locali-
zation was also identified by measuring the infiltration distances of
various cell types from ECM-rich regions into NC-rich regions using the
infiltration analysis module in Halo.
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2.4. Masson’s trichrome staining

Masson’s Trichrome staining was performed as previously described
[24]. Tissue slides were de-cover slipped and incubated with Carazzi
hematoxylin, followed by incubation with 1% Briebrich scarlet —1%
acid fuchsin solution. Tissue sections were then decolorized with 1%
phosphotungstic acid and incubated with 1% Light Green, prior to a
brief rinse with two changes of ethanol and xylene. The Masson’s Tri-
chrome stained slides were then scanned using a Vectra 3.0.5 Multi-
spectral Imaging Platform (Perkin Elmer, USA), at 10x magnification. To
determine the amount of collagen (green) in each tissue core, the Tissue
Classifier add-on in Halo was used. The add-on uses a machine learning
algorithm to identify tissue types based on user input training and for
this study, collagen-rich regions were used to train the software.

2.5. Picrosirius Red staining

Picrosirius red staining was performed, as previously described [25].
Tumor tissue slides were stained with Picrosirius red solution for 60 min.
Slides were then washed with an acetic acid solution, followed by
rinsing in absolute ethanol before being dehydrated and cover slipped.

BrM
A
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Images were captured using an Olympus BX53 microscope, at 4x
magnification. Quantitative image analysis was performed using Fiji
ImageJ software with a custom script, available at https://github.
com/TCox-Lab, to identify and capture red, green and yellow birefrin-
gence signals [26].

2.6. Statistical analysis

Data was analyzed using a non-parametric Kruskal-Wallis test (o« =
0.05), followed by a Dunn’s test for multiple group comparison, a two-
tailed unpaired Student’s t-test and Wilcoxon matched-pairs signed rank
test, an ordinary one-way ANOVA and Mann-Whitney test with Graph-
Pad Prism v.9 software, as indicated in each figure legend. Correlation
analysis was performed using a non-parametric Spearman’s rank cor-
relation analysis. Statistical significance is represented by *(p < 0.05),
**(p < 0.01), ***(p < 0.001) and ****(p < 0.0001). Box plots indicate
median and interquartile range (IQR), as indicated in the figure legends.
All statistical analysis was performed using GraphPad Prism version 9.0
(GraphPad Software, La Jolla California USA, www.graphpad.com).
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Fig. 1. Collagen density and deposition in brain metastasis (A) Representative images of Masson’s Trichrome staining showing collagen in lung, breast, skin and
thyroid BrM, GBM and non-tumor tissue. Scale bars, 300 um. (B) Percentage of collagen deposition in non-tumor (n = 15), GBM (n = 35) and BrM (n = 28) tissues.
Collagen content was identified using the Tissue Classifier Add-on in Halo (see Methods). (C) Percentage of collagen deposition in non-tumor tissue (n = 15), lung (n
= 17), breast (n = 5), skin (n = 3) and thyroid (n = 3) BrM. (D) Percentage of red, yellow and green birefringence signal in BrM (n = 17) and GBM (n = 30) tissues.
(E) Representative polarized light images and red birefringence signal of BrM and GBM tumor tissue. Scale bar, 300 pm. All results are represented as median+IQR.
Statistical significance was determined by Kruskal-Wallis test, followed by Dunn’s test for multiple comparisons («x = 0.05) for comparison of the percentage of
collagen deposition in tumor samples. Statistical significance of the birefringence signal (red, yellow and green) was determined by Mann-Whitney test. Significance
is represented by *(p < 0.05), **(p < 0.01), ***(p < 0.001) and (p < 0.0001). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3. Results
3.1. Collagen deposition and density in BrM tumors

