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Abstract

Purpose Brain metastases (BM) are a complication of advanced breast cancer (BC). Histology of melanoma BM offers
prognostic value; however, understanding the microenvironment of breast cancer brain metastases (BCBM) is less char-
acterized. This study reports on four histological biomarkers, gliosis, immune infiltrate, hemorrhage, necrosis, and their
prognostic significance in BCBM.

Methods A biobank of 203 human tissues from patients who underwent craniotomy for BCBM was created across four
academic institutions. Degree of gliosis, immune infiltrate, hemorrhage, and necrosis were identified and scored via repre-
sentative H&E stain (0-3+). Overall survival (OS) was estimated using the Kaplan—Meier method. Cox proportional hazards
regression evaluated prognostic value of the biomarkers in the context of standard clinical characteristics.

Results BCBM subtype (available for n=158) was 36% Her2+, 26% hormone receptor (HR)+/Her2— 38% HR—/Her2—
(triple negative, TN). Gliosis was observed in 82% (116/141) of BCBM, with immune infiltrate 44% (90/201), hemorrhage
82% (166/141), and necrosis 87% (176/201). Necrosis was significantly higher in TNBC (p <0.01). Presence of gliosis,
immune infiltrate, and hemorrhage correlated with improved OS (p =0.03, p=0.03, p=0.1), while necrosis correlated with
inferior OS (p =0.01). Improved OS was associated with gliosis in TN (p =0.02), and immune infiltrate (p =0.001) and
hemorrhage (p =0.07) in HER2+. In a multivariable model for OS, incorporating these biomarkers with traditional clinical
variables improved the model fit (p <0.001).

Conclusion Gliosis confers superior prognosis in TNBC BM; immune infiltrate and hemorrhage correlate with superior
prognosis in HER2+BCBM. Understanding the metastatic microenvironment of BCBM refines prognostic considerations
and may unveil novel therapeutic strategies.

Keywords Breast cancer brain metastases - Immune infiltrate - Microenvironment - Prognosis

Introduction

As systemic treatments prolong survival and, therefore,
patients are living longer with metastatic disease, brain
metastases are an increasingly common consequence of
cancer [1]. A better understanding of the role of the micro-
environment in primary breast cancer and its impact on
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prognosis is evolving. Tumor subtype has been shown to
impact survival parameters, both in terms of time from
primary diagnosis to the development of brain metastases
(p<0.01), as well as overall survival following a diagnosis
of brain metastases (p <0.01) [2]. Graded prognostic assess-
ments (GPAs) that incorporate breast cancer subtype, as well
as clinical variables, such as age and performance status,
have been found to hold prognostic value, thereby providing
a valuable guide for clinical decision making in the manage-
ment of patients with brain metastases [2].

Knowledge surrounding the microenvironment of metas-
tases arising from breast cancer is less understood, particu-
larly for brain metastases where unique immune regulation
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governs stromal composition. Features of this stromal land-
scape, i.e., high immune infiltrate and low or absent hem-
orrhage, offer prognostic value in brain metastases arising
from melanoma [3].Therefore, a more detailed understand-
ing of the stroma surrounding breast cancer brain metastases
may provide similar prognostic guidance, and perhaps reveal
molecular underpinnings of this disease process yielding
novel molecular targets for future therapeutic investigation.

In this analysis, we report on four principle histopatho-
logic biomarkers found within the breast cancer brain metas-
tases microenvironment, namely gliosis, immune infiltrate,
hemorrhage, and necrosis, and assess their associations with
breast cancer subtype and their prognostic significance. In
addition to providing a deeper understanding of the com-
plex microenvironment of breast cancer brain metastases,
we formulated a prognostic index that includes both clinical
and histopathologic features, to help further guide clinical
decision making for this patient population.

