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Editorial on the Research Topic
Imaging the immune response in inflammatory preclinical in vivo models

The immune response to pathological conditions is the result of a complex and
coordinated activity of specialized cells, tissues and organs, aimed at promoting an effective
host defense. Although in vitro models have been used to describe several aspects of the
immune system, they often fail to reconstitute the dynamic complexity of in vivo
multicellular systems. In the last decades, major breakthroughs in the fields of imaging
and mouse engineering have opened the door to investigate such a complexity. Indeed, the
possibility to select the appropriate imaging technique to address a specific biological
question has made it possible to unveil novel aspects of the immune response at different
levels of temporal and spatial resolution.

The aim of this Research Topic is to provide an overview of the different imaging
technologies and their application to analyse immune responses in in vivo models.

Conventional histology and immunohistochemistry represent the techniques of choice
to visualize the expression of inflammatory mediators in pathological tissues. He et al.
demonstrated, by immunohistochemistry, Hematoxylin & Eosin and Masson staining that
Sinomenin, a biologically active alkaloid isolated from the roots and stems of the plant
Sinomenium acutum, suppresses epithelial to mesenchymal transition in a mouse model of
ovalbumin-induced asthma.

Besides ex vivo techniques, a variety of non-invasive imaging methodologies were
developed to study the biodistribution and tissue accumulation of targeting probes and
drugs in preclinical models of disease. Positron Emission Tomography (PET) and Single
Photon Emission Computed Tomography (SPECT) are the most widely used, due to their
capability to provide information about the metabolic and molecular activity of the
analysed tissue. Moreover, PET and SPECT are routinely used in patients, thus
facilitating the translation of data from pre-clinical models to human clinical practice.
De Vlaminck et al. and Sandker et al. provided examples of SPECT to study the
pharmacokinetics of targeting molecules. De Vlaminck et al. generated nanobodies able
to recognize the signal regulatory protein alpha (SIRPo) for the SPECT targeting of tumor-
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associated myeloid cells in a mouse model of glioblastoma. They
showed that the monovalent format of anti-SIRPo. nanobodies has
an improved tumor penetration compared to the bivalent
counterpart and that myeloid cells infiltrated glioblastomas even
in absence of blood-brain barrier permeabilization. Sandker et al.
analyzed the effect of infectious stimuli in the pharmacokinetic and
tumor targeting capability of an anti-PD-L1 antibody. They found
that anti-PD-L1 antibody pharmacokinetics and tumor
accumulation can be altered by a severe inflammatory response,
thus requiring an appropriate modulation of the injected dose of
the tracer.

Similarly, Rothlauf et al. applied PET and radiolabeled anti-
CD8 nanobodies to track CD8" T cells infiltration in a mouse model
of influenza A virus infection. They visualized CD8" T cells
throughout the progression of the infection, showing that CD8" T
cells initially accumulate in mesenteric lymph nodes, then migrate
into the infected lungs, and finally exit the lungs as the mice
recovered. Likewise, using non-invasive optical imaging and PET,
Traenkle et al. generated anti-human CD4 nanobodies to visualize
and quantify CD4" T cells in human tumor xenogratfs and in CD4"
T cell-rich tissue in human CD4 knock-in mice. Waaijer et al. used
PET to study, for the first time, the biodistribution of a CSFIR-
binding monoclonal antibody. They demonstrated that anti-CSFIR
monoclonal antibodies do not exclusively target tumor
macrophages but preferably distribute to other organs with high
macrophage infiltration, highlighting the need for more studies to
enhance the understanding of macrophage-specific antibodies for
their potential application as targeting agents in humans. The use of
CSFIR targeting strategies in the context of neurological disorders
was also reviewed by Barca et al. They revised the supporting
evidence on the role of CSFIR in neurological disorders and the
efficacy of CSFIR-inhibition as therapeutic strategy. In addition,
they discussed the recent development of in vivo molecular imaging
of CSFIR, with a specific focus on the translocator protein (TSPO)-
PET as a CSFR1 inhibition therapy readout.

