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Background: The purpose of this study was to investigate the correlation between 18F-
fluorodeoxyglucose (FDG) uptake and infiltrating immune cells in metastatic brain lesions.

Methods: This retrospective study included 34 patients with metastatic brain lesions who
underwent brain 18F-FDG positron emission tomography (PET)/computed tomography
(CT) followed by surgery. 18F-FDG uptake ratio was calculated by dividing the
standardized uptake value (SUV) of the metastatic brain lesion by the contralateral
normal white matter uptake value. We investigated the clinicopathological
characteristics of the patients and analyzed the correlation between 18F-FDG uptake
and infiltration of various immune cells. In addition, we evaluated immune-expression
levels of glucose transporter 1 (GLUT1), hexokinase 2 (HK2), and Ki-67 in metastatic
brain lesions.

Results: The degree of 18F-FDG uptake of metastatic brain lesions was not significantly
correlated with clinical parameters. There was no significant relationship between the 18F-
FDG uptake and degree of immune cell infiltration in brain metastasis. Furthermore, other
markers, such as GLUT1, HK2, and Ki-67, were not correlated with degree of 18F-FDG
uptake. In metastatic brain lesions that originated from breast cancer, a higher degree of
18F-FDG uptake was observed in those with high expression of CD68.

Conclusions: In metastatic brain lesions, the degree of 18F-FDG uptake was not
significantly associated with infiltration of immune cells. The 18F-FDG uptake of
metastatic brain lesions from breast cancer, however, might be associated with
macrophage activity.

Keywords: 18F-fluorodeoxyglucose, positron emission tomography, brain metastasis, tumor microenvironment,
immune cell
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INTRODUCTION

Brain metastasis is a serious clinical manifestation in cancer patients
and develops in approximately 20–30%of patientswith solid cancers
(1–3). Althoughmanagement of brainmetastasis has improved with
multimodal therapies, effectivemanagement remains a challenge and
theoutcomeofbrainmetastases isuniformlypoor,with less than10%
of patients with brain metastasis surviving more than 2 years (2, 4).
Cancer immunotherapies, i.e. immune-checkpoint inhibitors (ICIs),
have enhanced the overall survival of cancer patients and
dramatically changed therapeutic strategies for metastatic and
other advanced stage of certain types of cancers (5–7).
Furthermore, clinical trials have provided evidence that ICIs or ICI
combined with radiation therapy could have sustained treatment
efficacy for brain metastases (1, 2). However, these treatments can
increase the risk of adverse effects, i.e. neurologic toxicity or radiation
necrosis, in patients with brain metastases (1, 8). Moreover, no
definitive biomarkers have been identified that can differentiate
patients with brain metastases who may benefit from ICIs from
those at risk for adverse effects (8).

18F-Fluorodeoxyglucose (FDG) positron emission tomography
(PET) is one of the fundamental imaging modalities for pre-
therapeutic and therapeutic evaluation as well as end-of-treatment
evaluations in clinical practice of many cancers (9–11). 18F-FDG
uptake is associated with elevated glycolysis in cancer cells.
However, 18F-FDG uptake can also be related to inflammation
or immune reactions due to the consumption of glucose by
immune cells (9, 11–13). Thus, 18F-FDG uptake in cancer can
reflect the tumor microenvironment, including not only the
metabolic activity of cancer cells but also local immune
reactions (11, 14–16). Since the response to immunotherapy can
be associated with tumor infiltrating immune cells (17–20) and
immune cell response can be visualized by 18F-FDG PET (11, 14,
16), research has been conducted on the relationship between 18F-
FDG uptake and immunological features of the tumor
microenvironment. In certain types of primary cancers, 18F-
FDG uptake is an additional biomarker that is predictive of
immunological features and responses to ICIs (15, 21–24).

Since the microenvironment in brain metastases is different
from the primary tumor (2, 25), to improve the efficiency of
immunotherapy in brain metastases, a better understanding of
the microenvironment in brain metastases, especially immune
cell infiltration, is mandatory. However, few studies have used
18F-FDG uptake for evaluation of immune cell infiltrate in brain
metastases (26). Therefore, here we investigated the correlation
between 18F-FDG uptake and infiltration of various immune
cells in brain metastases.
MATERIALS AND METHODS

Subjects
This study included 34 patients who underwent brain 18F-FDG
PET/computed tomography (CT) and were diagnosed with brain
metastases at our institution between July 2005 and June 2019
with available brain tissue from surgery. We obtained clinical
information (age, sex, primary cancer site, number of metastatic
Frontiers in Oncology | www.frontiersin.org 2
lesions in the brain, presence of metastatic lesions in regions
other than brain and histologic type of metastatic brain lesion)
from review of patient charts. This study was conducted
retrospectively and was approved by the Institutional Review
Board of Ajou University (AJIRB-MED-MDB-19-244). The need
for informed consent was waived.