Methods
Biobank description

Under IRB approval, a biobank of tissues from 203 patients
with breast cancer brain metastases who underwent crani-
otomy between 1989 and 2013 from four institutions (Duke
University, Memorial Sloan Kettering Cancer Center, Uni-
versity of North Carolina at Chapel Hill, and University
of Pittsburgh Medical Center) was created. Both primary
breast and brain metastases tumor samples were classified
by subtype, either as hormone receptor positive (HR+,
estrogen and/or progesterone receptor positive/Her2—),
Her2+ (including both HR+/Her2 + and HR—/Her2+), or
HR—/Her2— (triple-negative breast cancer, TNBC). Subtype
classification was based on the primary breast sample bio-
markers only when the brain metastases sample subtype was
not available. When subtype for the brain sample differed
from that of the primary breast sample, classification was
made based on the subtype of the brain metastases sam-
ple. This study was approved, and waivers of consent were
granted by Institutional Review Boards at each of the four
institutions (Duke University, Memorial Sloan Kettering
Cancer Center, University of North Carolina at Chapel Hill,
and University of Pittsburgh Medical Center).

Histological assessment of biobank

5-uM thick, representative hemotoxylin and eosin (H&E)-
stained tissue section slides from all craniotomy samples
were semi-quantitatively evaluated for the presence of four
biomarkers: gliosis, immune infiltrate, hemorrhage, and
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necrosis by a neuropathologist blinded to patients’ records.
Each sample received a numerical score (0-3), as previously
described [3].

Statistical analysis

For statistical analysis, all 4 biomarkers, gliosis, immune
infiltrate, hemorrhage, and necrosis, were described as pre-
sent or absent (0 vs. 1-3+). Necrosis was also evaluated by
highest degree vs. other (3+ vs. 0-2+). Differences in bio-
markers between subtypes were evaluated using chi-squared
tests. The primary endpoint was overall survival (OS) from
time of craniotomy. The Kaplan—-Meier method and log-rank
tests were used to determine OS, both for all samples and in
a subtype-specific manner. Unadjusted p values are reported.
Cox Regression Models were used to evaluate the prognostic
value of clinical variables and the four biomarkers, limited
to cases with complete data. A likelihood ratio test was used
to compare the model fit with only clinical variables vs. the
addition of the biomarkers. All statistical analyses were con-
ducted using SAS software.

Results
Patient demographics and treatment history

Characteristics of the study population are detailed in
Table 1. The study included 203 patients from Duke Uni-
versity (Duke), Memorial Sloan Kettering Cancer Center
(MSK), the University of North Carolina (UNC) at Chapel
Hill, and the University of Pittsburgh Medical Center (Pitt).
Mean age at diagnosis of breast cancer was 48 (range
26-77). 87% of patients were aged 40 or older, while 16% of
patients were aged 65 or older at the time of brain metastases
diagnosis. Across all patients, 14% were African American,
2% American Indian or Alaska Native, 2%, Asian, 78% Cau-
casian, and 4% other races.

This was a heavily pre-treated patient population. Of the
patients with systemic treatment records (n=148), most
received systemic treatment in the metastatic setting, with
85% (125/148) receiving systemic therapy prior to crani-
otomy, and 75% (106/148) receiving systemic therapy after
craniotomy. From available data, only 4% (6/148) did not
receive any systemic therapy in the metastatic setting. Of
the patients with records of radiation treatment (n=115),
85% (98/115) received radiation therapy for brain metasta-
ses: 79% (91/115) received whole brain radiation therapy
(WBRT) and 36% (41/115) received stereotactic radiosur-
gery (SRS). All 203 patients underwent a craniotomy for
brain metastases.
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Table 1 Patient di hi d treatment hist 100% 1
atient demographics and treatment history “ s -—
Characteristics N (%) 80% —— 33 —
64
Number of patients 203 60% | 97 | M3
Mean age at diagnosis 48 (26-77) B
Race 194 40% — 70 110 — 1
African American 28 (14) 111 53 0
American Indian or Alaska Native 3(2) 20% — B
Asian 3(2) 0% 25 37 25
Caucasian 152 (78) Gliosis Immune  Hemorrhage  Necrosis
Infiltrat
Others 8 (4) mifltrate
Instituti 203 . . . . . .
fstution Fig. 1 Expression of histopathological biomarkers in all craniotomy
UNC 22(1Y samples. Percentage of samples for each histopathological scoring is
Duke 21 (10) given in y axis. The legend shows the order and relative shade of each
Pittsburgh 38 (19) score, with the 0 score at the bottom with the lightest shade, and the 3
MSK 122 (60) score at the top with the darkest shade. The number. in each box rep-
. resents the sample number for each score, for each biomarker
Age at brain metastases 40+ 177 (87)
Age at brain metastases 65+ 33 (16)

