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Abstract: Background: Breast tumor inflammation is an immunological process that occurs mainly
by mediation of Tumor-Associated Macrophages (TAM). Aiming for a specific measurement of tumor
inflammation, the current study evaluated the potential of Positron Emission Tomography (PET)
imaging with [MC](R)-PK11195 to evaluate tumor inflammation in a mammary tumor animal model.
Methods: Female Balb/C mice were inoculated with 4T1 cells. The PET imaging with MCI(R)-
PK11195 and ['8F]FDG was acquired 3 days, 1 week, and 2 weeks after cell inoculation. Results: The
[''C](R)-PK11195 tumor uptake increased from 3 days to 1 week, and decreased at 2 weeks after cell
inoculation, as opposed to the ['8F]FDG uptake, which showed a slight decrease in uptake at 1 week
and increased uptake at 2 weeks. In the control group, no significant differences occurred in tracer
uptake over time. Tumor uptake of both radiopharmaceuticals is more expressed in tumor edge
regions, with greater intensity at 2 weeks, as demonstrated by [!'C](R)-PK11195 autoradiography and
immunofluorescence with TSPO antibodies and CD86 pro-inflammatory phenotype. Conclusion: The
[ C](R)-PK11195 was able to identify heterogeneous tumor inflammation in a murine model of breast
cancer and the uptake varied according to tumor size. Together with the glycolytic marker ['*F]FDG,
molecular imaging with [''C](R)-PK11195 may provide a better characterization of inflammatory
responses in cancer.

Keywords: [!'C](R)-PK11195; TSPO; 4T1 cells; macrophages; positron emission tomography; breast
cancer; inflammation

1. Introduction

The tumor microenvironment (TME) contains immune cells, such as mast cells, den-
dritic cells (DC), natural killers (NK), and macrophages. Macrophages are the main initia-
tors and maintainers of the chronic inflammation present in the TME, through production
and secretion of inflammatory mediators [1]. The presence of chronic inflammation, charac-
terized by tissue remodeling, neoangiogenesis, and macrophage infiltration is favorable to
tumor onset and progression [2—4].

In vivo imaging techniques, such as Positron Emission Tomography (PET), would be
a helpful technique for evaluating Tumor-Associated Macrophages (TAM) in the TME with
the use of specific biomarkers, opening possibilities for the evaluation and follow-up of
tumors. The ["®FJFDG PET imaging measures glycolytic metabolism, and is widely used in
cancer staging and metastasis detection studies. The ['®F]FDG uptake occurs not only in
tumor cells but also in high-metabolic cells, such as activated macrophages [5].
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The molecule (R)-1-(2-chlorophenyl)-N-methyl-N-1-(1-methyl-propyl]-3-isoquinoline
carboxamide, namely (R)-PK11195, is a synthetic substance, initially implemented to eval-
uate inflammation in different organs due to its affinity for translocator protein 18 kDa
(TSPO) [6]. The TSPO is located in the mitochondrial membrane [7] and is overexpressed [8]
in activated glial cells in neuroinflammation models [9-15] and in different tumor cell
lines [16], participating in the modulation of cell proliferation and tumorigenesis [17].
Positron Emission Tomography imaging using ['!C](R)-PK11195 has been widely used in
molecular imaging to evaluate neuroinflammation [18-20], but its potential to evaluate
tumor inflammation needs to be investigated. Previous studies used this tracer to evalu-
ate inflammation in brain tumors [21-23], and recent studies proposed the investigation
of TSPO expression as a non-invasive tool to understand and evaluate the mechanisms
involved in the TME [24].

The present study proposes to evaluate the expression of TSPO and correlate it with
cell metabolism in the TME of murine mammary tumors, using [M'C](R)-PK11195 and
['8F]JFDG PET imaging, respectively. Our hypothesis is that there is overexpression of TSPO
due to tumor development and inflammatory infiltrate, not necessarily correlated with
increased uptake of ['8F]FDG.

2. Materials and Methods
2.1. Ethical Approval

All animal procedures were in accordance with the guidelines of the National Council
for Animal Experimentation Control and were approved by the Ethical Committee for
Animal Use of the University of Sao Paulo Medical School (protocol number: 992/2018).

2.2. ["'CI(R)-PK11195 Radiosynthesis

The [M'C](R)-PK11195 was produced in the Center of Nuclear Medicine of the Institute
of Radiology of Hospital das Clinicas of the University of Sao Paulo Medical School
(HCFMUSP). Briefly, [!C](R)-PK11195 was synthesized by trapping ['!C]methyl iodide in
a solution of 1 mg (R)-N-desmethyl-PK11195 and 30 mg of potassium hydroxide in 300 pL
of dry dimethyl sulfoxide. The reaction mixture was allowed to react for 1 min at 40 °C. The
mixture was neutralized with 1 M HCl and filtered through a 1.2 um Millex HV filter. The
filtrate was purified by High Performance Liquid Chromatography (HPLC) using a Luna
C18 column (250 x 10 mm, 5 um) (Phenomenex®, Torrance, CA, USA) with water:ethanol
(40:60) as mobile phase (flow rate 5 mL/ min). The fraction was collected at the retention
time of 10 4 1 min before being diluted in 50 mL of water and passed through a SepPak®
C18 light cartridge (Waters, Barueri, Brazil). The cartridge was eluted with 1 mL of ethanol
and washed with 10 mL of saline.

Quality control was performed by HPLC using a Nova-Pak® C18 column (150 x 3.9 mm,
5 um) (Waters, Brazil) with water:acetonitrile (55:45) mobile phase (flow rate 1 mL/min).
The final product was approved in all quality control tests (appearance, pH, chemical and
radiochemical purity, residual solvents, radionuclide identity, specific activity, endotoxins,
and sterility).

2.3. Animals

Specific pathogen-free seven-week-old female Balb/C mice (n = 27) were obtained
from the animal facility of the University of Sao Paulo Medical School. The mice were
maintained at a controlled temperature of 22 &+ 2 °C in a 12 h light/dark cycle, with
humidity of 55% =+ 5%, and food and water provided ad libitum.

