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Abstract

Background: Tumor-associated microglia and macrophages (TAMs) and myeloid-derived
suppressor cells (MDSCs) are potent immunosuppressors in the glioma tumor
microenvironment (TME). Their infiltration is associated with tumor grade, progression and
therapy resistance. Specific tools for image-guided analysis of spatio-temporal changes in the
immunosuppressive myeloid tumor compartments are missing. We aimed (i) to evaluate the
role of [*®F]DPA-714 (TSPO) PET-MRI in the assessment of the immunosuppressive TME in
glioma patients and (ii) to cross-correlate imaging findings with in-depth immunophenotyping.
Methods: To characterize the glioma TME, a mixed collective of nine glioma patients
underwent [*®F]DPA-714-PET-MRI in addition to [*®F]FET-PET-MRI. Image-guided biopsy
samples were immuno-phenotyped by multiparametric  flow cytometry and
immunohistochemistry. In vitro autoradiography was performed for image validation and
assessment of tracer binding specificity.

Results: We found a strong relationship (r = 0.84, p = 0.009) between the [*8F]DPA-714 uptake
and the number and activation level of glioma-associated myeloid cells (GAMs). TSPO
expression was mainly restricted to HLA-DR™ activated GAMs, particularly to tumor-
infiltrating HLA-DR* MDSCs and TAMs. [*®F]DPA-714-positive tissue volumes exceeded
[*®F]FET-positive volumes and showed a differential spatial distribution.

Conclusion: [*®F]DPA-714-PET may be used to non-invasively image the glioma-associated
immunosuppressive TME in vivo. This imaging paradigm may also help to characterize the
heterogeneity of the glioma TME with respect to the degree of myeloid cell infiltration at
various disease stages. [*®F]DPA-714 may also facilitate the development of new image-guided
therapies targeting the myeloid-derived TME.

Keywords: TSPO, PET, glioma, imaging biomarker, tumor microenvironment, GAMs, TAMs,
MDSCs, DPA-714

Key points:
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e TSPO and FET PET provide complementary information on tumor heterogeneity and
extent.

e Combining these imaging biomarkers supports the characterization of the
immunosuppressive TME.

e TSPO-PET correlates with the degree and activation of GAMs.

Importance of the study

Characterizing the immunosuppressive tumor microenvironment (TME) is essential to
determine patients’ treatment response. Disappointing clinical immunotherapy trials and the
dominant role of immunosuppressive myeloid cells in therapy resistance and immune escape
emphasize the need for novel tools investigating the TME.

We show that (i) TSPO-PET and amino acid PET provide complementary information on tumor
heterogeneity and extent, (ii) the combination of both imaging biomarkers complements the
non-invasive characterization of the immunosuppressive TME in a mixed collective of glioma
patients, and (iii) the uptake of [*®F]DPA-714 in TSPO-PET strongly correlates with the extent
and activation level of glioma-associated myeloid cells (GAMs).

TSPO-PET may act as a novel personalized medicine tool to determine the degree of
immunosuppressive myeloid cell infiltration and thus may represent a promising prognostic
imaging biomarker for mechanisms of drug sensitivity and resistance, as well as patient

selection and stratification for therapeutic modulation of the immunosuppressive TME.
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Introduction

Malignant gliomas are the most common primary brain tumors in adults. Intracranial neoplasms
constitute the 2" most common cause of death from intracranial disease. Current standard

management consists of surgery, radio-therapy and chemotherapy with alkylating agents 2.

Immunotherapies are currently being actively investigated in patients with glioma. However,
despite promising results in other tumor entities, clinical trials on immunotherapy have not yet
shown positive results. Extensive spatial and temporal heterogeneity of the pro-tumorigenic
glioma immune microenvironment (TME) represents an important obstacle for delivery of
efficient (immuno-) therapies. Within the TME different glioma-associated myeloid cells
(GAMs) are increased, including myeloid-derived suppressor cells (MDSCs), tumor associated
macrophages (TAMs) and brain-resident microglia cells (MGs) *°. In view of the importance
of the immunosuppressive TME and associated challenges to develop, deliver and validate
efficient therapies, improved imaging strategies targeting dynamic cellular changes in the of

immunosuppressive myeloid glioma TME are urgently needed.

The current clinical imaging paradigm for gliomas consists of MRI and amino acid PET ©
facilitating tumor volume definition and metabolic activity, both aspects being important for
planning of surgical resections. Furthermore, amino acid PET provides valuable additional
information on proliferative activity, disease prognosis and helps with response assessment (for
review: "8). However, amino acid PET imaging does not provide information on the cellular

composition of the glioma TME.

In contrast, targeting the 18-kDa translocator protein (TSPO) by the novel tracer [*®F]DPA-714
has been shown (i) to be a suitable marker for immune cell and tumor imaging in preclinical
glioma models 2, (ii) to provide complementary information to the commonly used amino

acid PET tracer [*®F]FET ** and (iii) to be superior to standard MR imaging methods in
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visualizing glioma growth and infiltration at early disease stages °. These findings are further
supported by other groups using different TSPO-PET and SPECT radiotracers in preclinical

and clinical settings 1618,

Increased TSPO expression in human glioma and glioma cell lines has been associated with
increased malignancy, poor survival and glioma invasiveness %2, In vivo, TSPO expression in
glioma models is derived from TAMs, tumor cells, and endothelial cells 32, However, the
exact link between glioma-associated myeloid cell infiltration, TSPO expression and

radiotracer binding in different glioma entities remains to be elucidated.

