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Abstract

The tumor microenvironment is highly heterogeneous. For

gliomas, the tumor-associated inflammatory response is piv-

otal to support growth and invasion. Factors of glioma

growth, inflammation, and invasion, such as the translocator

protein (TSPO) and matrix metalloproteinases (MMP), may

serve as specific imaging biomarkers of the glioma microen-

vironment. In this study, noninvasive imaging by PET with

[18F]DPA-714 (TSPO) and [18F]BR-351 (MMP) was used for

the assessment of localization and quantification of the

expression of TSPO and MMP. Imaging was performed in

addition to established clinical imaging biomarker of active

tumor volume ([18F]FET) in conjunction with MRI. We

hypothesized that each imaging biomarker revealed distinct

areas of the heterogeneous glioma tissue in a mouse model of

human glioma. Tracers were found to be increased 1.4- to 1.7-

fold, with [18F]FET showing the biggest volume as depicted by

a thresholding-based, volumes of interest analysis. Tumor

areas, which could not be detected by a single tracer and/or

MRI parameter alone, were measured. Specific compartments

of [18F]DPA-714 (14%) and [18F]BR-351 (11%) volumes

along the tumor rim could be identified. [18F]DPA-714

(TSPO) and [18F]BR-351 (MMP) matched with histology.

Glioma-associated microglia/macrophages (GAM) were iden-

tified as TSPO and MMP sources. Multitracer and multimodal

molecular imaging approaches may allow us to gain impor-

tant insights into glioma-associated inflammation (GAM,

MMP). Moreover, this noninvasive technique enables charac-

terization of the glioma microenvironment with respect to the

disease-driving cellular compartments at the various disease

stages. Cancer Res; 77(8); 1831–41. �2017 AACR.

Introduction

Gliomas are highly dynamic, complex, and heterogeneous

tissues in which cancer cells themselves stimulate their prolif-

eration, neoangiogenesis, and immune escape to serve their

microenvironment (1). In particular, tumor-associated inflam-

mation has been linked to angiogenesis, metastatic potential,

and poor prognosis in patients (2). An abundant number of

microglia/macrophages are recruited into the tumor, and grow-

ing evidence demonstrates that glioma-associated microglia/

macrophages (GAM) contribute to glioma growth and inva-

sion, angiogenesis, and immune suppression and represent a

pivotal target for therapy (1, 3). In order to better understand

the role of glioma-associated inflammation on tumor progres-

sion and to follow its impact during treatment, new imaging

approaches are crucial to characterize the inflammatory com-

ponent of the tumor microenvironment. This is even more

important in view of new therapeutic approaches for glioma

treatment, requiring imaging approaches to allow noninvasive

assessment of treatment efficacy and follow-up, as well as

detection of a potential therapy-induced switch from a prolif-

erative to an invasive glioma phenotype (4).

Most glioma cells express the 18 kDa translocator protein

TSPO. Different studies demonstrated a positive correlation

between TSPOexpression and grade ofmalignancy and a negative

correlation with survival (5, 6). Within the heterogeneous glioma

tissue, different cell types, neoplastic cells, GAMs, and astrocytes

also express TSPO (7, 8). Among the current (pre-)clinical PET

tracers targeting TSPO, the second-generation tracer,N,N-diethyl-

2-(2-(4-(2-[18F]fluoroethoxy)phenyl)-5,7-dimethylpyrazolo[1,5-

a]pyrimidin-3-yl)acetamide ([18F]DPA-714) has been validated

in severalmodels of glioma (7–9) and other neurological diseases

(10, 11). Besides being an excellentmarker for glioma growth and

infiltration, [18F]DPA-714 has shown promise for the detection of

GAM activation (8, 12).
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Another target for imaging of gliomas are matrix metallo-

proteinases (MMP). MMPs have been linked to increased cell

proliferation, tumor invasion, migration, and poor prognosis

in glioma patients (5, 13, 14). Moreover, MMPs facilitate

microglia-mediated glioma invasion (15), as for example inva-

sion of glioma cells is reduced in cultured brain slices in the

absence of microglia cells (16) or promoted through the

increase of MMP-2 expression and activity (17). Besides that

MMPs affect the neuroinflammatory milieu by modulating the

expression and activity of chemokines, inflammatory cytokines,

growth factors, receptor turnover, and by affecting cellular

migration (18).

