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Abstract

Background. Despite potential clinical implications, the complexity of breast cancer (BC) brain metastases (BM)
immune microenvironment is poorly understood. Through multiplex immunofluorescence, we here describe the
main features of BCBM immune microenvironment (density and spatial distribution) and evaluate its prognostic
impact.

Methods. Sixty BCBM from patients undergoing neurosurgery at three institutions (2003-2018) were compre-
hensively assessed using two multiplex immunofluorescence panels (CD4, CD8, Granzyme B, FoxP3, CD68, pan-
cytokeratin, DAPI; CD3, PD-1, PD-L1, LAG-3,TIM-3, CD163, pan-cytokeratin, DAPI).The prognostic impact of immune
subpopulations and cell-to-cell spatial interactions was evaluated.

Results. Subtype-related differences in BCBM immune microenvironment and its prognostic impact were ob-
served. While in HR—/HER2—- BM and HER2+ BM, higher densities of intra-tumoral CD8+ lymphocytes were asso-
ciated with significantly longer OS (HR 0.16 and 0.20, respectively), in HR+/HER2— BCBMs a higher CD4+FoxP3+/
CD8+ cell ratio in the stroma was associated with worse OS (HR 5.4). Moreover, a higher density of intra-tumoral
CD163+ M2-polarized microglia/macrophages in BCBMs was significantly associated with worse OS in HR-/HER2-
and HR+/HER2- BCBMs (HR 6.56 and 4.68, respectively), but not in HER2+ BCBMs. In HER2+ BCBMs, multiplex
immunofluorescence highlighted a negative prognostic role of PD-1/PD-L1 interaction: patients with a higher per-
centage of PD-L1+ cells spatially interacting with (within a 20 pm radius) PD-1+ cells presented a significantly worse
OS (HR 4.60).

Conclusions. Our results highlight subtype-related differences in BCBM immune microenvironment and identify
two potential therapeutic targets, M2 microglia/macrophage polarization in HER2— and PD-1/PD-L1 interaction in
HER2+ BCBMs, which warrant future exploration in clinical trials.

© The Author(s) 2022. Published by Oxford University Press on behalf of the Society for Neuro-Oncology.
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Breast cancer brain metastases (BCBMs) immune microenvironment was
evaluated by multiplex immunofluorescence.

ABoroouQ

Subtype-related differences in immune subpopulations were observed.

M2-polarized microglia/macrophages in HER2— and PD-1/PD-L1 interaction in

HER2+ BCBMs represent potential targets.

Importance of the Study

Brain involvement is associated with poor prognosis and
represents one of the major unmet needs in metastatic
breast cancer (BC) care. Despite potential clinical impli-
cations, the complexity of brain metastases immune mi-
croenvironment in BC patients is still poorly understood.
The comprehensive assessment of immune-related bio-
markers through two multiplex immunofluorescence
panels allowed us to highlight the significant interac-
tion between immune microenvironment regulation and
tumor biology in BC brain metastases, as we observed

Among solid tumors, breast cancer (BC) is one of the most
common causes of brain metastases (BM). Brain involve-
ment is associated with poor prognosis and represents a
major unmet need in metastatic BC care. Indeed, approx-
imately 10%-15% of metastatic BC patients will present
clinically evident BM during the course of their disease.’
Their frequency is higher in more aggressive BC subtypes:
approximately 30% of human epidermal growth factor re-
ceptor type 2 (HER2)-positive and 50% of triple-negative
(TNBC) metastatic patients will develop BMs.>® Of note,
these subtypes are also usually considered more immuno-
genic, with a higher mutational load and higher levels of
tumor-infiltrating lymphocytes (TILs).4

Although the central nervous system (CNS) has been
traditionally considered an immune-privileged sanctuary
for cancers,® data from melanoma and lung cancer pa-
tients treated with immunotherapy have challenged this
dogma and demonstrated a possible intracranial activity of
immunotherapeutic agents.® Notwithstanding, the brain is
an immune specialized site, endowed with additional hur-
dles to overcome before efficientimmune response can be
achieved.

As access to BM samples is complex, only asmall number
of studies have assessed the role of the immune system
in BMs, the majority of them including patients with a va-
riety of solid tumors.”® In the largest study that evaluated
the role of immune infiltrate specifically in BCBM patients,
immune infiltrate was associated with improved survival,
both overall and in the HER2+ subgroup.® A smaller study
identified high levels of TILs to associate with better prog-
nosis only inTNBC BMs patients.’® Moreover, a third study
not only reported PD-1+TILs" to correlate with better prog-
nosis in BCBM patients, particularly in the TNBC subgroup,
but also identified CD68+ macrophage infiltration as an in-
dependent favorable prognostic factor,” thus highlighting

significant differences in the immune infiltrate compo-
sition and its prognostic role according to BC subtype.
Our results highlighted subtype-related differences in
immune regulation which should be taken into account
when assessing potential therapeutic targets for immu-
notherapy in BC patients with brain metastases. We also
identified two potential therapeutic targets, M2 microglia/
macrophage polarization in HER2- and PD-1/PD-L1 inter-
action in HER2+ BC brain metastases, which warrant fu-
ture exploration in translational studies and clinical trials.

the importance of a wider assessment of the immune
microenvironment.