Macrophages represent an interesting target not only in tumors
but also in the onset of other inflammatory disease. Steinz et al.
reviewed the application of folate-based PET for macrophage
targeting in rheumatoid arthritis. Radiolabeled folate interacts
with folate receptor 8 expressed on macrophages and it is a useful
tracer in both preclinical and clinical applications. Similarly, Palani
et al. showed that the glutamine analog (2S,4R)-4-'°F-
fluoroglutamine (*®F-FGln) can be used for PET of macrophage
metabolic activity in a mouse model of atherosclerosis. They
experimentally showed that '®F-FGIn PET is superior to '*F-FDG
PET in detecting inflamed atherosclerotic lesions in mice, paving
the road for its clinical application.

Although PET and SPECT are useful to study the
biodistribution of injected probes and the metabolic activity of
diseased tissues, they do not provide anatomic information on the
organs of interest. For this reason, PET and SPECT are usually
combined with computed tomography (CT) or magnetic resonance
imaging (MRI), thus linking accurate spatial localization with
metabolic/molecular data. Examples of this combined application
were reported by De Vlaminck et al., Traenkle et al., Palani et al. and
Sandker et al. Moreover, dedicated microCT can be also used as a
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stand-alone technique to monitor structural changes in tissues.
Nagai et al. applied microCT to visualise the morphological and
histological properties of peripheral and temporomandibular joints
(TMYJ) in a mouse model of rheumatoid arthritis with or without the
exposure to mechanical strain on the TMJ. 3D morphological
evaluation by microCT revealed morphological changes in the
posterior part of the mandibular condyle and signs of bone
destruction in a mouse model of anti-collagen antibody-
induced arthritis.

As shown by Traenkle et al., beside PET and SPECT, optical
imaging can be used to monitor biological process in live animals.
However, a drawback of this technique is that light scattering and
absorption by tissues limit its applicability for non-invasive imaging
at high spatial resolution. Less subjective to these limitations are
techniques such as fluorescence-guided surgery and intravital
microscopy, that have been developed for the visualization of
surgically exposed organs, allowing the possibility to analyse
biological processes at both cellular and subcellular level.
Pizzagalli et al. discussed the investigation of the migratory
patterns of immune cells in living animals by intravital
microscopy. They described the morpho-dynamic properties
associated with immune cell migration during immune responses
and the computational methods employed for their quantification.
Moreover, recent advances in super-resolution microscopy have
enabled the analysis of biological events in living organisms beyond
the light diffraction limits. In this context, Johanson et al. reviewed
the usefulness of this technique to investigate immune cell function
and molecular processes underlying inflammatory responses and to
answer long-standing fundamental questions in this matter.

In conclusion, a variety of imaging methodologies, each with their
distinct features and possible applications, are available for researchers
to investigate the complexity of the immune response in living animals.
Differently from conventional ex vivo imaging methods, that generally
provide snapshot data from fixed samples, in vivo imaging approaches,
such as intravital microscopy and whole-body imaging techniques
(PET, SPECT, CT, MRI, etc.), have the great potential to add the
temporal dimension to immunological investigations. The choice of the
right imaging technique, or even better, the combination of appropriate
imaging methodologies strictly depends on the biological questions
asked, aimed at collecting as much information as possible from single
experiments in animal disease models.
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Immuno-positron emission tomography (immuno-PET) is a noninvasive imaging method
that enables tracking of immune cells in living animals. We used a nanobody that
recognizes mouse CD8o. and labeled it with 9Zr to image mouse CD8* T cells in the
course of an infection with influenza A virus (IAV). The CD8" signal showed a strong
increase in the mediastinal lymph node (MLN) and thymus as early as 4 days post-
infection (dpi), and as early as 6 dpi in the lungs. Over the course of the infection, CD8" T
cells were at first distributed diffusely throughout the lungs and then accumulated more
selectively in specific regions of the lungs. These distributions correlated with morbidity as
mice reached the peak of weight loss over this interval. CD8" T cells obtained from control
or |AV-infected mice showed a difference in their distribution and migration when
comparing their fate upon labeling ex vivo with 8Zr-labeled anti-CD8c. nanobody and
transfer into infected versus control animals. CD8" T cells from infected mice, upon
transfer, appear to be trained to persist in the lungs, even of uninfected mice. Immuno-
PET imaging thus allows noninvasive, dynamic monitoring of the immune response to
infectious agents in living animals.

