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Deciphering sources of PET signals in the tumor
microenvironment of glioblastoma at cellular resolution
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Lukas Gold1, Lea H. Kunze1, Sebastian T. Kunte1, Philipp Beumers1, Ha Eun Park1, Melissa Antons1,
Artem Zatcepin1,9, Nils Briel6,9, Leonie Hoermann1, Rebecca Schaefer1, Denise Messerer12,
Peter Bartenstein1,13, Markus J. Riemenschneider7, Simon Lindner1,13, Sibylle Ziegler1,
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Louisa von Baumgarten2,14, Nathalie L. Albert1,14,15†, Matthias Brendel1,9,13*†

Various cellular sources hamper interpretation of positron emission tomography (PET) biomarkers in the tumor
microenvironment (TME). We developed an approach of immunomagnetic cell sorting after in vivo radiotracer
injection (scRadiotracing) with three-dimensional (3D) histology to dissect the cellular allocation of PET signals
in the TME. In mice with implanted glioblastoma, translocator protein (TSPO) radiotracer uptake per tumor cell
was higher compared to tumor-associated microglia/macrophages (TAMs), validated by protein levels. Transla-
tion of in vitro scRadiotracing to patients with glioma immediately after tumor resection confirmed higher
single-cell TSPO tracer uptake of tumor cells compared to immune cells. Across species, cellular radiotracer
uptake explained the heterogeneity of individual TSPO-PET signals. In consideration of cellular tracer uptake
and cell type abundance, tumor cells were the main contributor to TSPO enrichment in glioblastoma;
however, proteomics identified potential PET targets highly specific for TAMs. Combining cellular tracer
uptake measures with 3D histology facilitates precise allocation of PET signals and serves to validate emerging
novel TAM-specific radioligands.
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INTRODUCTION
The tumor microenvironment (TME) emerged as an acknowledged
key component in cancer biology and treatment (1). In particular,
novel immunotherapies against targets of the TME facilitate poten-
tiation of host antitumor immune responses (2). However, despite
the need to monitor novel anticancer therapeutics in vivo, specific
biomarkers for immune cells of the TME are still limited (3). Recent
efforts originated in radiolabeled antibodies for positron emission
tomography (PET) that specifically target immune cells (4), but the
cell type heterogeneity of the TME hampers cellular allocation and
interpretation of these biomarkers. Furthermore, antibody-based

PET biomarkers have unpredictable penetrance through the
blood-brain barrier due to variable disruption in presence of
brain tumors, neurodegeneration, and neuroinflammatory condi-
tions. Thus, their use is limited in brain malignancies, such as glio-
blastoma, which represents the most common malignant primary
brain tumor with a very poor prognosis (5). In this disease, 18-
kDa translocator protein (TSPO)–PET showed opportunities to
assess myeloid cells of the TME as important contributors to
immune evasion of glioblastoma (6). However, the detailed
sources of TSPO and other TME biomarkers in glioma have not
yet been thoroughly elucidated, which again hampers interpretation
and understanding of individual PET images. In glioma, tumor-as-
sociated microglia and macrophages (TAMs) show elevated expres-
sion of TSPO in vitro (7) and in vivo (6), acting as a potential signal
target of TSPO ligands. However, this finding is a matter of debate
since in high-grade tumors, TSPO was found to be highly overex-
pressed by tumor cells as well (8–10).
To overcome the limitations of previous immunohistochemistry

to PET comparisons, we aimed to resolve the complex sources of
TME biomarkers in glioma at cellular resolution. We therefore es-
tablished and validated an approach of immunomagnetic cell
sorting (MACS) after radiotracer injection [single-cell radiotracing
(scRadiotracing)] (11) and exploited this technique in a mouse
model of experimental glioblastoma. TSPO tracer uptake was mea-
sured in single tumor cells and CD11b+ immune cells of a SB28 glio-
blastoma mouse model, validated against TSPO protein levels as
determined by proteomics as a proof of concept. Furthermore, we
investigated associations between single-cell TSPO tracer uptake
and tumor heterogeneity in TSPO-PET. To bridge the gap
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between implantation of murine tumors and spontaneous glioma
development in the human brain, we transferred TSPO scRadiotrac-
ing to human samples and determined proportions of TSPO tracer
uptake in vitro in tumor and immune cells of patients with high-
grade and low-grade glioma immediately after surgery. As a
second major innovation, three-dimensional (3D) histology via
tissue clearing and light sheet microscopy was integrated to ac-
knowledge PET signals as a composite of cell type abundance and
single-cell tracer uptake. Last, the full proteome of isolated SB28
tumor cells and TAMs was analyzed for identification of potential
TAM-specific TME radioligand targets with superior binding ca-
pacity when compared to TSPO.

RESULTS
Single-cell tracer uptake measures of microglia as
calculated by scRadiotracing correspond to PET signal
changes upon microglia depletion
Immune PET biomarkers such as TSPO have the potential to
monitor TAMs of the TME, but the target signal of currently avail-
able TSPO radioligands is challenged by several cellular sources. To
validate scRadiotracing for the TSPO tracer [18F]GE-180, we com-
pared the magnitude of the microglia-specific TSPO-PET signal
with the recovered radioactivity in isolated microglia of untreated
mice. First, we investigated the allocation of the TSPO tracer in
the healthy mouse brain. Isolated CD11b+ microglia (1.2 × 105 ±
0.1 × 105 cells) of untreated mice revealed 7.7 × 10−7 ± 0.7 × 10−7

percentage radioactivity [normalized to injected dose (ID) and body
weight (BW), %ID*BW] per single cell, whereas enriched anti-as-
trocyte cell surface antigen-2 (ACSA2)+ astrocytes (5.2 × 105 ± 0.7
× 105 cells) indicated 12.5-fold lower radioactivity per single cell (6.2
× 10−8 ± 0.7 × 10−8 %ID*BW; P = 0.00016; Fig. 1A), speaking for
strong specificity of the tracer for microglia over astrocytes. Next,
extrapolation by published microglia cell numbers (6% of all
brain cells, 7.63 × 106 microglia cells) from dedicated studies (12),
whole-brain radioactivity (0.19 to 0.30 MBq) and %brain dose per
single microglia cell (1.8 × 10−6 to 3.6 × 10−6) were used to calculate
the contribution of the microglia population to the radioactivity in
the whole brain (17.5% ± 2.2%).
To quantify the contribution of microglia to the overall TSPO-

PET signal, we used colony stimulating factor–1 receptor (CSF1R)
inhibition via PLX5622 and hereby depleted 96% of all microglia in
the mouse brain (Fig. 1B). As a result of microglia depletion, the
TSPO-PET signal (Fig. 1C) in mice at 10.1 ± 2.1 months of age
(13, 14) showed 18.5% lower heart-normalized standardized
uptake values (SUVH) when compared to vehicle controls (0.19 ±
0.01 versus 0.23 ± 0.01; P < 0.0001). This decrease corresponded
to the contribution of the microglia cell population extrapolated
after scRadiotracing (P = 0.770; Fig. 1D). Thus, TSPO scRadiotrac-
ing provided a nearly complete recovery of the microglia-specific
PET signal in healthy mice and suggested capability of the
method to be used for tracer allocation in cells of the TME.

TSPO tracer uptake of tumor cells and TAMs reflects cellular
TSPO protein levels in the SB28 glioblastoma mouse model
In the next step, we applied scRadiotracing to an experimental or-
thotopic glioblastoma model (SB28) that closely reflects the human
TME (15) to investigate the contribution of tumor cells and TAMs
to the TSPO-PET signal (Fig. 2, A to C). Using MACS, CD11b+

immune cells were isolated from tumor and sham-injected brains
(TAMs or sham microglia), and tumor samples underwent subse-
quent tumor cell isolation. Residual cell pellets were analyzed as de-
pleted fractions.We extracted 1.4 × 105 ± 0.4 × 105 green fluorescent
protein (GFP)–positive tumor cells and 6.7 × 105 ± 1.7 × 105
CD11b+ TAMs from tumor mice and 4.2 × 104 ± 0.8 × 104
CD11b+ microglia from sham mice (Fig. 2A) in enriched fractions
at high purity as determined by flow cytometry (tumor cells, 87% ±
2%; TAMs, 90% ± 1%; sham microglia, 89% ± 1%; Fig. 2, B to D).
Signal-to-noise ratios for radioactivity detection were consistently
≥2 (Fig. 2A).
Subsequently, single-cell tracer uptake of tumor cells and TAMs

was quantified to decipher cellular contributions to the TSPO tracer
uptake in glioblastoma. Both single SB28 tumor cells [3.53-fold, 1.7
× 10−6 ± 0.2 × 10−6 %ID*BW; P < 0.0001, one-way analysis of var-
iance (ANOVA); Fig. 2D] and TAMs (2.58-fold, 1.3 × 10−6 ± 0.2 ×
10−6 %ID*BW; P = 0.024, one-way ANOVA; Fig. 2D) indicated
higher TSPO tracer uptake when compared to sham microglia
(4.9 × 10−7 ± 0.8 × 10−7 %ID*BW). We also tested whether sham
injections had an impact on TSPO tracer uptake of microglia and
did not find any remarkable difference in these cells when com-
pared to control microglia of untreated age-matched mice (P =
0.999, one-way ANOVA; Fig. 2D). As a proof of specificity, we in-
jected excessive cold GE-180 before application of [18F]GE-180 and
found nearly complete blocking of TSPO tracer uptake in SB28
tumor cells (−98%; P = 0.012), TAMs (−97%; P = 0.012), and
sham microglia (−93%; P = 0.029; fig. S1A).
In the direct comparison of tumor cells and TAMs, we noted

1.37-fold higher TSPO tracer uptake of single SB28 tumor cells
when compared to TAMs (P = 0.0010, paired t test), indicating a
dual cellular allocation of the tracer with even slightly higher
single-cell uptake of SB28 tumor cells when compared to the
immune cell target population. Highly congruent to scRadiotracing,
proteomics revealed increased TSPO protein levels in SB28 tumor
cells [2.98-fold, false discovery rate (FDR)–corrected P = 0.015] and
TAMs (2.04-fold, P = 0.0016) when compared to control microglia.
Although not reaching significance after correction for multiple
comparisons, higher TSPO tracer uptake of SB28 tumor cells over
TAMs was also reflected by higher TSPO protein abundance (1.46-
fold, P = 0.357; fig. S1B). We additionally proved the presence of the
tracer target in SB28 tumor and immune cells by revealing that the
vast majority of isolated CD11b+ and GFP+ cells showed TSPO co-
labeling in flow cytometry (Fig. 2, E and F), which is in accordance
to the previously reported colocalization of TSPO and GFP/CD11b
in immunohistochemistry (16). Validation experiments with
isotype controls and unstained samples showed excellent specificity
of CD11b and TSPO detection by flow cytometry in stained TAM
and SB28 tumor cell–enriched samples (fig. S2, A and B). Detection
of GFP was highly specific against tumor-free brain of sham animals
(fig. S2B).
To determine the contributions of the distinct cell types with

TSPO expression to the radioactivity in the cell pellets, we calculated
a linear regression with normalized radioactivity per cell count as
dependent variable and cellular proportions (GFP+ tumor cells,
CD11b+ TAMs, and ACSA2+ astrocytes) of all enriched and deplet-
ed fractions as predictors. The regression model significantly ex-
plained the variance in single-cell TSPO tracer uptake (F = 6.2, P
= 0.0011, R2 = 0.25, R2adj = 0.21). Tumor cells showed highest con-
tribution to the single-cell TSPO tracer uptake (β = 0.76, P =
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0.00017), followed by TAMs (β = 0.57, P = 0.0032) and astrocytes (β
= 0.34, P = 0.0074) (Fig. 2G). A global model using measured radio-
activity, total cell count, and cell proportions indicated that 76% of
the variance in radioactivity measures could be explained by the cel-
lular component of tumor cells, TAMs, and astrocytes (F = 46.6, P <
0.0001, R2 = 0.772, R2adj = 0.756). To question the performed calcu-
lations in depth, we correlated the radioactivity measured in the

depleted tumor fractions, containing 39% ± 2% GFP+, 7% ± 1%
CD11b+, and 16% ± 3% ACSA2+ cells, with estimated summed
up radioactivity by single-cell tracer uptake and cell count (R =
0.74, P = 0.0002).
In summary, the established methodology accurately determines

radiotracer uptake of single cells, which closely reflects relative
protein abundance in respective cell types. The cellular allocation

