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CANCER

Multispectral fluorine-19 MRI enables longitudinal and
noninvasive monitoring of tumor-associated

macrophages
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High-grade gliomas, the most common and aggressive primary brain tumors, are characterized by a complex
tumor microenvironment (TME). Among the immune cells infiltrating the glioma TME, tumor-associated micro-
glia and macrophages (TAMs) constitute the major compartment. In patients with gliomas, increased TAM abun-
dance is associated with more aggressive disease. Alterations in TAM phenotypes and functions have been
reported in preclinical models of multiple cancers during tumor development and after therapeutic interven-
tions, including radiotherapy and molecular targeted therapies. These findings indicate that it is crucial to eval-
uate TAM abundance and dynamics over time. Current techniques to quantify TAMs in patients rely mainly on
histological staining of tumor biopsies. Although informative, these techniques require an invasive procedure to
harvest the tissue sample and typically only result in a snapshot of a small region at a single point in time. Fluo-
rine isotope 19 MRI (*°F MRI) represents a powerful means to noninvasively and longitudinally monitor myeloid
cells in pathological conditions by intravenously injecting perfluorocarbon-containing nanoparticles (PFC-NP).
In this study, we demonstrated the feasibility and power of °F MRI in preclinical models of gliomagenesis,
breast-to-brain metastasis, and breast cancer and showed that the major cellular source of '°F signal consists
of TAMs. Moreover, multispectral '°F MRI with two different PFC-NP allowed us to identify spatially and tempo-
rally distinct TAM niches in radiotherapy-recurrent murine gliomas. Together, we have imaged TAMs noninva-
sively and longitudinally with integrated cellular, spatial, and temporal resolution, thus revealing important
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biological insights into the critical functions of TAMs, including in disease recurrence.

INTRODUCTION

The brain tumor microenvironment (TME) is composed of malig-
nant cancer cells, tissue-resident and peripherally recruited
immune cells, stromal cells, astrocytes, and neurons, along with
noncellular components, that collectively orchestrate tumor devel-
opment and modulate the response to anticancer treatments (I, 2).
The precise composition and phenotypes of immune cells in the
brain TME is dictated by several parameters, including the intracra-
nial or extracranial origin of the tumor, the genetic drivers of the
cancer, and the type of therapeutic intervention (3-5).

The most aggressive primary brain tumors in adults are high-
grade gliomas, also termed glioblastomas (6). Despite treatment
with standard-of-care therapy, which includes surgical resection,
radiotherapy (RT), and chemotherapy with the alkylating agent te-
mozolomide (TMZ), median survival remains just 14 months after
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diagnosis, and the 5-year survival is less than 5% (7). Recent com-
prehensive analyses of the immune cell composition of diverse brain
malignancies in patients, including low- and high-grade gliomas,
and brain metastases originating from different primary cancers re-
vealed disease-specific alterations in both immune cell abundance
and functions (3, 4). The immune microenvironment of high-grade
gliomas was found to be predominantly populated by tumor-asso-
ciated macrophages (TAMs) comprising brain-resident microglia
(MG) and monocyte-derived macrophages (MDM:s) that were re-
cruited from the peripheral circulation (3, 4). Standard-of-care ther-
apies, including RT and TMZ, have been shown to directly alter the
TME composition, with pronounced effects on myeloid cells in par-
ticular (5, 8). Time course analyses, incorporating several fixed time
points, showed that the relative abundance and phenotypes of MG
and MDMs changed in response to RT in multiple genetically dis-
tinct murine glioma models (5). Combining RT with therapeutic
targeting of TAMs by colony-stimulating factor-1 receptor (CSF-
1R) inhibition to “reeducate” these cells, or by depletion of
MDMs, resulted in a prolonged survival of tumor-bearing
animals (5). CSF-1R inhibition has been shown to be a promising
and translationally relevant approach in several preclinical studies
using models of diverse brain cancers (5, 9-14), and clinical trials
with a potent CSF-1R inhibitor (BLZ945) are ongoing in patients
with advanced cancer, including gliomas (NCT02829723) (15).
The evolving TME was also recently assessed in response to TMZ
chemotherapy, which revealed specific myeloid cell dynamics
during tumor progression and upon treatment in distinct models
of mesenchymal and proneural glioma (8).
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Dynamic monitoring of the cells of the brain TME is therefore
crucial to fully understand both disease biology and response to
treatment. Although TAMs can be analyzed using a multitude of
experimental techniques in preclinical models, TAM quantification
in patients currently relies mainly on histological staining of tumor
biopsies. This approach has several limitations, including the fact
that biopsies only represent a small portion of the entire tumor
and thus do not necessarily capture the full tissue heterogeneity.
Moreover, surgical access to the brain is challenging, which does
not facilitate frequent and repeated sampling to follow cellular dy-
namics over time. It is therefore essential to develop new technolog-
ical strategies that will enable the noninvasive and longitudinal
monitoring of multiple aspects of the disease, including changes
in the TME composition.

Magnetic resonance imaging (MRI) is a widely used and indis-
pensable imaging modality in neuro-oncology, where it enables key
decision-making steps including tumor diagnosis, precise guidance
for planning surgery and targeted RT, and monitoring the subse-
quent response to treatment (16). Historically, MR images have
been primarily used for a qualitative and objective assessment of
the tumor by clinicians. However, recent neuroimaging advances
have contributed to the development of quantitative and molecular
MRI techniques (17-19), which have the potential to transform the
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interpretation and application of imaging results into routine clin-
ical practice. Nonetheless, research into fully quantitative MRI-
based biomarkers of glioma is still very much an ongoing endeavor.
The major challenges include the technical, biological, and clinical
validation of such biomarkers to implement robust imaging
methods that will enable the acquisition of multiparametric infor-
mation, including TME-centered data (16).

The clinical application of macrophage imaging requires safe
and biocompatible targeting agents and an accurate and precise in-
terpretation of the resulting signal. Several MRI-based noninvasive
molecular imaging techniques fulfill these conditions for a poten-
tially powerful strategy to visualize myeloid cells (20, 21). Among
these, isotope fluorine-19 MRI (*°F MRI) takes advantage of per-
fluorocarbon-containing nanoparticles (PFC-NP), such as per-
fluoro-crown-ether (PFCE) or perfluoro-tert-butylcyclohexane
(PFTBH) (22, 23), and has been mostly used for nonneurological
applications to date (24, 25). PFCs are biologically inert organic
compounds that are highly enriched in the stable isotope '°F. The
19F isotope is not naturally present in the body, and the '°F signal is
completely independent of the hydrogen signal normally used for
routine MRI (‘H MRI). Thus, '°F MRI enables a precise signal de-
tection and quantification upon the injection of PFC-NP. Myeloid
cells generally have a high capacity for phagocytosis, and their
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Fig. 1. "F MRI allows the noninvasive imaging of glioma-associated inflammation. (A) '°F MR imaging workflow: PDG-Ink4a/Arf KO glioma-bearing mice were
injected with PFCE-NP and then imaged 48 hours later by conventional 'H MRI to visualize the anatomical location of the tumor, in addition to molecular '°F MRI.
The overlay (right) shows the '°F signal evident in the tumor (green dashed line), but not in the contralateral healthy brain, in the liver (pink arrowhead) and in a
PFCE-NP—containing reference tube (cyan arrowhead) placed adjacent to the mouse, which allows the absolute quantification of the tumor signal into a PFCE
amount or concentration. i.v., intravenous. (B) Correlation of the PFCE concentration and 'H tumor volume. (C) Percentage of '°F signal coverage of the total tumor
"H volume. (D) Correlation of the total PFCE amount and 'H tumor volume. (E) Correlation of the '°F signal-to-noise ratio (SNR) with the abundance of tumor-associated
macrophages (TAMs) (CD45" CD11b* Ly6G~ Ly6C™) quantified by flow cytometry. PDG-Ink4a/Arf KO model: n = 15 mice. Regression analysis was done using a
linear model.
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uptake of PFC-NP has been used as a readout for inflammation-
related processes (24-27). Because of the critical role of TAMs in
regulating tumor biology and influencing therapeutic response,
we decided to investigate '°F MRI as a strategy to noninvasively lon-
gitudinally monitor TAMs in vivo in experimental mouse models of
gliomagenesis, breast-to-brain metastasis (BrM), and primary
breast cancer. In this study, we report the successful tracking of dif-
ferent TAM populations with integrated cellular, spatial, and tem-
poral resolution, which has allowed us to reveal biological insights
into the dynamic evolution of the TME. This study also serves to
highlight the potential of in vivo '°F MRI to ultimately complement,
or perhaps even replace, the existing histological-based assessment
of TAMs in patient samples.