Keywords: immuno-PET, influenza A virus, CD8, T cells, imaging

INTRODUCTION

Influenza remains a serious disease, with an estimated 1 billion infections per year, some 290,000
650,000 of which are fatal (1). Influenza A virus (IAV), a segmented, negative-sense RNA virus in
the family Orthomyxoviridae, causes seasonal epidemics. IAV can also cause pandemics, during
which individuals have limited cross-protective immunity as a result of the virus’s ability to reassort
its segments with heterologous influenza strains (2, 3). Despite the development of antivirals and
vaccines, influenza virus-associated deaths remain a major concern. A better understanding of the
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clinical course of infection and the host’s immunological
response to the virus is crucial to improve vaccines and
therapeutics against influenza viruses.

IAV, along with the related influenza B virus, causes a range
of clinical manifestations, from mild self-limiting respiratory
tract infections, to progressive and sometimes lethal pneumonia
(4). Both the upper and lower respiratory tracts are sites of viral
replication, with nascent virions spreading amongst epithelial
cells of the upper respiratory tract and trachea in most non-fatal
cases. Lower respiratory involvement and pneumonia, caused by
the virus and/or secondary bacterial infections, are often seen in
fatal cases (5).

Upon detecting the presence of IAV infection, the host
immune system clears the viral infection using both innate and
adaptive immune components (6). The rapid induction of innate
defenses is critical for early protection and limits viral spread to
host tissues, while adaptive immunity develops. Early stages of
innate immunity include the rapid production of type I
interferons (IFNs), cytokines, and chemokines through
activation of pattern recognition receptors, which in turn
attracts inflammatory cells to the airways to help clear the
infection and prepare the host for the adaptive immune
response (7). The adaptive immune response is activated when
lung-resident dendritic cells sense cytokines and acquire debris
from infected, dying cells, which induces their migration from
the inflamed lungs to the lung-draining lymph nodes (DLNs).
There, they display newly acquired viral antigen(s), processed to
yield peptide-MHC complexes (8). Naive T cells in the DLNs
recognize these complexes, expand clonally, and then
differentiate into IAV antigen-specific CD8" and CD4" effector
T cells (9). Secondary lymphoid organs, such as DLNs and the
spleen, provide the spatial organization and appropriate
chemokine environment to prime the antiviral immune
response by bringing together Th1 CD4" and naive CD8" cells
to generate influenza-specific CD8" cytotoxic T lymphocytes
(CTLs). Virus-specific T lymphocytes then migrate to the site of
infection in response to cytokines and chemokines, and B cells
are primed to secrete neutralizing antibodies (10).

The virus itself causes extensive damage to and desquamation
of the airway epithelium, but effector T cells also contribute to
tissue damage directly by secreting granzymes and perforin, as
well as by inducing FasL- and TRAIL-mediated apoptotic
pathways (5, 11). CTL-induced tissue damage, however, is
thought to be more extensive as a consequence of indirect
mechanisms, such as by secretion of pro-inflammatory
molecules that recruit other players to the site of infection,
including IFNYy, macrophage inflammatory protein-lc, and
CTL-derived tumor necrosis factor-o. (12-18). Observing the
spatiotemporal behavior of CTLs during IAV infection, ideally
longitudinally and noninvasively, is essential to better
understand the immunopathology induced by these cells and
to eventually prevent collateral damage inflicted by T cells.

One technique used to visualize and track cells in vivo is
positron emission tomography (PET), which is used to identify
tumors in humans. PET scanning relies on detection of a
radiotracer, such as '*F-2-fluorodeoxyglucose, which is

absorbed by tumor cells with high metabolic activity. Immuno-
PET is a technique that uses radiolabeled antibodies, or antibody
fragments, that target disease- or cell-specific antigens to track
the distribution of that antigen (19, 20). We have used immuno-
PET, more specifically using single domain antibody fragments
(VHHs or nanobodies) derived from alpaca heavy chain-only
antibodies, to track immune cell distribution and infiltration in
graft-versus-host disease, as well as in models of cancer and the
immune response to cancer therapies (21-23).

We used radiolabeled nanobodies to study the kinetics of
CD8" T cell recruitment to the site of infection, using mouse-
adapted IAV. We also identified the localization of CD8" T cells
from IAV-infected and control mice upon transfer to assess cell-
autonomous migratory behaviors. By transferring labeled CD8"
T cells from IAV-infected mice into either healthy or IAV-
infected recipients, we examined whether the inflamed
environment of the infected lungs affects tissue-specific
trafficking of both naive and antigen-specific T cells. Prior
studies have relied mostly on invasive techniques, such as
tissue harvest, followed by flow cytometry to enumerate CD8"
T cells in the organ of interest. While this provides insight into
the local distribution of CD8" T cells, it does not provide
information on changes in distribution or migration of CD8"
T cells to peripheral tissues in the course of infection. We show
that it is possible to noninvasively monitor the total population
of CD8" T cells over the course of an IAV infection at millimeter
spatial resolution. This approach provides a new means to track a
CD8" T cell response noninvasively in a living animal.