The animals received a standard diet (Nuvilab CR-1 irradiated, Quintia S.A.), con-
taining Ground Whole Corn, Soybean Bran, Wheat Bran, Calcium Carbonate, Dicalcium
Phosphate, Sodium Chloride (Common Salt), Vitamin A, Vitamin D3, Vitamin E, Vitamin
K3, Vitamin B1, Vitamin B2, Vitamin B6, Vitamin B12, niacin, calcium pantothenate, folic
acid, biotin, choline chloride, iron sulfate, manganese monoxide, zinc oxide, copper sulfate,
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calcium iodate, sodium selenite, cobalt sulfate, lysine, methionine, and BHT, more detailed
information is provided in the Supplementary Material.

The animals were acclimated for at least 1 week before starting the experiments.
Animals with a tumor were carefully monitored for signs of distress and discomfort and
were humanely euthanized when these were confirmed.

As breast tumors are more recurrent in women, the tumor model was induced in
female animals for this experiment, and the choice of using 4T1 lineage cells was based on
availability and TSPO expression.

2.4. Cell Culture

A cryotube containing 1 mL of 4T1 murine tumor cells, kept frozen at —80 °C, was
quickly thawed with the aid of a water bath (37 °C). Cells were transferred to a culture bottle
in a laminar flow hood, with the addition of RPMI 1640 medium (Roswell Park Memorial
Institute), supplemented with 10% fetal bovine serum inactivated by endotoxin-free heat in
PBS buffer solution, previously heated in a water bath (37 °C). The bottle containing the
cells was kept in a humidified incubator at 37 °C and 5% CO,. Cell growth and viability
were monitored daily, with transfer to other bottles until reaching the necessary amount for
inoculation: aliquots (1 x 10° cells / 100 uL) x number of animals to be injected + 3 extra
aliquots. Cell counting and viability were assessed using the Trypan Blue exclusion test in
a Neubauer camera 9020-01 (HBG, Giessen, Germany) and an Eclipse TS100 microscope
(Nikon, Tokyo, Japan).

2.5. Animal Model Induction and Groups

The 27 mice in this study were divided into two groups: (1) animals inoculated with
4T1 tumor cells (n = 23), herein called tumor group and, (2) animals that received an
injection of RPMI culture medium, herein called control group (n = 10), where four of the
animals received only an injection of medium in the left breast and the other six animals
received medium in the left breast and tumor cells in the right breast, therefore being part
of both groups.

The animals from the tumor group were anesthetized with 2-3% isoflurane in oxygen
and were inoculated subcutaneously with 1 x 10* 4T1 cells in RPMI 1640 serum-free
medium into the upper right breast. Tumors were measured every 2 days with a caliper
and the tumor volume was calculated using the following formula: V = 0.52 x d2 x D,
where d2 is the shortest diameter and D is the longest diameter. From the tumor cells
inoculated animals, all presented tumor growth and were included in the study (there was
no animal exclusion because of no tumor growing in the tumor group).

Animals from the control group were injected into the upper left breast with a volume
of 100 puL of RPMI 1640 medium, to evaluate whether the mechanical injury caused by
the syringe used for cell injection could have any influence on the tracer uptake at the
evaluated time points.

Figure 1 shows the study design and how the animals were divided for PET acquisi-
tions with [\1C](R)-PK11195 and ['*®F]FDG and histological analysis.

2.6. PET Imaging

The ['1C](R)-PK11195 and /or ['®F]FDG PET images were acquired at three time points
after tumor cell inoculation and/or medium injection: 3 days, 1 week, and 2 weeks.

The mice (n = 20) were anesthetized with 2-3% isoflurane, administered in the caudal
vein with 50.77 + 6.09 MBq of ['!C](R)-PK11195, before being left in the cage for 30 min,
prior to imaging acquisition. Similar protocols were used for ['8F]FDG, in a group of six
mice, which were injected with 37.38 & 1.51 MBq and the animals were left in the cage for
45 min. For imaging acquisition, animals were anesthetized again and were positioned
with the tumor or inoculation site in the center of the field of view (FOV) of the PET/CT
imaging equipment for small animals (Triumph® II Trimodality System, CA, USA). For
both tracers, image acquisition was performed for 30 min.
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After PET acquisition, computed tomography (CT) images were acquired to be used
as an anatomical reference of the tumor for PET analysis, with 512 projections, 45 kVp,
400 pA, and 1.3x magnification.

The PET images were reconstructed by the 3D OSEM algorithm (20 iterations and
4 subsets) and merged with the CT images in PMOD™ software. Fusion, in addition to
providing anatomical information, helped to manually draw the volume of interest (VOI)
on the tumors in the different anatomical planes (axial, coronal, or sagittal) (Figure 2). An
extra VOI was drawn in the muscle region. The PET images were quantified by the mean
Standardized Uptake Value (SUVmean) within the VOlIs, and also by the tumor/muscle
ratio (TMR) of the SUVmean; SUV: [tissue activity concentration (kBq/mL) (mean) x body
weight(g)]/[injected dose (kBq)] for each region. A tissue density of 1 g/mL was assumed.

I
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Figure 1. Experimental study design and the divisions/sub-groups at each time point, illustrated by
different colors. Note: As the main scientific question was related to the ['!C](R)-PK11195 uptake in
the tumor, the sample size for this tracer was bigger than for ['®8F]JFDG, as higher variations in the

results were expected due to tumor growing heterogeneity.
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Figure 2. Tumor volumes were measured at 3 days, 1 week, and 2 weeks after 4T1 cell inoculation
(**** p < 0.0001, *** p = 0.0005, unpaired Student ¢-test). Note: The volume was considered zero at the
3-day time point due to the undetectable volume at the cell injection site.
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2.7. Ex-Vivo Autoradiography

The autoradiography technique was performed using randomly collected tissues. The
procedure was performed for comparison with PET image data. After PET imaging (60 min
after [''C](R)-PK11195 injection), the mice were deeply anesthetized (5% isoflurane in 100%
oxygen) and euthanized by heart excision, and the tumors were extracted.