Brain 18F-FDG PET/CT acquisition
After fasting for at least 6 h, patients were intravenously
administered 300 MBq 18F-FDG. The blood glucose level at the
time of the 18F-FDG injection was < 150 mg/dl in all patients. All
subjects were instructed to rest comfortably for 30 min with their
eyes closed before image acquisition. Brain PET/CT images were
obtained with a Discovery ST 8 slice CT scanner or Discovery STE
16-slice CT scanner (GE Healthcare, Milwaukee, WI, USA). We
first performed the non-contrast CT scan (100 kV, 95 mA; section
width = 3.75 mm) in the brain region. Next, 10 min per frame of
emission brain PET data were acquired in the three-dimensional
mode. PET images were obtained by iterative reconstruction (i.e.
ordered subsets of expectation maximization, with 2 iterations and
21 subsets), using CT images to correct attenuation.

Quantitative Analysis of PET Data
After fusion of the gadolinium-enhanced T1-weighted magnetic
resonance imaging (MRI) and brain 18F-FDG PET using the
Fusion tool provided by PMOD software 3.0 (PMOD
Technologies Ltd., Zurich, Switzerland), the volume of interest
(VOI) was established by automatic delineation of the enhancing
brain metastases lesions on MRI, which were removed by surgery.
Edematous or necrotic areas of metastatic lesions, which could
show considerably lower 18F-FDG accumulation, were excluded
from VOI. The VOI set for MRI was projected on the PET image,
and the maximum and mean standardized uptake values
normalized for body weight (SUVmax and SUVmean,
respectively) of VOI were recorded (Figures 1A–C). All images
were visually assessed for correct co-registration and appropriate
VOIs that did not include adjacent normal brain activity. To set
the reference value, a circular region of interest (ROI) with a
10mm diameter was circularly drawn on the frontal white matter
area of the contralateral brain without any abnormal findings on
MRI based on previous studies (27–29), and the SUVmean values
were obtained (Figure 1D). The 18F-FDG uptake ratio was
calculated as the SUVs of the metastatic lesion divided by the
SUVmean of the reference area. If multiple brain metastases were
found in one patient, the lesion from which histological specimens
were obtained was selected. We also measured the size of
metastatic lesion, which had been excised and pathologically
confirmed, on MRI images.

Histopathologic Analysis
and Interpretation
Immunohistochemistry was conducted on representative
sections of formalin-fixed, paraffin-embedded tissues using a
BenchMark XT automated immunohistochemistry stainer
(Ventana Medical Systems, Inc., Tucson, AZ, USA) according
to the manufacturer’s instructions. Briefly, after deparaffinization
and rehydration, paraffin-embedded tissue sections (4-µm thick)
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were blocked with 3% hydrogen peroxide for 4 min at room
temperature, treated with heat-induced antigen retrieval CC1
solution (Ventana Medical Systems) using the optimized antigen
retrial condition, and incubated with primary antibodies. The
primary antibodies are as follows: CD3, 1:100 (103R-95-RUO,
Cell Marque, Rocklin, CA); CD8, pre-dilution (790-4460, Roche,
Tucson, AZ); CD68, 1:50 (M0814, Dako, Denmark); CD163, 1:40
(163M-15-RUO, Cell Marque); myeloperoxidase (MPO), 1:100
(289A-75, Cell Marque); glucose transporter 1 (GLUT1), 1:200
(355A-14, Cell Marque); hexokinase 2 (HK2), 1:200 (E-AB-
14706, Elabscience, Houston, TX) and Ki-67 (clone MIB-1)
1:60 (M7240, Dako). Detection was performed using the
Frontiers in Oncology | www.frontiersin.org 3
Ventana Optiview DAB Kit (Ventana Medical Systems).
Counterstaining was performed with hematoxylin and bluing
reagent for 4 min.

All histologic and immunohistochemical slides were reviewed
by a single experienced pathologist (JH Kim) without prior
knowledge of the clinical data and PET findings. Protein
expression was evaluated based on intensity and proportion of
positive cells. The intensity of expression was considered as
positive if the intensity of membranous (GLUT1, CD3, and
CD8), cytoplasmic (HK2, CD68, and CD163) or nuclear (Ki-
67) staining was moderate or strong. Weak or nonspecific
staining was considered as negative. For immune cell markers,
FIGURE 1 | Representative image of region of interest setting for quantification analysis of 18F-FDG PET data. The volume of interest (VOI) was automatically
delineated to brain lesions on MRI (A); this edge of VOI was projected onto the PET image (B) and the VOI is seen in the image of the PET and MR fusion (C). To
set the reference area, the ROI is confirmed by setting the circular shape on the frontal white matter on the opposite side of the metastatic brain lesion and projecting
it on the PET and PET/MR fusion images (D).
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we used CD3 for T cells, CD68 for macrophages, and MPO for
neutrophils and eosinophils. Infiltration of immune cells was
scored as follows: Grade 1, focal mild infiltration of positive cells;
Grade 2, multifocal mild infiltration; Grade 3, multifocal
moderate to marked infiltration; and Grade 4, diffuse moderate
to marked infiltration (Figure 2). GLUT1 and HK2 expressions
were scored based on the percentage of positive tumor cells as
follows: Grade 1, positive tumor cells <10%; Grade 2, 10¬–40%;
Grade 3, 40–70%; and Grade 4, >70% (Figure 3). The Ki-67
proliferation index was measured by counting the percentage of
Ki-67-positive nuclei per 500–1000 tumor cells in the region of
the tumor with the greatest density of staining, indicating areas
with the highest mitotic activity.