MATERIALS AND METHODS

Synthesis of Peptide Probes for

Sortase Reactions

Peptide GGGCGGSK(azide) with a free N-terminus and C-
terminal amide was synthesized following standard solid phase
synthesis protocols (24). All Fmoc amino acids were purchased
from Chempep, Inc. Fmoc-Lys(azide)-OH was used as a building
block to provide the bioorthogonal handle. Peptides were
purified by reverse phase HPLC. Their identity was confirmed
by LC-MS prior to maleimido-DFO coupling to the cysteine
thiol. Peptides were further purified by reverse phase HPLC and
their identity was confirmed again by LC-MS.

C-Terminal Sortagging and PEGylation

Ca’"-independent heptamutant sortase A derived from S. aureus
(10 uM final concentration, 10x stock in 50 mM Tris, pH 7.4, 150
mM NaCl) and probe (1 mM final concentration, 50x stock)
were added to VHH-X118 (200 uM final concentration) in
phosphate-buffered saline (PBS). The resulting mixture was
incubated at 4°C overnight. Ni-NTA (0.5 ml) was added to the
reaction mixture and incubated for 20 minutes to remove sortase
and unreacted VHHs. The mixture was centrifuged and the
supernatant was collected and purified by size exclusion
chromatography (Superdex 75- GE Life Sciences), and
analyzed by SDS-PAGE and LC-MS. PEGylated VHH-X118
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was generated by reacting the bioorthogonal azide group with
dibenzocyclooctyne DBCO-(PEG),, overnight. The end product
was analyzed by SDS-PAGE to confirm efficient coupling.

Virus Quantification

IAV was quantified by flow cytometry, using a method adapted
from one previously described (25). Briefly, confluent Madin-
Darby canine kidney cells were infected in triplicate with 2-fold
serial dilutions of IAV WSN/33 (in DMEM, 0.2% BSA) for 1
hour. The inoculum was removed and replaced with DMEM,
0.2% (w/v) BSA for 5 hours. Cells were washed with PBS,
trypsinized, and fixed with 4% formaldehyde in PBS. Cells
were stained with 1 pg/ml VHH62 (anti-IAV NP)-Alexa Fluor
647 under permeabilizing conditions. Fluorescence was
quantified using a BD Accuri C6 Plus. The NP-positive
population was determined by comparison with an uninfected
control population (Figure S1A). Data were processed using the
FlowJo software package (TreeStar Inc). A linear regression
model was applied (Figure S1B). The slope of the line of best
fit was used to determine the percentage of infected cells, which
was multiplied by the number of cells per well to yield the
number of viral particles per well.

Infection of Mice With IAV

Age-matched, 6-week old, female CD45.2 C57BL/6] mice (n>3
in each group) were purchased from the Jackson Laboratory.
Mice were anesthetized with isoflurane and infected by the
intranasal route with 4 x 10* infectious units of IAV WSN/33
diluted in PBS. Control mice were similarly given an equal
volume of PBS intranasally. Infection was tracked by
monitoring daily weight loss. Mice were euthanized with CO,
when weight loss exceeded 25% of initial body weight and/or
animals displayed signs of severe distress, or if no weight was
recovered 9 dpi.

Immuno-PET Imaging

IAV-infected and control mice were anesthetized using
isoflurane and injected via the retro-orbital route with
approximately 25 uCi of **Zr-VHH-X118-PEG,,. PET-CT
procedures have been described in detail (21, 26). Briefly,
approximately 24 h post-administration of *Zr-VHH-X118-
PEG,,, mice were anesthetized using 2% isoflurane in O, at a
flow rate of approximately 1 L/minute. Mice were imaged with a
G8 PET-CT small-animal scanner (PerkinElmer). PET images
were acquired over a 20 minute period, which was followed by
approximately 2 minutes of CT acquisition. As a standard for
absolute intensity, a fixed quantity of radioactivity was imaged
using 5-fold serial dilutions of radioisotope in PCR strip tubes.