The tumors were frozen at the Optimal Cutting Temperature (O.C.T.) directly on the
metallic base of the cryostat, before being cut in 40 um sections and collected on histological
slides. At room temperature, the slides were quickly dried with nitrogen (N3). The dried
slides were exposed on a phosphorus plate (Fyjifilm Corporation, Tokyo, Japan) for two
hours in a dark place, away from any light source. After the exposure time, still in the
dark, the phosphorus plate was placed on the photoluminescence scanner (Typhoon FLA
9500—GE Healthcare Life Sciences, Uppsala, Sweden).

2.8. Immunofluorescence

Immunofluorescence was performed using randomly collected tissues. The procedure
was performed for comparison with PET image data. The mice were deeply anesthetized
with 5% isoflurane in 100% oxygen and euthanized by extirpation of the heart. The tumors
were dissected and included in a mold with melted paraffin (65 to 70 °C), cut (4-5 pm
tissues) and collected on previously gelatinized slides. Slides were deparaffinized and
rehydrated with xylol, 100% ethanol, 95% ethanol, 70% ethanol, and distilled water, 2 times
(consecutively 5 min each).

For antigen recovery, slides were left in 10 mM citrate buffer pH 6.0 (90-100 °C/10 min)
and then washed with water at room temperature/10 min. Subsequently, they were incu-
bated with 0.1 M phosphate buffer containing 0.25% triton-x (room temperature/10 min),
washed with 0.1 M phosphate buffer (3 times, 5 min each), and incubated with 0.15 M
glycine in 0.1 M phosphate buffer (30 min, room temperature) and washed with 0.1 M
phosphate buffer (3 times, 5 min).

To block non-specific binding, slides were incubated in 5% albumin (bovine) in 0.1 M
phosphate buffer + 10% normal goat serum (005-000-121—the Jackson Laboratory, USA) in
0.1 M phosphate buffer (30 min, room temperature).

Immunofluorescence was performed with the primary antibodies diluted in 0.1 M
phosphate buffer and prepared for single or double staining, as follows: 1:250 mice anti-
rabbit OXPHOS (a mixture of 5 monoclonal antibodies that recognize proteins associated
with the phosphorylation process) (ab110413—Abcam, Waltham, MA, USA); or (a) 1:50
CD11 integrin alpha-m/beta-2 marker (Jackson Laboratory, Bar Harbor, ME, USA) + 1:100
rabbit anti-human TSPO marker (LS-B14234—L.SBio, Seattle, WA, USA); or (b) 1:250 mouse
anti-human for CD86 (macrophage marker M1) (ab213044—Abcam, USA) + 1:250 rab-
bit anti-mouse for CD206 or anti-mannose receptor (macrophage marker M2) (ab64693—
Abcam, USA).

Each slide was incubated with 200uL of primary antibody solution in a humidified
chamber in the dark (room temperature, 1-2 hours) and then for 12 hours at 4 °C. Subse-
quently, the slides were washed three times with 0.1 M phosphate buffer (5 min each) and
incubated with 200 pL of secondary antibody solution: (1) single stain: goat anti-rabbit
IgG conjugated to FITC (ab6717-1—Abcam, USA); (1: 100); and (2) dual staining: 1:100
rhodamine fluorophore-conjugated goat anti-mouse (TRITC) IgG (T-7782—Sigma Aldrich,
USA) + 1:100 fluorescein fluorophore-conjugated goat anti-rabbit IgG (FITC) (ab6717-1—
Abcam, USA);

The slides were incubated in a humid and dark chamber for 1 h (room temperature)
and then washed with 0.1 M phosphate buffer (3 times, 5 min each). Slides were then incu-
bated for 30 min with Hoescht DNA /nuclear marker (33258 H3569—Invitrogen, Waltham,
MA, USA) diluted in 0.1 M phosphate buffer (1:500). Finally, the slides were washed with
0.1 M phosphate buffer (3 times, 5 min each).

The slides were covered with a 1:1 glycerol solution in 0.1 M phosphate buffer and
a coverslip to preserve the slices. The slides were evaluated under a microscope (Eclipse
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E100—Nikon, Japan) coupled to the capture camera (DXM1200—Nikon, Japan) for digital
images of the histological sections and, were then stored in the dark at 4 °C.

2.9. Protein Extraction and Western Blot

Western Blot was performed to confirm the expression of TSPO in 4T1 cells and
to compare with two other lineages of breast cancer (MDA-MB231 and MCF7). Cells
were trypsinized and centrifuged at 2000 rpm for 2 min, and proteins were extracted and
submitted to the procedure as described by Tortelli et al. [25]. The samples were visualized
with the chemiluminescent substrate ECL (GE Healthcare) followed by imaging with Image
Quant (GE Healthcare).

2.10. Statistical Analysis

Statistical analyses were performed using Graphpad Prism (GraphPad Software, v.8,
San Diego, CA, USA). Data are described as means =+ standard error. Differences were
considered statistically significant when p < 0.05. Tumoral uptake data (SUVmean) of
[M1C](R)-PK11195 and ['8F]FDG at 3 days, 1 week, and 2 weeks after 4T1 cells inoculation
were statistically analyzed using the non-parametric Mann-Whitney U Test (non-paired
data) and tumor growth using the parametric unpaired Student’s t-test. The decision to use
parametric or non-parametric tests was made based on data normality, which was defined
by the Kolmogorov-Smirnov test.

3. Results
3.1. Tumor Growth

The tumor was not measurable in the first three days after inoculation due to the
undetectable volume (n = 23) and was, therefore, considered as zero volume. At 1 week,
the tumor (1 = 21) volume was 36.4 & 4.85 mm? and at 2 weeks (1 = 12) 198.6 & 55.0 mm?3
(>500% increase), as presented in Figure 2.

3.2. ["ICJ(R)-PK11195 and ['8FIFDG Uptake

The [''C](R)-PK11195 and ['®F]FDG PET images were acquired at 3 days, 1 week, and
2 weeks after 4T1 cell inoculation. Figure 3 illustrates the [''C](R)-PK11195 PET, ['8F]FDG
PET, and CT images of the same mouse.