Fig. 1. TSPO-PET signal reduction in the whole brain after mi-
croglia depletion corresponds to the whole-brain signal attrib-
utable to tracer uptake in microglia. (A) Components of
scRadiotracing after in vivo tracer injection. Upon in vivo tracer in-
jection and magnetic cell separation, cell pellets were analyzed by a
high-sensitive gamma counter to measure the radioactivity (in bec-
querels) in the sample (left) (n = 6, means ± SEM) and by flow cy-
tometry to determine the cell count (middle) (n = 6, means ± SEM).
After calculation of radioactivity per single cell [single-cell TSPO
tracer (scTSPO), normalized to ID and BW] in each sample, untreated
mice showed significantly higher TSPO tracer uptake in microglia
when compared to astrocytes (right) (each bar represents a single
animal; n = 6, paired t test). (B) Representative sagittal Iba1 immu-
nohistochemistry sections of vehicle treatment (VEH; n = 3) and
PLX5622 (PLX)–treated (n = 3) mice and quantification of stained Iba1
area (%). Unpaired t test, means ± SEM. (C) Group average TSPO-PET
images of healthy mice upon a magnetic resonance imaging (MRI)
template after VEH (n = 14) or CSF1R inhibition (PLX5622; microglia
depletion, n = 15) indicated a distinct signal reduction in the whole
brain of PLX5622-treated animals (−18.5%). Unpaired t test, means ±
SEM. (D) Extrapolation of the signal attributable to microglia using
published cell numbers (76) and tracer uptake per single microglia
cell as calculated by scRadiotracing. The calculated 17.5% contribu-
tion ofmicroglia to thewhole-brain TSPO-PET signal corresponded to
the observed TSPO-PET signal reduction after microglia depletion
(18.5%). Means ± SEM.
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of TSPO as a biomarker consists of overexpression in both tumor
and immune cells in SB28 tumors.

Single-cell tracer uptake explains interindividual PET
heterogeneity and reveals dominant association of tumor
cells with TSPO-PET signals
To bridge the gap between cellular tracer uptake and tumor
imaging, we added PET to the experimental workflow of scRadio-
tracing in SB28 glioblastoma mice (Fig. 3A). TSPO-PET indicated
heterogeneity of tumor signals 2.5 weeks after surgery (range of

Fig. 2. scRadiotracing in the SB28 glioblastoma mouse
model allows differential assessment of TSPO tracer uptake
in tumor cells and TAMs. (A) Acquired components of scRa-
diotracing after in vivo tracer injection in SB28 glioblastoma (n =
20) and sham (n = 14) mice. Using MACS, tumor cells (GFP+) and
CD11b+ TAMs from SB28-bearing mice and CD11b+ microglia
from sham-injected mice were enriched, thus leaving the re-
spective residual–depleted cell fractions. Absolute cell numbers
(left) and measured radioactivity (middle) resulted in satisfying
signal-to-noise ratios (right) for all enriched and depleted frac-
tions investigated. Means ± SEM. (B) MACS of tumor cells and
TAMs led to >90% purity in enriched fractions as confirmed by
flow cytometry. (C) Distribution of tumor cells (GFP), TAMs
(CD11b), and astrocytes (ACSA2) in enriched and depleted frac-
tions of SB28 glioblastoma (n = 20) and sham (n = 14) mice.
Means ± SEM. (D) Comparison of the scTSPO uptake of isolated
tumor cells (n = 20) and TAMs (n = 20) in SB28 glioblastomamice
as well as microglia of sham (n = 14) and untreated control (n =
8) mice. Paired t test for tumor cells versus TAMs, one-way
ANOVA for all other comparisons, means ± SEM. (E and F) TSPO
costaining in flow cytometry shows that nearly all tumor cells
(GFP) (E) and TAMs (CD11b) (F) were also positive for TSPO.
Notably, the minor population of CD11b− cells in the TAM-en-
riched fraction did not show positivity for TSPO (F, lower left
quadrant), confirming the specificity of the TSPO costaining.
Pooled data from n = 3 tumors. (G) Regression model including
the enriched and depleted fractions of SB28 mice indicated
highest contribution of tumor cells (left) to the radioactivity in
the sample, followed by TAMs (middle) and astrocytes (right).
Linear regression, β = standardized regression coefficient. n = 60
samples. Error bands represent 95% confidence interval.
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SUVmean, 0.937 to 1.825), which were strongly elevated when com-
pared to sham injection (SUVmean, 0.842 ± 0.032; P < 0.0001; Fig.
3B). We correlated the individual single-cell TSPO tracer uptake of
SB28 tumor cells and TAMs with the TSPO-PET signal in the lesion
and observed similar degrees of strong association for both cell
types (Fig. 3C). We also found an intercorrelation between single-
cell tracer uptake of tumor cells and TAMs (R = 0.758, P = 0.0011),

which indicated bidirectional dependence of TSPO enrichment in
tumor and immune cells (Fig. 3D). Supporting these data, we found
positive correlations between TSPO-PET and TSPO immunohisto-
chemistry in both SB28 tumor cells and myeloid cells (fig. S3). A
combined vector of single-cell TSPO tracer uptake of both tumor
cells and TAMs strongly correlated with the magnitude of the
tumor TSPO-PET signal (R = 0.848, P < 0.0001; Fig. 3E). A

Fig. 3. Correlation of single-cell TSPO tracer uptake of tumor cells
and TAMs with TSPO-PET indicates association of TSPO-PET
heterogeneity with single-cell tracer enrichment. (A) Schematic
illustration of the scRadiotracing workflow. (B) TSPO-PET imaging
indicated significantly higher lesion site signals in SB28 tumor mice
(n = 15) than in sham (n = 14) animals at day 18 after inoculation.
Unpaired t test, means ± SEM. (C) Correlation between scRadiotracing
and TSPO-PET showed a strong dependence of PET signals from both
tumor and TAM scTSPO uptake (normalized to ID and BW) in SB28
mice. N = 15, R = Pearson’s coefficient of correlation. Error bands
represent 95% confidence interval. (D) Intercorrelation of scTSPO of
tumor cells and TAMs in the SB28 glioblastomamouse model. N = 15,
R = Pearson’s coefficient of correlation. Error band represents 95%
confidence interval. (E) Association between combined scTSPO and
heterogeneous TSPO-PET signals. Black bars symbolize the individual
TSPO-PET signal for all SB28 mice investigated (n = 15). Curves rep-
resent scTSPO of tumor cells (orange) and TAMs (blue) and a com-
bined vector of cellular tracer uptake (yellow) for each individual
animal. Axial sections of TSPO-PET images upon the individual con-
trast-enhanced computed tomography (CT) illustrate interindividual
TSPO-PET signal heterogeneity of SB28 tumors. R = Pearson’s
coefficient of correlation. (F) Visualization of the regional k-means
cluster analysis. A sphere was placed over the entire signal en-
hancement in TSPO-PET, which was followed by application of k-
means clustering. This resulted in 50 volumes of interest (VOIs)
defining 50 intratumoral regions of increasing signal intensity
(images on the right). (G and H) Strong regional agreement between
tumor and TAM cell density (GFP/CD11b, light sheet microscopy) and
regions with high scTSPO-to-PET associations. Coronal and sagittal
slices show projections of correlation coefficients (R) onto k-means
cluster VOIs of an individual mouse. arb., arbitrary units.
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regression model of TSPO tracer uptake of tumor cells and TAMs,
however, demonstrated that only tumor cells contributed signifi-
cantly to the TSPO-PET signal (tumor cells: β = 0.55, P = 0.038;
TAMs: β = 0.35, P = 0.157).
Going into more detail, we interrogated the regional heterogene-

ity of tumor TSPO-PET signals and correlated single-cell TSPO en-
richment with the regional PET signal magnitude. Therefore, we
performed a cluster-based analysis (k-means clustering, 50 clusters
defining intratumoral regions of increasing signal intensity) of
TSPO-PET in the tumor lesion (Fig. 3F) and correlated single-cell
tracer uptake with the PET signal in respective clusters. The associ-
ation between single-cell TSPO enrichment and TSPO-PET signal
intensity in the cluster followed an inverted U-shape function for
tumor cells and TAMs, with higher agreement between tumor cell
TSPO and regional TSPO-PET signal when compared to TAM
TSPO and regional TSPO-PET signal (Fig. 3, F to H). Notably,
the association between TSPO-PET and single-cell tracer uptake
was increasingly dominated by tumor cell TSPO enrichment as a
linear function of cluster hierarchy (y = 0.004x − 0.026; R =
0.947; P < 0.0001; Fig. 3, F to H). This indicates that, in particular,
regions with high TSPO-PET signal intensities were characterized
by strong dependence from single–tumor cell TSPO. Thus, the com-
bination of PET and scRadiotracing identified a strong association
between PET signals and cellular tracer uptake, which was charac-
terized by a dominant dependency of TSPO-PET signals from
tumor cells when compared to immune cells.
To transfer our methodology to a different glioblastoma model,

we performed TSPO-PET imaging and scRadiotracing in a pilot
cohort of GL261 tumor mice, implanted in mice with wild-type
and nude (Fox1nu) background (fig. S4). Keeping potential differ-
ences in the time courses of GL261 and SB28 mice in mind, we ob-
served similar cellular TSPO tracer uptake of tumor cells and TAMs
of GL261micewith wild-type and Fox1nu background compared to
SB28 implanted in wild-type mice. Noteworthy, the very low cell
count of TAMs in Fox1nu mice was associated with low TSPO-
PET signals.

In vitro scRadiotracing in human glioma underlines
translational value of the methodology and confirms
higher TSPO tracer uptake of tumor cells when compared
to TAMs
To test for a potential translational value of single-cell tracer uptake
measures in human glioblastoma, we applied in vitro scRadiotrac-
ing in a cohort of patients with high-grade and low-grade glioma
that underwent biopsy or tumor resection (Table 1 and table S1).
Tissue samples were investigated immediately after surgery apply-
ing in vitro [18F]GE-180 incubation of individual single-cell suspen-
sions and subsequent cell sorting (Fig. 4A). The rationale was to
check for discrepancies of cellular tracer binding between species.
scRadiotracing resulted in enriched fractions with visually well

discernible populations of tumor cells and TAMs (fig. S5). High-
grade glioma indicated similar heterogeneity of tumor cell–
to–TAM ratios in the single-cell suspension when compared to
low-grade glioma (Fig. 4B). As the purity of tumor- and TAM-en-
riched fractions was limited in human samples, negligibility of
TSPO tracer uptake of nontumor/non-TAM cells was proven by
showing that only the number of isolated TAMs correlated with
measured tracer signal in the TAM-enriched cell pellet (β = 0.875,
P = 0.0021), whereas nontumor/non-TAM cells did not contribute

to the overall magnitude of radioactivity in the same sample (β =
0.118, P = 0.542; Fig. 4C). Single-cell TSPO enrichment in TAMs
was similar between patients with high-grade and low-grade
glioma (1.6 × 10−7 ± 0.9 × 10−7 %ID versus 2.3 × 10−7 ± 1.0 ×
10−7 %ID; P = 0.863), without significant explanation by age (P =
0.541) or sex (P = 0.869). Contrary, TSPO enrichment of tumor cells
was higher in patients with high-grade glioma (4.5 × 10−7 ± 1.3 ×
10−7 %ID) when compared to patients with low-grade glioma (1.4 ×
10−7 ± 0.5 × 10−7 %ID; P = 0.027; Fig. 4D), again without significant
explanation by age (P = 0.192) or sex (P = 0.799). Within the group
of patients with high-grade glioma, TSPO enrichment of tumor cells
was stronger when compared to TAMs (P = 0.0014; Fig. 4D). Con-
trary, TSPO enrichment of tumor cells showed no significant differ-
ence when compared to TAMs within the group of patients with
low-grade glioma. We questioned whether previous therapy consti-
tutes a potential confounder of single-cell tracer uptake, but we did
not find any significant impact of a previous therapy (radiation and/
or chemotherapy, 11 of 20) or resection (9 of 20) on TSPO enrich-
ment of single tumor cells or TAMs (all P > 0.05). Noteworthy, in a
small subset of patients, a head-to-head comparison of tissue
samples acquired at primary diagnosis and recurrence indicated
higher percentages of infiltrating myeloid cells in the recurrent sit-
uation compared to primary diagnosis, and we observed a higher
degree of TSPO positivity in infiltrating myeloid cells compared
to resident myeloid cells (fig. S6). Thus, these preliminary data
suggest that a higher share of the TSPO-PET signal in the recurrent
situation derives from myeloid cells, enhanced by the stronger
TSPO expression of increased infiltrating macrophages.
In accordance with the combination of PET and scRadiotracing