PET Quantification

We processed and quantified PET images using VivoQuant
software. The CT scan was used as a guide to generate 3D
regions of interest (ROIs) to represent regions corresponding to
the lungs and MLN. ROIs were drawn for each image
corresponding to the absence of CT signal in the ribcage,
surrounding the heart as a means of identifying pulmonary space.
We used preset CT values to view the area corresponding to the

lungs, and preset CT intensities (-1400, 400) were used to generate
the lung ROIs. For the MLN region, ROIs were generated by
creating a spherical region with a 10-pixel diameter centered
around the point of highest PET intensity of MLN. An additional
ROI was drawn in the quadriceps muscle of the hind leg of each
mouse, avoiding bones and LNs, which was subtracted as
background. Once all ROIs were generated, statistical information
for each ROI containing mean PET signal, was exported and
processed. We normalized signal intensities to background signal
for each mouse by using the ratio between PET signal in the lungs or
MLN to PET signal in the quadriceps muscle. The level of
significance was determined using a Student’s t-test.

T Cell Purification

Mice were euthanized by asphyxiation with CO, and spleens
were extracted by dissection. Spleens were homogenized into
single-cell suspensions. Red blood cells were removed by
hypotonic lysis. T cells were isolated from these splenocytes
using the Dynabeads® Untouched"™ Mouse T Cells Kit following
the suppliers’ recommended procedures. The lungs of day 9-
infected CD45.2 C57BL/6] mice were extracted by dissection,
and T cells were isolated using the Dynabeads® Untouched™
Mouse T Cells Kit with additional incubations with anti-CD326
and anti-CD31 antibodies to deplete epithelial and endothelial
cells, respectively.

Flow Cytometry

Aside from virus quantification assays, all data were acquired on
a Fortessa instrument (BD Biosciences) and analyzed using
FlowJo software Cells obtained from the lungs and MLN of
CD45.2 C57BL/6] mice were used for flow cytometry. Cells were
resuspended in PBS (137 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,, 1.8 mM KH,PO,) with 2% (v/v) fetal bovine serum
and passed through 40-um cell strainers to obtain single-cell
suspensions prior to antibody staining (30 minutes at 4°C). All
antibodies were obtained from BioLegend (San Diego, CA).
Student’s t-test was applied for statistical analysis.

ELISpot Assay

96-well ELISpot plates (BD ELISPOT Mouse IFNy ELISPOT Set,
BD Biosciences, San Jose, CA) were coated with an IFNY capture
antibody (BD Biosciences) in PBS overnight at 4°C, followed
by incubation with complete RPMI-1640 medium for 2 hours
at room temperature (RT). Single cell suspensions from
selected organs of IAV-infected and uninfected mice were
prepared. Red blood cells were removed by hypotonic lysis.
Quadruplicate ELISpot wells containing mononuclear cells,
were supplemented with the IAV NP peptide (366-374;
ASNENMETM) (2 pg/ml), to serve as a H2-DP-restricted
epitope from the Influenza A/PR/8/34 nucleoprotein (27, 28).
As a control, medium without added IAV peptide was used.
ELISpot plates were incubated at 37°C for 18 hours, washed and
incubated with a biotinylated IFNYy detection antibody (BD
Biosciences) for 2 hours, followed by incubation with a
streptavidin-horse radish peroxidase (HRP) conjugate (BD
Biosciences) for 1 hour at RT. ELISpot plates were developed
with 3-amino-9-ethyl-carbazole substrate (BD ELISPOT AEC
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Substrate Set) and dried. Spots were counted using an
ImmunoSpot Analyzer.

Ex Vivo T Cell Activation

Splenocytes from CD45.2 C57BL/6] mice were cultured in plates
pre-coated with anti-CD3 (5 ug/ml) and anti-CD28 (1 pg/ml)
antibodies in complete RPMI-1640 medium supplemented with
250 ng/ml of mouse IL-2 produced in house. Following
activation for 24 hours, cells were transferred to fresh dishes
without anti-CD3 and anti-CD28 in complete RPMI-1640
supplemented with 250 ng/ml of mouse IL-2, followed by
two additional days of culture. Cells were washed three
times with PBS and cell numbers were determined prior to
transfer experiments.