RESULTS

Multiparametric MRI reveals a tumor-restricted
accumulation of PFCE-NP in preclinical models of

multiple cancers

We began by assessing whether multiparametric 'H and '°F MRI
can be used in conjunction for molecular imaging of several preclin-
ical cancer models. We first analyzed a genetically engineered
mouse model (GEMM) of gliomagenesis, in which nestin-positive
neural progenitor cells overexpress the oncogenic platelet-derived
growth factor— (PDGEF-P) by taking advantage of the transgenic
RCAS-tva delivery strategy (28). High-grade gliomas develop in a
highly penetrant manner when this model is crossed into an
Ink4a/Arf tumor suppressor—deficient background [termed PDG-
Ink4a/Arf knockout (KO) GEMM] (5, 11, 28-30). Tumor-bearing
mice were injected with a PFCE-NP emulsion and imaged 48 hours
later using a 3T clinical MRI scanner (Prisma, Siemens) equipped
for both 'H and '°F sequential imaging (Fig. 1A). We detected a
robust '°F signal and PFCE accumulation inside the gliomas,
which were anatomically defined by standard '"H MRI (Fig. 1B).
By contrast, the contralateral healthy brain, as well as the brain of
control nontumor bearing mice, did not show any '°F signal (fig.
S1A). The measured PFCE concentrations were above the detection
limit of PFCE at 3T (fig. S1B). Brain tumors can display diverse an-
atomical features by "H MRI, which may indicate functionally dis-
crete regions (31). We therefore analyzed the extent of the '°F
distribution in detail and found that the proportion of the total
tumor volume covered by the '°F signal varied considerably and
showed distinct patterns in different animals (Fig. 1C and fig.
S1C). We also observed PFCE accumulation in the liver (Fig. 1A
and fig. S1A), in agreement with a previous description of its func-
tion in PFCE uptake and excretion (22). Therefore, the ability to
assess whole-body '°F distribution in vivo in this manner represents
an important advance over the recently reported static ex vivo '°F
MRI of a glioma model that was generated by intracranial injection
of cancer cells (32).

We next asked whether this imaging strategy could also be
applied to other brain cancer models and evaluated the 'H-'°F
MRI pipeline in a BrM mouse model, termed PyMT-BrM3. We
generated the PyMT-BrM3 cell line from the sequential in vivo se-
lection (three rounds) of a metastatic cell line that was originally
derived from the MMTV-Polyoma Middle T-antigen (PyMT)
mammary tumor model (BL/6 background). Intracardiac injection
of PyMT-BrM3 cells in BL/6 mice leads to cancer cell circulation in
the blood, extravasation, seeding, and outgrowth of multiple lesions
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throughout the brain parenchyma. By comparison with PDG-
Ink4a/Arf KO gliomas, the '°F coverage of the metastatic lesions
was lower, as reflected by the lower PFCE concentration and
amount in the PyMT-BrM3 model (fig. S1, D to F). Nonetheless,
in both gliomas and brain metastases, there was a positive correla-
tion between the total amount of PFCE and tumor volume as deter-
mined by 'H MRI (Fig. 1D and fig. S1F). Primary breast tumor
models have been reported to display a '°F signal upon injection
of PFC agents (33, 34). We therefore investigated whether extracra-
nial tumors might accumulate more PFCE-NP by injecting the
PyMT-BrM3 cell line orthotopically in the mammary fat pad
(termed “primary breast tumor” model). Upon '°F MR imaging,
we indeed found a higher PFCE accumulation than in the corre-
sponding brain metastatic lesions (fig. S1G), indicating that prop-
erties of the brain or the brain TME might affect the PFCE-NP
uptake. Together, these results demonstrate that multiparametric
MRI is technically feasible in vivo in different preclinical cancer
models and can be used to reveal valuable molecular information
in addition to conventional 'H MRI. The heterogeneous '°F
pattern observed in the glioma and BrM models and the higher
total amount of PFCE in larger brain tumors, as well as in extracra-
nial tumors, suggest that a specific cellular composition and func-
tionally distinct regions within the tumor could potentially underlie
the '°F signal distribution, which we subsequently investigated
in detail.

We first asked whether the '°F signal-to-noise ratio (SNR) cor-
related with the presence of any specific cell population, which was
assessed by flow cytometry analysis of the cellular composition of
the tumor. We found that myeloid cell abundance, in general, and
TAMs, specifically, correlated positively with the '°F SNR (Fig. 1E
and fig. S1H), which was opposite to the abundance of nonimmune
cells (fig. S1I). To determine whether there was a direct dependency
of the '”F SNR with macrophage abundance, we measured the '°F
signal in primary breast tumors that were treated with BLZ945, an
anti-CSFI1R inhibitor which has previously been shown to deplete
macrophages in similar models (35, 36). We found a lower '°F SNR
after in vivo treatment of tumor-bearing mice (fig. S1J). Together,
these results indicate that the '°F signal represents a direct readout
of macrophage abundance, and we subsequently investigated the
exact cellular source and accumulation of the PFCE-NP.

PFCE-NP accumulate in tumor-associated MG and
macrophages in gliomas, enabling their specificimaging by
1°F MRI

9F MRI has been used in different models of inflammatory disease,
where myeloid cells at the site of inflammation have been shown to
take up injected PFC-NP (25, 34, 37). However, this powerful
imaging approach has not yet been widely applied to assess the dy-
namics of cancer-associated inflammation in vivo. Brain tumor de-
velopment and progression can result in heterogeneous breakdown
of the blood-brain barrier (BBB), facilitating the entry of peripheral
immune cells, mainly of myeloid origin, which, along with the
various brain-resident cells, contribute to form a complex and
diverse brain TME (1-4). We therefore assessed the exact cellular
source of the '°F signal that we observed in the PDG-Ink4a/Arf
KO GEMM. To do so, we injected glioma-bearing mice with fluo-
rescent rhodamine—labeled PFCE-NP (rhodamine-PFCE-NP),
allowed the NP to circulate for 24 hours, and analyzed the cellular
composition of the tumors by flow cytometry at the end of the
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experiment. We observed a high abundance of myeloid cells in
gliomas (fig. S2A), as previously described for this mouse model
(5, 11, 28-30) and similar to analyses of patient samples (3, 4). In
our flow cytometry analysis, specifically investigating the rhoda-
mine-PFCE-NP™ cells (Fig. 2A and fig. S2B), we found that
myeloid cells accounted for the majority of positive cells. TAMs, to-
gether with a smaller proportion of monocytes, constituted the rho-
damine-PFCE-NP* myeloid pool (Fig. 2, B and C). Although we
also detected rhodamine-PFCE-NP in some nonimmune cells by
flow cytometry, the median fluorescence intensity (MFI) of rhoda-
mine was substantially higher in both resident MG and recruited
MDMs (Fig. 2D), indicating a substantial enrichment of NP specif-
ically in these cells. TAMs have been shown to represent a very het-
erogeneous cellular population (38). We therefore investigated in
detail the granularity of the TAM compartment with relation to
the rhodamine-PFCE-NP uptake by performing t-distributed sto-
chastic neighbor embedding (tSNE) analysis of the flow cytometry
data (Fig. 2E). We identified both MG and MDM populations,
defined by differential expression of CD49d and CD45 (29),
which were additionally clustered in subpopulations characterized
by the differential expression of the major histocompatibility
complex II (MHCII), CD11c, CD64, and F4/80. We found that
the majority of the MHCII* CD11c* CD64~ F4/80~ cells were en-
riched in the rhodamine-PFCE-NP-negative fraction, indicating no
uptake by this population (fig. S2C). To evaluate any extracellular
deposition or accumulation of the NP, we also analyzed tissue sec-
tions by immunofluorescence (IF) staining with the pan-macro-
phage marker Ibal and staining of all cell membranes using the
wheat germ agglutinin (WGA) (Fig. 2F). We observed NP accumu-
lation within Ibal* macrophages, whereas no extracellular deposi-
tion was detected (Fig. 2G). These data corroborated our finding
that the '°F SNR correlated with a high abundance of TAMs in
gliomas (Fig. 1E).