As various immunotherapeutic agents, including and
beyond PD-1/PD-L1 inhibitors, are under clinical investi-
gation in metastatic BC, a deeper knowledge of which are
the molecular interactions and immune cells implicated
in BC-related BMs (BCBMs) is required to inform the de-
sign of clinical trials in this setting. Moreover, a better un-
derstanding of whether these interactions are or are not
subtype-specific is essential to define if such trials should
be guided by BC subtype.

Multiplex immunofluorescence (mIF) is a novel ap-
proach that allows the simultaneous visualization and
quantification of several proteins, plus nuclear counter-
stain, onto single FFPE (formalin-fixed paraffin-embedded)
tissue sections, while maintaining tissue architecture and
morphology. Through this technique, not only the density
but also the functional state and the distribution of several
types of immune cells within the tumor immune microen-
vironment (TIME) can be investigated.'?-'6

In this study, we applied mIF to comprehensively as-
sess the immune microenvironment of BCBM samples
and to characterize prognostically relevant immune
subpopulations and cell-to-cell spatial interactions, with
the ultimate goal of identifying biologically meaningful
targets and inform future trials in this challenging clinical
setting.

|
Materials and Methods
Patients

BC patients undergoing neurosurgery at three institutions
between 2003 and 2018 were retrospectively identified.
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This study was approved by involved Institutional
Review Boards and Ethics Committees and conducted in
accordance with the Declaration of Helsinki. Written in-
formed consent was obtained from participants.

Clinical/anatomopathological data were collected from
medical records. Hormone receptor (HR) and HER2 status
were evaluated on primary tumor and on BCBM according
to the guidelines (see Supplementary Methods).

Archival BCBM samples were centralized for analysis.
Among these, this work has benefited from 450 white
slides and the expertise of Professor Valérie Rigau respon-
sible for the collections “Neurology” and “CEREMET-LR”
of the Biological Resource Center of Montpellier
University Hospital —http://www.chu-montpellier.fr
(BB-0033-00031)."7

Multiplex Immunofluorescence, Cell Density, and
Cell-to-Cell Distance Analyses

After revision of each sample by a pathologist to confirm
the presence of tumor cells and identify areas of necrosis,
mlF staining was performed using the Opal seven-color
manual kit (Akoya Biosciences). Two mIF panels were em-
ployed to characterize subsets of tumor-infiltrating im-
mune cells. Before proceeding, optimal staining conditions
for each marker were determined using monoplex stained
slides from a positive control tissue (human tonsil) and
then re-examined in a multiplex-stained BCBM tumor slide.

Multiplex slides were imaged using Mantra Quantitative
Pathology Workstation (Akoya Biosciences) at x20 mag-
nification (only areas comprising tumor cells were con-
sidered). The inForm Image Analysis software (version
2.4.9, Akoya Biosciences) was used for analysis using rep-
resentative multispectral images to train algorithms. Pan-
cytokeratin (CK) staining was used to segment slides in
tumor area and surrounding stroma; cell phenotyping was
based on the detection of co-localized cell surface or intra-
cellular markers. Cell density and percentage data were re-
ported as the mean of all acquired fields from the same
tissue slide (at least 20 fields at x20 magnification for each
slide), calculated in the tumor and stromal areas. Spatial
metrics between cells (nearest neighbor analysis and count
within analysis) were calculated using phenoptrReports
(add-ins for R Studio from Akoya Biosciences) (Figure 1;
see Supplementary Methods for more details).

Statistical Analysis

For statistical analysis, BC subtype evaluated on the BCBM
was used. Differences in immune subpopulations across
subgroups were tested using Mann-Whitney U tests or
Kruskal-Wallis rank-sum tests, as adequate.

Survival analyses were conducted using the Kaplan-
Meier method reported with 95% confidence intervals
(95% CI). Median values were used to dichotomize im-
mune variables in subgroups to investigate the association
with survival using a log-rank test. Moreover, univariate
Cox regression modeling was used to calculate HR and
95% CI. The prognostic role of each immune variable was
evaluated both in the overall study cohort and in each BC

subtype separately (TNBC, HR+/HER2-, HER2+). Due to the
hypothesis-generating nature of this study, multiplicity
correction was not used.

Analyses were performed using R software 3.6.1. and
GraphPad Prism v7 (see Supplementary Methods).