in the SB28 mouse model, we correlated single-cell TSPO enrich-
ment with TSPO-PET imaging, which was performed in a subset
of patients before surgery. TSPO enrichment of tumor cells (R =
0.934, P < 0.0001) but not TSPO enrichment of TAMs (R = 0.295,
P = 0.328) was associated with the lesion signal in TSPO-PET (Fig.
4E). Individual patients with varying TSPO-PET signal intensities
but similar O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]FET) and con-
trast-enhanced magnetic resonance imaging (MRI) findings
showed a strong agreement between lesion signals and correspond-
ing tumor cell TSPO enrichment (Fig. 4F). Immunofluorescence
TSPO positivity of the sections matched with high TSPO tracer
uptake of single cells in a patient with glioblastoma (#20) and ex-
plained the distinct difference of the TSPO-PET signal compared
to a patient with oligodendroglioma (#17). Both patients were char-
acterized by similar immunofluorescence-derived cell density. The
lower TSPO-PET signal in the second patient with glioblastoma
(#14) most likely derived from a lower cell density in combination
with low-affinity binding, as also indicated by the lower TSPO tracer
uptake of single tumor cells and TAMs (fig. S6). Together, the dom-
inance of tumor cell radiotracer uptake and the association between
scRadiotracing and PET in human tissue samples closely reflected
our findings in SB28 mice. Therefore, in vitro scRadiotracing pro-
vides an opportunity to efficiently check for consistency in cellular
target binding between murine and human samples.
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The triangle of PET, scRadiotracing, and 3D histology
dissects cellular sources of regional PET signals and
pinpoints dominant contribution of tumor cells to the
TSPO-PET signal
Since PET tracer signals are a product of cellular tracer uptake and
regional cell type abundance, we used 3D histology via tissue clear-
ing and light sheet microscopy (Fig. 5A) to determine absolute and
relative cell numbers of GFP+ tumor cells and CD11b+ immune cells
throughout entire SB28 tumors in the intact ipsilateral hemispheres.
GFP+ volumes were 5.5-fold larger when compared to CD11b+
volumes (18.6 ± 6.8 mm3 versus 3.4 ± 1.5 mm3; P = 0.037; Fig. 5,
B and C). Confocal microscopy revealed a GFP+ volume of 4493
μm3 per SB28 tumor cell and a CD11b+ volume of 2713 μm3 per
TAM (Fig. 5D), resulting in higher cell count of SB28 tumor cells
when compared to TAMs in individual SB28 lesions (Fig. 5E). Con-
sidering both single-cell tracer uptake and cell distributions of
tumor cells and TAMs, we calculated a tumor cell–to–TAM contri-
bution to the TSPO-PET signals in SB28 lesions of 3.5:1 (Fig. 5E).
Next, PET, scRadiotracing, and 3D histology were used as an in-

tegrated concept. The topology of 3D histology could be predicted
by combining lesion PET signals with single-cell tracer values (Fig.
5, F and G, and fig. S7). For this purpose, we used the regional as-
sociation between single-cell tracer uptake of SB28 tumor cells and
TAMs with TSPO-PET (i.e., correlation coefficients per cluster; Fig.
3F) as a cluster-based PET weighting factor. k-means cluster PET
signals of all mice that received TSPO-PET imaging and 3D histol-
ogy were multiplied with their respective correlation coefficients

and divided by single-cell tracer uptake of both tumor cells and
TAMs (Fig. 2D) to predict individual regional abundance (i.e.,
light sheet signal intensity) for each cell type (Fig. 5, F to H). Pre-
dicted and standard of truth 3D histology were strongly correlated
(tumor cells: R = 0.624, P < 0.0001; TAMs: R = 0.304, P < 0.0001; Fig.
5H and fig. S7). Hot spots of GFP positivity were colocalized with
regions of high TSPO-PET signal intensity (Fig. 5G), fitting to the
strong association between tumor cell TSPO and regional TSPO-
PET (Fig. 3F). The radioactivity in individual tumors as measured
by PET was precisely predicted by aggregated single-cell tracer
uptake and cell count of tumor cells and TAMs (Fig. 5I). In
summary, exploiting the established methodological combination
of PET, scRadiotracing, and 3D histology enables to pinpoint
complex PET signals to their detailed cellular origins.

Proteomics identifies potential TAM-specific radiotracer
targets with superior binding capacity when compared
to TSPO
Since tumor cells dominate the TSPO-PET signal, the development
of novel PET radiotracers with higher specificity for TAMs could
provide added value to glioblastoma diagnostics. We therefore gen-
erated murine proteome data to identify potential TAM-specific ra-
diotracer targets. Starting from a total of 7869 proteins relatively
quantified between TAMs and microglia of healthy control mice,
1097 showed higher fold changes than TSPO (Fig. 6, A and B). A
total of 165 of these proteins could not be quantified in SB28
tumor cells, and additional 16 proteins showed >10-fold higher

Table 1. Characteristics of the human glioma cohort. rs6971, TSPO polymorphism rs6971 (77); LAB, low-affinity binding status; MAB, medium-affinity binding
status; HAB, high-affinity binding status; Dx, diagnosis; IDH, isocitrate dehydrogenase mutation; m, male; f, female; y, years. See table S1 for supplementary data.

ID Age
(y)

Sex Dx Disease
duration (months)

WHO
grade

rs6971 IDH Sample
acquisition

Previous
therapy

[18F]GE-180
TSPO-PET

#1 36.0 m Astrocytoma 5.6 2 HAB + Resection − +

#2 59.0 f Oligodendroglioma 13.6 2 MAB + Resection + +

#3 50.6 f Glioblastoma 0.9 4 MAB − Resection + +

#4 46.9 f Oligodendroglioma 0.3 2 HAB + Resection − +

#5 75.7 f Glioblastoma 0.2 4 MAB − Biopsy − +

#6 69.1 f Glioblastoma 1.0 4 LAB − Resection + −

#7 64.3 f Oligodendroglioma 17.8 2 − + Biopsy + −

#8 59.3 m Astrocytoma 2.6 2 HAB + Biopsy + +

#9 36.4 f Oligodendroglioma 1.1 2 HAB + Biopsy − +

#10 44.0 m Oligodendroglioma 12.3 3 MAB + Biopsy + +

#11 72.3 f Glioblastoma 0.1 4 − − Resection − −

#12 39.7 f Astrocytoma 4.5 2 − + Biopsy − −

#13 27.2 f Astrocytoma 0.7 2 − + Biopsy − −

#14 68.7 m Glioblastoma 0.1 4 LAB − Resection − +

#15 66.8 f Oligodendroglioma 25.9 2 − + Resection + −

#16 58.5 m Astrocytoma 20.8 3 − + Biopsy + +

#17 52.8 f Oligodendroglioma 20.9 3 HAB + Biopsy + +

#18 49.6 m Oligodendroglioma 1.2 3 HAB + Biopsy + +

#19 57.9 m Astrocytoma 12.9 3 MAB + Biopsy + −

#20 72.0 m Glioblastoma 1.4 4 HAB − Resection − +
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levels in TAMs when compared to SB28 tumor cells (Fig. 6B), thus
providing sufficient specificity for TAM over tumor cell expression.
To translate these findings from mouse to human, we used the

Human Protein Atlas (17) to identify expression of respective
human gene homologs in off-target cells in the brain as an index
of TAM specificity (see first set of columns in Fig. 6C and fig.
S8). Physiological expression in resident and invading cells of the

TME (see second set of columns in Fig. 6C and fig. S8) was charac-
terized. In a next step, we ensured low target expression in other
cells in the organism to prevent peripheral radiotracer absorbance
since this may cause a sink effect and high radiation exposure (see
third set of columns in Fig. 6C and fig. S8). This selection process
resulted in 20 proteins with highly suitable characteristics as specific
immune PET tracer targets (Fig. 6D), which were ultimately

Fig. 4. Translation of scRadiotracing to human glioma samples.
(A) Schematic illustration of the workflow and the gating strategy in
human glioma samples (n = 20). The single-cell suspension (left)
was separated into TAM-enriched (CD11b+; second from left) and
tumor-enriched (third from left) fractions. Tumor cells were defined
via glial fibrillary acidic protein (GFAP) or 5-aminolevulinic acid (5-
ALA) after confirmation of 5-ALA positivity during surgery or after
confirmation of GFAP positivity during neuropathological workup.
5-ALA+ cells colocalized with GFAP+ cells (right). (B) Relative distri-
bution of tumor cells and TAMs in the single-cell suspension of
human high-grade glioma (HGG; n = 10) and low-grade glioma
(LGG; n = 8) samples. The first two patients did not receive an
analysis of the single-cell suspension. (C) Strong contribution of
TAMs (CD11b+ cells) but not of CD11b−/nontumor cells to the
measured activity (n = 10 biopsy samples). Linear regression, β =
standardized regression coefficient. Error bands represent 95%
confidence interval. (D) Comparison of scTSPO uptake of tumor
cells and TAMs in samples of human HGG (n = 11) and LGG (n = 9)
by amultivariatemodel including tumor grade, age, and sex. Means
± SEM. (E) Correlation of TSPO-PET signals with scTSPO of tumor
cells and TAMs. N = 13, R = Pearson’s coefficient of correlation. Error
bands represent 95% confidence interval. (F) Three patient exam-
ples with similar signals in amino acid [O-(2-[18F]fluoroethyl)-L-ty-
rosine (FET)] PET and only little contrast enhancement in MRI. The
patient with high tumoral TSPO-PET signal [top row, glioblastoma,
World Health Organization (WHO) grade-4, high-affinity binding
status (HAB), patient #20] showed distinctly more scTSPO compared
to the patients with only faint (middle row, oligodendroglioma,
WHO grade-3, HAB, patient #17) or low [bottom row, glioblastoma,
WHO grade-4, low-affinity binding status (LAB), patient #14]
tumoral signal in TSPO-PET.
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categorized into their immune cell expression cluster (Fig. 6D).
CYP4F3, H2AB1, PGR3, FCGR3B, and PHF24 were allocated to
the neutrophil expression cluster. ALOX15 and RNASE3 were asso-
ciated with the eosinophil expression cluster, and PGR2 was local-
ized in the basophil expression cluster, while both expression
clusters were shared for RAB44 and RNASE2. An association
with the monocyte expression cluster was identified for CLEC6A,

MPO, MYO1G, and SIGLEC1. Few identified genes belonged to
B cell (ATP6V1G2 and SEPTIN1) and T cell (STAP1) expression
clusters, and group enrichment was found for LRRC25, LY9, and
PADI4 (Fig. 6D). High protein abundance, which allows sufficient
PET signal-to-noise ratios, was observed for ALOX15, PRG2,
SIGLEC1, MYO1G, and MPO [label-free quantification (LFQ) in-
tensity >18; fig. S9A]. To account for potential down regulation due

Fig. 5. Integrated analysis of regional PET signals, cellular tracer
uptake, and 3D histology. (A) Tissue clearing with a modified
version of 3DISCO (65) and light sheet florescent microscope
imaging. (B) Representative masks of tumor cells and TAMs in the
virtual reality (VR) annotation tool. This process determined the oc-
cupied volume of GFP+ tumor cells and CD11b+ TAMs within the
whole tumor using segmentation via syGlass (69). (C) Quantitative
comparison of GFP+ and CD11b+ volumes within individual SB28
tumors (n = 7, paired t test). (D) Confocal microscopy determined the
average GFP+ volume per single tumor cell and the average CD11b+

volume per single TAM. Nuclei segmentation using cellpose (68)
determined cell numbers per section (right column). (E) Quantitative
comparison of the absolute tumor and TAM cell count (n = 7, paired t
test) and contribution of tumor cells and TAMs to the overall TSPO-
PET signal (3.5:1). Thick lines indicate the mean of scTSPO × top/
bottom standard error of the mean (SEM) band of tumor volumes;
thin lines indicate top/bottom SEM band of scTSPO × top/bottom
SEM band of tumor volumes. (F) Regional TSPO-PET signals (left)
were combined with single-cell tracer uptake values of tumor cells
and TAMs to predict cell type abundance within individual SB28
tumors (middle) with validation by light sheet microscopy (right). All
mice are illustrated in fig. S7. (G) Representative magnified areas
within the SB28 tumor underline the regional agreement between
predicted and standard of truth 3D histology. (H) Correlation of
predicted and standard of truth 3D histology within k-means clusters
(Fig. 3). n = 350 single regions from n = 7 tumors. R = Pearson’s
coefficient of correlation. Error bands represent 95% confidence in-
terval. (I) Prediction of radioactivity measured in PET by cellular
abundance and cellular tracer uptake. R = Pearson’s coefficient of
correlation. Error bands represent 95% confidence interval. Dashed
line represents line of identity (y = x).
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to immunosuppression, we also considered the entire fraction of
TAM-selective proteins identified in TAMs and microglia of
healthy control mice as extended targets of interest (10.5%; fig.
S9B). These proteins were screened for targets with scientific rele-
vance in several areas of research and we identified NLRP3, CSF1R,
and TREM2 as rising candidate proteins with a broad range of pos-
sible applications (fig. S9C). Radiolabeled ligands with binding

affinity to these proteins may re-enter the workflow of scRadiotrac-
ing, 3D histology, and human translation to test for their cellular
specificity in vivo.