To determine the extent of collagen deposition in BrM, tumor tissues
were stained with Masson’s Trichrome stain (Fig. 1A). GBM tissue was
also examined to compare differences in collagen deposition between
primary brain tumors and BrMs originating from lung and breast pri-
mary tumors. Analysis of collagen content indicated that collagen was
more abundant in GBM and BrM tumors compared to non-tumor tissues
(Fig. 1B). BrM tumor tissue exhibited higher collagen content compared
to GBM. There was no statistically significant difference in collagen
deposition between BrM tissues across the different primary tumors,
including lung, breast, skin, and thyroid (Fig. 1C). To characterize the
nature of the collagen, BrM tissue, GBM tissue and non-tumor tissue,
were stained with Picrosirius Red, which stains all collagens, and when
stained tissue with collagen is viewed using contrast-enhancing polar-
ized light microscopy, only fibrillar collagens cause birefringence and
are visible [27]. Differences in birefringence were detected as colors,
ranging between red and green light, differentiating collagen fiber
density and orientation. Collagen in BrM exhibited significantly higher
red birefringence, indicative of thicker, denser collagen bundles,
compared to GBM, while GBM tumor tissue showed a corresponding
increase in yellow and green birefringence, indicative of thinner, less
dense fibrillar  collagens (Fig. 1D-E). Visualization by
contrast-enhancing polarized light microscopy, showed that collagen
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fiber morphology in BrM from lung, breast and skin exhibited similar
birefringence intensity, while BrM from thyroid cancer exhibited weaker
and diffuse collagen fiber birefringence signal intensity (Fig. S1A). No
significant differences in red, yellow or green birefringence were
observed between lung and breast BrM ECM (Fig. S1B).

3.2. Bone marrow-derived macrophages are the major infiltrating immune
cell type in BrM

To investigate the extent of immune cell infiltration in BrM, mIHC
was performed using antibodies identifying specific immune cell type
biomarkers: CD68 (macrophages), CD3 (T-cells), TMEM119 (microglia),
and CD11c (dendritic cells) (Fig. 2A).

In all BrM samples, bone-marrow derived macrophages were the
major tumor infiltrating immune cell type, comprising 3% of all DAPI™
cells in tumors and present at a median density of 130 cells/mm?, fol-
lowed by CD3" T-cells which comprised 1% of DAPI' cells and were
present at a density of 27 cells/mm? (Fig. 2B and Fig. S2A). Dendritic
cells and microglia were the least abundant immune cell type,
comprising less than 1% of cells in the tumor tissue examined (Fig. 2B).
Similar macrophage and T-cell abundance and density was observed in
metastatic brain tumors based on primary sites, breast, lung (Fig. 2C-D
and Figs. S2D-E), skin and thyroid (Figs. S2B-C and Figs. S2F-G).
Among the immune cells analyzed, CD68" macrophages comprised the
largest proportion, followed by CD3™ T-cells, CD11c" dendritic cells and
TMEM119" microglia across lung, breast, skin and thyroid BrM
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Fig. 2. Macrophages are the major infiltrating immune cell type in BrM tumors (A) Representative mIHC stained images labeled with CD68, CD11c, TMEM119
and CD3 antibodies and H&E-stained lung BrM tumor tissue. Scale bar, 50 pm. (B) CD68", CD11c¢*, TMEM119* and CD3" immune cell proportion relative to the
total number of DAPI" cells per tissue was measured. The data was derived by analyzing n = 29 BrM tissue samples. CD68*, CD11c*, TMEM119" and CD3" immune
cell proportion relative to the total number of DAPI" cells per tissue was measured across BrM from (C) lung (n = 18) and (D) breast primary (n = 5) tumors. All
results are presented as median+IQR. Statistical significance was determined by Kruskal-Wallis test, followed by Dunn’s test for multiple comparisons (« = 0.05) for
comparison between immune cell types. (E) Proportion of CD68*, CD11c*, TMEM119" and CD3" immune cells from the total number of immune cells per BrM tissue
in lung (n = 18), breast (n = 5), skin (n = 3) and thyroid (n = 3) primary tumors. Results are presented as mean=+SD. All significance is represented by *(p < 0.05), **

(p < 0.01), ***(p < 0.001) and ****(p < 0.0001).
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(Fig. 2E).
3.3. Macrophages and T-cells preferentially localize to ECM-rich regions