T Cell Transfer

Cells were labeled with non-PEGylated **Zr-VHH-X118 in PBS
at 4°C for 20 minutes with constant agitation. Cells were then
washed three times with PBS to remove unbound *°Zr-VHH-
X118. Labeled cells (6 x 10°) were then transferred into the retro-
orbital plexus of each CD45.1 C57BL/6] mouse. Images were
acquired as previously described 1 and 24 h post-T cell transfer.

FACS

T cells purified from lungs of day 9-infected CD45.2 BL/6] mice
were stained with FITC anti-mouse CD8 and Alexa700 anti-
mouse CD45.2 antibodies (BioLegend). The CD8"CD45.2" T cell
population was sorted on a BD FACSAria III sorter.

Ethics Statement

All animal protocols were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. All animals were maintained
according to the guidelines of the Animal Resources Children’s
Hospital. These studies were approved by the Boston Children’s
Hospital Institutional Animal Care and Use Committee
(protocol #16-12-3328). All infections and PET imaging
procedures were performed under isoflurane anesthesia and all
efforts were made to minimize suffering.

RESULTS

VHH Construct Design for Inmuno-PET
Imaging of CD8" T Cells

In order to follow CD8" T cells noninvasively over the course of
TAV infection, we used a VHH specific for murine CD8a,, VHH-
X118 (21). We produced two versions of 897r-labeled VHH-
X118, both made via modification of the VHH’s C-terminal
sortase recognition motif (LPETG). This modification allows the
use of a peptide containing an N-terminal GGGC sequence
equipped with a radiometal chelator to serve as a nucleophile
in a sortase A-mediated transpeptidation reaction (29). By
incorporation of maleimido-desferrioxamine (DFO), we
installed **Zr for PET imaging. We also generated a PEGylated
version of *Zr-labeled VHH-X118 by using an azide-substituted

lysine in the course of synthesis of the nucleophile to incorporate
polyethylene glycol (PEG) moieties for in vivo injections,
effectively reducing non-specific retention in the kidneys
(Figure 1) (21). The agent used for ex vivo labeling of CD8" T
cells prior to use in transfer experiments, as described below, did
not include a PEG moiety.

CD8"* T Cells Transiently Accumulate

in the Lungs and Mediastinal Lymph
Nodes (MLN) of IAV-Infected Mice,
Correlating With Morbidity

To establish the whole-body distribution of CD8" T cells during
IAV infection, we acquired CD8" PET images using **Zr-labeled
VHH-X118, and in parallel, tracked weight loss after intranasal
inoculation of CD45.2 C57BL/6] mice (n>3 for each group) with
a sub-lethal dose (4 x 10* infectious units) of influenza A/WSN/
33 virus (HIN1). In uninfected mice, CD8" T cells were
distributed in the cervical, axillary and brachial (lung
draining), mediastinal (lung draining), popliteal, renal, iliac,
and inguinal lymph nodes, as well as in the spleen, consistent
with previous observations (21). PET signals in the organs of
elimination (kidneys, liver and bladder) and the site of injection
(retro-orbital plexus) are non-specific and common occurrences
when using nanobodies as imaging agents (21, 30, 31). During
the first week of IAV infection, mice experienced weight loss,
paralleled by increases in PET signal in the mediastinal lymph
node (MLN) and lungs (Figure 2). Attribution of PET signals to
particular anatomical structures was confirmed by imaging
dissected organs, including MLN, lungs, heart, and thymus
(Figure S2). At 4 days post-infection (dpi), mice showed a
striking increase in CD8" T cells in the area corresponding to
the MLN and in the draining lymph nodes, as inferred from the
PET signal. At the peak of infection (6 dpi) as determined by
weight loss, a diffuse pattern of CD8 signal was present in the
lungs, likely caused by CD8" T cell migration from secondary
lymphoid organs towards particular foci of infection. This signal
became more concentrated and localized in specific regions of
the lungs over the course of the infection, starting at 9 dpi. The
PET signal decreased around 18 dpi, when mice regained weight
in the recovery phase, and finally disappeared from the lungs by
21 dpi.