Results
Patient and Tumor Characteristics

Sixty BC patients (all female) diagnosed with BM who un-
derwent surgical resection between 2003 and 2018 at one
of the participating institutions with evaluable samples for
mIF analysis were included in this study: Centre Hospitalier
Universitaire (CHU), Montpellier France (N = 22); Istituto
Oncologico Veneto IRCCS, Padova ltaly (N = 20); Montefiore
Medical Center, Bronx NY, USA (N = 18) (REMARK
flowchart, Supplementary Figure 2).

Patients’ characteristics are reported in Table 1. Median
age at time of primary tumor and BM diagnosis was
45 years (range 30-77) and 50 years (range 35-77), respec-
tively. Median time from BC diagnosis to diagnosis of BM
was 38.0 months (95% Cl 29.0-61.6). BC subtyping on the BM
was TNBC for 18 patients (30%), HR+/HER2- for 19 patients
(31.7%), and HER2+ for 23 patients (38.3%). For patients
with available HR status (N = 55) and HER2 status (N = 53)
evaluated on primary BC, discordancy with receptor status
evaluated on BM was observed in 20% (N = 11) of patients
for HR (7 with loss of previous HR positivity and 4 with ac-
quisition of HR positivity) and in 4% (N = 2) of patients for
HER2 (both with acquisition of HER2 positivity).

Overall Survival From Brain Metastases
Diagnosis and Clinical Characteristics

At a median follow-up of 42.6 months from BM diagnosis,
35 patients (58.3%) had died. Median overall survival (OS)
from BM diagnosis (OS) was 33.4 months (95% Cl 22.2-NR).

The only clinical variable associated with OS following
BM diagnosis in this study cohort was BC subtype (me-
dian OS: 9.4 months for TNBC; 33.4 months for HR+/
HER2-; 53.0 months for HER2+ BC; log-rank P = .02;
Supplementary Figure 3), while the number of BM, per-
formance status, and the presence/absence of extra-CNS
disease at time of BM diagnosis were not significantly as-
sociated with survival outcome (univariate OS Cox models
for these and other variables reported in Supplementary
Table 1). Therefore, subsequent analyses testing the asso-
ciation of immune profiling and OS were also performed
separately in each BC subtype.

Immune Profiling and Correlation With Brain
Metastasis Breast Cancer Subtype

Each BCBM sample was analyzed using two mlF panels
(Figure 1). The first was conceived to identify T lymphocytes
(CD4+ and CD8+ cells), activated cytotoxic T lymphocytes
(CD8+Granzyme B+ cells), T-regulatory cells (CD4+FoxP3+
cells), and microglia/macrophages (CD68+ cells) (Figure 1a).
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CD68 pan-CK

Cell Y position

Cell X position
@ CD3+ @ Tumor cells < 10 ym from CD3+

Fig.1

mlF staining of BCBM. (a, b) Representative seven-color multispectral images of a BCBM sample stained with the first (a) and the second

(b) mIF panels. Original magnification x20. Inmune markers and color codes are indicated in the legend. (c) Representative image of cell-cell dis-
tance analysis. Tumor cells (light blue dots) within a 10 um radius from CD3+ cells (magenta dots) are represented. Abbreviations: BCBM, breast

cancer brain metastases; mlIF, multiplex immunofluorescence.

The second panel assessed the presence of immune check-
point molecules, such as PD-1, LAG-3, and TIM-3 on immune
cells and PD-L1 on both tumor and immune cells. CD163
marker was used to identify M2-polarized tumor-associated
microglia/macrophages (Figure 1b). In both panels, pan-CK
was used to identify the tumor and the stromal areas. Besides
the quantification of each immune cell subtype, spatial anal-
ysis was also performed considering the XY coordinates of
each cell (Figure 1c). Cells (tumor or immune cells) present
within @ maximum 30 pm radius from a cell with different
phenotypes were considered interacting, as this radius rep-
resents an enhanced probability for cell-cell contact.’®

Overall, immune infiltrate was mainly observed in
the stroma as compared to the tumor area and was pre-
dominantly composed of CD68+ microglia/macrophages
(Supplementary Figure 4a—c).

PD-1 and LAG-3 expression was detected only on
CD3+ T cells in all BC subtypes (data not shown). In
HER2- BCBM subtypes, PD-L1 was expressed mainly
on CK+ tumor cells (around 60%) and on CD163+ mi-
croglia/macrophages (20%-25%), while in HER2+
BCBMs, PD-L1 was almost equally co-expressed by CK+
tumor cells, CD163+ microglia/macrophages and CD3+
T lymphocytes (Supplementary Figure 5a). Moreover,
TIM-3 was mainly co-expressed by CD163+ microglia/
macrophages (80%) in HER2+ and HR+/HER2- BCBMs,
with CD3+ T cells being only the 10%-20% of TIM-3+
cells, while in TNBC BMs, TIM-3 was mainly detected
on CD3+ T lymphocytes (55% among total TIM-3+ cells;
Supplementary Figure 5b). Correlation between density
of selected immune cell subpopulations are reported in
Supplementary Tables 2-5.
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Table 1.