To investigate the glioma TME, we performed multi-tracer PET-MRI with the second
generation TSPO-PET radio tracer [*®F]DPA-714 in combination with [*®F]JFET. To determine
cellular sources of PET signals and tracer specificity, in-depth immunophenotyping of the
glioma immune microenvironment of stereotactic biopsies was performed using flow
cytometry, immunohistochemistry and in vitro autoradiography, including in vitro blocking

studies.

We hypothesized that [*®F]DPA-714 is a translational imaging biomarker to characterize the
glioma-associated myeloid-derived immunosuppressive TME in vivo. A combination with the
commonly used amino acid tracer [*®F]FET and MR imaging parameters should advance our
understanding of the dynamic changes and biological activity in the glioma immune

microenvironment in vivo.



N-O-D-19-00825R1

Material and Methods

Patients:

During May 2018 and 2019, additional imaging with TSPO was offered to all patients with
suspicion of either primary or recurrent glioma undergoing surgical resection at our brain tumor
center. Besides routine preoperative imaging, including contrast enhanced (CE) MRI and
[*®F]FET-PET-MRI (Siemens Biograph mMR, 3 Tesla), [!3F]DPA-714 (TSPO) PET-MRI was
performed in the frame of a compassionate use. All patients provided written informed consent
on the examination and the genotyping of the Alal47Thr-polymorphism to characterize
individual TSPO affinities and to exclude low affinity binders. Flow cytometric analysis
analysis of biosamples and retrospective analysis of imaging data, biopsy material and clinical
information were conducted following approval of the institutional ethics committee (file
numbers 2010-461-f-S, 2019-276-f-S and 2019-509-f-S) and with the principles of the 1964

Declaration of Helsinki and its later amendments.
Radiochemistry

[*®F]FET was prepared fully-automatically in a cassette-based GE TRACERIlab MX module
following a synthetic two-step approach described by Pauleit et al. 22,

The preparation of [*®F]DPA-714 was performed as published by Kuhnast et al. 23, For blocking
studies, the concentration of [*®'°F]DPA-714 in the product solution was determined via
analytical HPLC and then an appropriate amount of non-radioactive [*°F]DPA-714 was added
to adjust a concentration increased by a factor 1000.

PET-MR imaging

PET-MR imaging was performed on a Biograph mMR system (Siemens Healthineers,
Erlangen, Germany) with a 3T wide -bore MRI scanner. PET-CT imaging (patient #6) was
performed on a hybrid PET—computed tomography device (mCT, Siemens, Erlangen,

Germany). Image processing and reconstruction were performed with software as supplied by
7
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the manufacturer, included homogeneous attenuation correction of the head. Patients were
injected intravenously with 246.4 + 51.6 MBq [*®F]FET and 247.3 + 27.3 MBq [‘®F]DPA-714,
respectively. Dynamic PET scanning for 40 ([*®F]FET) or 60 minutes ([*®F]DPA-714) 2* was
initiated with the injection of the tracer. PET images were co-registered to simultaneously

acquired routine non-CE MRI images (FLAIR, T>).
PET data analysis

Static PET images ([*®F]FET 20-40 min p.i.; [\®F]DPA-714 30-60 min p.i.) were analyzed by
two nuclear medicine specialists and two neuro-radiologists blinded for clinical information
and reported in consensus using the in-house developed software package MEDgical. Lesion-
to-contrast-ratios were calculated for both tracers by comparing SUVmax or SUVmean in a
volume-of-interest (VOI, defined by thresholding) placed over the pathological uptake pattern
to the SUVmean of a control crescent-shaped region of interest (ROI) in the contralateral

centrum semiovale %,

The biologic tumor volume (BTV) of [*®F]FET was determined by multiplying the standardized
uptake value (SUV) of the control ROI with the factor of 1.8 2°. A similar approach was used
for [*8F]DPA-714 thresholding. Based on our previous experience in preclinical human glioma
models, [**F]DPA-714 VOIs were thresholded by multiplying the standard deviation of the
control ROI with a factor of three. The result was added to the mean SUV of the control ROI
and used as lower threshold of the tumor uptake 3. All patients with tracer uptake below the
chosen threshold and consequently without thresholded VOI were reported with uptake ratios
of one. The percentage of overlap between both radiotracers was identified by dividing the
overlapping volume (ml) by the total tracer volume (ml), defined as the union of both tracer
volumes. [*®F]DPA-714 and [*®F]FET exclusive areas were calculated by subtracting the

overlapping volume from the respective total tracer volume. Percentages of exclusive tracer
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areas were calculated by dividing the exclusive tracer volume (ml) by the total tracer volume
(ml).

TSPO genotyping

The procedures for TSPO genotyping are detailed in the supplementary material and methods.