Fig. 6. Proteome analysis of the SB28 TME identifies TAM-
specific radiotracer targets for glioblastoma. (A) Volcano plot
representation of the different protein levels in isolated TAMs (n = 5)
and isolated SB28 tumors cells (n = 3) in comparison with control
microglia isolated from age-matched mice (WT-microglia; n = 6).
TSPO (yellow) showed intermediate elevation of protein levels in
TAMs and SB28 tumor cells. A total of 1098 of 7869 analyzed pro-
teins indicated higher protein levels in TAMs than did TSPO. FC, fold
change. (B) Selection process of potential radiotracer targets for
specific detection of TAMs over SB28 tumor cells. A total of 165 of
the identified proteins in TAMs were not detected in SB28 tumor
cells, and another 16 proteins had >10-fold higher levels in TAMs
compared to SB28 tumor cells. A total of 20 proteins showed low-
cellular off-target sources and were identified as potential TAM ra-
diotracer targets. (C) Heatmap screening for TAM specificity of the
181 proteins of interest. The Human Protein Atlas (17) was used to
determine RNA expression levels of all proteins of interest in (i)
resident off-target cells of the brain (left cell type columns), (ii)
resident and infiltrating cells in the presence of glioblastoma
(middle cell type columns), and (iii) off-target cells of the organism
(right cell type columns). Genes are sorted by protein level differ-
ences in TAMs compared to controlmicroglia of untreatedmice (top
to bottom; log2 label-free quantification ratio; first column). Sixty-
four proteins with highest elevation [log2 (TAMs/WT-microglia) > 2;
left column] are illustrated in (C) and all proteins are provided in fig.
S8. Proteins of interest are highlighted in gray. (D) Immune cell
expression cluster allocation of proteins of interest. Single-cell RNA
data of the Human Protein Atlas were used to categorize the final
set of identified proteins.
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DISCUSSION
Our study determined in vivo radiotracer uptake in the complex
TME of glioblastoma at cellular resolution. After validation of scRa-
diotracing upon TSPO tracer injection, we deciphered the cellular
sources of TSPO-PET signals in experimental glioblastoma and pa-
tients with glioma. The established methodology accurately deter-
mined higher radiotracer uptake of single glioblastoma tumor cells
when compared to immune cells, which closely reflected protein
levels of respective cell types. The combination of PET and single-
cell tracer uptake served to predict 3D histology. Ultimately, a de-
tailed proteome analysis facilitated identification of TAM-specific
radiotracer targets beyond TSPO.
As a prerequisite of the main analysis, a methodological valida-

tion of TSPO radiotracer measures in single cells had to be ad-
dressed. We applied a microglia depletion paradigm (18) to
compare the signal reduction observed by in vivo [18F]GE-180
TSPO-PET of mice after CSF1R inhibition with the total radioactiv-
ity attributable to the microglia cell population after scRadiotracing.
Here, we confirmed that scRadiotracing was able to closely recover
the tracer signal reduction observed in PET (Fig. 1). By CSF1R in-
hibition with PLX5622, microglia cells can be depleted up to 99%,
which may be maintained under continuous treatment for up to 2
months (19). CSF1R inhibition likely has only minor effect on the
TSPO gene expression of nonmyeloid central nervous system cells
in wild-type mice (20), but we note that some downstream effect on
other cell types cannot be fully excluded since the number of TSPO-
positive neurons decreased upon CSF1R inhibition in a mouse
model of prion-induced chronic neurodegeneration (21). Still, we
claim that the reduction of the TSPO-PET signal derived from the
nearly complete depletion of microglia after 7 weeks of PLX5622
treatment. Furthermore, we observed 12-fold higher single-cell
TSPO tracer uptake of microglia when compared to astrocytes, pin-
pointing specificity of [18F]GE-180 to microglia in untreated mice.
In addition, the high congruence between tracer signal in themicro-
glia population and PET signal reductions after microglia depletion
fits to previous investigations that outlined a high correlation
between [18F]GE-180 TSPO-PET and the microglia markers Iba1
and CD68 in immunohistochemistry (22). With regard to the
choice of the radiotracer, we note that other frequently used
TSPO radioligands such as [18F]DPA-714, [11C]PBR28, or [11-
C]PK11195 may show better or worse uptake characteristics com-
pared to [18F]GE-180 (23). Although direct comparisons of several
TSPO ligands would be desirable in future studies, the short half-life
of carbon-11–labeled TSPO tracers likely prevents the assessment of
their cellular uptake via scRadiotracing.
We were able to further validate scRadiotracing in tumor cells

and TAMs of the experimental SB28 glioblastoma model by quan-
tification of relative cellular protein levels of TSPO in respective cell
populations using proteomics. The application of proteomics was
particularly important since transcriptomics does not necessarily
reflect the amount of protein that can be targeted by the radiotracer
(24). We also found that the interindividual heterogeneity of SB28
and human tumor PET signals was correlated with the magnitude
of tracer uptake per each single cell, which implies that the PET
signal is mainly driven by cellular uptake and not by confounding
alterations of the blood-brain barrier (25) or off-target binding (26).
Our observations of heterogeneous single-cell tracer uptake fit to
the biological variability of TSPO that has been outlined not only

in glioblastoma (7, 27) but also in neurodegenerative diseases (28,
29). Ultimately, the combination of PET and scRadiotracing with
3D histology confirmed the methodological capability to quantify
cellular sources of in vivo PET signals. In this regard, PET tracer
signals are not only a function of cellular uptake but also a
product of cell type abundance and single-cell tracer uptake,
making the combination of scRadiotracing and 3D assessment of
specific cell counts (30), a major achievement of the current work.
In this study, we used TSPO as an established PET biomarker in

neurological and neuro-oncological diseases with controversially
discussed cellular signal sources. Although several correlative inves-
tigations questioned the cellular sources of TSPO tracer signals in
glioma (6, 31), direct measures of radiotracer allocation have not
yet been performed, and contributions of tumor and immune
cells to the PET signal remained unclear. Notably, not all immune
subsets of glioblastoma express TSPO, but TSPO is dominantly ex-
pressed by resident microglia (32) and infiltrating TAMs (6). Recent
data showed that TSPO expression of glioblastoma cells is also in-
volved in T cell–mediated cytotoxicity (33), which indicates that
TSPO can also have an indirect impact on immune cells in the
TME of glioblastoma. In this regard, T cells are a numerically
small subset of immune cells in glioblastoma that typically do not
express TSPO. Thus, it needs to be considered that T cells will not
relevantly contribute to the immune cell–driven TSPO-PET signal
in glioblastoma, although T cells constitute a major effector of im-
munotherapy (34). Our data indicated higher enrichment of
[18F]GE-180 in SB28 tumor cells when compared to TAMs after
in vivo tracer administration, and similar results were obtained in
human high-grade glioma cells when compared to TAMs of the
same tumor after in vitro tracer incubation. These findings were
supported by stronger agreement of tumor TSPO-PET signals
with individual tumor cell tracer uptake in mice and humans. 3D
histology in SB28 mice moreover showed higher abundance of
tumor cells when compared to TAMs, pinpointing the dominance
of tumor cells to SB28 tumor TSPO-PET signals. Still, potential dis-
crepancies between murine and human glioblastoma (e.g., inocula-
tion versus spontaneous tumor growth) need to be considered.
Although the SB28 model is reported to closely mimic the human
TME (15) and our translational data indicate similar results regard-
ing single-cell TSPO enrichment across species, the small sample
size of the human analysis in respect to large heterogeneity in diag-
noses and previous therapy strategies remains to be acknowledged.
Further investigations in predefined subgroups with larger sample
sizes may aid to disentangle and differentiate therapy-related effects
on TSPO expression in cells of the human TME, i.e., after radiation
therapy (35). The assessment of TSPO expression in specific
immune cell subsets of glioblastoma could still be biologically
very meaningful, even when tumor cells quantitatively dominate
the TSPO-PET signal. Furthermore, a pilot experiment with nude
GL261-implanted mice indicated that strong changes in TAM cell
numbers may also have a considerable impact on TSPO-PET
signals. Distinct differences in immune phenotypes of available syn-
geneic glioblastoma mouse models can also likely shift the propor-
tions of cellular contributions to PET signals (36), which calls for
comparative studies using TSPO-PET or novel immune PET
tracers across various cell lines.
A high contribution of tumor cells to the TSPO-PET signal of

glioblastoma is in agreement with preclinical investigations that
used TSPO-PET and autoradiography after implantation of
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GL261 cells into a full TSPO knockout (31, 37). However, several
preclinical studies have revealed a distinct colocalization of TSPO
and Iba1/CD68 in immunohistochemistry in different glioblastoma
mousemodels and concluded that TAMs contribute substantially to
the TSPO-PET signal (7–10). While some of these studies have
already drawn a qualitative comparison between immunohisto-
chemistry and TSPO-PET quantification by various ligands (8–
10), our study provides direct evidence for simultaneous allocation
of a TSPO-PET tracer in both cell types. Future research should also
compare single-cell TSPO enrichment across the broad spectrum of
different glioblastoma models (i.e., GL261) and primary human
glioblastoma cell lines.
Various signal sources with a considerable impact on the TSPO-