Breast cancer subtype on brain metastases

Number of BM

Karnofsky performance status

Brain metastases at time of first diagnosis of stage IV BC

Presence of extra-CNS disease at time of brain metastases diagnosis

Systemic therapy after brain metastases diagnosis

Radiotherapy after brain metastases diagnosis

Patient Characteristics at Brain Metastases Diagnosis and Treatment Received

n %
TNBC 18 30.0
HR+/HER2- 19 317
HR+/HER2+ 9 15.0
HR-/HER2+ 14 23.3
1 50 83.4
2 5 8.3
3 or more 5 8.3
100-90 15 31.9
80-70 25 52.8
60 or less 7 14.9
Yes 39 67.2
No 19 32.8
Yes 85 59.3
No 24 40.7
Yes 46 83.6
No 9 16.4
Yes 45 83.3
No 9 16.7

Abbreviations: BC, breast cancer; BM, brain metastases; CNS, central nervous system; HER2, human epidermal growth factor receptor type 2; HR,

hormone receptor; TNBC, triple-negative breast cancer.

Significant differences in immune cell populations be-
tween patients who received and patients who did not
receive systemic treatment for metastatic BC before BM re-
section are reported in Supplementary Figure 6.

Significant differences in immune cell populations ac-
cording to BC subtype were observed. HR+/HER2- BMs
showed a higher density of CD68+ microglia/macrophages
and a shorter distance between PD-L1+CK+ tumor cells and
PD-1+CD3+T lymphocytes in the tumor area (Figure 2a and
d), as compared to other BC subtypes. Similarly, in HR+/
HER2- BMs, a shorter distance between PD-L1+CD163+
M2-polarized microglia/macrophages and PD-1+CD3+ T
lymphocytes in the stroma was also observed (Figure 2e).
On the other hand, TNBC BMs had a higher percentage of
CD8+ cells co-expressing Granzyme B molecules within
the tumor region (Figure 2b), as compared to the other
BC subtypes. In the stroma area, a significant difference in
TIM-3+ cell density was observed according to BC subtype,
with the highest density in HR+/HER2- and lowest density
in HER2+ tumors (Figure 2c).

Association Between BCBM Immune Cell
Contexture and Survival in the Overall
Study Cohort

The median value of each variable was calculated and was
used as cutoff to stratify BCBMs into high and low sub-
groups. The intra-tumoral and stromal regions were ana-
lyzed independently.

In the overall study cohort, a low CD4+/CD8+ T-cell ratio
(HR 0.55, 95% CI 0.28-1.09) and a low CD4+FoxP3+/CD8+

T-cell ratio (HR 0.55, 95% CI 0.28-1.08) in the stroma were
associated with a longer OS (Figure 2f and g). Moreover,
a lower percentage of CD4+FoxP3+ cells among total
CD4+ cells within the tumor region was also indicative of
a better prognosis (HR 0.41, 95% CI 0.20-0.85; Figure 2h).
Considering the microglia/macrophage population, a
higher density of intra-tumoral CD163+ M2-polarized mi-
croglia/macrophages was associated with a worse OS (HR
2.20, 95% Cl 1.12-4.33; Figure 2i).

Distance analysis was performed to verify if particular
cell-to-cell interactions had prognostic relevance in the
overall study cohort, but no significant association was ob-
served (data not shown).