Statistical Analysis
The sample size required for this study using a significance (a)
level of 5% and statistical power (1-b) of 80% was calculated
using MedCalc software (version 18.11.3; MedCalc Software
bvba, Ostend, Belgium). A sample size of 28 was required to
Frontiers in Oncology | www.frontiersin.org 4
obtain an appropriate confidence level; thus, the final sample size
(n = 34) was sufficient.

Clinical characteristics are described as descriptive frequencies
followed by percentages for categorical variables and means ±
standard deviation (SD) for continuous variables. The difference in
18F-FDG uptake of brain metastatic lesions according to clinical
characteristics was analyzed using Mann–Whitney test and one-
way analysis of variance (ANOVA) test. Mann–Whitney or
ANOVA test was used to determine whether 18F-FDG uptake
varied according to the expression level of immune cell markers
and biologic markers in metastatic brain lesions. Spearman’s
correlation coefficient (r) was calculated to evaluate the
correlations parameters. Correlations were classified as poor
(│rho│< 0.29) , fair (│rho│= 0.30–0.59) , moderate
(│rho│= 0.60–0.79), and very strong (│rho│≥ 0.80) (30). If
there was a significant correlation between pathologic
parameters, the analysis of covariance (ANCOVA) test was used
to adjust the covariates. All other statistics were analyzed using
MedCalc software. P-values <0.05 were considered significant.
A

B

D

E

C

FIGURE 2 | Representative images of CD68 (A), CD163 (B), myeloperoxidase (C), CD3 (D), and CD8 (E) immunohistochemistry according to grades (x 50). Bar
indicates 500 mm.
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RESULTS

Patient Characteristics and 18F-FDG
Uptake Ratio of Metastatic Brain Lesions
The average patient age was 63.7 years, and the patient group
included 59% (20/34) males. Lung cancer (14/34, 41.2%) was the
most common primary cancer site of metastatic brain lesions,
followed by breast cancer (10/34, 29.4%). Twenty-one patients
(21/34, 61.8%) had a single metastatic brain lesion. Approximately
44% of patients (15/34) also had metastases to other organs at the
time of diagnosis of brain metastasis. Most of the histologic types
of the metastatic lesions were adenocarcinoma (29/34, 85.4%). The
mean diameter and VOI of brain metastases lesions were 3.10 cm
and 13.08 cm3, respectively. The mean value of maximum 18F-
FDG uptake ratio and of brain metastases was 3.02, and the
average value of the mean 18F-FDG uptake ratio was 1.70. The
degree of 18F-FDG uptake of brain metastasis lesions showed poor
correlation with lesion size and VOI size (all p > 0.05) (Table 1).
The mean and maximum 18F-FDG uptake ratios were slightly
lower in the metastatic brain lesions from the lung than those in
other sites. However, the difference was not statistically significant.
The other clinicopathological parameters, i.e. histologic type of the
metastatic lesions, showed no significant correlation (all p > 0.05).
Table 1 lists the clinicopathological characteristics of patients and
the difference in 18F-FDG uptake of brain metastasis according to
clinical parameters. The individual characteristics of each patient
are presented in Supplementary Table 1.