Immuno-PET Shows Accumulation
of CD8" T Cells in the Lungs and
MLN of IAV-Infected Mice

In order to determine whether the PET signals observed in the
lungs and MLN of mice over the course of infection constituted
measurable significant increases, we quantified the PET signal
from the animals in Figure 2 using VivoQuant software.
Specifically, we generated 3D regions of interest (ROIs)
representing the lungs (Figure 3A; cyan), MLN (Figure 3B;
cyan), and quadriceps muscle (control; green) to quantify the
PET signal within the volume of the ROL Mean intensity was
calculated by dividing the PET signal by the volume of the ROL
This value was further normalized within each mouse to the
intensity of the quadriceps muscle, in order to account for possible
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FIGURE 1 | VHH Construct and Design. Schematic of the VHH-X118 construct used to track CD8" T cells in vivo. A representative VHH structure (PDB: 30GO) is
shown covalently bound to the peptide probe LPETGGCGGS. Maleimido-DFO (grey), which was covalently linked to the peptide probe at the cysteine thiol, is shown
chelating 897y (red). A terminal, azide-substituted lysine was covalently modified with a PEG,q substrate (peach) for improved circulation.

variations in multiple experiments and across mice. CD8 signal ~ population (Figure 4A). The number of infiltrating lymphocytes
intensity in the lungs increased during infection and remained  in the lungs of day 9-infected mice was significantly increased
elevated from days 6 through 12 of IAV infection. Lung signal ~ (Figure 4C), in agreement with the observed increase in PET
decreased after day 12, as mice recovered from IAV infection.  signal. To better identify the T cell subset present in the infiltrating
These results correlate with morbidity, as mice reached the peak of ~ population and to establish the percentage of CD44"CD62L"
their weight loss in this interval (Figure 2, inset graphs). Similarly, [central memory T cells (Tcy)] and CD44"CD62L" [effector T
we observed a trend towards an increase in CD8 signal intensity in cells (Tgpp/Tpn)] cells, we gated on either the CD8" or CD4" T cell
the MLN beginning at 4 dpi, which reached significance (P<0.05)  population (Figure 4B). The majority of infiltrating CD8" and
between days 9 and 15 of the infection, before eventually CD4" T cells in the lungs were CD44"CD62L" (Tgpp/Tn). No
decreasing during the recovery phase of the infection  significant increase in CD8"'CD44"CD62L"(Ty) was detected in
(Figures 3C, D). An increase in CD8 signal intensity should be  the lungs of the infected animals (Figure 4C).

detectable in the MLN of infected mice prior to its appearance in

the lungs, as T cells are activated in lymph nodes prior to  The Lung-Infiltrating Population Contains

migrating to the lungs in response to chemokines (32). IAV-Specific T Cells

We next confirmed that IAV-specific T cell responses could be
T Cells in Day 9-Infected Lungs Are detected in the lungs, MLN, and spleen by using a peptide
Predominantly CD8" Tere/Tem Cells corresponding to the immunodominant H-2D"-restricted IAV

To characterize the population of infiltrating T cells at 9 dpi and ~ NP epitope, ASNENMETM, in an IENYy ELISpot assay. As
uninfected mice, we performed flow cytometry on cells isolated ~ expected, we saw an increase in the number of IAV-specific
from the lungs and MLN. The ratio of infiltrating CD4" versus ~ CD8" T cells in the lungs, MLN, and spleen in infected mice
CD8" T cells was determined by gating on the CD3"CD45"  (Figure 4D). We detected low levels of IFNy-producing cells in
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the media-only controls in the lungs from infected animals,
presumably due to the persistence of antigen and/or previously
activated IFNy-producing T cells.

Distribution of Transferred CD8*

T Cells Relies on the Mechanism

of T Cell Activation and the Local
Inflammatory Environment

Transfer of virus-specific CD8" T cells can clear IAV in a B cell-
deficient mouse model (33). In such settings, the tissue
distribution of donor CD8" T cells remains unclear. Does the
inflamed environment of the lungs provide signals that direct
and retain T cells? Do T cells instructed to deal with a pulmonary