Association Between Overall Survival and
Immune Cell Contexture in TNBC BMs

Association between TIME contexture and patient prog-
nosis was then evaluated separately in each BC subtype.
Considering patients with TNBC BMs, high intra-tumoral
densities of total CD3+T cells (HR 0.23, 95% CIl 0.06-0.94;
Figure 3a), and in particular of CD8+ cytotoxic T lympho-
cytes (HR 0.16, 95% CI 0.03-0.85; Figure 3b), were associ-
ated to a prolonged OS as compared to patients with lower
densities of these immune populations. Conversely, the
negative prognostic impact of a higher density of intra-
tumoral CD163+ M2-polarized microglia/macrophages was
confirmed in the TNBC subtype (HR 6.56, 95% Cl 1.35-31.77;
Figure 3c). Paradoxically, a higher percentage of intra-
tumoral CD163+PD-L1+ microglia/macrophages among
total CD163+ microglia/macrophages was associated with
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Fig. 2 Significant differences in immune infiltrate according to BCBM subtype and associations between BCBM immune cell composition and
overall survival in the overall study cohort. (a—c) Significant differences in immune cell subpopulations infiltrating the stromal and the intra-
tumoral regions according to BCBM subtype. Data are presented as (a, c) cell density (number of cells/mm?) or (b) as cell percentage among
total CD8+ cells. (d) Mean distance (um) between each PD-L1+ tumor cell and the nearest PD-1+ T lymphocytes within the tumor region ac-
cording to BCBM subtype. (e) Mean distance (um) between each PD-L1+ M2-polarized macrophage and the nearest PD-1+ T lymphocytes in
the stromal compartment according to BCBM subtype. Floating box shows median, 25th to 75th percentiles, and smallest to largest values. Non-
parametric Mann-Whitney statistical analysis was performed, and significantly different data are represented by *P < .05, **P < .01, and ***P <
.001. (f—i) Kaplan-Meier curves for 0S according to (f) stromal CD4+/CD8+ T-cell ratio, (g) stromal CD4+FoxP3+/CD8+ T-cell ratio, (h) intra-tumoral
CD4+FoxP3+/CD4+ T-cell ratio, and (i) intra-tumoral density of CD163+ M2-polarized macrophages in BCBM of overall study cohort. Median value
of each variable was used as cutoff. Log-rank P-values are reported in each graph. Abbreviations: BCBM, breast cancer brain metastases; 0S,
overall survival; PD-1, programmed cell death-1; PD-L1, programmed cell death ligand 1.
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a better OS (HR 0.19, 95% CI 0.05-0.73; Figure 3d). This
was not linked to a specific association between density
of intra-tumoral CD163+PD-L1+ microglia/macrophages
and OS, but might potentially be explained by the positive
correlation between density of intra-tumoral CD8+ cells
and percentage of intra-tumoral CD163+ microglia/macro-
phages expressing PD-L1+ (r = 0.73, 95% CI 0.11-0.32,
P=.0006; a similar association was also observed with the
density of intra-tumoral CD163+PD-L1+ microglia/macro-
phages), while no significant association was observed
between density of intra-tumoral CD8+ cells and global
density of intra-tumoral CD163+ microglia/macrophages.
In addition, we also observed that several spatial inter-
actions (as evaluated by distance analysis) had a sig-
nificant prognostic value in TNBC BMs. In fact, a higher
percentage of CD8+Granzyme B+ activated cytotoxic T
cells within a 10 um radius from tumor cells was associated
with a prolonged OS (Figure 3g). Moreover, a higher per-
centage of FoxP3+ cells or CD68+ microglia/macrophages
in close proximity to CD8+ T cells was also favorably as-
sociated with OS (Figure 3e, h, and i). For most of these
associations, the prognostic impact was more evident
when a shorter radius was considered, highlighting the bi-
ologic relevance of cell-cell proximity (Figure 3). These ob-
servations highlight that the generalized activation of the
immune system observed in TNBC BMs often involves in-
hibitory immune components, potentially as a reaction to
activation/upregulation of cytotoxic immune components.
Consistently, patients with a higher percentage of
CD163+ microglia/macrophages within a 10 pm radius
from CD3+ cells had a prolonged OS (Figure 3j) and a
shorter distance between CD163+PD-L1+ microglia/macro-
phages and CD3+PD-1+T lymphocytes was associated with
a better OS (HR 0.09 95% CI 0.01-0.49; Figure 3f), a further
confirmation of the strong association between inhibitory
and cytotoxic immune components inTNBC BMs.
Prognostic impact of other immune subpopulations
(non-significant) is reported in Supplementary Figure 7.

Association Between Overall Survival and
Immune Cell Contexture in HER2+ BCBMSs

In HER2+ BCBMs, inhibitory checkpoint molecules ap-
peared to play a crucial role in defining patient prognosis.
In fact, higher densities of TIM-3+CD163+ microglia/macro-
phages both in the stroma (HR 3.55, 95% CI 1.08-11.68;
Figure 4a) and intra-tumoral regions (HR 3.76, 95% CI 1.06-
13.25; Figure 4b) were associated with worse OS in this
subgroup. Moreover, the spatial interaction between PD-1
and PD-L1 was particularly relevant: patients with a higher
percentage of PD-L1+ cells near (within a 20 pm radius)
PD-1+ cells in the total sample area experienced a signifi-
cantly worse prognosis (Figure 4e). This effect was mainly
driven by the interaction between PD-L1+CD163+ mi-
croglia/macrophages and PD-1+CD3+ lymphocytes (Figure
4f and g). A similar negative prognostic effect of PD-1/
PD-L1 interaction was observed in both tumor and stromal
areas (Supplementary Figures 8 and 9).

A positive prognostic impact of CD8+ infiltrate was ob-
served in this subtype as well: HER2+ patients with a
higher density of intra-tumoral CD8+ cells had a better

0OS (HR 0.20, 95% CI 0.04-0.94; Figure 4c). In particular, pa-
tients with a shorter distance between CD8+Granzyme B+
activated T lymphocytes and tumor cells (HR 0.16, 95% CI
0.04-0.65; Figure 4d) and a higher percentage of activated
CD8+Granzyme B+ T lymphocytes within a 30 pm radius
from tumor cells (Figure 4h) showed a prolonged outcome.
Prognostic impact of other immune subpopulations
(non-significant) is reported in Supplementary Figure 10.