Relationship Between 18F-FDG Uptake
and Grades of Immune Cell Infiltration
We next identified immune cells using specific markers.
Macrophages, which are immune-positive for CD68 and/or
CD163, were most abundantly identified in the metastatic
brain lesions, followed by neutrophils, which are immune-
positive for MPO. Diffuse strong infiltration (grade 4) of
CD163+ macrophages was observed in 5 (14.7%) of metastatic
Frontiers in Oncology | www.frontiersin.org 5
lesions. Two (5.9%) cases showed diffuse strong infiltration of
neutrophils, and both cases were associated with tumor necrosis.
However, T lymphocytes in metastatic brain lesions were less
frequently identified and only one case revealed diffuse strong
infiltration (Grade 4) of CD3+ T lymphocytes. Moreover, most
cases (27/34, 79.4%) showed only focal mild infiltration or no
diffuse strong infiltration of CD8+ T lymphocytes (Table 2). We
performed analysis of 18F-FDG uptake ratio of brain metastases
according to the grades of infiltration of each immune cell. To
evaluate positive or negative effects between types of immune
cells, we analyzed correlation between grades of immune
markers. We observed a significantly positive correlation
between markers for macrophages (CD68 and CD163) and T
cells (CD3 and CD8). However, we could not find any significant
differences between 18F-FDG uptake ratio and grades of immune
cell infiltration with or without adjustment for covariates (all p >
0.05) (Table 2 and Supplementary Table 2).
Relationship Between 18F-FDG Uptake
and Grades of Immune Cell Infiltration
According to the Primary Cancer Sites
We further investigated immune cell infiltration according to the
sites of the primary cancers. We divided metastatic brain lesions
into 3 groups (lung [n=14], breast [n=10], and GI and others
[n=10]) according to the primary sites and analyzed immune cell
infiltration in each group. Immune cell infiltration was more
frequent in the metastatic lesions from the lung than the other
two groups (Table 3). In particular, diffuse strong infiltration of
macrophages (CD68 or CD163) was most commonly identified
in the metastatic lesion from the lung. In the majority of
metastatic lesions from the breast, immune cell infiltrations
except for neutrophils (MPO) were mild (Grade 1 or 2). We
analyzed the correlation between 18F-FDG uptake ratio of brain
metastases lesions and primary cancer sites. Interestingly, we
found that the maximum 18F-FDG uptake ratio and mean
A

B

FIGURE 3 | Representative images of GLUT1 (A) and hexokinase 2 (B) immunohistochemistry according to grades (x 50). Bar indicates 500 mm.
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18F-FDG uptake ratio were significantly correlated with
infiltration of macrophages (CD68) in the metastatic lesions
with breast origin (p = 0.002 and p =0.036, respectively). There
were no associations between 18F-FDG uptake ratios and
infiltration of other types of immune cells (Table 3).
Relationship Between 18F-FDG Uptake
and Expression of Other Biologic Markers
in the Metastatic Brain Lesions
We also examined immuno-expression of GLUT1, HK2 and Ki-
67, which are known biologic markers associated with 18F-FDG
uptake. We found that 10 cases (29.4%) showed diffuse strong
immuno-expression (grade 4) of HK2 in metastatic tumor cells
and 7 cases (20.6%) revealed diffuse strong immuno-expression
(grade 4) of GLUT1. However, the maximum 18F-FDG uptake
Frontiers in Oncology | www.frontiersin.org 6
ratio and mean 18F-FDG uptake ratio in metastatic brain lesions
did not differ significantly according to the grades of GLUT1 and
HK2 after adjustment for covariates (all p > 0.05) (Table 4 and
Supplementary Table 2). The absence of association between
18F-FDG uptake ratio and degrees of GLUT1 and HK2
expression also was found within subgroups divided by
primary cancer site (Table 4). The Ki-67 proliferation index of
the metastatic brain lesions ranged widely from 0.3% to 96.1%
(average: 35.0%). However, the Ki-67 proliferation index of the
metastatic lesions showed not only poor correlation but also
inverse tendency with 18F-FDG uptake ratios (for maximum 18F-
FDG uptake ratio, rho = -0.21; for mean 18F-FDG uptake ratio,
rho = -0.25; Figure 4 and Table 5). The Ki-67 proliferation index
and 18F-FDG uptake ratio did not show a significant correlation
even within the subgroups by primary cancer site (all p >
0.05, Table 5).
TABLE 1 | Clinicopathologic characteristics and 18F-FDG uptake ratio in patients with brain metastases.

Characteristics Number Maximum 18F-
FDG uptake ratio

p-value for difference of maximum 18F-
FDG uptake ratio between groups

Mean 18F-FDG
uptake ratio

p-value for difference of mean 18F-
FDG uptake ratio between groups

Age (years) 63.70 ± 9.90 3.02 ± 1.24 NA 1.70 ± 0.70 NA
Sex
Male 20

(58.8%)
3.08 ± 1.39 0.743 1.58 ± 0.65 0.261

Female 14
(41.2%)

2.93 ± 1.05 1.86 ± 0.76

Primary cancer sites
Lung 14

(41.2%)
2.74 ± 0.95 0.547 1.51 ± 0.58 0.273

Breast 10
(29.4%)

3.12 ± 1.04 1.98 ± 0.82

GI tract and others 10
(29.4%)

3.29 ± 1.75 1.67 ± 0.70

Number of metastatic sites in the brain
Single 21

(61.8%)
2.87 ± 0.96 0.375 1.64 ± 0.68 0.530

Multiple 13
(38.2%)

3.28 ± 1.66 1.80 ± 0.75

Presence of extracranial metastasis
Yes 15

(44.1%)
3.35 ± 1.42 0.165 1.73 ± 0.78 0.756

No 19
(55.9%)