For imaging of activated MMPs, the radiofluorinated MMP

inhibitor (R)-2-(N-benzyl-4-(2-[18F]fluoroethoxy)phenylsul-

phonamido)-N-hydroxy-3-methylbutanamide ([18F]BR-351), a

derivative of CGS 25966, has successfully been used for PET

imaging ofmicroglia-derivedMMPs in amodel of ischemic stroke

(10). [18F]BR-351 effectively binds to the activated formsofMMP-

2, -8, -9, and -13, whereas the latent forms of MMPs are not

recognized (19).

Here, we used noninvasive PET imaging of TSPO and MMPs

in a mouse model of human orthotopic glioma aiming at

detecting specific molecular patterns of glioma pathogenesis

in vivo. Tumor growth, tumor-associated microglial activation,

and MMP activation were studied and related to MRI and PET

together with O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]FET) (20)

as the clinical imaging biomarker for assessing glioma extent.

The aim of this study was to investigate the combined use of

[18F]DPA-714 and [18F]BR-351 as new PET imaging biomarkers

of tumor cell signals and the tumor microenvironment. The

hypothesis of the study was that each imaging biomarker

reveals distinct areas of glioma activity within the heteroge-

neous glioma tissue.

Materials and Methods

Study design

A multitracer, multimodality approach was used to investigate

the feasibility to image TSPO and active MMPs in relation to

tumor growth in a mouse model of human glioma.

All experiments were conducted in accordance with the Ger-

man Law on the Care and Use of Laboratory Animals and

approved by the Landesamt f€ur Natur, Umwelt und Verbrau-

cherschutz of North Rhine-Westphalia and the ARRIVE guidelines

(https://www.nc3rs.org.uk/arrive-guidelines; ref. 21).

Female NMRI nu/nu mice (Janvier, France), 8 to 11 weeks old,

were housed at constant temperature (23�C) and relative humid-

ity (40 %) under a regular light/dark schedule. Food and water

were available ad libitum.

In total, n ¼ 27 mice were orthotopically (intra-striatal injec-

tion, coordinates in relation to bregma: lateral �2.0 mm, ante-

rior–posterior þ0.5 mm, dorsal–ventral �3.0 mm) implanted

with 2 � 105 human Gli36dEGFR-LITG cells in 2 mL PBS. As

controls, sham animals (n ¼ 6) were injected with 2 mL of PBS

only. During anesthesia, body temperature was maintained at

physiological level with a custom built heating pad. Mice were

imaged 12 to 14 days after orthotopic implantation of glioma

cells. First, T2-weighted (T2w)MRI was conducted at day 12 post-

implantation, followed by PET acquisition with [18F]DPA-714 on

the same day and [18F]BR-351, and [18F]FET on consecutive days

(days 13 and 14, respectively; Sequence 1).

A subgroup of mice (n¼ 4) was imaged first with T2wMRI and

[18F]FET on the sameday, followedby [18F]BR-351 and [18F]DPA-

714 on consecutive days (Sequence 2; Supplementary Fig. S1). All

imaging experiments were performed within 48 hours.

[18F]DPA-714, [18F]BR-351, and [18F]FET PET, as well as

T2w MRI data were available in the same animal. All mice

with successful multimodal imaging were included in the data

(n ¼ 20).

Cell culture

Gli36dEGFR glioma cells were obtained from Dr. David Louis

(Molecular Neurooncology Laboratory, Massachusetts General

Hospital, Boston, MA; refs. 22, 23). Glioma cells were carefully

cultured and observed. Tumor cells displayed typical growth

patterns and phenotypes in vitro and in vivo. The cells were not

further genetically authenticated. Cells were cultured as adherent

monolayer in DMEM (life Technologies) with high glucose and

GlutaMAX (Gibco) supplemented with 10% FBS (Invitrogen),

and 1% penicillin/streptomycin (PAA Laboratories) at 37�C in a

5% CO2/95% air atmosphere.

Radiochemistry

[18F]DPA-714 was prepared following the procedure described

in the literature with a radiochemical purity of 99% and a decay

corrected radiochemical yield (rcy) of 17.7 � 8 % (24). The

synthesis and quality control of [18F]BR-351 was performed as

described previously (19). [18F]BR-351 had a radiochemical puri-

ty of 95.5% and a rcy of 7.0 � 3.4 % due to a small impurity that

could not be separated during the last HPLC purification step.

[18F]FET was prepared as described previously with a radiochem-

ical purity of 99% and rcy of 23.9 � 4.3% (25). [18F]DPA-714,

[18F]FET, and [18F]BR-351 were formulated in saline/EtOH 17/3

(v/v), water for injection/citrate-puffer/EtOH 19/4/1 (v/v/v) and

saline/EtOH 9/1 (v/v), respectively.