Association Between Overall Survival and
Immune Cell Contexture in HR+/HER2— BCBMs

In HR+/HER2- BC subtype, the negative prognostic im-
pact of a higher density of CD163+ M2-polarized microglia/
macrophages in the intra-tumoral region (HR 4.68, 95% Cl
1.31-16.68; Figure 5a) was confirmed. In the stromal area,
a high stromal density of TIM-3+ cells (mainly represented
by TIM-3+CD163+ M2-polarized microglia/macrophages)
was associated with a prolonged OS (HR 0.16, 95% CI 0.03-
0.79; Figure 5b), while a higher CD4+FoxP3+/CD8+ cell ratio
in the stroma was associated with worse outcome (HR 5.4,
95% Cl 1.36-21.36; Figure 5c).

Consistently with what was observed in TNBC BMs, a
spatial proximity (10-30 um radius) between CD163+ cells
and CD3+ cells was associated with better prognosis (HR
0.16, 95% Cl 0.03-0.79, P=.011 for all distances between 10
and 30 pm).

Prognostic impact of other immune subpopulations
(non-significant) is reported in Supplementary Figure 11.

Discussion

Over the last decade, increasing evidence has highlighted
the relevance of immune regulation in metastatic BC,
leading to the approval of immune checkpoint inhibitors
in metastatic TNBC and to several trials testing their use
in other BC subtypes. This article reports a comprehensive
assessment of immune-related biomarkers in BCBMs and
their association with patient prognosis in one of the lar-
gest BCBM cohorts published to date. In addition, the use
of the mIF technique allowed us to highlight the prognostic
role of spatial interaction between immune biomarkers in
the context of BCBMs which could not be assessed by the
use of immunohistochemistry (IHC) or bulk gene expres-
sion techniques. Indeed, given the key role of topologically
distinct distribution of immune cells within the tumor mi-
croenvironment,'® the mere analysis of the abundance of
immune cells or their activation states is insufficient for a
comprehensive characterization of the immune microenvi-
ronment of BCBMs.

In this study, BC subtype was the only clinical variable
associated with OS after BM diagnosis, while other classic
prognostic factors, such as performance status, did not
reach significance probably due to the fact that this was a
highly selected cohort of patients (all patients underwent
neurosurgery). Consistently with previous reports, which
have pointed out the significant interaction between im-
mune microenvironment regulation and tumor biology
in BC,*#"2* we observed significant differences in the
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Fig.3 Significant associations between immune contexture characteristics and overall survival and between cell-cell spatial interactions and
overall survival in TNBC BMs cohort. Kaplan-Meier curves for 0S according to (a) intra-tumoral density of total CD3+ T lymphocytes and (b) CD8+
T cells, (c) density of CD163+ M2-polarized macrophages in the intra-tumoral region, (d) percentage of CD163+ macrophages co-expressing
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immune infiltrate composition and its prognostic role ac-
cording to BC subtype.

Indeed, TNBC BMs showed a significantly higher per
centage of intra-tumoral CD8+ cells co-expressing
Granzyme B as compared to other subtypes, and a higher
density of intra-tumoral CD8+ cells was associated with
prolonged OS, in line with the general understanding that
immune infiltrate inTNBC presents activated cytotoxic fea-
tures and is associated with better outcome.?%2?% Using mIF
we uncovered that, inTNBC BMs, several close interactions
between cells (CD8+GranzymeB+ T cells with tumor cells;
FoxP3+Treg and CD68+ microglia/macrophages with CD8+T
cells; CD163+ microglia/macrophages with CD3+ lympho-
cytes) were associated with better prognosis. These fea-
tures underscore the prognostic relevance of a generalized
activation of the immune system in this BC subtype and
are consistent with the well-consolidated prognostic role
of the immune infiltrate, as generically assessed byTILs, in
TNBC,%"2226 gand with a previous small study that identified
lowTIL levels in BCBM to be associated with worse OS in
TNBC BMs patients specifically.’

In both HER2- BCBM subtypes of our cohort, a higher
density of CD163+ M2-polarized microglia/macrophages
within the tumor compartment was strongly associated
with a worse prognosis. These data support the hypothesis
that BC cells metastasizing to the brain might be able to hi-
jack CNS microglia/macrophages and their cytoprotective
mechanisms to facilitate metastatic growth.?’-3' Moreover,
BCBMs have been reported to present higher levels of
M2-polarized macrophages as compared to matched pri-
mary tumors.’2 Therefore, therapeutic manipulation of
microglia/macrophages toward M1 polarization might
potentially be exploited to achieve antitumor activity on
BCBMs. Intriguingly, the PI3K pathway has been described
to play a role in diverting microglia/macrophages toward a
BM-promoting phenotype, and in BC models, the PI3K in-
hibitor buparlisib has been reported to drive macrophages
toward the classical activated M1 phenotype.?”3'33 Based
on our observations, microglia/macrophage polarization
warrants further exploration as a potential therapeutic
target for BC patients with HER2- BMs, which currently
represent one of the most relevant unmet needs in the
treatment of metastatic BC.