Stereotactic biopsies

Following preoperative PET and MR imaging, all patients underwent microsurgical resection
applying state of the art techniques for maximal safe resections: intraoperative 5-ALA derived
fluorescence, neuronavigation and intraoperative neuro-monitoring including awake
craniotomies. Before starting resection after craniotomy, sampling from areas of interest as
defined from preoperative imaging (CE-MRI, [*®F]FET and [*®F]DPA-PET) was performed if
area of interest was deemed safe for biopsy. To allow for maximal accuracy, sampling was
achieved by techniques of frameless stereotaxis including preoperative target definition
(Brainlab Cranial 3.0, Brainlab AG, Munich, Germany). Sampling targets were hotspots of
[*8F]FET tracer uptake according to current practice management guidelines 2° (Suppl. table 1).
Patient #3 without hotspot was biopsied according to CE on MRI. Tissue samples were

immediately stored on ice and underwent further processing on the same day.
Autoradiography

Autoradiography was performed on tumor biopsies from seven patients (Table 1). Further

experimental details are found in the supplementary material and methods.
Histology, immunohistochemistry and immunofluorescence

All tumor biopsies underwent routine histopathological and molecular analyses at the Institute

of Neuropathology, University Minster, Germany. Tumors were classified in accordance with
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the WHO 2016 classification update of brain tumors 25, Detailed protocols and the computer-

based quantification are described in the supplementary materials and methods.
Multiparametric flow cytometry (FACS)

Tumor biopsies were extensively washed to discard blood and suction fluid. Tumor cell
suspensions were isolated as previously described 2"?¢ and immediately stained with a panel of
directly labeled monoclonal antibodies (mAbs), as specified in the supplementary Material &
Methods section. To determine the frequency and phenotype of GMAs, cell debris was
excluded by forward (FSC) and side scatter (SSC). CD45" leukocytes were selected in a forward
scatter channel (FSC) vs CD45 plot. CD45" cells were displayed in a sideward scatter channel
(SSC) vs CD11b plot to identify CD11b"" myeloid cells. CD11b* myeloid cell subsets were
defined by CD45 and CD14 expression as previously described: CD459MCD14* brain-resident
MGs, tumor-infiltrating CD45™YCD14*** MDSCs and CD45"9"CD14** TAMs 4. Additional
tumor material from a new diagnosed glioblastoma patient (IDH1-wildtype, unmethylated
MGMT, 79 years old, female) was used to discriminate brain-resident MGs from tumor-
infiltrating MDSCs and TAMs by CD49d expression. (**1. CD14""***/HLA-DR" myeloid

cells were gated and analyzed for the expression of TSPO and PD-L1 (CD274).
Statistics

Statistical analyses and data visualization were performed with GraphPad Prism 7 (GraphPad
Software, San Diego, CA, USA). Differences between radiotracer uptake volumes and
exclusive tracer uptake were tested with a paired t-test. Uptake ratios were tested with a repeated
measures one-way ANOVA with Greenhouse-Geisser correction. Multiple comparisons were

performed with Tukey correction and multiplicity adjusted p values were obtained.

Differences in CD68 and TSPO infiltration between [*®F]DPA-714 positive and [*®F]DPA-714

negative patients were analyzed with an unpaired t-test. Correlation analyses were performed

10
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with a two-tailed Pearson correlation test, followed by linear regression analyses. Significance

levels were set at p < 0.05.

11
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Results

Patient characteristics

Nine patients (mean age 42: range 29-60 years; 4 females) were included. Tissue diagnoses
obtained after surgery revealed four low-grade glioma (HGG), referring to WHO grade Il
tumors) and five high-grade glioma (HGG), this group consisting of two WHO I1I tumors and
three WHO grade IV tumors. See Suppl. Table 1 for full patient characteristics including

molecular integrated diagnoses and follow-up data.

Seven patients were therapy naive. Two patients were treated for recurrent disease (# 5 and #6).
Patient #6 was examined after intracavitary thermotherapy with iron oxide nanoparticles and
radiotherapy (NanoTherm®, MagForce AG, Berlin, Germany) *2. The patient cohort consisted
of four high affinity binder (HAB), five medium affinity binders (MAB) and no low affinity
binders (LAB). During a median follow up time of 12 months after [**F]DPA-714-PET, none

of the patients experienced progression, malignization or death.

Multi-tracer characterization of the glioma TME

The combination of [*®F]FET- and [*®F]DPA-714-PET delivered complementary information
regarding differential spatial distribution, extent and degrees of radiotracer uptake in LGG and
HGG. Both tracer uptake patterns showed partial overlap with FLAIR hyperintensities (Figure
1A-D). Six patients with positive [*®F]FET- and [®F]DPA-714-PET were identified
(FET*/DPA-714%; Figure 1B, D, Table 1). Patient #3 lacking [*®F]FET uptake did not show
[*®F]DPA-714 uptake. Uptake of [*®F]DPA-714 appeared even lower than in the surrounding
cerebral cortex (Figure 1C, Table 2). In LGG patients with positive FET uptake, our data
suggests two subgroups. Either LGG patients showed increased [*®F]FET and [*®F]DPA-714
uptake (#1 and #8, FET*/DPA-714"; Figure 1A, Suppl. Fig 1) or were judged as [‘®F]DPA-714

PET negative (#7 and #3, FET'/DPA-714"; Figure 1B, C). All patients with initial HGG

12
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diagnosis were positive for both, [*®F]FET and [*®F]DPA-714 uptake (FET*/DPA-714"; Figure
1D). The qualitative and quantitative imaging findings are summarized in Suppl. Table 1 and

2, respectively.