PET studies

During all experimental procedures, mice were anesthetized

with 1.5% to 2% isoflurane (Abbott Animal Health) in 100%O2.

Mice were subjected to PET imaging using the radiotracers

[18F]DPA-714, [18F]BR-351, and [18F]FET for assessment of TSPO

expression, MMP activity, and amino acid transport, respectively.

PET images were acquired on a high-resolution small animal PET

scanner (32 module quadHIDAC, Oxford Positron Systems Ltd.)

with uniform spatial resolution (<1 mm FWHM). PET data were

reconstructed using one-pass listmode expectationmaximization

algorithm with resolution recovery (26). [18F]DPA-714 PET

imageswere acquired 45 to 75minutes post-intravenous injection

of 17.7 � 2.6 MBq [18F]DPA-714. [18F]BR-351 PET images were

acquired 95 to 110 minutes post-intravenous injection of 22.4 �

2.7MBq [18F]BR-351. [18F]FET PET imageswere acquired 20 to 30

minutes post-intravenous injection of 10.7� 0.7MBq of [18F]FET

(7, 8, 10, 27). After each PET acquisition, the animal bed was

transferred into the computed tomography (CT) scanner (Inveon,

Siemens Medical Solutions) for anatomic coregistration with the

PET images using the image analysis software VINCI (Version:

4.19.0; http://www.nf.mpg.de/vinci3/; refs. 10, 28).

A three step coregistration regimen was applied to assure exact

image coregistration. First, PET and CT images were coregistered

employing threemolecular sieve spheres, (AcrosOrganics; two on

the left side and one at the right side of the animal bed), rinsed in

radiotracer solution and taped onto the animal bed, being visible
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onCT and PET images. The automated "Landmark tool" was used

to superimpose CT images to PET images. The "Magic tool" was

further applied to correct for minor mismatches (Step 1, Supple-

mentary Fig. S2). Second, CT images were coregistered to MR

images using the "Contour-" and "Fusion-tool" provided by the

VINCI software, assisting in delineating the skull and bone of the

mice. Several anatomic landmarks were used as quality measures

of coregistration: the paraflocculus region (MR) and its respective

bone structure (CT), the temporomandibular joint region, the

sphenoidal bone, the bulbus olfactorius region, and the lambda

region (thickening of the skull dividing the visual cortex from

midbrain and cerebellum on top of the inferior colliculus; Step 2,

Supplementary Fig. S2). The reslicing parameters of the CT were

transferred to the PET, resulting in fused PET-MR images (Step 3,

Supplementary Fig. S2). A thorough quality check of image

registration in all 3 image planes was performed after PET/CT/

MR coregistration. The quality of coregistration was judged and

confirmed by three independent experts in thefield (B. Zinnhardt,

A. Winkeler, and A.H. Jacobs).

MRI studies

MRI was performed with a 9.4 T small animal MR scanner

(Bios-Spec 94/20; BrukerBioSpin MRI GmbH). The system was

operated using the software ParaVision 5.1. Anatomical 2D T2w

rapid acquisition with relaxation enhancement (RARE) brain

images were obtained with a helium-cooled Cryoprobe (Bruker-

BioSpin MRI GmbH) in three imaging planes (TR 3000-5500ms,

TE 50ms, Rare factor 16, 6 averages, 14–28 contiguous slices, slice

thickness 0.5 mm, field of view 20 mm2, 256 matrix, in plane

resolution 78 mm2, scan time 5–9minutes, respectively). MRI was

conducted for identification of glioma location, and coregistra-

tion to PET images.

Data analysis

Image data were analyzed using the in-house developed soft-

ware MEDgical. Two different volumes of interest (VOI) were

defined: (i) an elliptical control VOI covering the striatum (vol-

ume 6 mm3) was drawn on the axial MR images and adjusted on

the other imaging planes. This control VOI was reused for every

mouse; (ii) a second glioma-covering elliptical VOI (volume 45

mm3) was drawn in the tumor-affected brain hemisphere, exclud-

ing the cerebellum. For quantification, a thresholding approach

was applied by multiplying the standard deviation of the control

VOI by a factor of 2.5. The resulting counts were added to the

mean values of the control region. This was used as minimal

threshold level of the affected hemisphere and calculated for all

three tracers individually (Supplementary Fig. S3). Tumor-to-

background ratios (T/B) were calculated between the glioma VOI

(mean and max values) and the contralateral control VOI (mean

values). The control VOI constituted a standardized elliptical VOI

placed over the left striatum (Supplementary Fig. S3). For volu-

metric analysis, the resulting volumes of [18F]DPA-714 and

[18F]BR-351 were compared with the clinical standard [18F]FET

biomarker. First, the combined tracer volumes (union) of

[18F]DPA-714 with [18F]FET and [18F]BR-351 with [18F]FET were

calculated using the MEDgical software tool. Based on the union

of the two tracer volumes thepercentage of overlapwas calculated.