PET signal in the TME call for detailed interrogation of TSPO as a
glioblastoma imaging biomarker. First, lacking specificity of TSPO-
PET signals for TAMs in glioblastoma hampers the biomarker’s ap-
plication as a mere immune index. However, since TSPO-PET
signals are associated with survival times in patients with primary
and recurrent glioma (38, 39), TSPO-PET still adds valuable bio-
marker features to the toolbox of glioblastoma imaging assessments
(40). These quantitative TSPO-PET data even exceeded the prog-
nostic value of gene expression levels (41), which could be related
to the direct quantification of TSPO receptor abundance instead of
indirect mRNA measures. In general, PET imaging is increasingly
used for the assessment of patients with brain tumors, in addition to
conventional MRI and provides clinically valuable information
(40). As radiolabeled glucose ([18F]FDG) shows limited sensitivity
for glioma tissue, radiolabeled amino acids such as [18F]FET are the
tracer of choice for the delineation of tumor volumes for treatment
planning, response assessment, and differentiation between tumor
recurrence and posttherapeutic changes (40). However, in recent
years, innovative PET tracers for improved brain tumor character-
ization, e.g., targeting tumor-associated immune cells, have gained
increasing interest (42). TSPO-PET is one of these promising inves-
tigational candidates, but we note that the TSPO polymorphism in
humans, which is associated with differential binding of TSPO
ligands including PET tracers, may limit broader use outside uni-
versity hospitals. Nevertheless, the pilot dataset of in vitro scRadio-
tracing in patients with glioma already showed feasibility even with
small amounts of tissue obtained from biopsy. Thus, the current
results should encourage to investigate the separate prognostic
value of single-cell TSPO enrichment in tumor and immune cells
since such data would potentially result in different treatment strat-
egies. Distinct binding of radioligands to different cells of the TME
will also affect personalized medicine, including direct targeting of
various tumors with radiotheranostics.
Beyond TSPO, TAM-specific radioligands for assessment of

immune cells in the TME could facilitate monitoring of novel im-
munotherapies (43). We used our murine bulk proteomics dataset
to classify TSPO within the spectrum of potential radiotracer
targets. In this regard, we note that single-cell profiling approaches
(44, 45) are more comprehensive to understand potential immune
cell radiotracer targets at a granular level. Contrary, our bulk prote-
ome analysis of one murine cell line only identified targets that are
enriched across the whole CD11b+ population in contrast to tumor
cell–enriched samples. Nevertheless, this proof of concept allowed a
direct comparison of protein levels and cellular tracer binding in the
same samples, which can act as a benchmark for identification of
novel immune radiotracer targets. Since TSPO was only moderately

elevated in TAMs and surpassed by the TSPO expression in tumor
cells, there is a major need for further improvement, identification,
and development of TAM-specific radiotracers. The identified
targets need to be further evaluated in terms of ligand accessibility
and stable target expression and screened for available crystal struc-
tures or known binders that aid generation of lead molecules for ra-
diotracer development. Several of the identified proteins matched
with signature genes of immunosuppressive [i.e., ALOX15 (46)]
TAM phenotypes or predicted therapy response upon checkpoint
inhibition [i.e., LY9 (47) or MPO (48)], thus indicating their poten-
tial as biomarkers of immunomodulation in cancer. Noteworthy,
several rising immune targets with relevance not only in glioblasto-
ma but also in other areas of research, such as NLRP3 (49), CSF1R
(50), and TREM2 (51), were also located within the small propor-
tion of TAM-selective proteins, allowing broad application of an
emerging radiotracer. scRadiotracing will provide the opportunity
for precise determination of the in vivo specificity of potential ra-
dioligands to immune targets in their developmental process
despite the complexity of the TME. We note that future studies in-
cluding scRadiotracing in glioblastoma should also focus on
immune cell and TAM subsets to allow development of improved
imaging approaches of the complex TME. Single-cell profiling ap-
proaches will provide the opportunity to perform preselection of
immune subsets before cell sorting with specific antibodies.
In a nutshell, the established methodology yields robust and re-

liable quantification of cellular radiotracer uptake in mice and pa-
tients and will serve to disentangle cellular sources of PET signals of
established or newly developed tracers. This is of particular impor-
tance since many potential radiotracer targets are shared between
tumor cells, TME cells, and resident cells of the brain (52).

MATERIALS AND METHODS
Study design
The primary goal of the study is to resolve PET tracer signals at cel-
lular resolution.We challenged the methodology by targeting TSPO
as a biomarker with complex cellular sources in glioblastoma. For
this purpose, a combination of radiotracer injection and MACS was
applied [scRadiotracing (11)]. To validate the workflow, the MACS
data of microglia in untreated mice were compared to microglia de-
pletion experiments using CSF1R inhibition in combination with
[18F]GE-180 TSPO-PET. In mice with orthotopic implanted
tumor (SB28; 2.5 weeks after inoculation) or sham injection, the
brain was removed 75 min after [18F]GE-180 injection, and
whole-brain activity was measured. The tumor or the injection
site was dissected, followed by radioactivity measurement and dis-
sociation of the tumor tissue into a single-cell suspension. Tumor
cells (negative selection) and TAMs (CD11b) were isolated via mag-
netic cell sorting using specific antibodies. The radioactivity in the
cell-specific pellets was measured by a highly sensitive gamma
counter. To determine the absolute cell number in each pellet and
the proportions (i.e., purity) of the different cell populations, flow
cytometry was performed subsequent to cell sorting. TSPO tracer
uptake was determined per single cell and compared to TSPO
protein levels, whereas contributions of the different cell popula-
tions to the total activity were calculated by multiple regression.
The methodology was translated to human resection and biopsy
samples of patients with high-grade and low-grade glioma, and in
vitro scRadiotracing was performed to determine proportions of
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tumor and immune cell tracer uptake. To acknowledge PET signals
as product of cellular uptake and cellular abundance, 3D histology
via light sheet microscopy was performed in perfused mouse brains
to obtain absolute cell counts and relative quantitative proportions
of glioblastoma and immune cells within the tumor. Then, an inte-
grated model of PET, single-cell tracer uptake, and 3D histology was
used to disentangle regional PET signals by their distinct cellular
components. Last, TSPO protein levels were characterized within
the whole spectrum of the tumor and immune cell proteome,
with the goal to determine TAM-specific radiotracer targets. The
local ethics committee of the LMUmedical faculty gave permission
to perform the human study (Institutional Review Board 601-16
and 17-457, updated protocol 23-0339). All patients signed an in-
formed consent form.

Animals
All animal experiments were performed in compliance with the Na-
tional Guidelines for Animal Protection, Germany and with the ap-
proval of the regional animal committee (Government of Upper
Bavaria) and overseen by a veterinarian. All animals were housed
in a temperature- and humidity-controlled environment with a
12-hour light-dark cycle, with free access to food (Ssniff, Soest,
Germany) and water.
For scRadiotracing experiments, 8-week-old C57BL/6 mice were

purchased from Charles River (Sulzfeld, Germany) and acclimated
for at least 1 week. At day 0, the mice were randomized inoculated
with 100,000 SB28-GFP cells suspended in 2 μl of Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Merck, Darmstadt, Germany)
(glioblastoma mice, n = 27) or 2 μl of saline (sham mice, n = 14).
Additional n = 8 mice received no treatment before scRadiotracing,
serving as control animals. For inoculation, mice were anesthetized
with intraperitoneal injections of 10% ketamine (100 mg/kg) and
2% xylazine (10 mg/kg) in 0.9% NaCl. Anesthetized mice were im-
mobilized and mounted onto a stereotactic head holder (David
Kopf Instruments, Tujunga, CA, USA) in the flat-skull position.
After surface disinfection, the skin of the skull was dissected with
a scalpel blade. The scull was carefully drilled with a micromotor
high-speed drill (Stoelting Co., Wood Dale, IL, USA) 2-mm poste-
rior and 1-mm left of the bregma. By stereotactic injection, 1 × 105
cells were applied with a 10-μl Hamilton syringe (Hamilton,
Bonaduz, Switzerland) at a depth of 2 mm below the drill hole.
Cells were slowly injected within 1 min, and after a settling period
of another 2 min, the needle was removed in 1-mm steps per
minute. After that, the wound was closed by suturing. Mice were
checked daily for tumor-related symptoms and euthanized when
tumor burden (i.e., appearance, coordinative deficits, and motor
symptoms) reached stop criteria (not reached in any animal). On
the last day of the experiment, the mice were injected with 15 ± 1
MBq of [18F]GE-180 into the tail vein before cervical dislocation
and brain extraction at 75 min after injection (n = 33). N = 15 of
these glioblastoma and all sham mice received TSPO-PET
imaging directly before brain extraction. Additional n = 7 glioblas-
toma mice received TSPO-PET imaging and perfusion with 4%
paraformaldehyde (PFA) before 3D histology by light sheet micros-
copy. Another n = 14 C57BL/6 mice were used for extraction of
naïve control microglia (n = 8 scRadiotracing and n = 6 proteo-
mics). N = 3 glioblastoma mice and n = 3 shammice received injec-
tion of 0.345 μmol of cold GE-180 (25,000-fold excess), 20 min
before injection of [18F]GE-180 and subsequent scRadiotracing. N

= 7 glioblastoma mice (d17) received scRadiotracing with splitting
of tumor cell–enriched and TAM-enriched samples into unstained
processing and processing of all variants of isotype control combi-
nations. N = 7 glioblastoma mice received TSPO-PET imaging at
day 18 and perfusion with 4% PFA at day 19 before immunohisto-
chemistry for Iba1 and TSPO. As a pilot experiment, 100,000
GL261–blue fluorescent protein cells were inoculated in one wild-
type mouse and two Fox1nu mice, with TSPO-PET and scRadio-
tracing at day 19.
For validation of scRadiotracing as a reliable method to deter-

mine TSPO-PET signal sources at cellular resolution, we analyzed
combined data of pharmacological depletion of microglia by CSF1R
inhibition (53), which was performed in C57BL/6 mice of two data-
sets (13, 14) by PLX5622 [1200 parts per million (ppm), n = 15] and
vehicle controls (n = 14), aged 10.1 ± 2.1 months. The TSPO-PET
scan was performed in the last week of 7 weeks of treatment. All
sample sizes were determined by previous PET data using G*power.

Cell culture
SB28-GFP cells (54) were cultured in DMEM containing minimum
essential medium nonessential amino acids (1×), 1% penicillin-
streptomycin solution (Thermo Fisher Scientific, Waltham, MA,
USA), and 10% fetal bovine serum (Biochrome, Berlin,
Germany). Cell cultures were maintained in the incubator at 37°C
in humidified and 5%CO2-conditioned atmosphere. Cells were pas-
saged when the cell density in the flask reached 80% confluence.

Radiosynthesis
Automated production of [18F]GE-180 was performed on a
FASTlab synthesizer with single-use disposable cassettes. The pre-
filled precursor vial was assembled on the cassette, and the cassette
was mounted on the synthesizer according to the setup instructions.
The FASTlab control software prompts were followed to run the
cassette test and to start the synthesis. No carrier–added 18F-fluo-
ride was produced via 18O(p, n)18F reaction by proton irradiation of
18O-enriched water and delivered to the 18F incoming reservoir. The
fully automated manufacturing process consists of the following
steps: trapping of 18F-fluoride on a quaternary methyl ammonium
cartridge, elution using Kryptofix222, potassium hydrogen carbon-
ate, water and acetonitrile, azeotropic drying of 18F-fluoride at
120°C for 9 min, labeling of the precursor in MeCN at 100°C for
6 min, dilution of the crude product with water, tC18 cartridge–
based purification by use of 20 ml of 40% (v/v) ethanol and 11.5
ml of 35% (v/v) ethanol, elution of the product with 3.5 ml of
55% (v/v) ethanol, and final formulation with phosphate buffer. Ra-
diochemical yield 39 ± 7% (n = 16) non d. c., synthesis time 43 min,
radiochemical purity≥ 98%. Specific activity was 3285 ± 1000 GBq/
μmol (range, 1698 to 4898 GBq/μmol) at the end of the synthesis.

Immunomagnetic cell separation
MACS was performed as described previously (13) with slight mod-
ifications for additional tumor cell isolation. Detailed descriptions
of brain dissociation and isolation of different cell types were
as follows.

Mouse brain dissociation
Adult mouse brains were removed after cervical dislocation at 75
min after injection and stored in cold Dulbecco’s phosphate-buff-
ered saline (D-PBS). The brains were cut into small pieces and
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dissociated using gentleMACS Octo Dissociator with Heaters (Mil-
tenyi Biotec, 130-096-427) in combination with different dissocia-
tion kits according to the manufacturer’s instructions. Adult brain
dissociation kit, mouse and rat (Miltenyi Biotec, 130-107-677), was
used for adult mouse brain dissociation of untreated mice and sham
mice. Tumor dissociation kit (Miltenyi Biotec, 130-096-730) was
used for dissociation of tumor tissue. The dissociated cell suspen-
sion was applied to prewet 70-μm cell strainer (Miltenyi Biotec, 130-
110-916). The cell pellet was resuspended using cold D-PBS and
cold debris removal solution. Cold D-PBS was gently overlaid on
the cell suspension and centrifuged at 4°C and 3000g for 10 min
with acceleration at 9 and deceleration at 5. The two top phases
were removed entirely. The cell pellets were collected. Cell pellets
were resuspended with 1 ml of cold red blood cell removal solution,
followed by 10-min incubation. Cell pellets were collected for
further applications.