We then assessed the proportion of rhodamine-PFCE-NP™ cells
in a cell type—specific manner (Fig. 2H, and fig. S2, D and E). We
found that although myeloid cells represented the major rhoda-
mine-PFCE-NP* population, only a small percentage within the
different cell populations accumulated the rhodamine-PFCE-NP.
A higher frequency of rhodamine-PFCE-NP* cells was observed
in TAMs compared to monocytes (Fig. 2H), and uptake by cells
of lymphoid origin or nonimmune cells was generally low (fig.
S2E). CD31" endothelial cells showed a slightly higher frequency
of rhodamine-PFCE-NP™* cells compared to other nonimmune
cells (fig. S2E), which could indicate a role for the vasculature in
the distribution of the NP, as discussed below. Given that the
TME composition can change dynamically over time, partly as a
consequence of the infiltration of newly recruited immune cells
from the periphery, we also assessed the uptake of rhodamine-
PFCE-NP in myeloid cells isolated from the blood and the bone
marrow. However, we did not observe substantial accumulation of
the compound in these tissues (fig. S2F) and thus consider it unlike-
ly that cells recruited de novo from outside the brain would substan-
tially affect the '°F signal in the days after PFCE-NP injection.
Together, we were able to identify TAM:s as the major cellular con-
tributor to the pool of rhodamine-PFCE-NP* cells, showing both a
higher accumulation and MFI signal compared to the other cell
types analyzed. Therefore, we conclude that TAMs are the major
source of the '°F signal detected by MRI.

Croci et al., Sci. Transl. Med. 14, eabo2952 (2022) 19 October 2022

PFCE-NP accumulate in proximity to dysmorphic vessels
MR imaging revealed a '°F signal localized to the tumor mass and
not in the contralateral healthy brain, suggesting the presence of an
inflammatory microenvironment specifically in the diseased tissue
area. Similarly, we did not observe any rhodamine-PFCE-NP
uptake in the contralateral tumor-free brain (fig. S2G). Whereas
MG isolated from both the tumor and the normal contralateral
brain were both capable of taking up the rhodamine-PFCE-NP ex
vivo in cell culture (Fig. 21 and fig. S2H), CD45* CD11b~ lympho-
cytes were not (fig. S2I). This indicates that the absence of uptake in
vivo in the contralateral brain could be related to the NP distribu-
tion rather than differences in the phenotypes or phagocytic capa-
bilities of the MG. Although the BBB protects the brain from entry
of exogenous substances and pathogens under normal homeostasis,
thereby constituting a potential hurdle for PFCE-NP distribution, it
can be compromised in brain malignancies (39). Given the small
percentage of cells showing accumulation of the rhodamine-
PFCE-NP (Fig. 2H and fig. S2E), the absence of uptake in the con-
tralateral brain in vivo (fig. S2G), and the heterogeneous '°F signal
within the tumor (Fig. 1C), we reasoned that the abnormal nature of
the brain tumor vascular network could affect the differences in ob-
served PFCE-NP distribution. To investigate this further, we
induced PDG-Ink4a/Arf KO gliomas that were green fluorescent
protein positive (GFP™) , thereby enabling precise visualization of
the tumor mass, and investigated the distribution pattern of rhoda-
mine-PFCE-NP. To image the vasculature, we injected DyLight649-
fluorescent lectin intravenously and allowed it to circulate for 5 min
before euthanizing the mouse. IF analysis showed that the rhoda-
mine-PFCE-NP™ Ibal* cells localized in the vicinity of the vessels
(fig. S3, A and B). We therefore investigated whether this accumu-
lation was related to specific morphological properties of the tumor
vasculature. To retain the three-dimensional (3D) structure of the
vessels, and because the rhodamine-PFCE-NP signal can be sensi-
tive to degradation posttissue processing (40), we imaged freshly cut
425-um-thick tissue slices ex vivo with a two-photon microscope,
immediately after harvesting and slicing of the brain. We observed
a heterogeneous pattern of NP accumulation, whereby distinct
regions within the same tumor showed a differential distribution
of the rhodamine signal (Fig. 3A).

We reconstructed the imaged slices using the analysis software
Imaris (fig. S3C) and first assessed whether the accumulation was
similar to the flow cytometry results discussed above. We found that
only a minor proportion of the rhodamine* foci were also GFP™ (in-
dicating tumor cells) (fig. S3D), and similarly, only a small percent-
age of GFP* cells showed a rhodamine signal (fig. S3E). We then
examined how the tumor vasculature might affect the degree of ac-
cumulation of the rhodamine-PFCE-NP. Image reconstruction
using Imaris enabled a multiparametric analysis of the tumor
vessels, including vessel dendrite morphology, orientation, and
branching (fig. S3F). A principal components analysis of all vascu-
lar morphological parameters showed the independent clustering of
rhodamine™SH areas (with respect to the healthy brain parenchy-
ma) (Fig. 3B). Together, these analyses revealed a heterogeneous
vascular morphology within the tumors, ranging from “healthy
brain-like” vessels to a completely dysmorphic vasculature, which
precisely correlated with the amount of rhodamine-PFCE-NP accu-
mulation (Fig. 3B).