Receptor subtype based on IHC 158

HR—/Her2— (TN) 60 (38)
HR—/Her2+ (Her2+) 35(22)
HR+/Her2— 41 (26)
HR+/Her2+ 22 (14)

Concordance between breast and brain subtype 75

Systemic therapy after brain metastases 142/148 (96)
Therapy before craniotomy 125/148 (85
Therapy post craniotomy 106/148 (75)
No systemic therapy 6/148 (4)

98/115 (79)
91/115 (79)
41/115 (36)

Radiation therapy for brain metastases
Whole brain radiation therapy (WBRT)
Stereotactic radiosurgery (SRS)

Expression of histologic markers in breast cancer
brain metastases overall and by subtype

Subtype classification of the craniotomy samples was avail-
able for 158 cases: 36% Her2+, 26% HR+/Her2—, 38%
HR—/Her2— (TN), Table 1. Figure 1 summarizes the his-
tological analysis for each biomarker for available sam-
ples. Across available samples for each marker, gliosis was
present in 82% (116/141), hemorrhage in 82% (166/203),
and necrosis in 87% (176/201) of brain metastases sam-
ples. Immune infiltrate was found in fewer samples, 44%,
(90/201), as compared to the other biomarkers. Representa-
tive images of these samples and their expression of the
four biomarkers are displayed in Fig. 2a—d. The presence of
each biomarker by histologic score across all samples and
in a subtype-specific manner is summarized in Fig. 3a—d.
Interestingly, there were no significant differences in gliosis
across subtypes (p =0.9764): HR+/Her2— (78%), TN (80%),
and Her2+ (81%) cases. Immune infiltrate was numerically
lower (28%) in HR+/Her2— brain metastases, compared to

TN (50%) and Her2+ (42%) cases (p=0.081). The presence
of hemorrhage in brain metastases was statistically differ-
ent across subtypes (p=0.048): Her2+ (72%), TN (85%)
and HR+/Her2— (90%). Necrosis (scored as 1-3 + by IHC)
within brain metastases was not significantly different across
subtypes (p=0.4632). Necrosis was more common in the
TN brain metastases (92%), as compared to 87% of HR+/
Her2— and 84% of Her2+ brain metastases. When consider-
ing the highest degree of necrosis (3 4+ only by IHC), necro-
sis was significantly higher in TN brain metastases (22%)
as compared to 3% of HR+/ Her2— and 5% of Her2+ brain
metastases (p=0.003).

Impact of biomarker expression in BCBM on overall
survival following craniotomy

Overall survival following craniotomy differed by subtype
(p=0.02): HR+/Her2— 1.15 years (95% CI1 0.74-1.97), TN
(0.82 years, 95% CI 0.44—1.03), and Her2 + 1.78 years (95%
CI 1.08-1.92 years). Survival by academic institution did
not differ (p=0.53). The impact of biomarker expression
on survival following craniotomy for brain metastases was
analyzed. As seen in Fig. 4a, the presence of gliosis (score
1-3) was associated with superior overall survival (1.08 vs.
0.62 years, p=0.027). Similarly, Fig. 4b demonstrates that
the presence of immune infiltrate (score 1-3) was associated
with superior survival from craniotomy (1.31 vs. 0.93 years,
p=0.033). The presence of hemorrhage (score 1-3) was not
associated with a significant survival difference following
craniotomy (1.07 vs. 0.92 years, p=0.095), demonstrated
in Fig. 4c. While presence of necrosis (score 1-3 vs. 0)
did not reveal differences in survival following craniotomy
(»p=0.98), Fig. 4d shows that the highest level of necro-
sis (score 3 vs. 0-2) was associated with inferior survival
from craniotomy (0.38 vs. 1.12 years, p=0.014). The effect
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Fig.2 Description of histopathological biomarkers in H&Es of rep-
resentative craniotomy tumor sections. a Arrows point to activated
astrocytes near tumor cells scored for gliosis. b. Arrows point to mon-
onuclear cells around blood vessels or within tumor tissue scored as

of each biomarker on survival from craniotomy was then
examined across subtype. The prognostic impact of each
biomarker and survival from craniotomy was maintained
only for gliosis in patients with TN brain metastases (0.37
vs. 0.94 years, p=0.02), immune infiltrate in patients with
Her2+ brain metastases (1.12 vs. 2.06 years, p =0.002), and
hemorrhage, though the trend for hemorrhage was not statis-
tically significant (1.29 vs. 1.82 years, p=0.07), Fig. Sa—c.