Isolation of tumor cells
Tumor cell isolation kit, mouse (Miltenyi Biotec, 130-110-187), was
used according to the manufacturer’s instructions. The prepared
cell pellets were resuspended in 80 μl of D-PBS–0.5% bovine
serum albumin (BSA) buffer per 107 total cells including red
blood cells. Twenty microliters of nontumor cell depletion cocktail
was added, and the suspension was incubated at 4°C in the dark for
15min. The volumewas adjusted to 500 μl per total 107 cells with D-
PBS–0.5% BSA buffer before proceeding to magnetic separation.
The prewet LS columns (Miltenyi Biotec, 130-042-401) were
placed at QuadroMACS Separator (Miltenyi Biotec, 130-090-976).
The cell suspensions were applied onto the column. The columns
were washed with 2 × 1 ml of D-PBS–0.5% BSA buffer. The flow-
through containing the unlabeled cells was collected as the tumor
cell–enriched fractions. The columns were removed from the mag-
netic field, and the nontumor cells were flashed out using 3 ml of D-
PBS–0.5% BSA buffer.

Isolation of TAMs and microglia
TAMs (glioblastoma mice) or microglia (sham-injected or untreat-
ed control mice) were isolated from animals using CD11bMicroBe-
ads, human and mouse (Miltenyi Biotec, 130-049-601), and a
MACS separation system (Miltenyi Biotec) as described previously
(55, 56). For murine samples, the prepared cell pellets were resus-
pended in 90 μl of D-PBS–0.5% BSA buffer per 107 total cells. Ten
microliters of CD11bMicroBeads per 107 total cells were added and
incubated for 15 min in the dark at 4°C. Human samples were re-
suspended in 80 μl of D-PBS–0.5% BSA buffer per 107 total cells, 20
μl of CD11b MicroBeads per 107 total cells were added, and cells
were incubated for 15 min in the dark at 4°C. Cells were washed
by adding 1 to 2 ml of buffer per 107 cells and centrifuged at 300g
for 10 min. The cell pellets were resuspended in 500 μl of D-PBS–
0.5% BSA. The prewet LS columns (Miltenyi Biotec, 130-042-401)
were placed onto a QuadroMACS Separator (Miltenyi Biotec, 130-
090-976). The cell suspensions were applied onto the column. The
columns werewashed with 3 × 3ml of D-PBS–0.5% BSA buffer. The
flow-through containing the unlabeled cells was collected as the mi-
croglia-depleted fractions. The columns were removed from the
magnetic field, and microglia were flashed out using 5 ml of D-
PBS–0.5% BSA buffer.

Isolation of astrocytes
Adult brain dissociation kit, mouse and rat (Miltenyi Biotec, 130-
107-677), was used according to the manufacturer’s instructions.
The prepared cell pellets were resuspended in 80 μl of AstroMACS
separation buffer (Miltenyi Biotec, 130-117-336) per 107 total cells.
Ten microliters of Fc receptor blocking reagent was added and in-
cubated for 10 min in the dark at 4°C. Ten microliters of anti-
ACSA2 MicroBeads were added and incubated for 15 min in the
dark at 4°C. Cells were washed by adding 1 ml of AstroMACS sep-
aration buffer and centrifuged at 300g for 5 min. Cell pellets were
resuspended in 500 μl of AstroMACS separation buffer. The prewet
MS columns (Miltenyi Biotec, 130-042-201) were placed at Octo-
MACS Separator (Miltenyi Biotec, 130-042-109). The cell suspen-
sions were applied onto the column, followed by washing with 3
× 500 μl of AstroMACS separation buffer. The flow-through was
collected containing nonastrocytic cells as an astrocyte-depleted
fraction. The columns were removed from the magnetic field, and
the astrocytes were flashed out using 1 ml of AstroMACS separa-
tion buffer.

Gamma emission measurements
Radioactivity concentrations of cell pellets were measured in a
gamma counter (Hidex AMG Automatic Gamma Counter, Mainz
Germany), cross-calibrated to the activity in the whole brain, with
decay correction to time of tracer injection for final activity
calculations.

Flow cytometry
Flow cytometry staining was performed at 4°C. After gamma emis-
sion measurement, the cell suspension was centrifuged at 400g for 5
min, and the supernatant was aspirated completely. The cell pellet
was then resuspended in 100 μl of cold D-PBS containing fluoro-
chrome-conjugated antibodies recognizing mouse CD11b and
ACSA2 (Miltenyi Biotec, 130-113-810 and 130-116-247) in a
1:100 dilution and incubated for 10 min at 4°C in the dark.
Samples were washed with 2 ml of D-PBS and centrifuged for 5
min at 400g. Last, cell pellets were resuspended in 500 μl of D-
PBS, and samples were immediately used for flow cytometry
using a MACSQuant analyzer. Precision Count Beads (BioLegend,
424902) were added for counting the absolute number of cells for
the samples of n = 9 mice measured with a BD LSRFortessa cell an-
alyzer (BD Biosciences, Franklin Lakes, NJ, USA). Acquired data
included absolute cell numbers and purity of GFP+, CD11b+, and
ACSA2+ cells in each sample.
TSPO costaining was performed for tumor- and CD11b-en-

riched cell fractions of n = 3 SB28 mice. To this end, cells were per-
meabilized after initial flow cytometry using Inside Stain Kit
(Miltenyi Biotec, 130-090-477) according to the manufacturer’s in-
structions. Cell pellets were resuspended in 250 μl of cold D-PBS,
250 μl of Inside Fix Solution was added, and cells were incubated
for 20 min in the dark at 4°C and then centrifuged at 300g for 5
min. Complete aspiration of supernatant was followed by washing
with 1 ml of cold D-PBS and another centrifugation step at 300g for
5 min. Cell pellets were washed with 1 ml of Inside Perm Solution
and centrifuged at 300g for 5 min. Supernatant was aspirated, cells
were resuspended in 47 μl of Inside Perm Solution and stained with
3 μl of anti-PBR antibody [EPR5384] (Abcam, ab199836). After 10
min of incubation, cells were washed by adding 1 ml of Inside Perm
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Solution, centrifuged at 300g for 5min, and resuspended in 300 μl of
cold D-PBS for flow cytometry analysis.
Validation experiments with isotype controls and unstained

samples were performed using n = 7 glioblastoma mice at day 17
after inoculation. Isotype controls as recommended by the manu-
facturers were used for CD11b and TSPO: REA control antibody,
human immunoglobulin G (IgG1) (Miltenyi Biotec, 130-113-
454); rabbit IgG, monoclonal [EPR25A]–isotype control
(ab199093). SB28 tumor cell–enriched samples and TAM-enriched
samples were split up into unstained (10%), CD11b/TSPO (22.5%),
IgG1/TSPO (22.5%), CD11b/IgG (22.5%), and IgG1/IgG (22.5%)
before flow cytometry. All other pellet processing was performed
as described above.
For subsequent proteome analysis (see below), cell pellets of n =

3 tumor-enriched and n = 5 CD11b-enriched fractions of SB28
tumor samples were stored at −80° together with n = 6 CD11b-en-
riched fractions (i.e., control microglia) derived from an indepen-
dent cohort of age- and sex-matched untreated control mice.

Calculation of single-cell TSPO tracer signal
Measured radioactivity (in becquerels) of cell pellets was divided by
the specific cell number in the pellet resulting in calculated radio-
activity per cell. Radioactivity per cell was normalized by injected
radioactivity and BW (i.e., %ID*BW). Published cell numbers of
microglia (12) were used to extrapolate the whole-brain radioactiv-
ity located in the microglia fraction of untreated mice. For tumor
probes, cell numbers (tumor cells and TAMs) determined by light
sheet microscopy were multiplied with single-cell %ID*BW as an
estimate of cell fraction–specific contributions to the PET signal.

Human samples and in vitro scRadiotracing
Human tumor tissue samples were acquired during neurosurgical
biopsy or open resection and stored in tissue storage solution (Mil-
tenyi Biotec, 130-100-008) for 2 to 30 hours until further processing
for scRadiotracing. Details on the patient cohort are provided in
Results (Table 1). Tissuewasmanually cut into smaller pieces if nec-
essary and dissociated using tumor dissociation kit, human (Milte-
nyi Biotec, 130-095-929). Removal of debris and red blood cells was
performed for tumor resections as described above. Single-cell sus-
pensions were incubated in vitro at a concentration of 56 ± 8MBq of
[18F]GE-180 in 1 ml for 30min, then washed twice with 3 ml of cold
D-PBS, and centrifuged at 400g for 5 min. Cell pellets were resus-
pended in 100 μl of cold D-PBS and stained with fluorochrome-
conjugated antibodies recognizing human CD11b and glial fibril-
lary acidic protein (GFAP; Miltenyi Biotec, 130-113-810 and 130-
123-846) as described above. Gamma counter measurement and
flow cytometry analysis of the stained single-cell suspension were
performed using 10% of the probe after resuspension in 500 μl. Sub-
sequently, TAMs were isolated using CD11b microbeads (Miltenyi
Biotec, 130-093-634), followed by further gamma counter measure-
ment and flow cytometry. Proportions and cell count of TAMs in
the resulting cell pellets were determined using CD11b. For tumor
cells, a step-wise validation of the gating strategy was performed.
Detection of GFAP+ cells was used for n = 6 samples where
GFAP positivity was validated by staining during neuropathological
workup of the same tumors. N = 4 patients received 5-aminolevu-
linic acid (5-ALA) guided surgery and differentiation of tumor cell
populations by 5-ALA positivity in flow cytometry (57). These n =
10 samples were used for cross-validation of autofluorescence-

based gating (excitation wavelength of 488 nm and emission wave-
lengths of 655 to 730 nm) (58), which was applied in another n = 10
samples without GFAP or 5-ALA positivity.
For samples containing very high proportions of TAMs, in the

first step, the radioactivity per single TAM cell was calculated using
the well-purified CD11b+ TAM–enriched fraction (see gating and
analysis strategy A in fig. S5). Since the tumor cells in the depleted
fraction were not purified to a satisfactory degree (<70%), the radio-
activity attributable to the fraction of TAM cells was subtracted from
the total activity of the depleted fraction, and the remaining radio-
activity was divided by the total cell number of tumor cells in the
depleted fraction for calculation of radioactivity per single tumor
cell. For samples containing very low concentrations of TAMs, in
the first step, the activity per single tumor cell was calculated in
the CD11− fraction (see gating and analysis strategy B in fig. S5).
Since TAMs in the CD11b+ fractions were not purified to a satisfac-
tory degree (<70%), the radioactivity attributable to tumor cells was
subtracted from the measured radioactivity in the TAM-enriched
fraction, and the remaining radioactivity was divided by the total
cell number of CD11b+ cells in the TAM-enriched fraction to
obtain radioactivity per TAM. Negligibility of TSPO tracer uptake
by non-TAM and nontumor cells for the overall radioactivity in the
cell pellets was confirmed by a regressionmodel of cell numbers and
gamma emission in TAM-enriched fractions of all biopsy samples.