We then sought to longitudinally assess the kinetics of rhoda-
mine-PFCE-NP distribution by taking advantage of a recently
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Fig. 2. PFCE-NP cellular accumulation predominantly occurs in the TAM compartment. (A) Flow cytometry characterization of the fluorescent rhodamine-labeled
PFCE-NP—positive (rhodamine-PFCE-NP*) cell pool in PDG-Ink4a/Arf KO gliomas, showing a higher proportion of the myeloid compartment (CD45* CD11b™* cells) than
nonimmune cells (CD45~ CD11b™~) and lymphoid cells (CD45* CD11b~) (n = 6 mice). (B) Depiction of all rhodamine-PFCE-NP* myeloid cells showing TAMs (CD45*
CD11b* Ly6G~ Ly6C™), monocytes (CD45" CD11b* Ly6G~ Ly6C*), and neutrophils (CD45" CD11b* Ly6G* Ly6C*) (n = 6 mice). (C) Delineation of rhodamine-PFCE-NP*
TAMs between microglia (MG) (CD49d~) and monocyte-derived macrophages (MDMs) (CD49d™) (n = 6 mice). (D) Median fluorescence intensity (MFI) of the rhodamine
signal in the different myeloid cell types and CD45~ CD31" cells (n = 6 mice). AU, arbitrary units. (E) t-distributed stochastic neighbor embedding (tSNE) analysis of TAMs
(CD45* CD11b* Ly6G™ Ly6C™). Flow cytometry data show the expression of different cell surface markers. The tSNE analysis was based on the markers CD45, CD11b, Ly6G,
Ly6C, CD49d, MHCII, CD11¢, CD64, and F4/80 (n = 6 mice, pooled). (F) Representative immunofluorescence (IF) image of glioma tissue showing 4',6-diamidino-2-phenyl-
indole (DAPI)-labeled cell nuclei (blue), the pan-macrophage marker Iba1 (green), rhodamine-PFCE-NP (red), and cell membrane staining with wheat germ agglutinin
(WGA; white). White arrowheads indicate double-positive Iba1/rhodamine-PFCE-NP cells. Scale bar, 100 um. (G) Quantification of the IF images showing the percentage
of the total rhodamine™ area in each cellular and noncellular compartment (n = 6 mice). (H) Quantification of the percentage of rhodamine-PFCE-NP™ cells of total cells in
the different myeloid populations (n = 6 mice) as measured by flow cytometry. (I) Quantification of rhodamine-PFCE-NP* MG (CD45* CD11b* Ly6G™~ Ly6C~ CD49d") after
ex vivo treatment of dissociated contralateral brains and matched tumors (n = 8 mice). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, not significant (ns) if not
otherwise stated; data were analyzed using a post hoc Tukey’s multiple comparisons test. Data in (C) were analyzed using a paired Wilcoxon test.
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Fig. 3. PFCE-NP accumulate in proximity to dysmorphic vessels. (A) Representative two-photon microscopy images of brain slices showing GFP-expressing cancer
cells (green), the DyLight649-lectin—labeled vasculature (yellow), and rhodamine-PFCE-NP™* foci (red) in two distinct areas of the same tumor. Scale bar, 100 um. (B)
Principal components analysis based on nine different vessel parameters (Z-score normalized) of different volume of interest (VOI) (3 to 6 VOI per mouse; n = 8) in
different tumor areas and healthy contralateral brain adjacent to the tumor (blue arrowheads). The color bar shows the rhodamine-PFCE-NP uptake (total rhodamine*
foci volume normalized to the total VOI volume). Images 1, 2, 3, and 4 show representative VOIs of the vascular morphology in the healthy contralateral brain (7) and the
tumor (2 to 4, ranked by rhodamine-PFCE-NP uptake). (C) Experimental design for intravital microscopy (IVM): GFP-PDG-Ink4a/Arf KO glioma-bearing were imaged before
rhodamine-PFCE-NP administration (t = 0 hours) and 1, 6, and 24 hours later. (D) Longitudinal imaging of the same glioma-bearing mouse by two-photon microscopy
through a cranial imaging window (CIW; white dashed line). Representative images of the glioma area below the CIW were taken at different time points before
(t =0 hours) and after (t = 1, 6, and 24 hours) injection of the rhodamine-PFCE-NP, initially showing the circulation of the NP in the bloodstream (t = 1 hour) followed
by a gradual accumulation of rhodamine™ foci in the tumor (t = 6 and 24 hours). Scale bars, 500 um. (E) Quantification of the average distance to the DyLight649-lectin®
vessels of rhodamine-PFCE-NP* foci and all GFP-positive cancer cells, respectively (n = 8 mice). **P < 0.01, as determined by a paired Wilcoxon test.
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established intravital microscopy (IVM)-MRI pipeline in living
animals (41). We induced GFP* tumors in the PDG-Ink4a/Arf
KO GEMM, where a cranial imaging window (CIW) was surgically
implanted in the skull at the site of tumor induction. After tumor
detection by conventional 'H MRI, mice were imaged by two-
photon microscopy enabling longitudinal live imaging within the
GFP™ tumor area precisely below the CIW (Fig. 3C). Immediately
after injection of the rhodamine-PFCE-NP, we analyzed the dy-
namics of the rhodamine signal inside the blood vessels, which
were highlighted by the circulating fluorescent NP (Fig. 3D and
fig. S3G). We found that the rhodamine signal was almost
completely cleared from the blood circulation 6 hours after NP in-
jection. In line with our results above showing a heterogeneous
pattern of rhodamine!©W/HIGH regions, we were able to detect a
clear signal in vivo directly below the CIW in 2 of 11 mice that
were imaged (Fig. 3D and movies S1 to S3).

Given the higher NP uptake in regions with dysmorphic vessels,
we next sought to address whether the NP were subsequently dis-
tributed effectively from the circulation into the tumor mass. We
thus analyzed the distance of the rhodamine® foci to the vessels
(and GFP* cancer cells to the vessels) in tumor-bearing brain
slices and found that NP accumulated in proximity to the vascula-
ture (Fig. 3E). GFP* cancer cells with a detectable rhodamine signal
were also closer to the vessels compared to rhodamine-negative
cancer cells (fig. S3H). Because the positioning of TAMs relative
to the vasculature potentially affects their phenotype and oxidative
metabolism (42), we asked whether the specific distribution pattern
of rhodamine-PFCE-NP* TAMs could reflect a precise subpopula-
tion. We therefore used fluorescence-activated cell sorting to collect
rhodamine-PFCE-NP* and rhodamine-PFCE-NP~ TAMs, respec-
tively, and performed RNA sequencing (RNA-seq) (fig. S4A).
TAMs were gated as CD45* CD11b* Ly6G™~ Ly6C™ cells to obtain
a broad overview of the population-based phenotypes rather than
focusing too narrowly on isolating each of the different subpopula-
tions identified by flow cytometry (Fig. 2E). In line with their peri-
vascular location, gene set enrichment analysis (GSEA) revealed a
higher oxidative phosphorylation activity in the rhodamine-
PFCE-NP* population (Fig. 4A), consistent with an altered metab-
olism. Moreover, GSEA network analysis showed an enrichment of
several mitochondrial components (Fig. 4B) and central enzymes of
the tricarboxylic acid cycle, including Dlat, Idh1, and Idh2 (Fig. 4C).
To validate the RNA-seq results, we stained glioma tissue sections
by IF for the macrophage marker CD68 and the metabolic enzyme
IDH2 (Fig. 4D). We identified two TAM subpopulations: a IDH2*
subset in proximity to CD31" endothelial cells and a larger propor-
tion of IDH2™ TAMs, which were more distant from the vessels
(Fig. 4E and fig. S4B). Together, these results indicate that rhoda-
mine-PFCE-NP* TAMs are characterized by an oxidative metabolic
signature, including high Idh2 expression, and are localized within
perivascular niches.

°F MRI allows the noninvasive and longitudinal
monitoring of TAMs in gliomas after RT

We next asked whether '*F MRI could be used to monitor changes
in the TME after therapeutic intervention in a noninvasive and lon-
gitudinal manner. RT is part of the standard-of-care therapy for pa-
tients with glioma (7) and has been shown to alter the composition
of the glioma TME (5, 38). Time course analyses of fixed time points
previously revealed that the overall abundance and phenotypes of
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TAMs were substantially affected by RT, in addition to alterations
in the relative proportions of recruited MDMs versus brain-resident
MG (5). Although PFCE-NP uptake occurred in a subset of TAMs
at baseline, as shown in our analyses above, we sought to address
whether this population would be indicative and representative of
general TAM dynamics after RT. We therefore first injected glioma-
bearing mice with a single dose of PFCE-NP, which has been pre-
viously reported to be slowly cleared from the liver (22), to specif-
ically track the dynamics of the initial TAM pool only. Mice were
then imaged by 'H and '°F MRI to determine the baseline PFCE
concentration and tumor volume before RT and subsequently
imaged weekly until tumor recurrence (Fig. 5A).

Single-dose RT treatment led to an initial tumor regression, fol-
lowed by a quiescent phase, and eventually, all tumors relapsed
(Fig. 5B). First, we analyzed TAM dynamics by IF after RT treat-
ment (single dose of 10 Gy) (Fig. 5C). Consistent with previous
reports using fractionated RT (5), we found a transient increase in
the abundance of all TAMs after single-dose RT, with a peak at 7
days after treatment (Fig. 5C). We then quantified the PFCE con-
centration over time, in a separate cohort, and found a significant
increase 7 days after RT (P < 0.001; Fig. 5D), consistent with the
observed abundance of TAMs by IF staining (Fig. 5C). Normaliza-
tion of the tumor PFCE concentration to the liver PFCE concentra-
tion, as a measure of potential compound clearing, confirmed the
increase after RT (fig. S5A). The total PFCE amount normalized to
the 'H tumor volume also increased after treatment (fig. S5B). The
PFCE concentration was stable in the liver over the full time course,
indicating a very slow clearance of PFCE (fig. S5, C and D), consis-
tent with previous reports (22). Moreover, we did not observe
changes in the amount of PFCE inside the tumor (fig. S5E), indi-
cating a cellular labeling only after compound administration, in
line with our results from flow cytometry and IVM that showed
no peripheral PECE-NP uptake and a rapid clearance from the
bloodstream (figs. S2F and S3G). Overall, these results demonstrat-
ed that 'F MRI can be used to track the initial TAM dynamics at 7
days after RT treatment.