Figure 4 represents the tumor uptake of [''C](R)-PK11195 (A) and ['®®F]FDG (B) at
3 days, 1 week, and 2 weeks after 4T1 cell inoculation.

The [''C](R)-PK11195 uptake in the tumor group was 0.30 = 0.07 at 3 days, increased to
0.40 £ 0.06 at 1 week (p = 0.8), and decreased to 0.17 = 0.02 at 2 weeks after cell inoculation
(p < 0.0001 compared to 1 week). The ['®F]FDG uptake revealed no difference between
3 days, 1 week (p = 0.94), and 2 weeks (p = 0.71), with SUV values of 0.64 £ 0.14, 0.59 £ 0.11,
and 0.60 =+ 0.07, respectively.

In the control group, the [''C](R)-PK11195 uptake was 0.29 + 0.06 at 3 days, 0.25 4 0.05
at 1 week and 0.25 £ 0.03 at 2 weeks, and for ['8F]FDG was 0.59 4 0.03 at 3 days, 0.46 & 0.06
at 1 week, and 0.37 & 0.04 at 2 weeks after inoculation. Comparing the control group and
the tumor group, there was no significant difference for either tracer.

Figure 5 shows the [M'C](R)-PK11195 and ['®F]FDG tumor/muscle ratios (TMR). The
["'C](R)-PK11195 TMR was 2.8 + 0.66 at 3 days, 2.3 + 0.43 at 1 week (p = 0.38), and
1.7 + 0.26 at 2 weeks (p = 0.47) and the ['®F]FDG TMR was 2.9 + 0.56 at 3 days, 3.2 + 0.30
at 1 week (p = 0.53), and 3.9 £ 1.36 at 2 weeks after inoculation (p > 0.9999).
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Figure 3. Illustrative [*C](R)-PK11195 and ['8F]FDG PET images fused with anatomic reference (CT
image). The white arrows indicate the tumor site.
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Figure 4. Tumor volume and tracer uptake: (A) ['!C](R)-PK11195 uptake in tumor group (red) at
3 days (n = 4), 1 week (n = 20), and 2 weeks (n = 12), and in the control group (gray) at 3 days (1 = 6),
1 week (n = 4), and 2 weeks (n = 4); and (B) [!F]FDG PET uptake in the tumor group (purple) at
3 days (n =5), 1 week (n = 5), and 2 weeks (1 = 4), and in the control group (gray) at 3 days (n =7),
1 week (n =6), and 2 weeks (n = 6). (**** p < 0.0001; decreased [*C](R)-PK11195 uptake in 2 weeks
compared to 1 week time point, Mann-Whitney U test).
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Figure 5. Tumor/muscle uptake ratio: the [''C](R)-PK11195 tumor/muscle uptake ratio at 3 days
(n = 4), 1 week (n = 20), and 2 weeks (1 = 12), and the ['8F]FDG tumor/muscle uptake ratio at 3 days
(n =5),1week (n =5), and 2 weeks (1 = 4), (Mann-Whitney U test).

3.3. [''CI(R)-PK11195 Autoradiography

Visual evaluation of tumor sections showed that one week after inoculation of 4T1
cells, the ['1C](R)-PK11195 uptake was present in the entire tumor volume, although with
greater intensity at the tumor edge (Figure 6) and at 2 weeks, the uptake at the tumor edge
was even more expressive.

1 WEEK 2 WEEKS

Figure 6. Illustrative [ C](R)-PK11195 autoradiography images of mammary murine tumor at 1 and
2 weeks after 4T1 cell inoculation. The white arrows indicate tumor edge uptake.

3.4. Immunofluorescence

Tissue sections of murine mammary tumors obtained 1 and 2 weeks after inoculation
showed the presence of the cell nucleus (Hoechst) throughout the tissue in all assays.

Immunofluorescence for CD11 macrophage and TSPO markers is shown in Figure 7.
Macrophages (CD11) are distributed in all regions of the tumor tissue section, with greater
expression at the tumor edge. The TSPO expression followed the same pattern, being
more expressed at the border of the tumor at both time points, demonstrating an apparent
decrease from 1 to 2 weeks.
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Hoescht

MERGED

Figure 7. Images of immunofluorescence reactions in tumor tissue with Hoechst dye (Nucleus),
TSPO, CD11 (macrophages), and fusion of all three. The dashed line divides the tissue sections into
an upper (edge) and lower (center) region.

The immunofluorescence for pro- and anti-inflammatory macrophage phenotypes is
shown in Figure 8. The anti-inflammatory phenotype (CD206) was slightly predominant in
edge regions at 1 week, with an overall decrease in expression and accentuation of tumor
edge predominance at 2 weeks. The pro-inflammatory phenotype (CD86) was expressed

throughout the tumor in week 1, with a more evident higher concentration in the tumor
edge region after 2 weeks.

Hoechst MERGED

Figure 8. Immunofluorescence images representing tumor staining for Hoechst uptake (Nucleus),
CD206 (macrophage M2, anti-inflammatory), CD86 (macrophage M1, pro-inflammatory), and fusion
of all three. The dashed line divides the tissue section, where the upper region corresponds to the
tumor edge and the lower region corresponds to the tumor center.

Figure 9 shows immunofluorescence with the mitochondrial oxidative phosphory-
lation marker antibody (OXPHOS). The OXPHOS had a decreased expression at 1 week
relative to 2 weeks. At both time points, cell markings with OXPHOS were concentrated in
the edge-center transition region.



Pharmaceutics 2022, 14, 2715 10 of 14

Hoescht OXPHOS MERGED

Figure 9. Images of immunofluorescence reactions in tumor tissue with Hoechst dye (Nucleus) and
OXPHOS (oxidative phosphorylation), and fusion of the two of them. The dashed line divides the

tissue sections into an upper (edge) and lower (center) region.