Small-animal PET/computed tomography
All small-animal PET procedures followed an established standard-
ized protocol for radiochemistry, acquisition, and postprocessing
(59, 60). For tumor and sham mice, [18F]GE-180 TSPO small-
animal PET (12 ± 1 MBq, n = 36) recordings with an emission
window of 0 to 60 min after injection were obtained to measure ce-
rebral TSPO expression before sorting using a Mediso PET/com-
puted tomography (CT) system (Mediso, Budapest, Hungary). A
contrast enhanced CT was performed before the PET scan. For
the mice of the depletion experiment, a static [18F]GE-180 emission
(13 ± 2 MBq) was recorded between 60 and 90 min after injection
using a harmonized Siemens Inveon DPET (Siemens, Munich,
Germany). All small-animal PET experiments were performed
with isoflurane anesthesia (1.5% at time of tracer injection and
during imaging; delivery 3.5 liters/min).
All analyses were performed by PMOD (V3.5, PMOD Technol-

ogies, Basel, Switzerland) using CT (tumor and sham mice) and
tracer-specific templates (depletion experiment) for spatial normal-
ization (59). For tumor mice, a 40- to 60-min frame was analyzed
and normalization of activity was performed by SUV. The average
TSPO-PET SUVwas obtained from a spherical volume of interest at
the tumor site as the primary PET readout (16). Within the tumor
volume of interest, we performed a 50-step k-means clustering
using the PMOD segmentation tool (10 iterations) to delineate in-
dividual clusters of tumor tracer uptake in each tumor. For correla-
tion analysis with light-sheet microscopy, a 50% threshold was
applied before clustering to avoid artificial associations by inclusion
of necrotic parts of the tumor. For the depletion experiment, nor-
malization of injected activity was performed by the previously val-
idated myocardium correction method (61), and PET estimates
deriving from a whole-brain volume of interest (59) were extracted.
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Correlation between small-animal TSPO-PET and TSPO
immunohistochemistry
Immunohistochemistry was performed to assess the TSPO expres-
sion levels in the tumor core, the tumor boarder, and the infiltration
zone. N = 7 SB28 glioblastoma mice perfused at day 19 after inoc-
ulation that received a TSPO-PET on day 18 were used for this anal-
ysis. To this end, PFA-fixed 80-μm-thick coronal brain sections
were incubated overnight at 4°C in PBS with 5% normal goat
serum and 0.5% Triton X-100 containing guinea pig monoclonal
anti-Iba1 primary antibody (1:500; Synaptic Systems GmbH, Göt-
tingen, Germany, 234308) and rabbit monoclonal anti-TSPO
primary antibody (1:500; EPR5384, Abcam, Cambridge, UK,
ab109497). Afterward, slices were washed three times with PBS sup-
plemented with 0.5% Triton X-100, and, subsequently, slices were
incubated for 2 hours at room temperature (RT) with a suitable sec-
ondary antibody. Imaging was performed on a confocal microscope
(LSM 780 Axio invers, Carl Zeiss AG, Jena, Germany) with a ×20
objective in two coronal sections. Images contained a volume of
0.002 mm3. Target areas were selected on the basis of the tumor
anatomy and consisted of the tumor core, the tumor boarder, and
the infiltration zone. Images were processed with the ZEN 3.1 soft-
ware, and image analysis was performed with Fiji/ImageJ by quan-
tifying the area with a signal over a certain threshold for GFP, Iba1,
and TSPO. Furthermore, TSPO area% was obtained in thresholded
GFP+ and Iba1+ areas. TSPO-PET SUVmean values were determined
from matching areas (1-mm3 spheres) and correlated with
immunohistochemistry.

Multiplexed immunofluorescence and image analysis
A small subset of patients, including patient #3 (recurrence), patient
#6 (primary and recurrence), and patient #20 (primary and recur-
rence), were analyzed for the comparison of infiltrating and resident
myeloid cells via immunofluorescence. Formalin-fixed and paraf-
fin-embedded (FFPE) tissue sections were deparaffinized and rehy-
drated. Antigen retrieval was performed using a pressure cooker
and 1× citrate buffer, pH 6.0. Subsequently, sections were stained
using the Opal Polaris 7 Color Manual IHC Detection Kit (Akoya
Biosciences). Image analysis was performed by using inForm anal-
ysis software (Akoya Biosciences) and the open-source software for
digital pathology image analysis QuPath. The following primary an-
tibodies were used at a 1:100 dilution: CD11b recombinant rabbit
monoclonal antibody clone JU93-81 (Thermo Fisher Scientific,
MA5-32793), Purified anti-human CD162 antibody clone KPL-1
(BioLegend, 328802), and TSPO polyclonal antibody (Thermo
Fisher Scientific, PA5-75544).

Multiplex Opal immunofluorescence staining and counting
Sections of patients #14, #17, and #20 underwent a second workflow
of immunofluorescence to correlate TSPO-PET signals, scRadio-
tracing, and histology. For fluorescent, 3-plex staining of TSPO/
CD11b/40,6-diamidino-2-phenylindole (DAPI) and p53/TSPO/
DAPI the Opal system (Akoya Biosciences) were used. TSPO were
stained with the recombinant anti-PBR antibody [EPR5384]
(Abcam, ab109497; 1:5000), CD11b with a monoclonal CD11b an-
tibody [C67F154] (eBioscience, 14-0196-82; 1:500) and p53 with a
monoclonal p53 antibody [DO-7] (Dako, M7001; 1:50). Heat-
induced antigen retrieval for TSPO and CD11b was performed in
10 mM citrate buffer (pH 6.0) for p53 in 1 mM tris/EDTA buffer
(pH 9.0). Briefly, paraffin sections (3 μm) were baked (50°C),

deparaffinized, and rehydrated. Antigen retrieval for the first
target stain was performed for 30 min. After washing (PBS with
0.05% Tween 20), sections were blocked for 10 min with kit-provid-
ed endogenous enzyme block (Dako, K4065) following a 1% BSA
incubation for 10 min (RT). Incubation with primary antibodies
was performed (TSPO, 1 hour at RT; p53, overnight at 4°C). After
washing, sections were labeled with Opal polymer horseradish per-
oxidase Ms + Rb (10 min at RT). After additional washing, sections
were incubated with Opal Dye working solution (10 min at RT).
After another washing step, the second target stain was performed
like the first one (CD11b, overnight at 4°C; TSPO, 1 hour at RT).
Last, another antigen retrieval step in 10 mM citrate buffer (pH
6.0) was followed by nuclear counterstaining using spectral DAPI
solution [TBST (1 droplet/ml) (pH 7.5) and 0.05% Tween 20] for
5 min at RT. Last, slides were coverslipped using Aquatex (Merck
KGaA, 1.08562.0050), and JPEG images (400×) were counted
within Fiji (62) with the Cell Counter plugin (https://biii.eu/cell-
counter-imagej).

Human PET/CT
TSPO-PETwas available for 13 of 20 (65%) patients who underwent
scRadiotracing. All human TSPO-PET scans were performed on a
Biograph 64 PET/CT scanner (Siemens, Erlangen, Germany).
Tracer production and image acquisition were performed as de-
scribed previously (63). Approximately 180 MBq of [18F]GE-180
was injected as an intravenous bolus, and summation images 60
to 80 min after injection were used for image analysis using a
Hermes workstation (Hermes Medical Solutions, Stockholm,
Sweden). MRI sequences included gadolinium-enhanced T1- and
T2-weighted images and were used for anatomical mapping of ster-
eotactic biopsy coordinates and resected tumor mass within the
TSPO-PET images using Brainlab Elements (Brainlab AG,
Munich, Germany). For correlation analysis between scRadiotrac-
ing and TSPO-PET imaging, the mean SUV was obtained from a
0.2-cm3 (25 voxels) volume of interest using the sample coordinates.
Amino acid PETwas available for a subset of the investigated pa-

tients (80%) and served for characterization of vital tumor tissue.
Approximately 180 MBq of [18F]FET was injected, and summation
images 20 to 40 min after injection were analyzed. Tumor uptake
was assessed as maximum SUV (SUVmax). As described previously
(64), the mean background activity was defined as the mean activity
of at least six crescent-shaped cortical areas in the healthy contra-
lateral side, and SUVmean and SUVmax were divided by the mean
background activity to obtain mean and maximal tumor-to-back-
ground ratios (TBRmean and TBRmax). The biological tumor
volume was semiautomatically delineated using the standard 1.6 ×
background activity as threshold.

Neuropathological analysis
Five-micrometer-thick sections of FFPE tumor tissue were routine-
ly stained with hematoxylin and eosin. In addition, immunohisto-
chemical stainings using antibodies against GFAP (polyclonal;
Agilent Technologies, Santa Clara, CA, USA), MAP2 (HM-2;
Merck, Darmstadt, Germany), isocitrate dehydrogenase mutation
1 (IDH1) (R132H) (QM002; Quartett GmbH, Potsdam,
Germany), ATRX (BSB-108; Bio SB, Goleta, CA, USA), and Ki67
(MIB1; Agilent Technologies, Santa Clara, CA, USA) were routinely
performed according to standard protocols.
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Transcardial perfusion, immunohistochemistry, and tissue
clearing
Mice that were intended for 3D histology were intraperitoneally in-
jected with 10% ketamine (100 mg/kg) and 2% xylazine (10 mg/kg)
in 0.9% NaCl. After expiration of the pedal reflex, intracardial per-
fusion was performed with 0.1 M PBS (10 U/ml; Ratiopharm) for 6
min, followed by the administration of 4% PFA in 0.1 M PBS (pH
7.4) (Morphisto, 11762.01000) for another 6 min. Afterward, the
brain was removed and postfixed by 4% PFA for 6 to 12 hours at
4°C and washed with 0.1 M PBS, and stored in 0.1 M PBS.
Samples were subjected to a modified version of vDISCO (65)

and SHANEL (66) protocols. Samples were decolorized with 25%
CUBIC solution for 1 day. An extra permeabilization step was per-
formed using SHANEL reagents: 10% CHAPS with 25% N-methyl-
diethanolamine in distilled H2O at 37°C overnight to access the
dense glioblastoma. Then, samples were further permeabilized
with vDISCO permeabilization solution with additional 10% 2-hy-
droxypropyl-β-cyclodextrin overnight at 37°C. The next day, anti-
body labeling and boosting step was performed with the addition of
CD11b (1:50; Miltenyi Biotec, 130-110-611) and GFP-nanobooster
LOT 102 (1:500; Chromotek, gba647n). The samples were incubated
in 37°C for 9 days. After labeling, samples were washed with
vDISCO washing solution for 3 hours, and 3DISCO clearing (67)
with 50-70-90-100-100% tetrahydrofuran (THF) (Sigma-Aldrich,
186562), 1 hour each, and dichloromethane (Sigma-Aldrich,
270997), 30 min, was performed. Last, samples were placed in
BABB (2:1; benzyl benzoate and benzyl alcohol) (Sigma-Aldrich,
24122 and W213802) solution indefinitely for refractive index
matching and light sheet fluorescent imaging.

Light sheet fluorescent microscopy
Ultramicroscope Blaze (Miltenyi Biotec) was used to acquire single
plane illumination (light sheet) image stacks. Filters used were ex-
citation of 470/40 nm, emission of 535/50 nm; excitation of 545/25
nm, emission of 605/70 nm; and excitation of 560/30 nm, emission
of 609/54 nm for autofluorescence, CD11b signal, and cancer cells,
respectively. For all scans, ×1.66 magnification, 1 × 2 tiling, 30%
overlap, 120-ms exposure time, 100% light sheet width, ~7-μm
laser sheet thickness, ~0.31 numerical aperture (NA), and 5-μm
z-step were used. To prevent signal saturation, laser power was ad-
justed per each sample.

Cryosectioning and immunofluorescence staining
To determine the absolute cell numbers within tumors, after acquir-
ing the light sheet images of brains, tissue was rehydrated for sec-
tioning. After sequential incubation in THF, samples were washed
in PBS and placed in 30% sucrose solution for dehydration over-
night. The next morning, samples were embedded in optimal
cutting temperature and frozen. Fifteen-micrometer sagittal sec-
tions were acquired using a cryostat (CM3050S, 665 Leica,
Wetzlar, Germany). Tissue sections blocked 0.2% Triton X-100,
10% dimethyl sulfoxide, and 10% goat serum in 0.1 M PBS for 1
hour, stained CD11b (1:50) and GFP-nanobooster LOT 102
(1:500) in 0.2% Tween 20, 5% dimethyl sulfoxide, 5% goat serum,
and 0.001% heparin in 0.1 M PBS, and washed with 0.2% Tween 20
and 0.001% heparin in 0.1 M PBS for 3 × 2 min.

Laser scanning confocal microscopy
Leica SP8 was used for laser scanning confocal microscopy. Images
were acquired with ×40magnification acquired as 8-bits with HCPL
APO CS2 40×/1.30 NA HCPL APO CS2 40×/1.30 NA or a HCPL
APO CORR CS2 63×/1.30 NA objective, 1024 × 1024 resolution,
200 Hz, at 20° to 25°C. Tile scans were obtained with z-step size
of 1 μm to allow 3D reconstruction of tissue for a depth of 15 μm.