Prognostic effect of histopathologic biomarker
on 0S following craniotomy

Univariable and multivariable analysis, shown in Table 2,
was used to evaluate the association of patient and tumor
characteristics with OS. In multivariable analysis, an inte-
grated model including both clinical and tumor character-
istics significantly improved model fit (p <0.001) as com-
pared to a model with only clinical variables. This integrated
model shown in Table 2 illustrated that the presence of
gliosis (HR 0.43, p=0.002) was associated with improved
survival post craniotomy, while age > 50 years (HR 1.62,
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immune infiltrate. ¢ Staining of red blood cells, organized blood clot,
and/or ruptured vessels were scored for hemorrhage. d. Areas with
abnormal cell and nuclear morphology with tumor tissue scored for
necrosis [3]

p=0.022) and highest degree of necrosis (3 vs. 0-2, HR
2.13, p=0.006) were both associated with inferior survival
post craniotomy.

Discussion

Across all subtypes of over 200 breast cancer brain metas-
tases tissues—the largest histopathologic analysis to
date—we found gliosis and immune infiltrate correlated
with superior prognosis, while the highest level of necrosis
was a poor prognostic finding. Hemorrhage was not associ-
ated with improved prognosis following craniotomy across
all subtypes of breast cancer. When examining survival
following craniotomy in a subtype-specific manner, glio-
sis conferred superior prognosis in the TN subtype, while
immune infiltrate correlated with superior prognosis in the
Her2+ subtype. Lastly, integrating the four histopathologic
biomarkers with traditional clinical variables (i.e., age,
race, subtype) resulted in a significantly improved prog-
nostic model when compared to a model that used clinical
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Fig.3 Expression of each histopathological biomarker in craniotomy
samples by tumor subtype, a Gliosis (scores 1-3 vs. 0, p=0.9764);
b immune Infiltrate (scores 1-3 vs. 0, p=0.0.081); ¢ hemor-
rhage (scores 1-3 vs. 0, p=0.0482); d necrosis (scores 0-2 vs. 3,

variables alone. While these findings would require vali-
dation, one could propose including these histopatho-
logic features in pathology reports of breast cancer brain
metastases cases as they could yield important prognostic
information.

Previous studies have examined the prognostic value of
clinical features in guiding treatment decisions for patients
with breast cancer, for example in determining duration of
treatment with trastuzumab [4]. However, in contrast to the
histologically based biomarkers examined by this study,
the variables used in the trastuzumab model were clinically
based (i.e., age, sites of distant metastasis) and illustrated
low predictive value. A deeper investigation of the brain
microenvironment’s influence on other solid tumor brain
metastases, such as melanoma, has informed prognostic
capability [3]. For example, in the setting of brain metastases
arising from melanoma, the presence of peritumoral immune
infiltrate (CD3+and CD8+) and a low degree of hemorrhage
is associated with favorable prognosis as defined by overall
survival [3]. As this study shows that microenvironment fea-
tures of breast cancer brain metastases also impact survival,
harnessing this information may not only guide prognosis,

b Immune Infiltrate

100% ———4+——— S —_—y
25 8 7
10
80% — e — — —
17
64 22
60% (— o —_— —_ —~ =3
2
% — I ] B — 1
40% 2 :
111 30 33
20% (— e e o —
0% — — — — —
All HR-/Her2- Her2+ HR+/Her2-
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100% - [
80% — —.— — —
o 19
60% — 97 — - | =3
30 2
40% — —_— — e —
17 14 1]
53
20% — — 12 — —_— —
25 9 5
0% 3
All HR-/Her2- Her2+ HR+/Her2-

p=0.0027). Percentage of samples for each histopathological scor-
ing is given in y axis. The legend shows the order and shade of each
score. The number in each box represents the sample number for each
score, for each subtype

but also reveal novel therapeutic strategies may be of benefit
in breast cancer as well.