3.5. Western Blot
Western Blot confirmed the expression of TSPO in the 4T1 cells, compared to other
human breast cancer cell lines (Figure 10).

@
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= @ 3
Q = ~
Q ' 1
- < L
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< = =
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o~ "Wy e < p-actin

Figure 10. Western blot of TSPO expression in three cell lines of breast cancer (4T1, MDA-MB231,
and MCF7).
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4. Discussion

The uptake of ['C](R)-PK11195 and ['8F]FDG was evaluated in mammary tumors
of female Balb/c mice 3 days, 1 and 2 weeks after inoculation of the highly tumorigenic
and invasive 4T1 lineage [26]. Differences between [''C](R)-PK11195 and ['®F]FDG uptake
mechanisms suggest that visualization of the first tracer on a PET image was mainly related
to the migration of inflammatory cells to the tumor microenvironment, while the uptake of
['8F]FDG may be related to both the inflammation and tumor infiltrate.

For [''C](R)-PK11195, uptake decreased at 2 weeks compared to 1 week, while for
['8F]FDG, uptake remained constant between the first and second weeks. From these results,
we suggest that cellular glycolytic metabolism remains active while TME inflammatory
cells occur in the first week and decrease over time, concomitantly with the serial increase
in tumor cell metabolism, which would be primarily responsible for the uptake of [\*FIFDG
at 2 weeks. The [''C](R)-PK11195 TMR at three days suggests that initial inflammation is
the predominant factor leading to uptake at this time point during the cell migration of
th TAM.

The data from the control group, which represents the tracer uptake in a site injected
only with medium (with no tumor cells), showed slightly higher uptake at 3 days that
could be related to the mechanical injection injury, which was similar in the tumor group
for both tracers. However, for 1 and 2 weeks, the tracer uptake was reduced compared
to the 3 days-time point in the control group, although no significant differences were
detected. The results from the site of medium injection show that the tracer behavior is
different in the presence of tumor cells, reinforcing our hypothesis of tumor inflammation
uptake specificity.

The PET images show that the uptake of both radiopharmaceuticals was more intense
at the tumor edge. The ['!C](R)-PK11195 autoradiography confirmed higher uptake in this
region, which was more accentuated at 2 weeks, with almost undetectable central uptake
in some tumor sections.

Immunofluorescence images reinforce the presence of TAMs in the breast cancer model
used in our study, especially the pro-inflammatory type. This observation can be related
to a study published by Viana et al. [27], where mice inoculated with 4T1 cells submitted
to invasive procedures to create acute and chronic inflammatory environments, showed
greater tumor progression in the presence of chronic inflammation than in acute inflamma-
tion. Furthermore, in the same study, the authors suggest that chronic cellular infiltration
is important for tumor progression, as significantly higher populations of macrophages,
dendritic cells, and lymphocytes were observed in mice with chronic inflammation.

Immunofluorescence images allowed us to observe macrophage cells within 1 week
after inoculation of the tumor, with an apparently homogeneous distribution, regard-
less of phenotype. In the second week, there was a predominance of M1 (CD86+) pro-
inflammatory cells, while M2 (CD206+) was diminished in relation to what was observed
one week after the inoculation of 4T1 cells. Madera et al. [26] demonstrated in vitro that
exposure to factors secreted by cells of the 4T1 lineage leads to increased macrophage
responses after exposure to LPS (inflammatory response promoter), resulting in increased
production of pro-inflammatory cytokines, phagocytosis, and release of nitric oxide. Classi-
cally activated macrophages (M1) are involved in Th1 responses, responsible for phago-
cytosing invading microorganisms and tumor cells, with the capacity to produce large
amounts of pro-inflammatory cytokines [28], which may justify the expression of CD86 in
both evaluated tumor sizes.

The anti-inflammatory M2 phenotype (CD206) was predominant in the tumor edge
regions, with a decrease in expression from 1 week to 2 weeks, corroborating the finding
by Yuancheng et al. [29], who identified greater CD206 immunofluorescence expression in
M2 macrophages compared to M1 macrophages in an M1/M2 induced model in 4T1 cells.
This same study demonstrated increased expression of cell labeling, with anti-CD206 in
the tumor edge region compared to the tumor center. These findings agree with the recent
study by Xiaoying Li et al. [30] who observed that TSPO expression occurs preferentially in
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activated (pro-inflammatory) macrophages, as well as decreased expression of CD206 in
relation to CD86, which may imply the potentiality of TSPO-PET imaging as a technique
for in vivo evaluation of infiltrating macrophages in the TME.

The temporal and spatial variations in M1, M2, and TSPO expression using immunoflu-
orescence markers are consistent with the tumor distribution of ['1C](R)-PK11195 observed
on our PET imaging and autoradiography.

The TSPO is expressed in macrophages, however, 4T1 cells may also express TSPO,
as confirmed by Western blot in this study. Expression of TSPO is well recognized in
different solid tumors, including breast cancer [31], and may be involved in the disruption
in morphology and migration of mammary cancer cells [32]. Hence, there could be an
overlap of inflammatory and tumor uptake mechanisms not only for ["®F]JFDG but also
for [M'C](R)-PK11195. The significant reduction in TSPO radioligand uptake in the 4T1
mammary cancer model after macrophage depletion suggests that the inflammatory uptake
is predominant in this tumor [33]. The predominance of macrophage uptake of [''C](R)-
PK11195 on PET is reinforced in this study by the congruence in the cell expression of TSPO
and CD11 markers.

The evaluation with anti-OXPHOS aimed to understand the oxidative phosphorylation
in the mitochondria of several cells of the organism, including tumor cells [34], therefore,
the use of the immunofluorescence technique associated with the use of anti-OXPHOS was
a way to verify the viability of 4T1 tumor cells in the time point evaluated. The results
demonstrated the uptake of anti-OXPHOS in the regions of low expression of CD206 and
TSPO in two weeks, suggesting that there is no false-negative labeling of mitochondria by
the TSPO antibody, which corresponds to the presence of the translocator protein of 18 kDa
in tumor-associated macrophages, and makes it possible to maintain the interpretation that
pro-inflammatory cells are the cells with greatest infiltration in tumors of larger volumes.