Threshold-based analyses of tumor volumes were performed in five patients with positive
uptake for both tracers (Figure 2A). Exclusive tracer volumes (pink: FET; green: DPA-714), as
well as overlapping volumes (orange) of radiotracer uptake could be identified (Figure 2B). The
mean volume of [*8F]FET uptake was 27.3 + 31.5 ml, whereas the mean [*®F]DPA-714 volumes
were 50.9 + 41.9 ml (p = 0.1). (Figure 2C). The percentage of exclusive tracer uptake was 39.3
+ 35.0 % for [*®F]FET and 65.3 + 28.4 for [\®F]DPA-714 (p = 0.24) (Figure 2D, E). No

significant differences in uptake ratios were detected (Figure 2F).
Ex vivo characterization of [*®F]DPA-714 on glioma biopsy material

Next, autoradiography on glioma biopsy material was performed to confirm the uptake of
[*®F]DPA-714 in vivo (Figure 3A, B). A statistically significant positive correlation between
the measured activity in %ID/cc from autoradiography and in vivo [*®F]DPA-714 SUV ratio

was detected (r = 0.75, Cl =-0.01 to 0.96, p=0.05).

In two cases, the [*®F]DPA-714 signal could be blocked by pre-incubation with a thousand-fold
excess of unlabeled compound. Unlabeled compound block lead to a reduction of [*®F]DPA-
714 binding of 95.2% in LGG and 81.6 % in HGG, proofing specificity of the tracer binding to

its target.

Immunohistochemistry for CD68 and TSPO in patients with increased [*®F]DPA-714 uptake
revealed high levels of infiltration of CD68-positive cells and extensive TSPO
immunoreactivity. In contrast, patients without increased [*®F]DPA-714 uptake showed only
minor infiltration of CD68 positive cells, as well as TSPO immunoreactivity (Figure 4A). The

comparison of the percentage area of CD68 and TSPO immunoreactivity highlighted significant

13
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differences between [*®F]DPA-714" and [®F]DPA-714 patients. Patients showing [*®F]DPA-
714 PET signals had increased CD68 infiltration (% of CD68" area: 5.07 + 1.52 % vs. 0.42 +
0.37 %, Cl = -6.9 to -2.4, p = 0.002) and TSPO expression (% of TSPO™ area: 20.06 + 6.1 vs.
1.19 £ 0.94 %, ClI = -27.8 t0 -9.9, p = 0.002) compared to PET negative patients. Positive
correlations of the percentage of CD68" area (r = 0.84, Cl = 0.34 to 0.97, p = 0.009) and
percentage of TSPO* area (r = 0.96, Cl = 0.81 to 0.99, p = 0.0001) with the SUVmax/mean
[‘®F]DPA-714 uptake ratios were found (Figure 4 B,C). No significant differences between
LGG and HGG for CD68 and TSPO could be detected due to heterogeneous degrees of immune

cell infiltration in LGG (Figure 4D).
Characterization of the cellular sources of TSPO by immunocytochemistry

To further characterize cellular subpopulations, immunocytochemistry with co-staining of
TSPO with HLA-DR, Iba-1, and GFAP was performed. TSPO was widely expressed by
numerous tumor-associated activated HLA-DR and Iba-1" myeloid cells in a HGG patient (#4)
and to a lesser extent in a LGG patient (#8) with [!F]DPA-714* PET (Figure 5). Only few
GFAP positive astrocytes/tumor cells expressed TSPO. LGG patients without [*®F]DPA-714
uptake (#3 and #7) displayed only little TSPO immunoreactivity, and consequently only single

Iba-1 and GFAP positive cells co-expressed TSPO (Figure 5).

Further analysis of patient-derived biopsy material ([*F]DPA-714 PET positive = fraction I vs.
PET negative fraction Il) in a patient with glioblastoma revealed differential binding patterns
of both radiotracers in vivo, largely irrespective of areas of CE on MRI(Suppl. Fig. 2A) and ex
vivo (Suppl. Fig. 2B). Accordingly, different levels of TSPO were observed in

immunohistochemistry (Suppl. Fig. 2C).

Characterization of cellular sources of TSPO by multi-parametric flow cytometry

14
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To obtain further information about the cellular source of TSPO expression in glioma patients,
multiparametric flow cytometry was performed as described in the M&M section. Tumor
material obtained from a newly diagnosed glioblastoma patient (IDH1-wildtype, MGMT
unmethylated) was used to correlate the expression of TSPO and HLA-DR in predefined
subsets of myeloid cells. As depicted in Figure 6A, the tumor showed a high influx of CD45*
leucocytes that consisted of a large proportion of CD11b* GMAs, that were mainly composed
by CD45M™d4CD14*** MDSCs and CD45"9"CD14** TAMs, and by a lower percentage of
CD45%™CD14* MGs. Both MDSCs and TAMs expressed high levels of CD163, HLA-DR
molecules and were also positive for CD49d, a marker that was recently used to discriminate
bone-marrow/blood-derived macrophages/monocytes rom brain-resident MGs (citation, see
M&M section). TSPO was strongly upregulated on HLA-DR* MDSCs and TAMs and showed

significant co-expression of programmed-death ligand 1 (PD-L1).

Accordingly, tumor biopsies in two patients, one with a [**F]FET*/[1®F]DPA-714* PET (patient
#9, GBM WHO 1V) and one with an [“¥F]FET'/['F]IDPA 714" PET (patient #7,
oligodendroglioma WHO 1) were analysed for the composition of myeloid cell subsets. As
shown in Figure 6B, the tumor material obtained from patient #9 contained a significant number
of CD45" leucocytes with a major fraction of CD11b" GMAs, that mainly consisted of MDSCs
and TAMs with high expression levels of HLA-DR and strong upregulation of TSPO. In
contrast, only a low amount of CD45+ leucocyte could be isolated from the tumor obtained
from patient #7 with a minor fraction of CD11b™ GAMs that were mainly restricted to TAMs
and brain-resident MGs, whereas MDSCs were almost absent (Figure 6C). TSPO upregulation
was less prominent when compared to the TSPO expression levels of HLA-DR* GMAs found

in tissue taken from patient #9.