Paradoxically, in both TNBC BMs and HR+/HER2-
BCBMs, the interaction between CD163+ microglia/macro-
phages and T lymphocytes was associated with a better
outcome. Moreover, in TNBC BMs a higher percentage
of CD163+ microglia/macrophages co-expressing PD-L1
among total CD163+ microglia/macrophages present in
the tumor region was associated with a prolonged OS, as
well as the spatial proximity between PD-L1+ microglia/

Fig.3 Continued

macrophages and PD-1+T lymphocytes. As we observed a
strong correlation between intra-tumoral CD8+ cell density
and the percentage of CD163+ cells expressing PD-L1 in
this subtype, these results might in fact reflect an adaptive
expression of the checkpoint molecule in response to the
presence of a potentially active host antitumor immuno-
logical response.223435

When considering the role of macrophages in BCBMs, it
should be highlighted that the staining used in the present
study (CD68, CD163) is unable to distinguish between res-
ident activated microglia and peripheral macrophages
recruited to the CNS. However, it has been reported that
these two immune cell populations share similar mor-
phology and functional states fluctuating across a pro-
to anti-inflammatory function, depending on stimuli
from local microenvironment, and might potentially be
targeted by specific therapies (without distinction be-
tween these two cell populations).?’” Moreover, the M1/
M2 dichotomization represents an oversimplification,
and a spectrum of activation states exists with many cells
displaying a mixed phenotype and M1- and M2-polarized
macrophages representing the extremes of this spectrum.
Although M2-polarized macrophages express several ad-
ditional markers, such as CD206, CD204, and VEGEF, the
CD163 immunostaining is considered crucial to identify
this pro-tumoral subpopulation®® and most studies to date
have used single or double immunostaining of macro-
phage markers, such as CD68 and CD163, to identify M1- or
M2-polarized tumor-associated macrophages.'8%7

In our study, the expression of the checkpoint molecule
TIM-3 differently impacted patient prognosis based on
BCBM subtype. Indeed, in HR+/HER2- BC patients, higher
stromal density of TIM-3+ cells is associated with better
prognosis, while in HER2+ BCBMs, a higher density of TIM-
3-expressing microglia/macrophages is associated with
worse outcome. These observations might appear contra-
dictory, as TIM-3 is an immune checkpoint molecule with
complex roles in the regulation of both innate and adaptive
immune responses. It is generally described to be ex-
pressed on myeloid cells, natural killer cells, exhausted T
cells, and regulatory T cells. It is often co-expressed with
PD-1 and may play a role in resistance to PD-1 blockade.3®
Moreover, high TIM-3 expression has been described
to be associated with worse survival in several solid tu-
mors.3840 In BC, however, the prognostic significance of
TIM-3 expression still remains unclear. A limited number
of retrospective studies have reported a positive associa-
tion between TIM-3 levels and survival in BC,3%*" while in
other works, TIM-3 expression was associated with poor
response to neoadjuvant chemotherapy in locally ad-
vanced TNBC.#2 Moreover, the ligand-dependent functions

PD-L1+ within the tumor region, (e, f) mean distance between (e) CD68+ macrophages and CD8+ T cells and (f) CD163+PD-L1+ M2-polarized macro-
phages and CD3+PD-1+ T lymphocytes. Median value of each variable was used as cutoff to identify high and low subgroups. Log-rank statistics were
performed to determine significance; P-values are reported in each graph. (g—j) Univariate Cox model hazard ratios (HR), 95% confidence intervals
(Cl), and P-values for OS for percentage of tumor or immune cells present within 10, 15, 20, 25, and 30 pm radius from a cell with different phenotype
in TNBC BMs. Median value of each variable was used as cutoff to identify high and low subgroups and HR for high vs low is reported. HR and 95% ClI
are represented. Bold characters indicate statistically significant cell interactions. Abbreviations: BMs, brain metastases; 0S, overall survival; PD-1,
programmed cell death-1; PD-L1, programmed cell death ligand 1; TNBC, triple-negative breast cancer.
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Fig. 4 Significant associations between immune contexture characteristics and overall survival and between cell-cell spatial interactions and
overall survival in HER2+ BCBM cohort. Kaplan-Meier curves for 0S according to (a) stromal and (b) intra-tumoral densities of TIM-3+ CD163+
M2-polarized macrophages, (c) intra-tumoral density of CD8+ T lymphocytes and (d) mean distance between CD8+ Granzyme B+ T lymphocytes
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Fig. 5 Significant associations between immune cell infiltrate and overall survival in HR+/HER2- BCBM cohort. Kaplan-Meier curves for 0S
according to (a) intra-tumoral density of CD163+ M2-polarized macrophages, (b) stromal density of TIM-3+CD163+ macrophages, and (c) stromal
CD4+FoxP3+/CD8+ cell ratio, in HR+/HER2- BCBM. Median value of each variable was used as cutoff. Log-rank P-values are reported in each
graph. Abbreviations: BCBM, breast cancer brain metastases; HER2, human epidermal growth factor receptor type 2; HR, hormone receptor; 0S,

overall survival.