The limitations of this study include that only the minority of animals were evaluated
by the two radiotracers at the three time-points, impeding a repeated measures analysis an
also the impossibility of quantifying cell staining in tumor tissues due to technical issues.
The absence of these data made it impossible to quantitatively corroborate the findings
with PET results. There was also heterogeneity in tumor volumes at 1 and 2 weeks, related
to the individual growth of each tumor, which could interfere with the TAM based on the
tumor size.

The ['!C](R)-PK11195 PET is primarily used for the detection of activated microglia
in neuroinflammation, with secondary use for the investigation of other inflammatory
conditions. In this context, the present work brings a new and important contribution to
understanding of the dynamics of tracer uptake by tumor-associated macrophages and the
relationship with tumor development in an experimental model of mammary cancer.

5. Conclusions

The use of [M'C](R)-PK11195 as a marker of tumor inflammation identified hetero-
geneous tumor inflammation in a murine model of breast cancer. Immunofluorescence
confirms that both pro-inflammatory and anti-inflammatory macrophages were observed
mainly in the tumor edge, which is the same region that expresses TSPO and shows greater
[''C](R)-PK11195 uptake on PET imaging and autoradiography. These results suggest
that the interaction of TAM in the tumor microenvironment is heterogeneous and varies
according to tumor size. Together with the glycolytic marker, ['®F][FDG, molecular imaging
with [1'C](R)-PK11195 may provide better characterization of metabolic and inflammatory
responses in cancer.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14122715/s1. Additional information about animals
diet is provided.

Author Contributions: Conceptualization, C.A.B., R.C. and D.d.P.E; methodology, A.M.d.S., R.C.,
C.CR. and D.d.PF; formal Analysis, A.M.d.S., R.C., C.C.R. and D.d.P.F,; investigation, A.M.d.S.,


https://www.mdpi.com/article/10.3390/pharmaceutics14122715/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14122715/s1

Pharmaceutics 2022, 14, 2715 13 of 14

C.CR,M.dSJ, LEdS, ELNM. and D.d.PFE; data curation, AM.d.S., C.C.R. and D.d.P.F; writing—
original draft preparation, A.M.d.S., M.T.S. and D.d.P.F; writing—review and editing, all authors;
supervision, C.C.R. and D.d.PE; project administration, D.d.P.F.; funding acquisition, C.A.B. and
D.d.PF. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by GE Healthcare (No. 12496139131), which had no role in
the data collection, analysis, and interpretation. C.C.R. had a post-doctoral fellowship from GE
healthcare—Sweden (#104.441). L.E.S. has a PhD fellowship from The Sao Paulo Research Foundation
(FAPESP, Brazil #19/15654-2).

Institutional Review Board Statement: The experiments with animals were carried out in accordance
with the guidelines of the National Council for the Control of Animal Experimentation (CONCEA,
Brazil), a constituent body of the Ministry of Science, Technology, and Innovation (MCTI, Brazil). All
protocols were approved by the Ethics Committee on Animal Use of the Faculty of Medicine of the
University of Sao Paulo (CEUA-FMUSP 992/2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data from this study is available from the corresponding author upon
reasonable request.

Acknowledgments: We would like to thank Moénica Joana Kan Golcman, Josefa Rodrigues, and
Adilson da Silva Alves for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Najafi, M.; Hashemi Goradel, N.; Farhood, B.; Salehi, E.; Nashtaei, M.S.; Khanlarkhani, N.; Khezri, Z.; Majidpoor, ].; Abouzaripour,
M.; Habibi, M.; et al. Macrophage polarity in cancer: A review. . Cell. Biochem. 2019, 120, 2756-2765. [CrossRef] [PubMed]

2. Oishi, Y,; Manabe, I. Macrophages in inflammation, repair and regeneration. Int. Immunol. 2018, 30, 511-528.

3. Singh, N.; Baby, D.; Rajguru, J.P; Patil, P.B.; Thakkannavar, S.S.; Pujari, V.B. Inflammation and Cancer. Ann. Afr. Med. 2019, 18,
121-126. [CrossRef] [PubMed]

4. Serhan, C.N.; Krishnamoorthy, S.; Recchiuti, A.; Chiang, N. Novel Anti-Inflammatory-Pro-Resolving Mediators and Their
Receptors. Curr. Top. Med. Chem. 2011, 11, 629-647. [CrossRef]

5. Alcantara, D.; Leal, M.P.; Garca a-Bocanegra, I.; Garca a-Marta n, M.L.; Garcia-Bocanegra, I.; Garcia-Martin, M.L. Molecular
imaging of breast cancer: Present and future directions. Front. Chem. 2014, 2, 112. [CrossRef] [PubMed]

6.  Waterfield, J.D.; McGeer, E.G.; McGeer, P.L. The peripheral benzodiazepine receptor ligand PK 11195 inhibits arthritis in the
MRL-lpr mouse model. Rheumatology 1999, 38, 1068-1073. [CrossRef]

7. Braestrup, C.; Squires, R.F. Specific benzodiazepine receptors in rat brain characterized by high-affinity (3H)diazepam binding.
Proc. Natl. Acad. Sci. USA 1977, 74, 3805-3809. [CrossRef] [PubMed]

8. Gavish, M.; Bachman, I.; Shoukrun, R; Katz, Y.; Veenman, L.; Weisinger, G.; Weizman, A. Enigma of the peripheral benzodiazepine
receptor. Pharmacol. Rev. 1999, 51, 629-650.