15
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In summary, these data confirm our observation that TSPO is strongly expressed on HLADR"
GAMs and suggest that the [18F]DPA-714 PET signal is largely dependent on the degree of

tumor-infiltrating HLA-DR™ MDSCs and HLA-DR* TAMs.

16
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Discussion

Up to now efficient imaging biomarkers to characterize the immunosuppressive environment

of gliomas that could serve as selection criteria for clinical trials are missing®3.

In this study, we demonstrate the potential of [**F]DPA-714-based TSPO-PET in the non-
invasive assessment of the immunosuppressive myeloid TME in a mixed collective of glioma.
The combination with the commonly used tracer [**F]FET provided complementary
information about the glioma microenvironment, the degree of GAM infiltration and
differential spatial extent and degree of tracer uptake. In vitro autoradiography studies and in
vitro blocking studies confirmed specific TSPO binding in vivo. The combination of TSPO-
PET with immunophenotyping of biopsy specimen analyzed by flow cytometry and TSPO
immunohistochemistry explained differences in tracer uptake between individual patients.
Interestingly, patients with differential individual degree of TSPO-positive immunosuppressive
myeloid cell infiltration were identified, suggesting a role of TSPO-PET in the identification
and stratification of patients in accordance to their individual immunosuppressive myeloid cell

infiltration profile.

The TME is a critical regulator of cancer progression in primary and metastatic brain
malignancies **. In gliomas and other malignancies, TAMs and MDSCs are known as potent
immune suppressors, promoting tumor proliferation, migration and are known to predict the
overall survival ®. The degree of myeloid cell infiltration is associated with poor prognosis and

immunotherapy failure in cancer 32 36,

TSPO has been described as a potential marker for TAMs in preclinical and clinical glioma
studies. Increased TSPO expression was mainly associated with high tumor grade and worse

survival %% as well as grade of tumor invasion *’.

17
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Preclinical and clinical studies have been conducted with different TSPO PET tracers, including
[1!C]PK11195, [*8F]GE-180, and [‘®F]DPA-714 101415171838 o] studies showed increased
uptake in HGG. Only one study by Su et al. investigated LGG patients and reported no
increased uptake of the first generation TSPO ligand [**C]PK11195 %, Likewise, we observed
increased [*®F]DPA-714 uptake and TSPO expression in all HGG patients. However, within
our LGG patients our data suggests two patient subgroups; with and without [*®F]DPA-714
uptake, respectively. In contrast to [*®F]DPA-714-negative LGG patients, [**F]DPA-714-
positive patients displayed extensive CD68-positive immune infiltration and TSPO

immunoreactivity.

Flow cytometry- and double immunohistochemistry-based characterizations of biopsy material
identified activated HLA-DR* GAMSs as a source of TSPO signals. Particularly, tumor-
infiltrating MDSCs and TAMs served as potent sources of TSPO in [*®F]DPA-714 PET-
positive tumors, whereas GFAP positive astrocytes contributed to TSPO expression only in

cases of HGG.

Su et al. described TSPO predominantly in neoplastic cells and only a subset of TAMs. This
discrepancy may be explained by a more detailed characterization of the glioma TME by flow
cytometric analysis using a wider panel of markers. To our knowledge, the link of tumor-
infiltrating MDSCs as potent sources of TSPO expression in glioma, as well as the positive
correlation between TSPO expression on HLA-DR* GAMs and [*F]DPA-714 uptake has not

been described before.

PD-L1 upregulation on tumor-infiltrating MDSCs and TAMSs plays a significant role in glioma
immune suppression >3 Our data points towards an association of PD-L1 (CD274) and TSPO
expression on HLA-DR+ tumor infiltrating MDSCs and TAMs. Thus, [*®F]DPA-714 PET
might be suitable to directly visualize the accumulation of immune suppressive myeloid cells

and consequently be used as novel imaging biomarker to stratify patients according to their

18
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individual degree of immunosuppressive myeloid cell infiltrates. As MDSC- and TAM-targeted
therapies in combination with immunotherapy are showing encouraging results in preclinical
glioma models 3, [*3F]DPA-714 may also play an important role for patient selection for these

targeted immunotherapies in the future.

A combination of tracers including detailed characterization of the spatial distribution has been
shown to support non-invasive tumor grading and response-assessment during and after therapy
40 To learn about the spatial relation of [*®F]FET and [*3F]DPA-714, a dedicated volumetric
analysis was performed. In accordance with the work by Jensen et al. and Unterrainer et al.
using other TSPO ligands, [*8F]DPA-714 tracer signals were spatially diverging from [*®F]FET
signals %18, A trend towards a larger extent of [\®F]DPA-714 volumes, as well as exclusive
[*®F]DPA-714 volumes was observed, suggesting that both tracers provide differential
biological information. Nevertheless, observed differences did not reach statistical significance,

likely due to the heterogeneous and small patient population.