In a next step, the exclusive [18F]DPA-714 and [18F]BR-351 uptake

volumes were calculated by subtracting the overlapping volumes

of [18F]FET\[18F]DPA-714 and [18F]FET\[18F]BR-351 from the

total [18F]DPA-714 or [18F]BR-351 signal volume, respectively.

The volumetric data were further analyzed comparing the two

different sequences of the multitracer approach for assessment of

tumor growth effects on volumetry (Supplementary Fig. S4). The

intrarater test–retest reproducibility of coregistration was inves-

tigated by repeated coregistration on two repeated coregistrations

(coreg2 and coreg3) and compared with the initial coregistration

procedure (coreg1) in an exemplary set of n ¼ 6 mice for the

relation of [18F]DPA-714 and [18F]FET (Supplementary Fig. S5).

IHC

After the last imaging examination, mice were sacrificed and

perfused with 0.9%NaCl and 4% paraformaldehyde. Brains were

fixed and embedded in paraffin. The sections were incubated over

night with antibodies for microglia (1:2,000, goat anti-Iba-1,

ab107159, Abcam), MMP-9 (1:200, rabbit anti-mouse MMP-9,

ab38889, Abcam), and TSPO (1:250, rabbit, anti TSPO, NBP1-

95674, Novus Biologicals). Immunohistochemistry for human

and murine TSPO was done using the Vector M.O.M. Immuno-

detection Kit (Vector Laboratories), the specific anti-human TSPO

antibodyMab8D7(1:500, generously providedbyDr. E. Bribes of

Sanofi-Aventis, France; ref. 29) and the specific anti-murine TSPO

antibody (1:1,000, generously provided by Dr. M. Higuchi, NIRS,

Japan), in 0.5% PBS-TWEEN with 5% BSA for 1 hour at room

temperature, followed by incubation with Alexa Fluor 488-con-

jugated anti-rabbit secondary antibody (1:800, A-21206, Life

Technologies), or Alexa Fluor 555 conjugated anti-goat (1:800,

A-21432, Life Technologies). Nuclei were stained with DAPI

(0.2 mg/mL in PBS, 6335.1, Roth). Conventional histology for

TSPO and MMP-9 was performed using biotinylated goat anti-

rabbit (1:800, B21078, Life Technologies), followed by HRP–

streptavidin incubation (1:600, K1016, DAKO). The staining was

visualized by incubation with 3,3-diaminobenzidine (D-5637,

Sigma). Images were acquiredwith a combined fluorescence-light

microscope (Nikon Eclipse NI-E, Nikon).

Gel zymography

Mice were transcardially perfused with ice-cold PBS to get rid of

excess blood for 2 minutes; brains were immediately harvested

afterward. Subsequently, the tumor and the contralateral hemi-

sphere were dissected and snap frozen in liquid nitrogen. The

samples were homogenized in a cooled micro dismembrator

(Sartorius). Tissue extracts were incubated for 10 minutes in lysis

buffer (50 mmol/L TRIS-HCl, 75 mmol/L NaCl, 1 mmol/L phe-

nylmethylsulfonyl fluoride) and centrifuged (4�C, 20 minutes,

1,3000 rpm). An 8% sodium dodecyl sulfate gel containing 0.1%

fish skin gelatin (SigmaAldrich) was prepared. Tenmicrograms of

total protein were loaded on the gel. Samples were stacked for 20

minutes at 60 V followed by 2 hours at 125 V. The gel was washed

in 2.5% Triton-X (30 minutes, room temperature), followed by

incubation over night with zymogram developing buffer [50

mmol/L Tris-HCl, 0.2 mol/L NaCl, 5 mmol/L CaCl2, 0.02% Brij

35, in distilled and deionized water (AD)]. The zymogram was

stained (1 g Coomassie blue, 90 mLmethanol, 20 mL acetic acid,

90 mL AD, 2 hours) and destained (50% methanol, 10% acetic

acid, 40% AD, 15 minutes).