9. Chauveau, E; Boutin, H.; Van Camp, N.; Dollé, E; Tavitian, B. Nuclear imaging of neuroinflammation: A comprehensive review
of [''C]PK11195 challengers. Eur. J. Nucl. Med. 2008, 35, 2304-2319. [CrossRef]

10. Kang, Y,; Schlyer, D.; Kaunzner, UW.; Kuceyeski, A.; Kothari, PJ.; Gauthier, S.A. Comparison of two different methods of image
analysis for the assessment of microglial activation in patients with multiple sclerosis using (R)-[N-methyl-carbon-11]PK11195.
PLoS ONE 2018, 13, €0201289. [CrossRef]

11.  Gaemperli, O.; Shalhoub, J.; Owen, D.; Lamare, F,; Johansson, S.; Fouladi, N.; Davies, A.H.; Rimoldi, O.E.; Camici, P.G. Imaging
intraplaque inflammation in carotid atherosclerosis with 11C-PK11195 positron emission tomography/computed tomography.
Eur. Hear. J. 2011, 33, 1902-1910. [CrossRef] [PubMed]

12.  Kang, Y.; Mozley, P.D.; Verma, A.; Schlyer, D.; Henchcliffe, C.; Gauthier, S.A.; Chiao, P.C.; He, B.; Nikolopoulou, A.; Logan, J.;
et al. Noninvasive PK11195-PET Image Analysis Techniques Can Detect Abnormal Cerebral Microglial Activation in Parkinson’s
Disease. ]. Neuroimaging 2018, 28, 496-505. [CrossRef]

13. Shoshan-Barmatz, V.; De Pinto, V.; Zweckstetter, M.; Raviv, Z.; Keinan, N.; Arbel, N. VDAC, a multi-functional mitochondrial
protein regulating cell life and death. Mol. Asp. Med. 2010, 31, 227-285. [CrossRef]

14. Bogdanovi¢, RM.; Syvénen, S.; Michler, C.; Russmann, V.; Eriksson, J.; Windhorst, A.D.; Lammertsma, A.A.; de Lange, E.C.;
Voskuyl, R.A.; Potschka, H. (R)-[''C]JPK11195 brain uptake as a biomarker of inflammation and antiepileptic drug resistance:
Evaluation in a rat epilepsy model. Neuropharmacology 2014, 85, 104-112. [CrossRef] [PubMed]

15. Passamonti, L.; Rodriguez, P.V,; Hong, Y.; Allinson, K.S.; Bevan-Jones, W.; Williamson, D.; Jones, S.; Arnold, R.; Borchert, R.J.;

Surendranathan, A.; et al. [''CJPK11195 binding in Alzheimer disease and progressive supranuclear palsy. Neurology 2018, 90,
€1989-e1996. [CrossRef]


http://doi.org/10.1002/jcb.27646
http://www.ncbi.nlm.nih.gov/pubmed/30270458
http://doi.org/10.4103/aam.aam_56_18
http://www.ncbi.nlm.nih.gov/pubmed/31417011
http://doi.org/10.2174/1568026611109060629
http://doi.org/10.3389/fchem.2014.00112
http://www.ncbi.nlm.nih.gov/pubmed/25566530
http://doi.org/10.1093/rheumatology/38.11.1068
http://doi.org/10.1073/pnas.74.9.3805
http://www.ncbi.nlm.nih.gov/pubmed/20632
http://doi.org/10.1007/s00259-008-0908-9
http://doi.org/10.1371/journal.pone.0201289
http://doi.org/10.1093/eurheartj/ehr367
http://www.ncbi.nlm.nih.gov/pubmed/21933781
http://doi.org/10.1111/jon.12519
http://doi.org/10.1016/j.mam.2010.03.002
http://doi.org/10.1016/j.neuropharm.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/24880085
http://doi.org/10.1212/WNL.0000000000005610

Pharmaceutics 2022, 14, 2715 14 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Zinnhardt, B.; Miither, M.; Roll, W.; Backhaus, P,; Jeibmann, A.; Foray, C.; Barca, C.; Doring, C.; Tavitian, B.; Dollé, E,; et al. TSPO
imaging-guided characterization of the immunosuppressive myeloid tumor microenvironment in patients with malignant glioma.
Neuro-Oncology 2020, 22, 1030-1043. [CrossRef]

Sucksdorff, M.; Rissanen, E.; Tuisku, J.; Nuutinen, S.; Paavilainen, T.; Rokka, J.; Rinne, J.; Airas, L. Evaluation of the Effect of
Fingolimod Treatment on Microglial Activation Using Serial PET Imaging in Multiple Sclerosis. J. Nucl. Med. 2017, 58, 1646-1651.
[CrossRef] [PubMed]

Faria, D.D.P; Copray, S.; Buchpiguel, C.; Dierckx, R.; De Vries, E. PET imaging in multiple sclerosis. J. Neuroimmune Pharmacol.
2014, 9, 468-482. [CrossRef]

Le Fur, G.; Perrier, M.L.; Vaucher, N.; Imbault, F; Flamier, A.; Benavides, J.; Uzan, A.; Renault, C.; Dubroeucq, M.C,;
Gueremy, C. Peripheral benzodiazepine binding sites: Effect of PK 11195, 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-
isoquinolinecarboxamide. I. In vitro studies. Life Sci. 1983, 32, 1839-1847. [CrossRef]

Liu, T.-W.; Chen, C.-M.; Chang, K.-H. Biomarker of Neuroinflammation in Parkinson’s Disease. Int. ]. Mol. Sci. 2022, 23, 4148.
[CrossRef] [PubMed]

Hasnain, N.; Mustafa, R.M.; Bakhshi, S.K.; Shamim, M.S. Efficacy of Positron Emission Tomography in distinguishing brain
tumours from inflammation. J. Pak. Med. Assoc. 2020, 70, 2291-2293. [PubMed]

Gao, Z.-W.; Huang, Y.-Y,; Zhang, ].-Q.; Rong, ].-Y.; Qiao, G.-Y.; Chen, N.; Yu, G.-D.; Luo, M.; Liu, X.-F. Paeoniflorin elicits the
anti-proliferative effects on glioma cell via targeting translocator protein 18 KDa. J. Pharmacol. Sci. 2020, 145, 115-121. [CrossRef]
Su, Z.; Herholz, K.; Gerhard, A.; Roncaroli, F.; Du Plessis, D.; Jackson, A.; Turkheimer, F.; Hinz, R. [11C]-(R)PK11195 tracer kinetics
in the brain of glioma patients and a comparison of two referencing approaches. Eur. J. Pediatr. 2013, 40, 1406-1419. [CrossRef]
Bhoola, N.H.; Mbita, Z.; Hull, R.; Dlamini, Z. Translocator Protein (TSPO) as a Potential Biomarker in Human Cancers. Int. . Mol.
Sci. 2018, 19, 2176. [CrossRef]