The role of TSPO-PET as early marker for myeloid cell infiltration, malignant transformation,
and potential therapy resistance suggests potential implications for image-guided surgery based
on CE-MRI, [*F]FET and [*®F]DPA-714-PET. However, a dedicated biopsy-guided study for

the estimation of ideal threshold for quantifying [*®F]DPA-714-volumes needs to be performed.

Non-specific uptake of the radiotracer may represent a confounding factor for the quantification
of [®F]DPA-714. While [*®F]DPA-714 specificity was successfully confirmed in several
preclinical #* and non-human primate models *? of neurological diseases and preclinical glioma

models

, no blocking or dedicated biopsy-guided studies were performed in humans.
However, Unterrainer et al. showed that TSPO-positive volumes exceed CE on MRI,
supporting the additional value of TSPO-PET in glioma, which we were able to corroborate.

Within our patient cohort the CE-MRI volumes were also exceeded by [*3F]DPA-714 volumes.

To further underline specificity of the [*®F]DPA-714 signal, we provide in vitro autoradiograms
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and TSPO histology correlated with the degree of [*3F]DPA-714 uptake. We here present in
vitro blocking studies of human material for the first time, which proofed the TSPO specificity

of the tracer signal.

In conclusion, a novel preoperative imaging protocol, including CE MRI, [*®F]FET- and
[1®F]DPA-714- PET-MRI may allow to comprehensively characterize glioma extent and the
heterogeneity of the immune tumor microenvironment in LGG and HGG. The degree of
[1®F]DPA-714 uptake mainly reflects the influx of activated HLA-DR* GAMs in the TME and

may be utilized for glioma therapy planning and monitoring.
Limitations

This study is limited by the restrictions of a compassionate use approach including limited
patient numbers and heterogeneity of the cohort. Larger-scale clinical trials in predetermined
patient cohorts are warranted to confirm these findings. A long-term follow-up of these patients

is pending to confirm the prognostic value of TSPO-PET in these patients.
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Figure legends:

Figure 1: The combination of [*®F]FET- with [*®F]DPA-714-PET reveals complementary
information on glioma tissue and TME heterogeneity in LGG and HGG. In LGG two patient
groups were suggested based on the degree of [*®F]DPA-714 uptake. All HGG patients showed
increased [*8F]DPA-714 uptake. (A) LGG patient displaying increased [*8F]DPA-714 uptake
in the mesial temporal lobe, whereas [*®F]JFET remained below the threshold for the BTV in
this region. (B, C) LGG patients without [*®F]DPA-714 uptake in the tumor regions. (D) HGG
with pronounced [*®F]FET and [‘®F]DPA-714 uptake. Abbreviations: LGG: low grade glioma;

HGG: high grade glioma; BTV: biological-tumor-volume

Figure 2: Analysis of the spatial distribution and interrelation of radiotracer uptake. (A)
Workflow from PET/MR images (top) towards determination of the tracer uptake volumes by
thresholding (bottom). (B) Visualization of the spatial relation of tracer uptake. Exclusive
[*®F]FET volumes displayed on FLAIR images in blue, centrum semiovale in yellow. Areas of
tracer uptake, unique for [*®F]DPA-714 are displayed in purple. Overlapping tracer uptake
volumes are displayed in orange. (C) Quantitative assessment of tracer uptake volumes and (D,
E) percentages of exclusive radiotracer uptake volumes. (F) Comparison of tracer uptake ratios

from thresholded volumes in LGG and HGG.

Figure 3: In vitro autoradiography of image-guided biopsy samples. (A) In vitro incubation
with [*®F]DPA-714 of glioma biopsies in agreement with in vivo imaging and TSPO histology.
(B) The percentage of incubated dose (%1D/cm?) correlates with the mean [F]DPA-714 SUV
uptake ratios. (C) Incubation of a neighboring slice with a 1000-fold excess of unlabeled
[*8F]DPA-714 leads to almost complete blocking of tracer binding. Scale bar autoradiography:

10 mm; Scale bar histopathology: 50 um

Figure 4: Analysis and cross-correlation of biopsies with immunohistochemistry. (A) Patients

with increased [®F]DPA-714 uptake (#8 and #4) display increased infiltration of CD68*
26
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myeloid cells and extensive immunoreactivity for TSPO. Patients without [*®F]DPA-714 uptake
(#7 and #3) show only minor infiltration of CD68" myeloid cells and only single cells express
TSPO (arrows). (B) CD68 and TSPO immunoreactivity was increased in [**F]DPA-714-
positive patients compared to [\®F]DPA-714-negative patients. (C) The area of CD68 and TSPO
staining correlated with the maximum [*8F]DPA-714 uptake ratios. (D) No significant
differences in CD68" and TSPO™ areas could be detected when comparing LGG to HGG.
Differences are likely masked by two LGG patients showing increased CD68" cell infiltration

and TSPO expression (pink circle). Scale bar: 100 um

Figure 5. Molecular characterization of the cellular sources of TSPO in LGG and HGG. (A)
Double immunofluorescence for TSPO with HLA-DR, Iba-1, and GFAP respectively. Patients
with increased [*®F]DPA-714 uptake (#8 and #4) show TSPO expression in activated immune
cells (HLA-DR™, arrows), microglia/macrophages (lba-1, arrows). Astrocytes (GFAP) play a
minor role in cellular TSPO expression. Patients without [*®F]DPA-714 uptake (#7 and #3)