In situ zymography

Brains (n ¼ 2) were harvested and 15 mm cryosections of the

affected brains were sliced. After drying (30 minutes), slices were

preincubated with 1� buffer (5 minutes, EnzChek, Life Technol-

ogies), and further incubated in a humidified chamber (8 hours,
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37�C) with 10� in situ zymography reaction buffer (EnzChek),

7� MMP inhibitor (MMPi; cOmplete, Roche), fish skin gelatin

(1 mg/mL), and DQ gelatin (EnzChek) in AD. Slices were

mounted in DAPI containing mounting medium (Vectashield,

H-1500, Vector Laboratories). As controls, slides were addition-

ally incubated with 10 mmol/L of the broad spectrum MMP

inhibitor 1,10-phenanthroline (EnzChek) in zymography reac-

tion buffer to block MMP-derived gelatinolytic activity (30).

Statistical analysis

All statistical analyses were performed using Sigma Plot 13.0

software package (Systat Software). All comparisons were tested

for normality and variance homogeneity using the Sigma Plot

software. Differences in radiotracer uptake ratios between exper-

imental and sham animals were tested using a t test, eventually

followed byMann–WhitneyU test on ranks. The inter-hemispher-

ic difference in the sham group was analyzed using paired t tests.

Differences in tracer signal volumes and intrarater coreproduci-

bility were tested using a oneway repeatedmeasures ANOVA (RM

ANOVA), followed by pairwise multiple comparisons using the

Holm–Sidak method. Differences between the two groups of

different tracer sequences were tested by a one-way ANOVA. Data

are shown in Tukey box plots and bar graphs. Significance levels

were set at P < 0.05.

Results

[18F]DPA-714, [18F]BR-351, and [18F]FET uptake is increased

within and around the glioma

Multimodality imaging in a mouse model of glioma for TSPO,

MMPs, and amino acid transport revealed increased uptake of all

three tracers within and around the tumor as compared with the

healthy brain (Fig. 1A). Tumor-to-background (Tmean/Bmean; Fig.

1C), as well as maximum tumor to mean background (Tmax/

Bmean) ratios (Fig. 1D) of all three radiotracers were increased.

[18F]FET signal exceeded the hyperintense tumor area as

depicted by T2w MRI. T/B uptake ratios for [18F]FET were also

increased compared with sham animals (Tmean/Bmean: 1.71�

0.21; Tmax/Bmean 2.87 � 0.65, t test, P < 0.05 vs. Tmean/Bmean:

1.09�0.11; Tmax/Bmean1.57�0.37; Fig. 1). [18F]DPA-714 uptake

was located within the tumor and adjacent brain parenchyma.

Comparison of [18F]DPA-714 T/B ratios with sham operated

animals showed significantly increased uptake (Tmean/Bmean:

1.82 � 0.21; Tmax/Bmean 2.98 � 0.73, t-test, P < 0.05 vs. Tmean/

Bmean: 1.11 � 0.21; Tmax/Bmean 1.91 � 0.34).

[18F]BR-351 uptake was restricted to the core of the tumor

lesion. [18F]BR-351 uptake was increased compared with sham

animals (Tmean/Bmean: 1.83� 0.48; Tmax/Bmean 3.19� 1.19, t test,

P < 0.05 vs. Tmean/Bmean: 1.02 � 0.11; Tmax/Bmean: 2.09 � 0.65).

Within the experimental group, only one animal showed no

detectable [18F]BR-351 uptake after application of the

thresholding.

For all three tracers, sham operated animals did not show any

tracer uptake around the lesion (L) in comparison with the

contralateral hemisphere (B) (L/BDPA-714 1.11 � 0.21; L/BBR-351
1.02 � 0.11; L/BFET 1.09 � 0.11; Fig. 1B and C).

Volumetric analysis and spatial comparison of tracer volumes

Based on the applied thresholding, the resulting volumes of

[18F]DPA-714 and [18F]BR-351 were compared with the clinical

standard [18F]FET biomarker, respectively (Fig. 2A).

[18F]FET signal showed the largest mean number of voxel

(493.3 � 134.3; RM ANOVA; P < 0.05) compared with

[18F]DPA-714 (316.0 � 105.4) and [18F]BR-351 (179.5 �

131.5; Fig. 2B).

Comparison of the combination of both tracer volumes

(union) of [18F]DPA-714 and [18F]FET uptake volumes showed

an overlap of 48.4 � 11.1% for both tracers.

In order to define volumes of exclusive tracer signal for

[18F]DPA-714, the nonoverlapping regions of [18F]DPA-714 were

further analyzed by subtracting the overlap of [18F]DPA-714 and

[18F]FET from the total [18F]DPA signal. 14 � 14.5% of the

[18F]DPA-714 volumes were nonoverlapping with [18F]FET.

45.1� 15.0% of the [18F]FET volumes were nonoverlapping with

[18F]DPA-714 (Fig. 2C).