Tortelli, T.C.; Tamura, R.E.; Junqueira, M.D.S.; Morord, ].D.S.; Bustos, S.0.; Natalino, RJ.M.; Russell, S.; Désaubry, L.; Strauss, B.E,;
Chammas, R. Metformin-induced chemosensitization to cisplatin depends on P53 status and is inhibited by Jarid1b overexpression
in non-small cell lung cancer cells. Aging 2021, 13, 21914-21940. [CrossRef] [PubMed]

Madera, L.; Greenshields, A.L.; Coombs, M.R.P,; Hoskin, D.W. 4T1 Murine Mammary Carcinoma Cells Enhance Macrophage-
Mediated Innate Inflammatory Responses. PLoS ONE 2015, 10, e0133385. [CrossRef]

Rodrigues Viana, C.T.; Ribeiro Castro, P.; Motta Marques, S.; Paz Lopes, M.T.; Gongalves, R.; Peixoto Campos, P.; Andrade, S.P.
Differential Contribution of Acute and Chronic Inflammation to the Development of Murine Mammary 4T1 Tumors. PLoS ONE
2015, 10, e0138408. [CrossRef]

Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system in diverse forms of macrophage
activation and polarization. Trends Immunol. 2004, 25, 677—-686. [CrossRef]

Li, Y.; Wu, H,; Ji, B.; Qian, W,; Xia, S.; Wang, L.; Xu, Y.; Chen, J.; Yang, L.; Mao, H. Targeted Imaging of CD206 Expressing
Tumor-Associated M2-like Macrophages Using Mannose-Conjugated Antibiofouling Magnetic Iron Oxide Nanoparticles. ACS
Appl. Bio Mater. 2020, 3, 4335-4347. [CrossRef] [PubMed]

Li, X.; Wang, R.; Zhang, Y,; Han, S.; Gan, Y.; Liang, Q.; Ma, X,; Rong, P.; Wang, W.; Li, W. Molecular imaging of tumor-associated
macrophages in cancer immunotherapy. Ther. Adv. Med. Oncol. 2022, 14, 17588359221076194. [CrossRef] [PubMed]

Li, J.; Smith, J.A.; Dawson, E.S.; Fu, A.; Nickels, M.L.; Schulte, M.L.; Manning, H.C. Optimized Translocator Protein Ligand for
Optical Molecular Imaging and Screening. Bioconjugate Chem. 2017, 28, 1016-1023. [CrossRef] [PubMed]

Wu, X,; Gallo, K.A. The 18-kDa Translocator Protein (TSPO) Disrupts Mammary Epithelial Morphogenesis and Promotes Breast
Cancer Cell Migration. PLoS ONE 2013, 8, e71258. [CrossRef] [PubMed]

Wu, C; Yue, X,; Lang, L.; Kiesewetter, D.O.; Li, E; Zhu, Z.; Niu, G.; Chen, X. Longitudinal PET Imaging of Muscular Inflammation
Using I8F_DPA-714 and 8F-Alfatide II and Differentiation with Tumors. Theranostics 2014, 4, 546-555. [CrossRef] [PubMed]
Ashton, T.M.; McKenna, W.G.; Kunz-Schughart, L.A.; Higgins, G.S. Oxidative Phosphorylation as an Emerging Target in Cancer
Therapy. Clin. Cancer Res. 2018, 24, 2482-2490. [CrossRef] [PubMed]


http://doi.org/10.1093/neuonc/noaa023
http://doi.org/10.2967/jnumed.116.183020
http://www.ncbi.nlm.nih.gov/pubmed/28336784
http://doi.org/10.1007/s11481-014-9544-2
http://doi.org/10.1016/0024-3205(83)90062-0
http://doi.org/10.3390/ijms23084148
http://www.ncbi.nlm.nih.gov/pubmed/35456966
http://www.ncbi.nlm.nih.gov/pubmed/33475617
http://doi.org/10.1016/j.jphs.2020.10.004
http://doi.org/10.1007/s00259-013-2447-2
http://doi.org/10.3390/ijms19082176
http://doi.org/10.18632/aging.203528
http://www.ncbi.nlm.nih.gov/pubmed/34528900
http://doi.org/10.1371/journal.pone.0133385
http://doi.org/10.1371/journal.pone.0130809
http://doi.org/10.1016/j.it.2004.09.015
http://doi.org/10.1021/acsabm.0c00368
http://www.ncbi.nlm.nih.gov/pubmed/34841220
http://doi.org/10.1177/17588359221076194
http://www.ncbi.nlm.nih.gov/pubmed/35251314
http://doi.org/10.1021/acs.bioconjchem.6b00711
http://www.ncbi.nlm.nih.gov/pubmed/28156095
http://doi.org/10.1371/journal.pone.0071258
http://www.ncbi.nlm.nih.gov/pubmed/23967175
http://doi.org/10.7150/thno.8159
http://www.ncbi.nlm.nih.gov/pubmed/24672585
http://doi.org/10.1158/1078-0432.CCR-17-3070
http://www.ncbi.nlm.nih.gov/pubmed/29420223

	Introduction 
	Materials and Methods 
	Ethical Approval 
	[11C](R)-PK11195 Radiosynthesis 
	Animals 
	Cell Culture 
	Animal Model Induction and Groups 
	PET Imaging 
	Ex-Vivo Autoradiography 
	Immunofluorescence 
	Protein Extraction and Western Blot 
	Statistical Analysis 

	Results 
	Tumor Growth 
	[11C](R)-PK11195 and [18F]FDG Uptake 
	[11C](R)-PK11195 Autoradiography 
	Immunofluorescence 
	Western Blot 

	Discussion 
	Conclusions 
	References