As we observed extensive collagen deposition in BrM tissue (Fig. 1),
we then examined whether the collagen deposition and organization
impacted immune cell composition and localization within ECM-rich
and NC-rich regions. Hematoxylin and eosin and Masson’s Trichrome
staining were used to annotate and distinguish between ECM-rich (re-
gions with high collagen content) and NC-rich regions (Fig. 3A).
Macrophage cell density was higher in the ECM-rich region compared to
the NC-rich region (Fig. 3B). Spatial analysis indicated that a larger
proportion of CD68" macrophages were localized within NC-rich re-
gions, compared to the ECM-rich regions in BrM (Fig. 3C). However, T-
cell density was significantly higher in ECM-rich areas compared to NC-
rich areas (Fig. 3D). The proportion of CD3" T-cells was not statistically
different between NC and ECM-rich regions (Fig. 3E). A similar trend
was observed in the distribution of CD68" macrophages and CD3" T-
cells across BrM of primary tumors from the lung, breast (Fig. 3F-I) and
thyroid but not skin (Figs. S3E-H). The data also shows an equal dis-
tribution of CD11c¢™ dendritic cells and TMEM119™ microglia across the
entire tissue, with no significant differences in cell density of these cell
types between NC- and ECM-rich regions in all BrM tissue analyzed
(Figs. S3A-D) and individual BrM tumor types (Figure SI-L).

To determine the distribution of macrophages and T-cells in BrM
tissue, infiltration analysis was performed to measure cell distribution in
50 pm wide zones across the NC-rich tissue, NC-ECM interface, and
within the ECM-rich compartment (Fig. 4A). We observed that macro-
phages occupied two major regions. They were observed within ECM-
rich regions and within NC-rich zones, infiltrating 100 pm into the
NC-rich area, with the highest macrophage NC-rich infiltration observed
in lung BrM (Fig. 4B). By contrast, most T-cells were localized in ECM-
rich regions and did not infiltrate further than 50 pm into the NC-rich
region, suggesting that T-cells do not infiltrate deep into the tumor in
lung BrM, compared to macrophages (Fig. 4D). A similar macrophage
and T-cell distribution was observed in breast BrM tissue (Fig. 4C and E).

3.4. Most macrophages are immunosuppressive and localize to ECM-rich
stromal regions

To determine the proportion of macrophage subsets in BrM, serial
tissue sections were analyzed by mIHC, using a myeloid cell-specific
antibody panel to identify pro-inflammatory ‘M1-like’ and anti-
inflammatory ‘M2-like’ macrophage subsets. Antibodies recognizing
Human Leukocyte Antigen-DR isotype (HLA-DR), CD163, CD206, CD68
TMEM119 and AE1/AE3 were used (Fig. 5A). There were at least six
different macrophage subsets, identified by the co-expression of pro- and
anti-inflammatory biomarkers (Fig. 5B, Table 1). The data shows that
the predominant macrophage subset in all BrM types was the single
positive CD68", comprising between 40 and 60% of all CD68" cells,
followed by the anti-inflammatory CD68"CD163" subset, comprising
20-30% of CD68™ cells (Fig. 5C). The pro-inflammatory CD68" HLA-
DR subset comprised about 10% of macrophages in lung and breast
BrM, but not in skin and thyroid BrM (Fig. 5D-E, Figs. S4A-B). More-
over, a subset of macrophages co-expressing HLA-DR and CD163, and/
or CD206 was identified (Table 1, Fig. 5B). This mixed phenotype
macrophage subset constituted approximately 10% of macrophages in
lung and breast BrM (Fig. 5D-E). The CD68 single positive macrophages,
which did not express HLA-DR, CD163 or CD206, were categorized as
“undefined” (Table 1). CD68" HLA-DR CD163” CD206™ macrophages in
gastric cancer have been previously categorized as a subset of M1-like
tumor-infiltrating macrophages [28]. Our results demonstrate that
different macrophages subsets are present in BrM and the proportion
differs depending on the primary tumor type.

Using CD163 and CD206 expression in macrophages as a measure of
the anti-inflammatory ‘M2-like’ (immunosuppressive) macrophage
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subset, the total density and proportion of CD687CD206,
CD687CD163", and CD68*CD163"CD206™" cells in ECM-rich and NC-
rich regions was measured in all BrM samples (Fig. 5F-G). There was
a higher density of immunosuppressive macrophages in ECM-rich re-
gions, at a median density of 129 cells/mm?, compared to the NC-rich,
with a median cell density of 41 cells/mm? (Fig. 5F). By contrast, the
proportion of this macrophage subset relative to total CD68™" cells was
higher in NC-rich regions, at 29.5%, compared to ECM-rich regions, at
7.1% (Fig. 5G). Next, we compared the proportion of these anti-
inflammatory cells with pro-inflammatory (CD68THLA-DR™) macro-
phages and macrophages with a mixed phenotype (CD68" HLA-DR"
CD163", CD68" HLA-DR' CD206", and CD68" HLA-DR™ CD163"
CD206™) (Fig. 5H). Anti-inflammatory macrophages were present in a
higher proportion than other subsets, at approximately 20-50%, in NC-
rich regions in BrM from lung, breast and thyroid primary tumors
(Fig. 5H, Figs. S4C and S4E). Interestingly, skin cancer BrM showed a
higher proportion of anti-inflammatory macrophages in ECM-rich re-
gions (Fig. S4D). Overall, we observed the predominance of anti-
inflammatory macrophages within ECM-rich regions in BrM tissue,
compared with pro-inflammatory and other macrophage subsets.