We also investigated whether the changes in the '°F signal over
the full trial length could be indicative of the long-term TAM dy-
namics that we observed by IF staining at different time points
(Fig. 5C), where overall TAM abundance returns to baseline at
tumor recurrence. First, we addressed whether the tumor PFCE
concentration returned to the initial concentrations in the subset
of mice that could be imaged until 28 days after RT (not all
treated animals survived to this time point) (fig. S5F), but no reduc-
tion was detected (fig. S5F). Moreover, we observed a decreased
total PFCE amount in the tumor, probably related to local clearing
(fig. S5G). Together, these results showed that after an initial precise
monitoring of the RT-mediated TAM increase, long-term '°F MRI
did not enable a comprehensive assessment of TAM dynamics over
the full time course of the trial, and we therefore sought to use ad-
ditional approaches to address this further.

Multispectral '°F MRI identifies spatial and temporally
distinct cellular populations in RT recurrent tumors

Previous findings in the context of fractionated RT revealed a shift
in the MDM to MG ratio in recurrent tumors by flow cytometry
analysis (5). However, the spatial distribution of these cell popula-
tions has not been investigated to date. To evaluate TAM changes
during the complete duration of the trial, we began by analyzing the
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oxidative metabolism-related pathways in the rhodamine-PFCE-NP* TAMs [Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database]. (B) GSEA network
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pathways involved in mitochondrial oxidative respiration (clusters “1” and “2" in the green squares). The dot size represents the gene set size, and the color bar indicates
the P value. ATP, adenosine 5'-triphosphate; ATPase, adenosine triphosphatase; NADH, reduced form of NAD*. (C) Box plots depicting normalized log, gene expression
values for Diat, Idh1, and Idh2 in rhodamine-PFCE-NP*/~ TAMs (n = 6 mice). (D) Representative IF staining of a PDG-Ink4a/Arf KO glioma showing DAPI* cell nuclei (blue),
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'9F signal volume at different time points after RT (Fig. 6, A and B).
At recurrence, we observed that the '°F signal volume remained
constant (Fig. 6A), in contrast to the '"H MRI signal increase that
reflected the growth of recurrent tumors (Fig. 5B). Topographical
examination of the 19F signal showed that it was restricted to a spe-
cific region of the recurrent glioma, which could potentially reflect

Croci et al., Sci. Transl. Med. 14, eabo2952 (2022) 19 October 2022

spatially distinct TAM clusters at recurrence (Fig. 6B). We therefore
analyzed the composition of the major TAM populations in un-
treated and RT-recurrent PDG-Ink4a/Arf KO gliomas in
Cx3crl:CreERT2-IRES-YFP;Rosa26:1sITdTomato mice that allow
one to distinguish MG [yellow fluorescent protein—positive
(YFP")/tdTomato*] and MDMs (YFP*/tdTomato™) (termed
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Fig. 5. The increase in TAMs after RT can be longitudinally monitored by '°F MRI. (A) Experimental design to monitor TAM dynamics after RT by '°F MRI. At tumor
detection, PDG-Ink4a/Arf KO glioma-bearing mice were injected with PFCE-NP and imaged with both conventional 'H and '°F MRI to monitor tumor volume and assess
the baseline '°F signal. After the first '°F MRI session, mice were irradiated with a single dose of 10 Gy and then imaged weekly by 'H and "°F MRI until tumor recurrence.
(B) "H MRI tumor growth curves in PDG-Ink4a/Arf KO glioma-bearing mice treated with 10 Gy RT (n = 15 mice). (C) IF quantification of TAMs using the pan-macrophage
marker Iba1, in tissue sections from untreated mice (n = 5), mice at 7 days (n = 5) or 14 days after RT (n = 3), and mice with recurrent (n = 7 mice) PDG-Ink4a/Arf KO gliomas.
**P < 0.01, as measured by a post hoc Tukey's multiple comparisons test. (D) Quantification of the tumor PFCE concentration before and 7 days after RT (n = 15).

***P < 0.001, as determined by a paired Wilcoxon test.

CX3CR1 lineage tracing model) (29, 43) and by IF staining of the
pan-macrophage marker Ibal and the MG-specific marker P2RY12
(Fig. 6C and fig. S6A). We observed a shift in these TAM popula-
tions between untreated and RT-recurrent tumors, consistent with
previous flow cytometry findings (5). Whereas MG are the predom-
inant TAM population in untreated gliomas, at recurrence, the
tumor is abundantly infiltrated by peripheral MDMs, which are un-
likely to be detected by '°F MRI based on the lack of peripheral cell
labeling by PFCE-NP at this late stage (fig. S2F). Hence, we rea-
soned that an initial PFECE-NP" TAM population (likely MG pre-
dominantly) remains in the residual tumor bed after RT
treatment and forms a discrete TAM cluster, whereas the recurrent
outgrowing glioma is infiltrated by new (PFCE-NP-unlabeled)
myeloid cells originating from the periphery.

Therefore, to capture the integrated cellular, temporal, and
spatial complexity of TAM dynamics until recurrence, we decided
to investigate the potential use of multispectral '°F MRI, allowing
the detection of temporally distinct cell populations (44, 45).
Glioma-bearing mice were injected with a single administration
of PFCE-NP before RT (single dose of 10 Gy) and monitored by
conventional '"H MRI until glioma recurrence. At recurrence,
these mice were injected with a second, distinct PFC-NP
(PFTBH-NP), which emits a fluorine resonance peak at a separate
frequency from PFCE, and a final 'H and '°F MRI was performed
(Fig. 6D and fig. S6B) (23). We found that the '°F signal from
PFTBH-NP mainly covered a region of the tumor that did not
show signal from the original PFCE-NP (Fig. 6, E and F). Moreover,
the cumulative '°F signal volume was significantly higher than the
original PECE-NP 'F signal volume alone (P < 0.01; Fig. 6G),
showing a volumetric dynamic that was similar to conventional
'H MRI monitoring, where larger tumor volumes were detected

Croci et al., Sci. Transl. Med. 14, eabo2952 (2022) 19 October 2022

at recurrence (Fig. 5B). Whereas the '°F SNR of the PFCE and
PFTBH compounds was similar in the liver, it was higher for
PFCE in the tumor, possibly as a consequence of the initial PFCE
concentration increase after RT (fig. S6, C and D). Accordingly, we
inferred that TAMs not only shift their relative proportion between
MG and MDMs after RT but that this multispectral °F MRI strat-
egy could reveal alterations in their spatial organization that poten-
tially differ in untreated and recurrent gliomas, which we therefore
investigated further.