demonstrate modest TSPO expression in single cells. Scale bar: 100 um

Figure 6: Immunophenotpying of the myeloid cell composition by multiparametric flow
cytometry (A) Representative dot plots of freshly prepared tumor material obtained from a
patient with a newly diagnosed glioblastoma WHO IV. GAMSs were identified as described in
the M&M section. Anti-CD11b, anti-CD14 and anti-CD45 were used to distinguish
CD45%MCD14* brain-resident MGs, CD45™CD14*** MDSCs and CD45""CD14** TAM:s.
Co-expression of CD163, HLA-DR and CD49d in the GAM fractions are illustrated. Histogram
overlays for TSPO (green) and PD-L1(CD274) (red) expression in CD14*****/HLA-DR*
GAMs relative to isotype control (black) are shown. (B, C) Representative dot plots with
patient-specific distribution of GAMs and co-expression of HLA-DR in tumor samples

obtained from a [*®F]JFET*/[1®F]DPA-714" (patient #9) and a [18F]FET+/['®F]DPA-714" tumor
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area (patient #7). Histogram overlays for TSPO (green) expression in CD14*****/HLA-DR*

GAMs relative to isotype control (black).
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Suppl. Fig.1
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Suppl. Fig. 2
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Supplementary figure legends

Suppl. Fig. 1: Imaging findings of patients not shown in Figures 1-6.

Suppl. Fig. 2: Multi-modal characterization of glioma-associated tissues in glioblastoma. (A,
top row). Spatial [*®F]FET and [*®F]DPA-714 uptake was largely independent from T
gadolinium contrast enhancement (arrows). Two image-guided biopsies were taken from a
[*®F]DPA-714-positive (Fraction 1) and [!8F]|DPA-714-negative area (Fraction I1). (B) In vitro
autoradiography confirmed different tracer uptake between the two fractions. (C) Histological
confirmation with TSPO immunohistochemistry. Scale bar autoradiography: 10 mm; Scale bar

histology: 100 um



Suppl. Table 1: Overview of patient characteristics.

Age | Sex Diagnosis Previous therapy TSPO [*F]FET | [*®F]DPA | FACS | AR [ Biopsy site
binding -714
affinity*
43 male Diffuse Astrocytoma Grade | naive MAB W + N N FET+/DPA-714+
11 WHO (IDH wild-type,
ATRX retained)
60 male Glioblastoma Grade IV naive MAB + + N Y FET+/DPA-714+
WHO (IDH wild-type,
ATRX retained, MGMT
methylated)
29 female | Diffuse Astrocytoma Grade | naive HAB - - N Y CE on MRI
11 WHO (IDH-1 mutant,
ATRX loss)
51 male Glioblastoma Grade IV naive MAB + + Y Y FET+/DPA-714+
WHO (IDH-1 mutant,
ATRX retained, MGMT
methylated)
59 male Anaplastic Two microsurgical resections with MAB 4 - N Y FET+
Oligodendroglioma Grade diagnosis of oligodendroglioma, IDH-
111 WHO (IDH-1 mutant, mutated and 1p/19g-codeleted (Grade 1l
1p/19q co-deleted) WHO)
32 female | Anaplastic Astrocytoma Two microsurgical resections, HAB + + Y N FET+/DPA-714+
Grade 111 WHO (IDH-2 radiochemotherapy with temozolomide,
mutant, ATRX loss) cyclic temozolomide, re-irradiation,
combined intracavitary thermotherapy
with iron oxide nanoparticles and
radiotherapy
35 female | Oligodendroglioma Grade naive HAB W - Y Y FET+
11 WHO (IDH-1 mutant,
1p/19q co-deleted)
40 female | Oligodendroglioma Grade naive HAB + + N Y FET+/DPA-714+
I WHO (IDH-1 mutant,
1p/19q co-deleted)
31 male Glioblastoma Grade IV naive MAB + + Y Y FET+/DPA-714+

WHO (IDH-1 mutant,
ATRX loss)

*HAB: high affinity binder, MAB: mixed affinity binder




Suppl. Table 2: Overview of radio tracer uptake ratios in thresholded volumes of interest.

*n/a: [*8F]FET not quantifiable, due to delayed acquisition.

Dose [‘®F]FET PET (Tumor) [*®F]DPA-714 PET(Tumor)
# FET DPA-714 Body SUVmax/SUVmean SUVmean/SUVmean SUVmax/SUVmean SUVmean/SUVmean
(MBQ) (MBq) weight
(kg)
1 197 231 81 2.05 1.86 2.46 2.04
2 291 267 75 n/a n/a 3.05 1.20
3 175 193 57 1.00 1.00 1.00 1.00
4 320 250 105 6.42 3.14 2.54 1.38
5 201 260 71 7.55 3.08 1.32 1.29
6 227 275 76 2.48 1.99 4.18 2.06
7 275 275 80 4.88 2.57 1.00 1.00
8 232 253 76 3.20 2.21 1.91 1.47
9 300 222 90 2.37 1.84 3.40 1.97
Median 232.0 253.0 76.0 2.8 2.1 2.5 1.4
Range 175-320 193-275 57-105 1-7.55 1-3.14 1-3.4 1-2.06



Supplementary material and methods:
Autoradiography

Tumor biopsies were embedded in TissueTek OCT (TissueTek OCT Weckert Labortechnik,
Kitzingen, Germany) and immediately snap frozen. 20 um sections of the tumor biopsies were
cut on a freezing microtome (Leica) and mounted on microscope slides. For binding assays two
tumor specimens were mounted adjacent to each other on one slide. Images were acquired for

90 min in a microimager (Biospace Lab, Nesles la Vallee, France).