Image processing
Tiles from each brain were stitched as described previously (65).
Stitched images were saved in TIFF format for further processing.
Volumes of segmented CD11b positivity per TAM and segmented
GFP positivity per tumor cell were obtained via confocal images to
allow calculation of absolute cell numbers in 3D histology (see Eq.
1). Regions of interest with predominant CD11b (n = 5) and cancer
cell (n = 5) signal were acquired, and DAPI nuclear stains were used
to count cells per region of interest (ROI). To segment single nuclei
from cancer cells and CD11b+ cells for estimation of absolute cell
numbers, cellpose (68) was used. The percentage of fluorescence+
nuclei/cells was determined via colocalization of nuclei with adja-
cent CD11b and GFP positivity. Volumes of CD11b and GFP pos-
itivity were obtained via assessment of segmented areas per channel
(50% maximum threshold) for each single layer after applying a
Gaussian filter of 6 mm. To account for positive areas not belonging
to captured nuclei (i.e., at the edge of cells), we determined the area
of CD11b andGFP positivity remote from nuclei (manual threshold
visually matching the cell borders). To account for caption of var-
iable profiles in single cells, we assumed a Gaussian distribution of
modeled percentage areas in a fluorescence positive sphere (i.e., cell)
with an internal fluorescence negative sphere (i.e., nucleus), calcu-
lating a correction factor of 1.044. Areas per cell were then extrap-
olated to volumes per cell using spherical assumption.

cell volume ðμm3Þ

¼
4
3
π�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

segmentedarea (μm2)
segmentednuclei (n) �
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all nuclei (n)
fluorescence(+)nuclei (n)�1:044

 !v
u
u
t

π

2

6
6
6
6
6
6
4

3

7
7
7
7
7
7
5

3

ð1Þ

To calculate the volume of tumor cells and TAMs within the
tumor in 3D histology, two channels were separately segmented
using syGlass virtual reality tool (69). The TIFF stack was imported
into the syGlass software where the stack is rendered as a 3D image
in a virtual space. The ROI tool was used to annotate the signal of
interest with adjustable thresholding in the 3D space to get the best
signal-to-noise ratio. The annotation mask was exported as TIFFs
for further downstream processing. On the basis of the virtual
reality–aided manual annotations of tumor and TAM regions,
areas were calculated as the sum of the marked mask voxels. Light
sheet fluorescence microscopy’s resolution of 19.58 mm3 per voxel
was used to compute the total volume in mm3. The percentage of
TAMs within the tumor was obtained by first filtering the annotated
TAM mask with the tumor area by dot multiplication between the
two masks. Then, the number of obtained voxels was divided by the
total amount of tumor voxels. Last, the PET signal of the tumor was
compared with the aggregated recovered signals of tumor cells and
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TAMs (see Eq. 2).

PET signal ðBqÞ ¼
tumor GFP volume ðμm3Þ

GFP ðμm3Þ
tumor cell

�
Bq

tumor cell

 !

þ
tumor CD11b volume ðμm3Þ

CD11b ðμm3Þ
TAM

�
Bq
TAM

 !

ð2Þ

Proteomics
Isolated TAMs (n = 5) and tumor cells (n = 3), as well as control
microglia isolated from untreated control mice (n = 6), were pre-
pared for mass spectrometry–based label-free protein quantifica-
tion. The cell pellets were lysed in 50 μl of
radioimmunoprecipitation assay lysis buffer [50 mM tris, 150 mM
NaCl, 5 mM EDTA, 1% (v/v) Triton X-100, 0.5% (w/v) sodium de-
oxycholate, and 0.1% (w/v) SDS (pH 8.0)] at 4°C with intermediate
vortexing. DNA was disrupted by ultrasonication (M220 Focused-
ultrasonicator, Covaris,Woburn,MA, USA). The samples were cen-
trifuged for 5 min at 16,000g and 4°C to remove cell debris and un-
dissolved material. The supernatants were transferred to protein
LoBind tubes (Eppendorf, Hamburg, Germany). Proteins were
reduced at 37°C for 30 min with 15 mM dithiothreitol (DTT), fol-
lowed by cysteine alkylation with 60 mM iodoacetamide (IAA) for
30 min at 20°C. Excess of IAAwas removed by adding DTT. Deter-
gent removal and subsequent digestion with 0.2 μg of LysC and 0.2
μg of trypsin (Promega, Walldorf, Germany) was performed using
the single-pot, solid phase–enhanced sample preparation as previ-
ously described (70). After vacuum centrifugation, peptides were
dissolved in 20 μl of 0.1% formic acid. The peptide amount of
tumor cell samples was estimated using a fluorescence-based
protein assay (Qubit Protein assay, Thermo Fisher Scientific,
Waltham, MA, USA).
For mass spectrometry, the injected volume was adjusted on the

basis of the counted cell numbers to analyze equal cell numbers with
a maximum injection amount of 400 ng of peptides. The peptides
were separated on a nanoElute nanoHPLC system (Bruker, Bremen,
Germany) using a 5-mm trapping column (Thermo Fisher Scien-
tific, Waltham, MA, USA) and an in-house packed C18 analytical
column (15 cm × 75 μm ID, ReproSil-Pur 120 C18-AQ, 1.9 μm, Dr.
Maisch GmbH). Peptides were separated with a binary gradient of
water and acetonitrile (B) containing 0.1% formic acid at a flow rate
of 300 nl/min (0 min, 2% B; 2 min, 5% B; 70 min, 24% B; 85 min,
35% B; 90 min, 60% B) and a column temperature of 50°C.
The nanoHPLC was online coupled to a TimsTOF pro mass

spectrometer (Bruker, Bremen, Germany) with a CaptiveSpray
ion source (Bruker, Bremen, Germany). A data-independent acqui-
sition parallel accumulation–serial fragmentation (PASEF) method
for spectrum acquisition was used. Briefly, ion accumulation and
separation using trapped ion mobility spectrometry (TIMS) was
set to a ramp time of 100 ms. One scan cycle included one TIMS
full MS scan and with 26 windows with a width of 27 mass/
charge ratio (m/z) covering a m/z range of 350 to 1002 m/z. Two
windows were recorded per PASEF scan. This resulted in a cycle
time of 1.4 s.
The data analysis and protein LFQ was performed with the soft-

ware DIA-NN (71) version 1.8. The data were analyzed using a

spectral library including 13,912 protein groups and 208,218 pre-
cursors in 174,909 elution groups generated with the same
samples and additional murine microglia samples using DIA-NN
searching against a one protein per gene database fromMus muscu-
lus (download date: 2022-01-25, 21,994 entries). Trypsin was
defined as protease, and two missed cleavages were allowed. Oxida-
tion of methionines and acetylation of protein N termini were
defined as variable modifications, whereas carbamidomethylation
of cysteines was defined as fixed modification. The precursor and
fragment ion m/z ranges were limited from 350 to 1002 and 200
to 1700, respectively. Precursor charge states of 2 to 4 were consid-
ered. The mass accuracy for peptides and peptide fragments was set
to 15 and 20 ppm, respectively. An FDR threshold of 1%was applied
for peptide and protein identifications. Data normalization was dis-
abled to obtain quantification values, which reflect the protein
amounts per cell.
Ratios of TSPO protein expression between SB28 tumor cells,

TAMs, and control microglia were compared against corresponding
ratios obtained by scRadiotracing. Furthermore, all proteins were
analyzed regarding their SB28 tumor cell and TAM expression
levels relative to control microglia. Potential TAM-specific radio-
tracer targets were identified in a multistep process. First, all pro-
teins with higher levels in TAMs (TAM–to–control microglia
ratio) when compared to TSPO were selected. Second, among
these, we identified proteins that were not present in SB28 tumor
cells or showed high specificity in TAMs over SB28 tumor cells
(TAM–to–tumor cell ratios of ≥10). Third, to further interrogate
specificity, the Human Protein Atlas (17) was used to analyze
single-cell RNA expression levels of brain and nonbrain cells for
all identified target proteins that could serve for subsequent devel-
opment of TAM-specific radioligands. Fourth, the predominant cell
type and the functional immune cell cluster of the identified pro-
teins for radiotracer development were determined by the Human
Protein Atlas. To account for potential down-regulation in late stage
SB28 tumors due to immunosuppression, TAM-selective proteins
were also screened for important immune targets with lower expres-
sion compared to TSPO. Proteins were ranked based on the number
of references linked at the UniProt library (72) as a surrogate of sci-
entific relevance not only in glioblastoma but all areas of research
and screened for targets of interest.

Statistics
Statistical analyses were performed with GraphPad Prism (V9, San
Diego, CA, USA) and SPSS (V26, IBM, Armonk, NY, USA). A sig-
nificance threshold of P < 0.05 was considered as significant for all
experiments.
Validation of TSPO scRadiotracing
Radioactivity per cell was compared between microglia and astro-
cytes by a paired Student’s t test. In the depletion experiment,
TSPO-PET measures of the whole brain were compared between
treatment and vehicle by an unpaired Student’s t test. Iba1 immu-
noreactivity was compared between treatment and vehicle groups
by an unpaired Student’s t test. The decrease in the TSPO-PET
signal in the treatment group was considered as microglia bound
radioactivity in the brain and compared to extrapolated radioactiv-
ity of the microglia cell population as assessed by scRadiotracing
using a Student’s t test.
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scRadiotracing in SB28 glioblastoma mice
Radioactivity per cell (%ID*BW normalized) was compared
between different cell populations (tumor cells, TAMs, shammicro-
glia, and control microglia) by a one-way ANOVAwith Tukey post
hoc test or by a paired Student’s t test for populations that were
present in the same animals. Multiple regression was used to deter-
mine contributions of tumor cells (GFP+), microglia (CD11b+), and
astrocytes (ACSA2+) to the radioactivity in the cell pellet. As a val-
idation, measured radioactivity in the depleted fraction of the tumor
was correlated with predicted radioactivity by cell count and single-
cell tracer uptake (Pearson’s coefficient of correlation).
Association between scRadiotracing and PET imaging
Lesion site SUV was compared between SB28 and sham mice by an
unpaired Student’s t test. Single-cell tracer uptake (tumor cells,
TAMs, and a summed vector) was correlated with the tumor PET
signal and between cell types using Pearson’s coefficient of correla-
tion, and we applied a regression model with both cell types as pre-
dictors and the PET signal as dependent variable. PET cluster values
of the tumor segmentation were correlated with single-cell tracer
uptake and plotted as a function of cluster grade, after determining
the best curve fit (linear, quadratic, and exponential) by Akaike in-
formation criteria. The difference between the cluster agreement of
tumor cells and TAMs was calculated to determine dominant con-
tribution of cell types and likewise plotted as a function of
cluster grade.
Human in vitro scRadiotracing
A regression model with cell count of TAMs and non-TAM/nontu-
mor cells as predictors and pellet radioactivity as dependent variable
was applied to test for significant contribution of non-TAM/nontu-
mor cells to the total radioactivity. Tumor grade (high versus low),
age, and sex were tested as predictors of single-cell tracer uptake by a
multivariate regression model. Within the groups of high-grade and
low-grade glioma, single-cell tracer uptake of tumor cells and TAMs
was compared by a paired Student’s t test. Single-cell tracer uptake
(tumor cells and TAMs) was correlated with the tumor PET signal
using Pearson’s coefficient of correlation.
Integrated model of PET, scRadiotracing, and 3D histology
Comparisons of GFP+ and CD11b+ volumes and cell counts in SB28
tumors were performed using a paired Student’s t test. The follow-
ing analysis was performed using the 50 cluster regions of interest
per individual mouse. TSPO-PET SUVs were multiplied with the
regional correlation coefficient of either tumor or TAM single-cell
tracer uptake correlations with PET. The individual single-cell
tracer uptake was estimated according to TSPO-PET SUV of the
tumor (Fig. 3B) and applied to predict light sheet signal intensity
per cluster as a surrogate for cell density. This was performed sep-
arately for tumor cells and TAMs. A linear regression was per-
formed to test for the agreement between predicted and standard
of truth cell density per region. Last, a combined tumor cell and
TAM model was used to predict absolute radioactivity in SB28
tumors as measured by means of TSPO-PET. To this end, the cell
count of both tumor cells and TAMs in seven SB28 tumors wasmul-
tiplied with the individual single-cell tracer uptake (as estimated ac-
cording to TSPO-PET SUV of the tumor) and aggregated before
correlation with equally normalized (%ID*BW) PET radioactivity.
Proteomics
The statistical data analysis of the DIA-NN output was performed
with the software Perseus version 1.6.14.0 (73). Only LFQ intensi-
ties from protein groups with at least two peptides were considered.

The protein LFQ intensities were log2-transformed. A one-way
ANOVA test was applied to determine statistically significant differ-
ences between the means of the three groups. Afterward, individual
Student’s t tests were applied to evaluate proteins with a signifi-
cantly different abundance between the TAMs, tumor cells, and
control microglia. In addition, a permutation-based FDR estima-
tion was used with a FDR of 5% at s0 = 0.1 as threshold (74). All
numeric values are reported as average group values ± SEM
unless otherwise indicated.
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