The distribution pattern of TAMs within tumors changes
after RT treatment

We explored how the spatial and temporal distribution of TAMs
changes after RT treatment by analysis of tissue sections. IF staining
of PDG-Ink4a/Arf KO gliomas in the CX3CR1 lineage tracing back-
ground showed differences in the spatial distribution of TAMs
between untreated and recurrent tumors, where substantial
MDM-rich areas could be observed specifically at recurrence
(Fig. 7A). To quantify this observation, we analyzed the average dis-
tance between MDMs and MG (Fig. 7B) and found that MDMs
were significantly more distant from MG in recurrent tumors com-
pared to untreated gliomas, indicative of this clustering phenome-
non (P < 0.05). To assess a potential spatial mutual exclusion
between the two cell types, we analyzed the frequency of MG in a
region of interest defined around MDMs (termed MDM-ROI) in
untreated and recurrent tumors (Fig. 7C). We found a significantly
lower abundance of MG in MDM-rich areas at recurrence (P < 0.05;
Fig. 7D). Collectively, these results showed that, although MDMs
and MG are generally evenly distributed within untreated tumors,
at recurrence, we observe the spatial emergence of localized clusters
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Fig. 6. Multispectral'°F MRI identifies temporally distinct niches in recurrent gliomas. (A) Tumor '°F signal volume curves in PDG-Ink4a/Arf KO glioma-bearing mice
treated with 10 Gy RT (n = 15 mice). (B) Representative '°F and "H MRI overlay images of the same mouse showing the tumor (green dashed line) and the PFCE '°F signal
(orange mask) over the full length of the RT trial. (C) IF-based quantification of MG (top) and MDMs (bottom) in untreated and recurrent glioma tissue sections. To identify
MG and MDM:s, respectively, we used Cx3cr1:CreERT2-IRES-YFP;Rosa26:IsITdTomato mice that express tdTomato in Cx3cr1-expressing cells (MG and circulating blood
monocytes) upon tamoxifen injection. Three weeks after tamoxifen-induced labeling, when blood monocytes are replenished by tdTomato™ cells and only MG remain
tdTomato*, PDG-Ink4a/Arf KO gliomas were induced. (D) Experimental design to monitor TAM temporal dynamics after RT by multispectral '°F MRI. Glioma-bearing mice
were injected with PFCE-NP before RT and monitored weekly with conventional "H MRI. At detection of recurrence, mice were injected with PFTBH-NP and imaged 2 days
later with "H and "°F MRI, sequentially acquiring both PFCE and PFTBH signals. (E) 'H and "°F MRI overlay images of the same animal showing the distinct PFCE '°F signal
(red to yellow mask) and the PFTBH '°F signal (blue to green mask). (F) Quantification of the individual compound volume fraction from the total '°F signal volumes. (G)
Quantification of the "°F signal volume of PFCE only and the cumulative '°F volume, respectively. *P < 0.05 and **P < 0.01, as determined by unpaired Mann-Whitney test
in (C) and paired Wilcoxon test in (G).
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IF quantification of YFP*/tdTomato* MG in the MDM ROI in untreated and RT-recurrent tumors. (E) Prussian blue (PB) staining quantification of PB* cells in tumor
tissues at different time points before and after RT; corresponding representative images are shown on the right. (F) Frequency of PB* cells per PB ROl in the
different treatment groups. Scale bars, 50 um. *P < 0.05, unpaired Mann-Whitney test (B and D). *P < 0.05, ***P < 0.001, not significant if not otherwise stated, post

hoc Tukey's multiple comparisons test (E and F).

of distinct TAM populations, as initially indicated by the 'F MRI
analyses.

Although these analyses revealed different spatial patterns of
TAMs in untreated versus RT-recurrent tumors, it did not enable
the temporal discrimination of the sequence of cell infiltration
throughout the experimental time course. Given that RT has been
reported to lead to hemolysis and hemoglobin release in other con-
texts (46, 47), we assessed whether this process is also evident in
gliomas after RT and whether iron uptake by specific cells could
thereby mark them in a temporal manner. We therefore stained
PDG-Ink4a/Arf KO glioma sections with Prussian blue (PB) to

Croci et al., Sci. Transl. Med. 14, eabo2952 (2022) 19 October 2022

visualize iron deposition. Although there were only rare PB* cells
in untreated tumors, we found a peak of PB* cells at 7 days after
RT (Fig. 7E). To identify the cellular source of the PB signal, we
multiplexed PB and IF staining (fig. S7A) and found MDMs to be
the main cell type accumulating iron, whereas no PB* MG were ob-
served (fig. S7B). To confirm these findings, we analyzed a pub-
lished gene expression dataset of MG and MDMs in untreated, 5
day—irradiated and RT-recurrent gliomas (5). GSEA indeed
showed increased iron uptake—related processes at 5 days after RT
and at recurrence specifically in MDMs but not in MG, thus sup-
porting our observation of an increased frequency of PB* cells after
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RT treatment (fig. S7C). Together, these results revealed the emer-
gence of a temporally defined PB* population (mainly MDMs) only
after RT.

Last, we investigated whether the PB* cells remained in proxim-
ity to one another in recurrent gliomas. We analyzed their frequen-
cy in the whole tumor area and in a defined ROI around PB™* cells
(termed PB* ROI) (fig. S7D). We found that the frequency of PB*
cells in the PB* ROI was higher in recurrent than untreated tumors
(Fig. 7F). This indicates that these cells cluster together during
tumor outgrowth and form a spatially defined niche, despite their
generally low abundance overall (Fig. 7E). In sum, through these
analyses, we found that, in recurrent tumors, there was a higher in-
filtration of MDMs, which localize distally from MG. PB* cells,
which were mainly MDMs, were enriched after RT treatment and
also cluster together in the larger recurrent tumors. These results
show that different TAM populations, in addition to shifting their
relative abundance in a dynamic manner, can also vary in spatial
distribution in a time-dependent manner, as revealed by our mul-
tispectral '°F MRI strategy (fig. S8).

DISCUSSION

MRI is indispensable in neuro-oncology practice, yet quantitative,
standardized, and robust MRI-based biomarkers are currently
sparse (16). Recent clinical studies demonstrated the potential of
MRI in predicting the response to antiangiogenic treatment in pe-
diatric and adult brain tumors (48, 49). Quantitative characteriza-
tion of vascular properties is a common MRI application in the
imaging of brain tumors, due to the ability of gadolinium-based
contrast agents to penetrate and enhance those tumor regions
with a disrupted BBB (50, 51). Nonetheless, the vasculature is just
one component of the complex brain TME (1). Despite the high
abundance of TAMs in gliomas (3, 4) and their importance in es-
tablishing an immunosuppressive TME (52) with potential direct
consequences on the effectiveness of immunotherapeutic strategies
in patients (53), TAM abundance and distribution can currently
only be assessed after an invasive surgical procedure to remove
tumor tissue.

In this study, we harnessed the power of '°F multispectral MRI in
preclinical glioma and brain metastasis models to show the techno-
logical feasibility of longitudinally and noninvasively imaging small
inflamed brain tumors in vivo with a clinical scanner at high spatial
resolution. These results highlight the translational potential of this
strategy to expand the MRI repertoire used to classify diverse brain
malignancies (54). We found substantial differences in the '°F
signal distribution between the preclinical glioma and brain metas-
tasis models, underlining a potential relevance for distinguishing
these two brain tumor types. This result is supported by the lower
overall TAM abundance observed in both preclinical BrM models
and patient BrM tissues compared to gliomas (3, 4, 55), which
can thus explain the observed lower accumulation of PFCE-NP in
the BrM model. Moreover, the presence of the BBB plays a crucial
role in regulating the delivery of the PFCE-NP, which was more ef-
ficient in the primary breast tumor setting compared to the breast-
BrM model.

To date, the application of PFCs to image immune cells in cancer
has largely relied on the ex vivo labeling of specific cell types in the
context of monitoring cell-based therapies, such as adoptive T cell
transfer and dendritic cell-based cancer vaccination (56, 57). In
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vivo, only a handful of studies have explored the distribution of in-
jected PFC-NP to image myeloid cells (25, 34, 37, 58-60), and the
subcellular composition of the labeled myeloid cells has been min-
imally investigated (61). Moreover, the extent of brain microenvi-
ronmental heterogeneity has been underscored by recent single-
cell analyses, with potential translational implications (62). In this
study, we found that PECE-NP in preclinical glioma models label
several myeloid cell subpopulations, mostly comprising resident
MG and peripheral MDMs, which also displayed heterogeneity
and likely contain additional cell subpopulations. Both MG and
MDMs were labeled directly within the tumor and were not evident-
ly replenished by newly infiltrating immune cells in the weeks after
PFCE-NP administration. Moreover, our gene expression analysis
revealed rhodamine-PFCE-NP* TAMs to be characterized by spe-
cific metabolic signatures, which may relate to critical phenotypes
and functions (42, 63, 64), and was associated with their enrichment
in the perivascular niche. It will be important to perform additional
characterization of the TAM subsets that uptake PFCE-NP, for
example, using single-cell analysis, and explore the role of addition-
al macrophage populations, including central nervous system
(CNS) border—associated macrophages (65).

Our data also showed that TAMs are the predominant, although
not the sole cell population taking up PFCE-NP. Nonimmune cells
were the second largest PECE-NP* population, including endothe-
lial cells, thereby indicating an active role of the vasculature in the
trafficking of these NP in vivo. Uptake in other nonimmune cells
included a small proportion of cancer cells and potentially other
nonimmune nonmalignant cell types. Rapidly dividing cells have
been shown to actively engulf NP by macropinocytosis (66, 67).
Moreover, brain-resident astrocytes also have phagocytic ability
(68). Thus, future studies will be important to further explore the
precise ontogeny of the rare nonimmune cell types incorporating
NP, as well as the underlying cellular mechanism for NP uptake.
Although several studies have demonstrated a clear role for phago-
cytosis and macropinocytosis in PFEC-NP uptake in vitro (26, 27),
further research is required to better understand this process in
vivo. Hence, the IVM method presented in this study might be a
valuable approach to address these open questions and aid in de-
signing cell type—specific NP to selectively label and target only
the population of interest.