of TIM-3 are still unclear, as a pro-inflammatory effect that
may favorably impact on patient outcome has been de-
scribed.*35 In this context, the positive prognostic role of
TIM-3+ cells in HR+/HER2- BCBMs observed in our cohort
might be consistent with the general cognition of a more
complex immune regulation and less straightforward
prognostic impact of immune activation in this subtype, as
compared to HR— and HER2+ BC." In light of potential ther-
apeutic implications, the role of TIM-3 in HR+/HER2- and in
HER2+ BC subtypes warrants further exploration, as TIM-
3-targeted immunotherapies are already being studied in
clinical trials in combination with PD-1/PD-L1 inhibitors.3®
Our study highlighted that in HER2+ BCBMs, the ex-
pression of immune checkpoints and their interactions
appeared crucial for patient prognosis; this represented
a peculiar feature of this BC subtype, potentially repre-
senting a possible target for combinatorial immunother-
apies. Indeed, a higher number of PD-1+T lymphocytes in
close contact with PD-L1+ microglia/macrophages, both
in tumor and stromal areas, was associated with worse
OS in our cohort of HER2+ BCBM patients. We speculate
that these observations might reflect the specific impact
of HER2-targeted treatment on the immune microenvi-
ronment of HER2+ BC. It is well known that HER2-targeted
antibodies achieve at least part of their antitumor activity
by activating antibody-dependent cell-mediated cytotox-
icity (ADCC).234¢ Of note, while a rapid increase in tumor
immune infiltration has been described as a consequence
of HER2-targeted treatment in the early HER2+ BC set-
ting,'®4’ the presence of high post-neoadjuvant TIL levels
has been associated with impaired disease-free survival
in early HER2+ BC with residual disease.*® Indeed, the de-
velopment of resistance to trastuzumab might, at least in
part, be explained by the diversion of an initially inflamed

Fig.4 Continued

immune microenvironment toward an exhausted pheno-
type through the upregulation of immune checkpoints,
such as programmed cell death-1 (PD-1) and its ligand
PD-L1.49%0 As the large majority of HER2+ BC patients in-
cluded in this study cohort had received previous HER2-
targeted treatment, either in the neo/adjuvant or metastatic
setting, interactions between PD-1 and PD-L1 molecules
might represent an escape mechanism from antitumor
immune activation generated by previous HER2-targeted
treatment. Therefore, PD-1/PD-L1 inhibition in combination
with HER2-targeted treatment might represent a promising
potential therapeutic strategy for HER2+ BCBMs patients,
and our data support the inclusion of patients with BMs in
clinical trials testing this strategy in advanced HER2+ BC.

Collectively, in this study, we described the complexity
of the immune microenvironment in BCBMs and assessed
the prognostic role of immune cell populations and im-
mune checkpoints in each BC subtype (TNBC, HR+/HER2—,
HER2+). These are exploratory analyses conducted on a
retrospective cohort of BCBM patients, and sample size
for each BC subtype is limited, therefore warranting fu-
ture validation in independent cohorts of BCBMs. Due
to the hypothesis-generating nature of these analyses,
multiplicity correction was not adopted, thus potentially
increasing the risk of observing some false-positive re-
sults. Nevertheless, this study has several strengths: this
BCBM cohort represents one of the largest studied to date,
and was analyzed using mlIF that allows not only the as-
sessment of immune cells densities, but also of spatial
metrics between immune biomarkers, thus allowing for
the identification of biologically relevant interactions over-
looked by other techniques.

Our results highlight that subtype-related differences in
immune regulation should be taken into account in order

and tumor cells. Median value of each variable was used as cutoff to identify high and low subgroups. Log-rank statistics were performed to deter-
mine significance; P-values are reported in each graph. (e-h) Univariate Cox model hazard ratios (HR), 95% confidence intervals (Cl), and P-values for
0S for percentage of immune populations present within 10, 15, 20, 25, and 30 pm radius from a cell with different phenotype or tumor cells in HER2+
BCBM. Median cutoff of each variable was used to separate high and low groups and HR for high vs low percentage is reported. Abbreviations:
BCBM, breast cancer brain metastases; HER2, human epidermal growth factor receptor type 2; 0S, overall survival.
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to identify potential therapeutic targets for immunotherapy
in BC patients with BM. Moreover, we identified two po-
tential therapeutic targets, M2 microglia/macrophage po-
larization in HER2- BCBMs and PD-1/PD-L1 interaction in
HER2+ BCBMs, which warrant future exploration in transla-
tional studies and clinical trials.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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