Specific to the immune composition of breast cancer
brain metastases, tumor-infiltrating lymphocytes, mac-
rophages, programmed cell death protein -1 and -2 recep-
tors (PDL-1 and -2), and glial fibrillary acid protein were
assessed in over 80 breast cancer brain metastases tissues
acquired during craniotomy [5]. Results from this study
were complimentary to our findings in that overall survival
following craniotomy correlated positively with expression
of PDL-1 on tumor-infiltrating lymphocytes (TILS, hazard
ratio (HR)=0.3, p=0.003) in multivariable analysis that
included clinical variables such as prior radiation therapy
and HER2 expression. Taken together, these data illustrate
a beneficial effect of anti-tumor immunity and rationale to
examine immunotherapy strategies in breast cancer brain
metastases. Favorable response to immune checkpoint inhib-
itors have been observed in the setting of brain metastases
arising from non-small cell lung cancer and melanoma illus-
trating feasibility of this approach [6].

While we are encouraged by the results of this study,
particularly with regard to the prognostic associations
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Fig.4 The effect of each histopathological biomarker on overall sur-
vival in patients with breast cancer brain metastases. a Gliosis (scores
1-3 vs. 0, p=0.03); b immune infiltrate (scores 1-3 vs. 0, p=0.0.03);

between histopathologic biomarkers and overall survival,
we recognize that there are several limitations that must
be considered. First, this is a retrospective study with
inherent bias and with clinical outcomes influenced by
outdated therapeutic strategies. To more accurately incor-
porate these data into current practice, this would require
validation of these four histopathologic biomarkers in the
context of prospective studies. The findings from such
a study could result in an enhanced GPA that would aid
clinical decision making for patients. Additionally, the
focus of this study was solely on a limited number of his-
topathologic biomarkers found within the tumor stroma.

@ Springer

b Immune Infiltrate

= (All subtypes)
2
il
’?AD
E
3
o3
o
®
2
e
-
(7]
T
O
o
O
o T T T : T 1
0 2 <4 6 8 10
Years from Craniotomy
d Necrosis
= (All subtypes)

40 60 80

Ov2e(r)all Survival Probability (%)

0

0 2 B 6 8 10
Years from Craniotomy

¢ hemorrhage (scores 1-3 vs. 0, p=0.09); d necrosis (scores 0-2 vs.
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A deeper look into the cellular communication within the
brain microenvironment of breast cancer brain metastases,
including interactions with microglia, neurons, astrocytes,
and pericytes, is ongoing and remains an area of continued
interest. The sheer size of brain metastases may impact
these biomarkers and is worthy of examination; however,
we were limited in our ability to acquire this data point as
pre-craniotomy MRIs are not currently available for this
cohort. Current and future results will undoubtedly yield
both a better understanding of prognostic implications as
well as promising, novel therapeutic, and prevention strat-
egies [7-9].
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(¢, p=0.07) in the HER2+ subtype

Table 2 Prognostic effect of
biomarkers on overall survival

Clinico-histopathological variables

Univariable analysis Multivariable analysis

p value HR 95% C1 p value HR 95% CI

Gliosis (1-3 vs. 0) 0.0072 0.5 0.30-0.83 0.0018 0.43 0.26-0.73
Immune infiltrate (1-3 vs. 0) 0.0346 0.65 0.44-0.97 0.0073 0.57 0.38-0.86
Hemorrhage (1-3 vs. 0) 0.7062 0.91 0.55-1.50 0.6098 0.88 0.53-1.46
Necrosis (1-3 vs. 0) 0.5761 0.84 0.46-1.54 - - -

Necrosis (0-2 vs. 3) 0.0178 1.87 1.11-3.13 0.0059 2.13 1.24-3.64
Age (=50 vs. < 50) 0.0465 1.49 1.00-2.19 0.022 1.62 1.07-2.44
Subtype (HR +vs. HR—) 0.0337 0.63 0.41-0.97 0.0885 0.68 0.44-1.06
Race (white vs. non-white) 0.6164 0.89 0.56-1.42 0.5664 0.87 0.53-1.42

In conclusion, careful integration of histopathologic,
as well as clinical and treatment, variables will allow us
to refine our discussions about prognosis with our patients
diagnosed with breast cancer brain metastases. Finally, this
knowledge will also help optimize shared decision making
when selecting biologically sound treatment options that
incorporate both tumor and microenvironment features of
brain metastases, including options that augment anti-tumor
immunity in a safe and tolerable manner.
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