We also investigated the distribution of pro- and anti-inflammatory
macrophages within NC-rich areas. As described in the previous sec-
tion, we performed infiltration analysis to determine cell localization in
ECM-rich regions and macrophage localization, expressed as the dis-
tance from NC-rich regions. In lung BrM samples, we observed an equal
distribution of anti-inflammatory cells (median 15% of total anti-
inflammatory macrophages) in 0-50 pm, 50-100 pm, and 100-150 pm
bands in the NC-rich regions (Fig. 5I). By contrast, 30% of pro-
inflammatory and mixed-phenotype macrophages were within 50 pm
of NC-rich regions (Fig. 5J and Fig. S5A). A similar distribution pattern
of anti-, pro-inflammatory and mixed-phenotype macrophages in the
NC-rich regions was also observed in metastatic tumors from breast, skin
and thyroid primaries (Figs. S5B-J). The data suggest that anti-
inflammatory macrophages are distributed more evenly across the NC-
rich regions compared to pro-inflammatory and mixed-phenotype
macrophages.

3.5. Macrophage and T-cell abundance correlates with collagen content in
BrM

Given the differences between immune cell localization between
ECM-rich or NC-rich regions in BrM, we investigated whether the
presence of collagen correlates with the presence of immune cells.
Correlation analysis revealed a strong correlation between collagen
content and total CD68" macrophages and CD3" T-cell abundance (as a
proportion of all DAPI" cells and cell density) in BrM tumor tissue (Fig. 6
and S6). Comparison between the various macrophage subsets and the
presence of collagen, demonstrated a moderate correlation between the
mixed-phenotype macrophages and collagen deposition. A strong cor-
relation was also found between the pro- and mixed-phenotype macro-
phages, as well as between the presence of CD3" T-cells and CD68"
macrophages (Fig. 6 and S6). When this association between CD3" T-
cells and CD68" macrophages was further assessed in terms of associ-
ation with macrophage subset, we found that the presence CD3" T-cells
correlated with anti-inflammatory and mixed-phenotype macrophages
but not pro-inflammatory macrophages.

4. Discussion

The complex network of extracellular proteins contributing to ECM
remodeling underpins the structural organization of the TME and in-
fluences tumorigenicity by establishing niches which allow cancer cells
to thrive. Collagen proteins are one of the major classes of ECM proteins
in tumor tissue and the role of specific collagen proteins have been
investigated in primary cancers. Metastatic spread of tumor cells from
the primary site are associated with advanced disease and poor



S.S. Widodo et al.

Advances in Cancer Biology - Metastasis 7 (2023) 100096

%k %k
*kkk k%
1200 - — & C 124 1500+ o E 7 &
104 8 1000+ " 6+
(7] o 0 _ (o]
900 = 500- 5 °
¢ 900 o g ~ e © 4
£ 28 E 200 2 4 .
i [ 2 g °
8 6004 ° 2 6- o 8 150+ 8 3-
2 - b
+ o o + o
3 < 2 < o
a a 4 ° Q 100+ T 6 2-
Y O Y
O 300 6 5
R 24 50 X 14
0 . | oL ——=- 01— I 0 ; :
(\59 & Oi\é\ @‘@Q 0,(\59 @;@5\ 0;;\3"\ @'{\6\
Ol ¥ & 4 L e C)
BrM (CD68+) BrM (CD3+)
%k k *
12007~ o G 124 15007 - | 8- .
10501 o 6l © / NC—rlch
900 © 10 1000 o o E= ECM-rich
L 900 S . 500 S 41 0©
S o g € [}
£ 750- = £ 500 22 -
& ? K 82
8 600- g 6- i . g
2 450- % o & 3004 ° x5
o] a 47 o] 8
O 3004 5 © 200 s 17
150 B 1004 =1 | iEl =
0 T T 0 T T O T O T
Lung Breast Lung Breast Lung Breast Lung Breast
Primary site Primary site Primary site Primary site
CD68+ CD3+