The union of [18F]BR-351 derived signal together with the

[18F]FET signal showed an overlap of 28.5 � 18.0%. Calcu-

lation of exclusive [18F]BR-351 signal indicated 11 � 13.5% of

[18F]BR-351 signal as nonoverlapping with [18F]FET, whereas

68.8 � 21.4% of [18F]FET was nonoverlapping with [18F]BR-

351 (Fig. 2D). Areas of exclusive [18F]DPA-714 and [18F]BR-

351 were observed at the outer borders of the tumor volume

(Fig. 2A). No significant effect on volumetric parameters

obtained could be observed when comparing the two different

imaging sequences (Supplementary Fig. S4). Exemplary anal-

ysis of the volumetric relation of [18F]DPA-714 and [18F]FET

to address possible intrarater variability did not reveal signif-

icant changes, except for the percentage of [18F]DPA-714

signal for one coregistration (coreg 1 vs. coreg 3: 11.0% �

3.8 vs. 15.5% � 5.5; RM ANOVA; P < 0.05; Supplementary

Fig. S5).

Spatial agreement of radiotracers with histology

Comparison of [18F]DPA-714 and [18F]BR-351 showed spatial

agreement of PET volumes with histology for TSPO and in situ

zymography, respectively (Fig. 3A). Higher magnification images

highlight TSPO reactivity arising from tumor cells (Fig. 3C).

However, cells of extra-tumoral tissue also displayed TSPO immu-

noreactivity (Fig. 3C and D). In situ zymography signal resulting

from gelatinolytic activity revealed MMP activity arising from the

tumor tissue (Fig. 3E and F). Sham operated animals display

minor TSPO and MMP-9 immunoreactivity along the injection

tract (Fig. 3G–K).

Microglia as pivotal TSPO source in glioma

Double immunohistochemistry of TSPO and MMP-9 with

Iba-1 (red) indicated infiltrating glioma-GAMs (red) as impor-

tant source of TSPO and MMP expression, respectively (Fig.

4A). Specific human and murine antibodies against TSPO

highlighted human TSPO, hence glioma cells, as important

source of TSPO. A fraction of tumor infiltrating cells of murine

origin, likely GAMs, also represent a significant source of TSPO

(Fig. 4B).

Characterization of MMP activity

In situ zymography depicted gelatinolytic activity (green) aris-

ing from tumor cells (blue). Coincubation with theMMP-specific

inhibitor 1,10-phenanthroline inhibited gelatinolytic activity

within the tumor, suggesting MMP-specific gelatinolytic activity

(Fig. 5A). In addition, gel zymography revealed upregulation of

MMP-2 and MMP-9 (Fig. 5B).
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Figure 1.

Multitracer approach to characterize the glioma microenvironment. A, PET images for [18F]FET, [18F]DPA-714, and [18F]BR-351 (left, top to bottom) and their fusion

with T2w MRI (right, top to bottom). The dotted line indicates the tumor area depicted by MRI and was transferred to PET images. B, Representative fusion

images of sham-operated animals. C, Tmean/Bmean ratios showed significantly increased uptake for [18F]DPA-714, [18F]BR-351, and [18F]FET. D, Investigation

of Tmax/Bmean ratios.
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Figure 2.

Volumetric analysis of PET tracer uptake.A, Illustration of tracer volumes fused on T2wMRI.B, [18F]FET signal volume after thresholding showed the biggest number

of voxel, comparedwith [18F]DPA-714 and [18F]BR-351. C andD, Comparison of the overlap of the combined tracer volumes, as well as unique areas of tracer uptake.
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Discussion

This is the first in vivo study validating two new radiotracers

targeting GAMs (TSPO) and MMP activation in comparison

to the clinically established marker for endothelial amino

acid transport ([18F]FET) in a murine model of glioma.

[18F]DPA-714 uptake was increased in and around the MRI

detectable glioma area (�1.8-fold) mostly related to TSPO-

expressing glioma cells. [18F]BR-351 uptake was mostly

increased within the core of the tumor to a similar extent

as DPA-714 (�1.8-fold). [18F]FET showed the largest area

with increased uptake (�1.7-fold). Immunohistochemistry

and zymography indicated that GAMs may serve as an

important source for TSPO and MMP activity. A thresholding

approach allowed to depict tumor areas that may not be

detected by a single tracer and/or MRI parameter alone.