TAM content and composition are in constant flux and adapta-
tion during tumor growth and in response to therapies (5, 8). In this
context, '’F MRI represents a powerful strategy to temporally and
spatially track distinct inflammatory dynamics in RT-recurrent
tumors by performing multispectral imaging using PFCE-NP and
PFTBH-NP. This allowed us to gain new insights into the presence
of different TME niches not only before treatment and at recurrence
but also during tumor dormancy, when the tumor had regressed
and tumor volume was stable. Emergence of therapy resistance
from a dormant state is known to be a key step involving TAM-me-
diated mechanisms in response to different therapeutic interven-
tions (5, 11), although a noninvasive clinical assessment of TAMs
in dormant tumors has not been achievable to date. Our analyses
revealed that gliomas not only shift the ratio of MDM to MG in re-
sponse to RT but also differ in the spatial distribution of these dis-
tinct cell populations. This finding has relevance for understanding
the complexity of the brain TME by integrating temporal and spatial
parameters. In this context, it will be important to assess whether
these TAM-defined microenvironmental niches respond differently
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to specific treatments, for example. Moreover, we also identified an
RT-triggered iron-rich TAM population that occupied a specific
niche from 7 days after RT through to tumor recurrence. Iron is
an essential metal micronutrient, and its metabolism in tumors is
regulated by TAMs, with a direct impact on tumor growth and on
the immune response of macrophages themselves (69), suggesting
that this specific cell population may play an important role in adap-
tive resistance.

NP-based drug delivery and anti-angiogenic treatments have
been widely studied in brain tumors with several objectives and po-
tential applications. The first is to improve the delivery of com-
pounds with a poor pharmacokinetic profile, leading to optimal
drug release and potentially reducing drug side effects (70). The
second is to normalize the vasculature, thereby resulting in im-
proved drug delivery (39). The unique structure of the BBB,
however, requires a careful and meticulous investigation of the
effect of vascular integrity on drug delivery (39). Vessel normaliza-
tion has been shown to enhance the efficacy of chemotherapeutic
agents in preclinical glioma models (71). However, a study of mul-
tiple pediatric brain tumor models, driven by distinct oncogenic al-
terations, revealed a differential impairment of the BBB, which
resulted in effective chemotherapy delivery only in medulloblasto-
ma with disrupted vessels (72). Our findings in this study directly
connect the heterogeneity of the vasculature with the extent of
PFCE-NP accumulation. The NP only accumulated in areas of dys-
morphic vessels, highlighting the notion that vessel normalization
in brain tumors needs to take into consideration the type and size of
any additional combinatorial drug treatments. '°F MRI can thus
represent a potential MRI-based method to gain important infor-
mation regarding the extent and heterogeneity of BBB leakage,
which is conventionally assessed using gadolinium-based contrast
agents at present, and could be linked to the abundance, phenotype,
and cellular identity of TAMs.

In this study, we characterized the TAM subpopulation accumu-
lating the NP in considerable depth. Nonetheless, there are some
limitations and areas for future investigation, including identifying
the mechanism for NP uptake and determining how this might be
affected by specific pro-tumorigenic or anti-tumorigenic TAM phe-
notypes, such as differential phagocytic behavior. This could also be
critical for any clinical application of this imaging technique to dif-
ferent tumor types, where TAMs are known to play multifaceted bi-
ological roles. Moreover, RT has been shown to phenotypically
modulate these cells (5). Therefore, future studies will be important
to determine whether there is differential uptake of the PFCE- and
PFTBH-NP depending on the RT treatment course.

In conclusion, we propose multispectral °F MRI as a powerful
strategy to noninvasively and longitudinally explore brain TME
composition and functionality. In the future, it will be of interest
to assess its diagnostic and prognostic impact for brain malignan-
cy-related processes, including pseudo-progression, pseudo-regres-
sion, and necrotic inflammation to inform the clinical management
of the disease. Future studies will also test the ability of multispectral
'9F MRI to predict therapy response to targeted treatments, includ-
ing in other CNS diseases.
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MATERIALS AND METHODS

Study design

The aim of this study was to longitudinally and noninvasively
monitor TAM dynamics with multispectral 'F MRI over the
course of tumor response to RT. The sample size for longitudinal
imaging trials (n = 8 to 15 mice) was based on previous experience
using these glioma models (5, 10, 11, 29) and planned using the stat-
istical program OpenEpi (73). '°F signal monitoring was the
primary outcome of these experiments. These data were supported
by tissue staining, flow cytometry, ex vivo and in vivo imaging, and
RNA-seq to further understand the kinetics and distribution of the
NP and the underlying biological mechanisms of the MRI-based
observations. The choice of defined individual time points for
these analyses was based on previously published data on NP kinet-
ics (22, 40), and sample size (n = 3 to 8) was defined as described
above. Age-matched mice were assigned to experimental cohorts
based on matching tumor volumes, and data presented include all
outliers. Investigators were not blinded when treating and monitor-
ing the animals. Blinding was applied during all data analysis. Bio-
logical replicates are indicated in the figure legends by n, together
with the statistical analysis applied. Two or more independent trials
or experiments were performed for all preclinical models, with the
exception of the primary breast cancer model, which was performed
in a single experimental cohort. All animal studies were reviewed
and approved by the Institutional Animal Care and Use Commit-
tees of the University of Lausanne and Canton Vaud, Switzerland.

Animals

The Nestin-Tv-a;Ink4a/Arf~~ mouse line has been previously de-
scribed (74) and was provided by E. Holland, USA. Cx3cr1:CreER-
IRES-YFP mice (C57BL/6] background; The Jackson Laboratory)
were crossed with Rosa26:Isl-TdTomato reporter mice (C57BL/6]
background; The Jackson Laboratory) and with Nestin-Tv-
a;Ink4a/Arf~”~mice (29). For the Cx3crl:CreER-IRES-YFP
Rosa26:1sl-TdTomato lineage tracing system, 3- to 4 week-old
mice were injected twice, 48 hours apart, intraperitoneally with 1
mg of tamoxifen citrate (Sigma-Aldrich) dissolved in sunflower
seed oil (Sigma-Aldrich). Mice were used for intracranial injection
surgery 3 weeks after tamoxifen administration (see the "Glioma
model” section below). Wild-type female C57BL/6] mice were
used for the PyMT-BrM3 brain metastasis (BrM) and primary
breast tumor models. All mice were bred within the University of
Lausanne animal facilities, and all animal studies were first ap-
proved by the Institutional Animal Care and Use Committees of
the University of Lausanne and Canton Vaud, Switzerland.

Glioma model

Mice (4.5 to 7 weeks old) were intracranially injected as previously
described (10, 11, 28, 29). Briefly, mice were fully anesthetized using
isoflurane inhalation anesthesia (2% isoflurane/O, mixture). A
mixture of 2% lidocaine (Streuli Pharma) and 0.5% bupivacaine
(Carbostesin, Aspen Pharma Schweiz) was applied as a local anal-
gesic (50 ul per mouse), and buprenorphine (0.3 mg/ml; Temgesic,
Indivior Schweiz) was given subcutaneously as a systemic analgesic
(100 ul per mouse). Using a stereotactic apparatus, cells were inject-
ed into the right frontal cortex (2 mm frontal, 1.5 mm lateral from
bregma, 2 mm deep). Mice were injected with 2 x 10° RCAS-
PDGFB-HA or PDGFB-HA-SV40-GFP DF1 cells. The skin incision
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was sealed with Vetbond tissue adhesive (3M), and the mouse was
placed on a heating pad and monitored until fully recovered from
anesthesia. Last, Bepanthen cream (Bayer) was applied on the inci-
sion site before placing the animal back in the cage, and each mouse
was followed by regular monitoring.