Fig. 3. Preferential localization of T-cells and macrophages in ECM-rich regions (A) Representative mIHC images of CD68" and CD3™ cells localized in ECM
-rich regions, Masson’s Trichrome and Picrosirius red staining of the same tissue region. Annotations indicate ECM-rich and neoplastic cell-rich (NC-rich) regions,
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Fig. 5. Macrophage subset localization in BrM (A) Representative images of H&E and mIHC staining for AE1/AE3, CD68, CD163, CD206, HLA-DR and TMEM119
antibodies. Scale bars, 100 pm. (B) Representative images showing the pro-inflammatory ‘M1-like’ and anti-inflammatory ‘M2-like’, and mixed-macrophage
phenotype based on HLA-DR, CD163 and CD206 antibody staining. Scale bars, 25 pm. (C) The proportion of different macrophage subsets, as a proportion of
total CD68™" cells in BrM from lung (n = 18), breast (n = 5), skin (n = 3) and thyroid (n = 3). Results are presented as mean-=SD. Percentage of macrophage subsets
(CD68™, CD68™ HLA-DR™, CD68" HLA-DR" CD163" and/or CD206", CD68" CD163", and CD68" CD206" CD163™) as a proportion of total CD68™ cells in (D) lung
(n = 18) and (E) breast BrM (n = 5) tissue. Statistical significance was determined by Kruskal-Wallis test, followed by Dunn’s test for multiple comparisons (« =
0.05). (F) Percentage of anti-inflammatory macrophages subsets as a proportion of total CD68™ cells (whole tissue core) in NC-rich and ECM-rich regions (n = 24) of
BrM tissue. (G) Cell density (cells/mm?) of anti-inflammatory macrophages in NC-rich and ECM-rich regions (n = 24). (H) Pro-inflammatory, anti-inflammatory and
mixed-phenotype macrophages, as a proportion of total CD68" cells (whole tissue core) in NC-rich and ECM-rich regions in lung BrM tissue (n = 14). Statistical
significance was determined by Wilcoxon matched-pairs signed rank test. (I) The percentage of anti-inflammatory and (J) pro-inflammatory macrophage subset cell
localization shown as the distance from the NC-rich and ECM-rich interface (zero distance point). The X-axis shows the infiltration distance within the ECM-rich
region (negative values, —100 to 0 pm) and into the NC-rich region (positive values, 0-350 pm, within the dotted box). Data is shown for lung BrM tissue (n =
14). All results are presented as median+IQR. Statistical significance was determined by an ordinary one-way ANOVA. Significance is represented by *(p < 0.05), **
(p < 0.01), ***(p < 0.001) and ****(p < 0.0001).

defined borders at the NC-rich region interface, and the NC-rich regions
exhibited a mosaic-like appearance, compartmentalized by the ECM
stroma. The collagen in BrM tissue was composed of thicker, denser
collagen bundles, compared to GBM in which the collagen exhibited
thinner, less dense fibrillar collagens. The highly organized appearance

Table 1
Macrophage subset biomarker identification.

Macrophage subset Phenotype

CD68" HLA-DR™ M1-like, pro-inflammatory

ches* Chanet ﬁgcl‘i‘]’ihjlieﬁ flammator of BrM tumor tissue, compared wi‘th GBM tissue, could be explained, in
CD6S+ CD163+ macmpilage y part, by the nature of the metastatic cell type and the spectrum and level
CD68™ CD163+ CD206~ of ECM protein expression. For example, among the major twenty cancer
CD68" HLA-DR" (CD163" and/or Mixed phenotype types, collagen I mRNA and protein expression is lowest in GBM cells,

CD206™) while collagen IV expression levels in GBM is similar to other cancer
CD68* Undefined

types [30,31]. The combination of Masson’s Trichrome staining and
Picrosirius Red staining with polarized light analysis used, allowed
detection of all major fibrillar collagen types, including collagen 1, 2, 3,
4, 5, 11, 14, 27 [32-34]. Another contributing factor resulting in ECM

Cell proportion correlation analysis

10 content and organization between primary brain tumors such as GBM

= ; and BrM, is the infiltrative nature of GBM cells which result in diffuse

o8 = collagen deposition in the brain parenchyma. These differences would

§-§ result in distinct ECM protein expression, deposition patterns and
®g 05 collagen fiber maturation.