Combining the three radiotracers provides in vivo insights

into the heterogeneous tissue composition of gliomas with

regards to amino acid transport (FET), invasion (BR-351),

neoangiogenesis (FET), and inflammation (DPA-714). These

biomarkers shall provide the basis for the development of

dedicated therapies targeting various tissue compartments

within gliomas (e.g., GAMs).

[18F]DPA-714 imaging

Previous studies in glioma bearing rats have highlighted

[18F]DPA-714 as a suitable imaging marker for glioma-associated

TSPO expression (7–9, 12). In line with these studies, we show,

in a murine model of human glioma, a strong increase in

[18F]DPA-714 uptake in the tumor region compared with a

contralateral region 13 days after implantation of glioma cells.

Approximately 50% of the sum of the TSPO signal and the

[18F]FET signal overlapped. 14%of [18F]DPA-714 positive glioma

Figure 3.

Spatial comparison of [18F]DPA-714 and [18F]BR-351 with histology and in situ zymography. A, Comparison of PET data with histology for TSPO and in situ

zymography revealed good spatial agreementwith the respective PET signal.B–F, TSPO andMMP signal coming from the tumor cells and surrounding tissue (TSPO,

arrows). G–K, Sham-operated animals/brains displayed no tracer uptake. Slight immunoreactivity was observed for TSPO along the injection tract (Scale bar,

1,000 mm overview scans; 100/10 mm higher magnification images).
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tissue was exclusive for [18F]DPA-714 and did not reveal [18F]FET

uptake, whereas about half of the [18F]FET volumes was not

seen by [18F]DPA-714. It should be noted that the tumor

growth as well as the intrarater variability may partially have

influenced quantitative volumetric numbers. Nevertheless, our

observations underline that unique areas of [18F]DPA-714 and

[18F]FET are detectable within a comparable range, with no

influence by the sequence of image acquisition of the various

radiotracers and onlyminor influence by test–retest variability for

the coregistration procedure. Exclusive areas of [18F]DPA-714

uptake in relation to [18F]FET may have been underestimated

due to the ongoing tumor growth over the period of image data

acquisition.

We specifically chose a sequential imaging approach over a

randomized approach potentially reducing bias, as this method

yields comparable data with a relatively high sensitivity and

relevance with regards to clinical observations (31). In a com-

parable sequential imaging approach by Jensen and colleagues

with GBM patients, the authors combined [125I]CLINDE

(TSPO) SPECT followed by [18F]FET and MRI and found

similar overlaps of CLINDE and FET (12–42%, n ¼ 3), whereas

[125I]CLINDE yielded more exclusive areas than [18F]FET com-

pared with MR.

The unique tissue areas at the tumor margins are of high

interest, because other research suggested that areas of increased

TSPO expression might be related to sites of glioma infiltration

Figure 4.

Role of GAMs for TSPO/MMP signal.

A, Double immunohistochemistry of

Iba-1 (red) with TSPO (green, left) and

MMP-9 (green, right) showed Iba-1–

expressing cells as source of TSPO

and MMP-9. Scale bar, 50 mm.

B, Comparison of human TSPO (red)

and murine TSPO (green) identified

tumor cells as major source of TSPO.

Infiltratingmurine cells also contributed

to the TSPO signal. Scale bar, 200 mm.
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(12, 31) and the combination of both might improve therapy

decisions.

Sham-operated animals displayed mild TSPO expression,

which could not be confirmed by [18F]DPA-714 PET, indicative

of a TSPO threshold level, as observedpreviously (10). Correlative

histology for TSPO revealed spatial agreement with [18F]DPA-714

radiotracer uptake. Detailed analysis of TSPO sources in conjunc-

tion with the marker Iba-1 for microglia/macrophages indicated

glioma cells as main source of TSPO expression. In addition,

GAMs also contributed to the signal whereas others have shown

that normal astrocytes did not seem to play a role (8). Immuno-

histochemistry with specific antibodies distinguishing human

andmurine TSPO allowed to depict the different sources of TSPO,

indicating that GAMs contributed to the overall [18F]DPA-714

signal. However, it should be noted that the relative contribution

of GAMs to glioma TSPO expression may be small (12, 32).

Nevertheless GAMs are particularly important, because a signif-

icant nonneoplastic part of gliomas consists of infiltrating GAMs

(4). They are known to acquire an alternatively activated pheno-

type and generate an anti-inflammatory, tumor promoting envi-

ronment, and therefore represent an attractive target for imaging-

guided therapy (4). GAMpolarization is a highly versatile process

in vivo (4). Thus, TSPO imaging might be a potential way to

monitor GAMs andmay help to understand GAM function under

normal and treatment conditions.