2.75 ± 1.05 1.65 ± 0.60

Histologic type of metastatic lesions
Adenocarcinoma† 29

(85.4%)
3.08 ± 1.28 0.371 1.71 ± 0.69 0.118

Squamous cell
carcinoma

3 (8.8%) 2.03 ± 0.16 1.17 ± 0.25

Small cell
carcinoma

1 (2.9%) 2.67 1.52

Large cell
neuroendocrine
carcinoma

1 (2.9%) 4.38 3.11

Correlation with maximum 18F-FDG uptake ratio Correlation with mean 18F-FDG uptake ratio

rho (95% CI) p-value rho (95% CI) p-value

Size of brain
metastasis (cm)

3.10 ± 0.94 0.27 (0.07 to
0.56)

0.114 0.03 (-0.31 to
0.36)

0.879

VOI size of brain
metastasis (cm3)

13.08 ± 9.94 0.23 (0.11 to
0.53)

0.175 0.02 (-0.35 to
0.32)

0.896
J

†Category of adenocarcinoma included adenocarcinoma of the lung and gastrointestinal tracts, as well as ductal and lobular carcinoma of the breast.
GI tract, Gastrointestinal tract; NA, Not available.
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DISCUSSION

The tumor microenvironment of brain metastases is unique and
distinct from other sites of the body not only in terms of cellular
components but also in metabolism (25, 31, 32). The cellular
components of brain include astrocytes, microglia, oligodendrocytes,
and neurons that are not present elsewhere in the body (2, 25, 32). In
addition, parenchymal cells of the normal brain show high levels of
glucose metabolism (33) and this metabolic characteristic of normal
brain hampers the delineation of tumors from normal brain by 18F-
FDG compared with amino acid tracers, such as 11C-methionine
Frontiers in Oncology | www.frontiersin.org 7
(MET) and 6-[18F]-L-fluoro-L-3, 4-dihydroxyphenylalanine
(FDOPA) (34). Nevertheless, 18F-FDG is clinically preferred because
commercially available 18F-FDG is the easiest to - perform in facilities
without cyclotrons and costs are mostly covered by health insurance,
though this can vary from country to country, but also shows cost
benefits. In addition, previous studies reported that 18F-FDG PET
provides valuable information on the metabolic status of the tumor
microenvironment as well as local immune reactions (14, 15, 21–24,
35). To overcome the weakness of 18F-FDG in the brain and enhance
the delineation of tumor from normal brain, we defined the reference
value; the ROIwas circularly drawn on the frontal whitematter area of
TABLE 2 | 18F-FDG uptake ratio according to GLUT1, HK2 and immune cell markers in patients with brain metastasis.

Maximum 18F-FDG
uptake ratio

p-value for difference of maximum 18F-FDG uptake
ratio between groups

Mean 18F-FDG
uptake ratio

p-value for difference of mean 18F-
FDG uptake ratio between groups

Expression of
CD68
Grade 1
(n=13)

3.02 ± 1.54 1.62 ± 0.70

Grade 2
(n=10)

3.35 ± 1.09 0.384† 1.98 ± 0.77 0.216†

Grade 3
(n=6)

2.63 ± 1.09 1.36 ± 0.44

Grade 4
(n=5)

2.80 ± 0.98 1.72 ± 0.79

Expression of
CD163
Grade 1
(n=9)

3.21± 1.74 1.63 ± 0.77

Grade 2
(n=12)

3.24± 1.10 0.865† 1.93 ± 0.72 0.748†

Grade 3
(n=8)

2.74 ± 1.00 1.40 ± 0.49

Grade 4
(n=5)

2.58 ± 1.01 1.71 ± 0.79

Expression of
MPO
Grade 1
(n=13)

3.46 ± 1.59 2.03 ± 0.83

Grade 2
(n=10)

2.44 ± 0.68 0.271† 1.42 ± 0.38 0.074†

Grade 3
(n=9)

3.23 ± 1.01 1.66 ± 0.66

Grade 4
(n=2)

2.02 ± 0.07 1.09 ± 0.12

Expression of
CD3
Grade 1
(n=18)

3.25 ± 1.39 1.78 ± 0.74

Grade 2
(n=14)

2.85 ± 1.06 0.350† 1.64 ± 0.69 0.279†

Grade 3
(n=1)

2.02 1.40

Grade 4
(n=1)

2.05 1.26

Expression of
CD8
Grade 1
(n=27)

3.01 ± 1.29 1.68 ± 0.68

Grade 2
(n=5)

3.47 ± 1.06 0.312† 1.93 ± 0.92 0.529†

Grade 3
(n=2)

2.03 ± 0.02 1.33 ± 0.09
Jun
†adjusted values for covariates; MPO, Myeloperoxidase, marker for neutrophils; CD3/CD8, Marker for T cells; CD68/CD163, Marker for macrophages.
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TABLE 3 | 18F-FDG uptake ratio and expression of immune cell markers according to the primary cancer