Generation of experimental brain metastasis

The initiation of brain metastasis from the PyMT-BrM3 line was
performed as previously described for other BrM derivatives (29,
75, 76). Briefly, PYMT-BrM3 cells were resuspended in Hanks' ba-
lanced salt solution (Life Technologies), and 1 x 10° cells were in-
oculated into the left cardiac ventricle of 6- to 10-week-old female
C57BL/6] mice.

Generation of experimental primary breast tumor model
For the generation of primary breast tumors, 6- to 10-week-old
female C57BL/6] mice were anesthetized using isoflurane inhala-
tion. PyMT-BrM3 cells (7 x 10°) resuspended in 50% Matrigel
(catalog no. 356231, Corning) were injected orthotopically in the
mammary fat pad. Mice were regularly monitored, and tumor
volumes were assessed twice per week using calipers. Tumor
volumes were calculated as vol = (width? x length).

Perfluorocarbon treatment

An initial PFC emulsion based on 10% (w/v) PFCE was prepared in-
house as described previously [20% (w/v) emulsions were used for
experiments with the primary breast tumor model] (22, 40). The
emulsion contains NP with a mean size of 200 nm and produces
a single spectral line at —92.8 parts per million (ppm). A second,
similar PFCE emulsion was prepared with rhodamine to enable
fluorescence-activated cell sorting. A third PFC emulsion based
on 60% (w/v) PFTBH (23) was provided by Aurum Biosciences.
PFTBH produces a singlet spectral line at —61.5 ppm (a 3650-Hz
shift from PFCE) that is used for imaging and a multiplet that
ranges from —115 to —144 ppm (23).

TH and "°F MR imaging acquisition

All MRI experiments were performed on a 3T clinical system
(MAGNETOM Prisma, Siemens Healthineers). A 35-mm-diameter
transmit/receive birdcage radiofrequency coil, tunable to both the
19F and 'H frequencies (Rapid Biomedical), was used for both ex-
citation and signal detection. Two days after the PFC-NP injection,
the animals were anesthetized with 2.5% isoflurane in oxygen for 1
to 2 min. Anesthesia was maintained with 1.5 to 2% of isoflurane for
the duration of the scan. The body temperature was monitored with
a rectal probe and maintained at 37.0° + 0.5°C with a tubing system
circulating warm water, and the respiratory activity was monitored
by means of a respiration pillow placed below the mouse abdomen
(all SA Instruments). An external reference tube with a known con-
centration of PFCE-NP (18.95 mM) in 2% (w/v) agar gel (Life Tech-
nologies) was created and used for absolute quantification. The tube
was carefully placed diagonally below and to the side of the brain of
the animal (below the shoulders) such that any artifactual signal
emitted from this reference did not interfere with the signal from
the brain. In the dual-PFC experiments, a second probe with
PFTBH-NP (40 mM) was placed adjacent to the other shoulder of
the animal. Multiplanar low-resolution scout scans were then per-
formed for anatomic localization. For glioma and primary breast
tumor model imaging, a high-resolution T,-weighted 3D turbo
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spin echo (TSE) scan was acquired in an axial orientation. The fol-
lowing pulse sequence parameters were used: repetition time (TR) =
4500 ms; echo time (TE) = 80 ms; echo train length (ETL) = 32;
pixel bandwidth (BW) = 130 Hz/pixel; field of view (FOV) = 60
mm x 60 mm x 32 mm; voxel size = 0.16 mm x 0.16 mm x 1
mm; number of slices = 32; slice oversampling = 12.5%; and acqui-
sition time (T,cq) = 32 min and 19 s. For metastasis imaging, mice
were injected intraperitoneally with 150 ul Gadobutrol (Gadovist, 1
mmol/ml; Bayer) 10 min before the measurement. A high-resolu-
tion T,-weighted 3D gradient-recalled echo scan was acquired
with the following parameters: TR = 280 ms; TE = 3.4 ms; BW =
320 Hz/pixel; FOV = 60 mm x 60 mm x 20 mm; voxel size =
0.21 mm x 0.21 mm x 1 mm; number of slices = 20; slice oversam-
pling = 10%; and T, = 29 min and 33 s. '°F MR images of PFCE
were obtained using a 3D TSE pulse sequence with the following
sequence parameters optimized for maximal SNR in 30 min (77):
TR = 2460 ms; TE = 13 ms; BW = 130 Hz/pixel; ETL = 43; FOV
=100 mm x 100 mm x 16 mm; voxel size = 0.78 mm x 0.78 mm
x 1 mm; number of slices = 16; slice oversampling = 12.5%; number
of signal averages (NA) = 14; and T,.q = 30 min and 57 s. The center
of the 3D volume was placed at the same position as the 'H 3D
volume. When PFTBH was imaged, the '°F resonance frequency
was shifted to the appropriate frequency, and the same 3D TSE
pulse sequence was used but with TR = 2850 ms, NA = 9, ETL =
35, and T,.q = 30 min and 44 s.

MR image analysis

'H images produced by the MR scanner in dicom format were
copied, and the '°F images were reconstructed from raw data in
MATLAB (MathWorks) to ensure that the background noise was
correctly digitized. All subsequent image analyses were then per-
formed in MATLAB. The 'H and '°F MR images were postpro-
cessed in several semi-automated steps to obtain reproducible and
consistent PFC quantifications. The tumor outline was manually
delineated in the high-resolution 'H images to calculate the 'H
tumor volume. The slice numbers that visually contained tumor
tissue were retained to constrain the '°F calculations. In the stack
of '°F images, a rectangular ROI was drawn at the edge of the
image (where no tissue was present) to determine the amount of
background noise for subsequent thresholding. The '°F images
were then flattened into a maximum intensity projection (MIP)
on which broad ROIs were drawn around the tumor, reference
tube, and liver. These MIP ROIs were then copied to all slices. Si-
multaneously, the '°F images were automatically thresholded at 6x
the SD of the previously determined background noise threshold to
generate a mask that satisfies the Rose criterion (78), avoids the in-
clusion of low-amplitude ghosting artifacts, and thus only contains
voxels with a high '°F signal. To reproducibly generate an ROI that
only included the voxels with signal from the tumor, the retained 'H
slices, the manually drawn '°F MIP ROI, and the '°F threshold mask
were multiplied. This procedure was then repeated to generate se-
lective liver and reference tube ROIs. The average '°F signal in these
ROIs was divided by the '°F noise SD described above to calculate
the tumor, liver, and reference tube '°F SNR. The '°F signal, SNR,
and ROI volume of each animal were retained and used together
with the known reference tube concentration to calculate the
tumor and liver PFC concentration. This was performed as
follows: The average '°F signal in the tumor or liver ROI was
divided by the average 'F signal in the reference tube ROI and
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was multiplied by the known reference tube concentration. Total
amounts of tumor PFC were calculated by multiplying the PFC con-
centration with the PFC signal volume.

Statistical analysis

All raw, individual-level data for experiments where n < 20 are in-
cluded in data file S1. R version 4.1.0 was used to perform statistical
analysis and graphically plot all data (ggplot package). Parametric
data were analyzed by a two-tailed Student'’s ¢ test (paired or un-
paired depending on the experimental setup). Nonparametric
data were analyzed by a Mann-Whitney test on ranks ( paired or un-
paired depending on the experimental setup). P < 0.05 was consid-
ered as statistically significant. Each specific statistical test is
reported for each experiment in the figure legends. Boxplots are
used to present the data, showing median and the 25th to 75th
percentiles.
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Multispectral fluorine-19 MRI enables longitudinal and noninvasive monitoring of
tumor-associated macrophages
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Monitoring Monocytes

Tumor-associated microglia and macrophages (TAMs) play a major role in defining disease progression for central
nervous system tumors. However, monitoring these cells has historically required invasive biopsies. Here, Croci et al.
used fluorine isotope 19 magnetic resonance imaging (19F MRI) to noninvasively track TAMs in mice. The authors
intravenously injected perfluorocarbon-containing nanoparticles into tumor-bearing mice, finding that they could
reliably track TAMs over time and in response to radiotherapy. These findings highlight the potential for 19F MRI as a
monitoring strategy for patients with central nervous system tumors.
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