@ Anti- 0.23 | 0.59 K The relative proportion of CD68%, CD3*, CD11c+ and TMEM119+

cells in BrM was the same as that reported in GBM [36]. Tumor infil-
trating macrophages were the major immune cell type detected in BrM
tumors, irrespective of primary tumor origin. Infiltrating T-cells was the
next most abundant immune cell type, while the brain resident myeloid
cells, microglia were present at relatively low numbers in lung and skin
BrMs and there was no detectable microglial infiltration in breast BrM.
These observations demonstrate that specific mechanisms operate in the

CD68+ 0.33 055  0.63
*k *kk

0
B
*%
CD11C+ 0.;10 0;15 022 034 029 m
-0.5

CD3+ 028  0.51
*k

TMEM119+ -0.11 -0.04 -0.02 012 -0.02 0.40 K ) : ; : )
* establishment and development of the host tissue immune microenvi-
Collagen 19 046 037 | 064 066 004 -0.10 = ronment and depend on metastatic cell ontogeny. Previous studies
content . * ’ FEE Ak : . % . .. . e .
" ’ 1.0 investigating differences between tumor infiltrating macrophages and
09_ § E é é (JS é Se microglia in GBM and BrM did not report differences in immune cell
= = (o)) . .
= 8 o 5 s g‘% properties and function, between GBM and BrM [35]. Cell number
= "'§J 8¢ correlation analysis also showed a strong link between ECM and the
Macrophage = number of immune cells, suggesting that immune cells preferentially

subtype localize to ECM-rich regions, and that immune cells may contribute to
the ECM production in BrM. The correlation between T-cells and mac-
rophages, suggests that the presence of one cell type acts as an attractant
for the other cell type or that both cell types are attracted to the same
factor(s). That tumor infiltrating macrophages exhibited higher density
within NC-rich tumor regions, compared to T-cells in BrM, suggests that
macrophages traffic more efficiently. This is similar to that observed in
primary brain cancer, GBM [36], and implies macrophages are the major
immune cell type influencing the brain tumor microenvironment, across
both stromal and NC-rich regions.

Fig. 6. Correlation between macrophage number, T-cell number, and ECM
content in BrM Correlation heatmap between CD68" (total CD68™),
TMEM119%, CD11c" and CD3™ cells, and pro-inflammatory, anti-inflammatory
and mixed-phenotype macrophage subsets (percentage of total DAPI cells) with
collagen content in BrM tissue cores (n = 28). Spearman rank correlation co-
efficients are indicated on the heatmap and significance is represented by *(p <
0.05), **(p < 0.01), ***(p < 0.001) and ****(p < 0.0001).

prognosis for patients with cancer. Metastatic tumors are the most

common neoplasm affecting the brain [29]. Here, we demonstrate that
brain metastatic tumor tissue exhibits substantial ECM deposition which
compartmentalizes the stroma from the NC-rich tissue.

ECM content, measured as the proportion of collagen-stained area, in
lung and breast cancer BrM tissue was similar to GBM. However, the
organization of the collagen-rich ECM stroma in BrM differed compared
with GBM. All BrM tissues exhibited ECM-rich stromal regions with well-

Overall, our data shows that metastatic brain tumors exhibit sub-
stantial ECM deposition, and that the collagen fiber property in the BrM
ECM differs compared to the collagen in GBM. We also show that im-
mune cells in BrM are preferentially localized to ECM-rich regions and
that most bone marrow derived macrophages are immunosuppressive.
This suggests that like GBM, tumor infiltrating macrophages are key
players in establishing an immunosuppressive TME. The findings in this
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study support the view that optimal existing therapies for patients with
metastatic brain tumors may be more effective in combination with
treatments which modify the disease-specific tumor matrisome,
including collagen deposition, to allow the more efficient tumor infil-
tration of cytotoxic T-cells and pro-inflammatory macrophages. This has
been demonstrated in other cancer types, where chemotherapy is more
effective in treating pancreatic cancer in mice, when preceded by ECM-
targeted therapy [37]. We also propose that clinical trials testing CAR-T
immunotherapies for patients with brain cancer, could also include ECM
modifying drugs as part of the treatment, to achieve more sustainable
anti-tumor responses.
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