Primary cancer Immune cell markers Maximum 18F-
FDG uptake

ratio

p-value for difference of maximum
18F-FDG uptake ratio between

groups

Mean 18F-
FDG uptake

ratio

p-value for difference of mean18F-
FDG uptake ratio between groups

Lung Expression of CD68
Grade 1 (n=4) 3.03 ± 1.04 1.64 ± 0.51
Grade 2 (n=2) 2.28 ± 0.61 0.909† 1.24 ± 0.45 0.688†

Grade 3 (n=3) 2.56 ± 1.31 1.17 ± 0.29
Grade 4 (n=5) 2.80 ± 0.98 1.72 ± 0.79
Expression of CD163
Grade 1 (n=2) 3.19 ± 0.74 1.56 ± 0.06
Grade 2 (n=3) 2.53 ± 1.28 0.764† 1.45 ± 0.77 0.632†

Grade 3 (n=4) 2.88 ± 1.02 1.27 ± 0.31
Grade 4 (n=5) 2.58 ± 1.01 1.71 ± 0.79
Expression of MPO
Grade 1 (n=3) 2.80 ± 1.14 1.65 ± 0.63
Grade 2 (n=5) 2.47 ± 0.77 0.722† 1.35 ± 0.27 0.767†

Grade 3 (n=5) 3.11 ± 1.15 1.65 ± 0.86
Grade 4 (n=1) 2.08 1.18
Expression of CD3
Grade 1 (n=5) 2.79 ± 1.04 1.49 ± 0.55
Grade 2 (n=7) 2.91 ± 1.02 0.253† 1.57 ± 0.72 0.452†

Grade 3 (n=1) 2.02 1.40
Grade 4 (n=1) 2.05 1.26
Expression of CD8
Grade 1 (n=9) 2.57 ± 0.88 1.39 ± 0.45
Grade 2 (n=3) 3.72 ± 0.88 0.190† 1.98 ± 0.98 0.307†

Grade 3 (n=2) 2.03 ± 0.02 1.33 ± 0.09
Breast Expression of CD68

Grade 1 (n=6) 2.36 ± 0.40* 1.47 ± 0.60*
Grade 2 (n=4) 4.27 ± 0.28* 0.002†* 2.75 ± 0.29* 0.036†*
Expression of CD163
Grade 1 (n=4) 2.39 ± 0.42 1.45 ± 0.73
Grade 2 (n=6) 3.61 ± 1.06 0.818† 2.33 ± 0.72 0.927†

Expression of MPO
Grade 1 (n=8) 3.37 ± 1.01 2.08 ± 0.87
Grade 2 (n=1) 2.32 0.348 2.03 0.628
Grade 3 (n=1) 1.95 1.16
Expression of CD3
Grade 1 (n=7) 3.02 ± 1.03 1.94 ± 0.88
Grade 2 (n=3) 3.37 ± 1.23 0.659 2.08 ± 0.81 0.827
Expression of CD8
Grade 1 (n=9) 3.00 ± 1.02 1.90 ± 0.82
Grade 2 (n=1) 4.22 0.295 2.72 0.377

GI tract and others Expression of CD68
Grade 1 (n=3) 4.32 ± 2.90 1.92 ± 1.18
Grade 2 (n=4) 2.97 ± 1.13 0.974† 1.58 ± 0.49 0.980†

Grade 3 (n=3) 2.71 ± 1.11 1.55 ± 0.54
Expression of CD163
Grade 1 (n=3) 4.32 ± 2.90 1.92 ± 1.18
Grade 2 (n=3) 3.19 ± 1.03 0.967† 1.61 ± 1.11 0.970†

Grade 3 (n=4) 2.61 ± 1.11 1.53 ± 0.66
Expression of MPO
Grade 1 (n=2) 4.82 ± 3.97 2.41 ± 1.22
Grade 2 (n=4) 2.45 ± 0.77 0.400 1.35 ± 0.46 0.262
Grade 3 (n=3) 3.86 ± 0.16 1.84 ± 0.34
Grade 4 (n=1) 1.97 1.00
Expression of CD3
Grade 1 (n=6) 3.91 ± 1.91 1.84 ± 0.76
Grade 2 (n=4) 2.37 ± 1.11 0.487† 1.42 ± 0.59 0.594†

Expression of CD8
Grade 1 (n=9) 3.44 ± 1.79 1.75 ± 0.69
Grade 2 (n=1) 1.97 0.459 1.00 0.262
Frontiers in Oncology
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†adjusted values for covariates, *p < 0.05; GI tract: Gastrointestinal tract; MPO, Myeloperoxidase, marker for neutrophils; CD3/CD8, Marker for T cells; CD68/CD163, Marker for
macrophages.
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the contralateral brain without any abnormal findings on MRI based
onpreviousstudies (27–29).Wefoundawiderangeof 18F-FDGuptake
in metastatic brain lesions.