In line with our data, several studies have shown increased

TSPO expression in human glioma biopsies (33–35), experimen-

tal glioma (7, 8, 12, 36), but also in GAMs (8). This is of particular

importance, because TSPO has been proposed as a marker of

glioma invasiveness (37) and elevated levels have been described

depending on the tumor grade using in vivo imaging (12).

Further research is needed to investigate the suitability of

[18F]DPA-714 PET for noninvasive glioma grading and investi-

gation of treatment effects on tumor cells and GAMs. Treatment

approaches targeting GAMs in combination with antineoplastic

therapies need further attention, because GAMswere shown to be

involved in escape from antiangiogenic therapy and represent a

potential biomarker for treatment resistance (38).

[18F]BR-351 imaging

MMPs have been shown to be highly upregulated in glioma

(39). Accordingly, we show spatial colocalization of [18F]BR-

351 with in situ zymography, as well as elevated levels of

activated MMP-2 and MMP-9 indicated by gel zymography,

which are likely the major sources of [18F]BR-351 signal. The

elevated expression of the gelatinases, MMP-2, and to a lower

extent MMP-9, is indicative of enhanced intracerebral invasion

and neoangiogenesis (40). Likewise to [18F]DPA-714, parts of

the [18F]BR-351-derived volume were not detected by [18F]FET

and thus might hint toward regions of glioma invasion (40).

Remarkably, GAMs were found to express MMP-9 on the

histologic level. Interestingly, this expression of MMP-9 can

be attributed to MMP-2 expressing tumor cells, and is capable

of activating infiltrating immune cell derived gelatinases (39).

Another link between GAMs and MMPs is the activation of the

latent form of MMP-2 through glioma-mediated membrane

type-1 MMP expression by microglial cells. This increased

expression facilitates glioma invasion (15).

It will be interesting to see whether [18F]BR-351 can be

used in other models with enhanced invasiveness and/or neoan-

giogenesis (41), which are expected to express even higher levels

ofMMPs to distinguish and characterize different growth patterns

in vivo.

Besides the gelatinases, [18F]BR-351 can also bind to MMP-13.

Although this work did not focus onMMP-13, it should be noted

that MMP-13 is also upregulated in glioma. Elevated levels of

MMP-13 have been linked to patient survival rates, and are

reported as amarker for cancer stem cells (42, 43). Further studies

may decipher the potential of [18F]BR-351 in imaging tumor stem

cells in glioma.

[18F]FET imaging

[18F]FET is a valuable marker for active tumor volume with

significantly higher sensitivity and specificity in diagnosis of brain

tumors over, for example, contrast enhanced MRI, [18F]FDG or

[18F]FLT PET imaging (20, 44–46). In line with these findings, it

has been reported that [18F]FET can be used as prognostic marker

of therapy response and it helps to distinguish active tumor

volume from therapy-induced tissue alterations or pseudopro-

gression (47).

However, there is an increasing debate to what extent the

glioma-associated inflammatory response affects [18F]FET

uptake (48–50). Therefore, a combination of specific tracers

targeting the neuroinflammatory response, for example,

[18F]DPA-714, with [18F]FET and biopsies may provide a useful

tool to depict the relative contribution of inflammation to

[18F]FET uptake. We report that [18F]DPA-714 and [18F]FET

volumes partially overlap (�50%), which might be an indica-

tion that inflammation may be an important contributor to

[18F]FET uptake in this model. The overlap may also represent a

mixture of cellular compartments (i.e., tumor cells and micro-

glial cells).

Figure 5.

Determining MMP activity in gliomas.

A, In situ zymography confirmed

gelatinolytic activity (green) resulting from

the tumor region. Coincubation with 1,10-

phenanthroline inhibited gelatinolytic

activity. Scale bar, 500 mm. B, Gel

zymography revealed an increase of

activated MMP-2 and MMP-9 in the tumor

region compared with the contralateral side.
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In conclusion, multimodal combined PET/MRI has been

shown to be superior in delineating active tumor tissue with

higher sensitivity and specificity (45, 51). Multitracer and multi-

sequence PET/MRI opens a new avenue for the detailed nonin-

vasive characterization of the heterogeneous glioma tissue with

respect to the disease-driving cellular compartments at various

disease stages and their response to therapy (vasculature-FET,

tumor and inflammatory cells-DPA-714, and proteases-BR-

351). Especially, the noninvasive identification of GAMs may

represent a fundamental step toward immune cell directed ther-

apies in combination with various targeted or nontargeted anti-

neoplastic agents (4). The detailed characterization of the tumor

microenvironment before and after therapy should improve the

imaging-guided management of patients.
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