Slides were incubated for 20 min with 408 + 100 kBq [*®F]DPA-714. After incubation, slides

were washed 3 x 5 min in fresh buffer and immediately prepared for image acquisition.

For blocking experiments, two neighboring tumor slices were mounted and either incubated
with comparable doses of [\®F]DPA-714 with a thousand-fold excess of unlabelled compound.
Data were analyzed using the in-house developed software MEDgical. For analysis, an ellipsoid
ROI covering the whole tumor specimen was delineated on optical images. ROIs were manually
thresholded to span the tumor specimens. Obtained counts were normalized to the incubated

dose (%ID) and the surface of the specimen (%I1D/cm?).
Flow cytometry

Freshly prepared cell suspensions from tumor biopsies were washed, filtered through a 70 uM
cell strainer and stained with a panel of directly labeled monoclonal antibodies (mAbs). 2-5x10°
were washed with PBS+1% FCS and incubated for 30 minutes at 4° C. The antibody mixtures
included anti-CD206-PE (Phycoerythrin), anti-HLADR-ECD (Phycoerythrin-Texas Red-X),
anti-CD14-PC5.5 (Phycoerythrin-Cyanine  5.5), anti-CD163- or CD49d-PE/Cy7
(Phycoerythrin-Cyanine  7), anti-CD33-APC  (Allophycocyanin), anti-CD11b-APC-
Alexafluor700, anti-CD16-APC-Alexafluor750, anti-CD15-PacificBlue, and anti-CD45-

KromeOrange (obtained from Beckman Coulter, Krefeld, Germany, and Biolegend, Koblenz,

1



Germany). For TSPO staining, an Alexa488-labelled anti-PBR antibody [EPR5384], and the
corresponding isotype control [EPR25A] (obtained from abcam, Cambridge, UK) were used.
For PD-L1 staining, we used an anti-CD274-APC mAb and the corresponding isotype control
(obtained from Biolegend, Koblenz, Germany). All samples were analyzed using the

NaviosTM flow cytometer and the Kaluza 2.1 Software (Beckman Coulter, Krefeld, Germany).

TSPO Genotpying

As the binding of second generation TSPO ligands may be affected by the Alal47Thr-
polymorphism and to exclude patients with low binding affinities, TSPO genotyping was
performed as previously described by Genomic DNA was extracted from EDTA-preserved
blood using standard techniques. PCR was performed in a volume of 20 pl with approximately
200ng DNA and 5 pmol/ul forward primer (5’-TCAGGTGGCATGACTGTTCC-3’) and
reverse primer (5’-GCATGCAGAAAGCACAGGAC-3’) using Biotag DNA polymerase and
dNTPs (Bioline, Luckenwalde; Germany). For sequencing, PCR products were treated with
ExoSAP-IT (USB Corporation, Cleveland, OH, USA). The sequencing reaction was performed
using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA,

USA). The data was analyzed on a 3730 DNA Analyser (Applied Biosystems).

Histology, immunohistochemistry and immunofluorescence

Adjacent 5-10 um cryosections from autoradiography samples were post-fixed in ice cold
methanol, washed in PBS and incubated over night at 4 °C using antibodies against translocator
binding protein (TSPO; 1:250, rabbit anti-TSPO, NBP1-95674, AB 11015478, Novus
Biologicals, Cambridge, UK), glial fibrillary protein (GFAP; 1:1000, chicken anti GFAP,
ab4674, RRID:AB_304558, abcam, Cambridge, UK), ionized calcium-binding adapter
molecule 1 (Iba-1; 1:250, goat anti Ibal, ab107159 AB_10972670; abcam, Cambridge, UK),
and HLA-DR (1:500, mouse anti HLA-DR, ab20181, RRID:AB_445401, abcam, Cambridge,

UK). After 3 x 5 min washing in PBS, slices were incubated for 60 min at room temperature
2



with the secondary antibodies: Alexa Fluor 488 conjugated anti-rabbit (1:800, A-21206, Life
Technologies), Alexa Fluor 555 conjugated anti-goat (1:800, A-21432, Life Technologies), or
DSB-X™ Biotin Goat Anti-Chicken 1gG (1:800; Life Technologies). Nuclei were stained with
DAPI (0.2 pug/ml, 6335.1, Carl Roth, Karlsruhe, Germany) Slides were mounted with Mowiol

(0713.1, Carl Roth, Karlsruhe, Germany).

In addition to cryo sections, paraffin embedded sections (3 pum) of the tumor were obtained
from the Department for Neuropathology for immunohistochemistry for CD68 (1:1000,
mouse monoclonal anti-CD68, supernatant from KiM1P hybridoma cells, kindly provided by
Prof. Klapper, Institute of Pathology, Kiel) and antibodies specified above. Slides were
processed as described before 8, All images were acquired with a combined fluorescence-

light microscope (Nikon Eclipse NI-E, Nikon, Tokyo, Japan).

Immunohistochemistry of CD68 and TSPO (n=8) were quantified at a 20 fold magnification
over the whole field of view using the Fiji software package. Background corrected images
were color deconvoluted using the automatic “color deconvolution tool” and automatically
thresholded using the *“auto thresholding tool”. The percentage area of staining was estimated

using the “analyze particles” tool.
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