18F-FDG can be taken up by many tumor-associated immune
cells, such as tumor-infiltrating lymphocytes (TILs), tumor-
associated macrophages (TAMs) and granulocytes such as
neutrophils (11, 14, 16). 18F-FDG uptake is correlated with
PDL-1 expression and TILs, especially CD8+ cytotoxic T cells
in primary cancers (14, 22–24). Furthermore, abundant
infiltration of TILs including CD8+ T cells in primary cancers
is associated with better response to immunotherapy (18, 20, 36,
37). Here we investigated the correlation between 18F-FDG
uptake and immune cell infiltration with various immune cell
markers in brain metastases. In contrast to previous reports with
primary cancers (14, 22–24), there were no significant
correlations between 18F-FDG uptake and T cell infiltration
grade in brain metastases.

18F-FDG uptake of immune cells in brain metastases can
differ from uptake in other sites of the body. Immune cells
including lymphocytes, neutrophils and the monocyte/
macrophage family express high levels of glucose transporters
and hexokinase activity with increased 18F-FDG uptake (12, 13).
However, immune cells in metastatic brain lesions compete to
utilize glucose not only with tumor cells but also brain
parenchymal cells, because brain parenchymal cells have also
high glucose metabolism (33, 38). This difference of the
metabolic environment in brain makes the mechanism of 18F-
FDG uptake in brain metastases highly complex. We suggest the
possibility that such a unique tumor microenvironment may be
one of possible explanations of our negative results.

In brain metastases, T cell infiltration tends to be less frequent
than in peripherally located primary lesions whereas infiltration of
microglia andmonocytes can be abundant (39–41). We found that
among immune cells, macrophages most frequently showed
diffuse strong infiltration in brain metastases (14.7%, 5/34 cases)
followed by neutrophils (5.9%, 2/34 cases). We observed a
significantly positive correlation between grades of macrophages
markers (CD68 and CD163) and T cell markers (CD3 and CD8).
Interestingly, infiltration of macrophages (CD68+) was
significantly associated with increased 18F-FDG uptake in
metastatic lesions from the breast, although the number of
patients was as small at 10. Contrary to our expectation, the
majority of metastatic lesions from the breast revealed only focal
mild or multifocal mild infiltration of immune cell infiltration
except for neutrophils. In addition, different from other types of
metastatic tumors, infiltration of macrophages (CD68) in
metastatic breast tumor showed no significant correlation with T
cell markers but revealed a negative correlation with Ki-67
proliferative index, suggesting that a less complex immune
environment and a low proliferation rate of tumor cells could
explain the result. The association of 18F-FDG uptake with
immune cell infiltration in primary breast cancers is
controversial. Kajary et al. (42) reported no correlation between
TILs and kinetic parameters using whole-body 18F-FDG PET.
However, other studies revealed a significant correlation between
18F-FDG uptake and TILs in breast cancers (21, 22, 43).
Frontiers in Oncology | www.frontiersin.org 9
Furthermore, all of these studies have focused only on TILs in
primary tumors and did not investigate other immune cells such as
macrophages. In brain metastases, similar to brain tumors, the
majority of immune cells are macrophages that may hinder the cell
mediated immune response in metastasis (39–41). Macrophages
can polarize as either M1 macrophages or M2 macrophages. M1
macrophages can produce inflammatory mediators directed
against pathogens and tumor cells, while M2 macrophages are
involved in immunosuppression and repair. Tumor associated
macrophages (TAMs) take on a pro-tumoral M2 phenotype
involved in growth, extracellular matrix remodeling, angiogenesis
and immunosuppression (32, 39, 40, 44). However, such an
oversimplification of macrophage phenotype has been disputed
because the status of macrophage activation reveals a much wider
range in vivo (32, 39). In addition to CD68, we also analyzed
macrophages using CD163, which is one of the markers suggesting
M2 macrophages. Infiltration of CD163+ macrophages was
slightly higher than that of CD68+ macrophages. However, we
could not find a significant correlation between the infiltration of
CD163+ macrophages and 18F-FDG uptake.

PukropT et al. (45) reported thatmicroglia/macrophages can be
identified in brain metastases from the breast, ranging from only
few to up to 50% of all cells. TAMs within the brain tend to be pro-
tumorigenic and TAM depletion strategies may provide a survival
advantage in several types of cancer (32). Activated TAMs
promoted cancer cell invasion and colonization of the brain tissue
in vitro whereas blocking microglia function reduced cancer cell
invasion. However, TAMs can be activated by cancer cells without
polarization toM2macrophages (45).We found that infiltration of
CD68+ macrophages in brain metastases was only significantly
correlated with maximum and mean 18F-FDG uptake ratios at the
metastatic lesions (p < 0.001 and p = 0.005, respectively). Since
TAM density is associated with poor prognosis in breast cancer
patients andeliminatingmacrophages fromthe tumor site inmouse
models of breast cancer induced a delay of tumor progression,
targeting TAM in brain metastases from the breast may provide a
new therapeutic strategy (25, 40, 41, 46).

In addition to immune cell infiltration in brain metastases, we
also analyzed additional biologic makers related to 18F-FDG
uptake. 18F-FDG uptake in cancer tissues from primary
malignant lesions is commonly associated with high levels of
HK and GLUT (47–50). In addition, the Ki-67 proliferation
index, which indicates the growth rate of tumor cells, is also
associated with tumor 18F-FDG uptake (51). However, we could
not find associations of 18F-FDG uptake in brain metastases with
GLUT1 or HK2 or the Ki-67 proliferation index. We cannot
explain these negative results. However, we suggest that the
mechanism involving 18F-FDG uptake in the brain metastases
may be more complex than in the primary cancer due to a unique
tumor microenvironment in which not only cancer cells but also
immune cells and brain parenchymal cells compete to utilize
glucose for survival (25, 52). The complex mechanisms that
influence 18F-FDG uptake in brain metastasis remain to be
determined. Therefore, our study may provide reference data
for subsequent studies to address the mechanism of 18F-FDG
uptake in brain metastases.
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TABLE 4 | 18F-FDG uptake ratio according to the expression of GLUT1 and HK2 in patients with brain metastasis.

Primary
cancer

Maximum
18F-FDG uptake

ratio

p-value for difference of maximum
18F-FDG uptake ratio between

groups

Mean 18F-FDG uptake
ratio

p-value for difference of mean
18F-FDG uptake ratio between

groups

Total Expression of GLUT1
Grade 1
(n=8)

3.26 ± 0.91 2.02 ± 0.69

Grade 2
(n=11)

2.85 ± 1.75 0.978† 1.49 ± 0.74 0.755†

Grade 3
(n=8)

2.95 ± 0.89 1.63 ± 0.58

Grade 4
(n=7)

3.07 ± 1.18 1.70 ± 0.77

Expression of HK2
Grade 1
(n=6)

2.71 ± 0.93 1.60 ± 0.76

Grade 2
(n=9)

2.97 ± 0.87 0.641 1.72 ± 0.55 0.988

Grade 3
(n=9)

2.80 ± 1.06 1.73 ± 0.65

Grade 4
(n=10)

3.44 ± 1.79 1.70 ± 0.90

Lung Expression of GLUT1
Grade 1
(n=2)

2.59 ± 0.81 1.41 ± 0.01

Grade 2
(n=4)

2.08 ± 0.21 0.410 1.25 ± 0.29 0.612

Grade 3
(n=3)

3.15 ± 0.79 1.45 ± 0.15

Grade 4
(n=5)

3.08 ± 1.32 1.79 ± 0.93

Expression of HK2
Grade 1
(n=5)

2.86 ± 0.96 1.72 ± 0.78

Grade 2
(n=1)

1.85 0.733 0.92 0.307

Grade 3
(n=5)

2.97 ± 0.85 1.68 ± 0.39

Grade 4
(n=3)

2.46 ± 1.38 1.09 ± 0.22

Breast Expression of GLUT1
Grade 1
(n=6)

3.49 ± 0.90 2.23 ± 0.69

Grade 2
(n=2)

1.89 ± 0.08 0.166 0.84 ± 0.44 0.067

Grade 3
(n=2)

3.27 ± 1.34 2.37 ± 0.48

Expression of HK2
Grade 2
(n=2)

3.45 ± 1.08 2.28 ± 0.62

Grade 3
(n=3)

2.96 ± 1.45 0.900 2.08 ± 0.95 0.811

Grade 4
(n=5)

3.09 ± 1.01 1.81 ± 0.94

GI tract and
others

Expression of GLUT1
Grade 2
(n=5)

3.86 ± 2.30

Grade 3
(n=3)

2.54 ± 0.91 0.631 0.483

Grade 4
(n=2)

3.03 ± 1.21

Expression of HK2
Grade 1
(n=1)

1.97

Grade 2
(n=6)

3.00 ± 0.79 0.091 0.248

(Continued)
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The small number of patients included in this study may be a
limitation to our study. It was not easy to find cancer patients
available for brain 18F-FDG PET and with pathological data of
metastatic brain lesion. Although we confirmed that the number
of patients in this study satisfied the statistically meaningful
sample size, we also acknowledge that the sample number is
small. In particular, the number of samples in subgroups
according to primary cancer site was very small. Therefore,
future studies including large samples are needed to validate
our study results.

In conclusion, we investigated the degree of 18F-FDG uptake
in brain metastases and its correlation with immune cell
infiltration and several biologic markers. 18F-FDG uptake was
not correlated with immune cells and other biologic markers.
However, in certain types of metastatic cancer, 18F-FDG uptake
may be a non-invasive tool for predicting immunological
features of brain metastases.
Frontiers in Oncology | www.frontiersin.org 11
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