20

FIGURE 2 | CD8" T Cells Transiently Accumulate in the Lungs and MLN of IAV-Infected Mice, Correlating with Morbidity. Representative (n > 3) immuno-PET
images of IAV WSN/33-infected mice (facing down) injected with 8°Zr-labeled VHH-X118-PEGy,, on the indicated dpi. Graphs below immuno-PET images show
percent initial weight for each day over the course of IAV infection for the cohort of animals. Insets to the right depict focused images of the MLN and lungs at
the times indicated. Lower case letters link inset images to their corresponding full-body image, and single and double apostrophes indicate MLN and lung

insult display lung homing properties, independent of whether
the lungs are infected or not? In any case, little is known about
the in vivo distribution of T cells immediately after transfer into
recipients. We approached these questions by transfer of *Zr
anti-CD8a.-labeled CD8" T cells to trace their distribution in the
recipients at 1 hour and 24 hours post-transfer, using whole-
body immuno-PET imaging. T cells were harvested and purified
from the lungs of IAV-infected mice 9 dpi, with additional
negative selection steps to remove epithelial and endothelial
cells, followed by cytofluorimetry to assess purity of the T cell
population to be transferred. We likewise harvested splenocytes
from uninfected control mice and purified CD8" T cells from
them. These naive T cells were then activated on plate-bound
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FIGURE 3 | Quantification of CD8" T Cell Immuno-PET Signal in the Lungs and MLN/Thymus. (A, B) The volume of the lungs (cyan) was determined using the
VivoQuant 3D ROl tool in each mouse based on CT signal (white/grey) (A). The volume of the MLN (cyan) was defined based on PET intensity (B). In each mouse,
PET intensity was normalized to background signal as defined by a ROl in the quadriceps muscle (green). Mice are shown facing down as 3D renderings (left) and in
slices: frontal (top right), sagittal (middle right), and transverse (bottom right) ROI. (C, D) PET intensity from the lung ROI (C) for each day was normalized to the PET
intensity of day 0, uninfected mice (n = 3). Student’s t-tests were used to compare infected mice at each time point to uninfected mice. “P < 0.05.

anti-CD3 and anti-CD28, in medium supplemented with IL-2  remained there after 24 hours. CD8" T cells from day 9-infected
(34). CD8" T cells from day 9-infected mice or activated CD8" T~ mice initially migrated to the lungs and spleen when transferred
cells from control mice were labeled in suspension with **Zr-  into day 4-infected and uninfected recipients, imaged 1 hour
VHH-X118. Labeled cells were then transferred into either IAV-  post-transfer (Figure 5B, bottom panels). After 24 hours, a signal
infected (4 dpi) or uninfected control mice via retro-orbital  corresponding to these CD8" T cells remained detectable in the
injection. PET images were acquired at 1 hour and 24 hours  lungs of day 4-infected mice and appeared to increase in intensity
post-transfer (Figure 5A). in the spleen and MLN. Uninfected mice also retained a signal

Upon transfer into day 4-infected recipient mice, ex vivo  corresponding to CD8" T cells from infected mice in their lungs
activated, control CD8" T cells initially localized to the lungs and 24 hours post-transfer, but to a lesser extent, probably due to the
spleen (Figure 5B, top panels). After 24 hours, the signal  lack of an inflammatory environment. CD8" T cells harvested
corresponding to CD8" T cells decreased in the lungs.  from day 9-infected mice did not initially populate the spleens of
Activated CD8" T cells generated from control splenocytes  uninfected mice in large numbers, nor did they appear to migrate
transferred into naive mice localized mostly to the spleen and  there over the 24 hour observation period.
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FIGURE 4 | Lung-Infiltrating Cells are Predominantly CD8" Tgre/Tewm Cells, a Significant Amount of Which are IAV Specific. (A) The infiltrating T cells were gated on
CD45*CD3* and the ratio of CD4* and CD8* was determined. (B) CD8" and CD4" Tere/Tem (CD44"CD62L) and Toy (CD44"CD62L™) were gated on
CD45"CD3*CD4*CD44+CD62L" and CD45"CD3*CD8"CD44*CD62L". (C) Statistical analysis of data from (A, B). (D) IAV-specific T cell responses in lungs, MLN,
and spleen as determined by an ELISpot assay. Representative ELISpot wells are shown in the left panel and statistical analyses of lungs, MLN, and spleen IAV-
specific T cells are shown in the right panel.
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FIGURE 5 | Distribution of Transferred CD8" T Cells Relies on the Site of T Cell Maturation and Local Inflammatory Environment. (A) Schematic depicting CD8" T
cell transfer experiments. Donor mice were infected with IAV WSN/33 and CD8* T cells were harvested from the lungs at 9 dpi. Harvested CD8* T cells were ex vivo
labeled with #Zr-VHH-X118 and injected into day 4-infected or uninfected mice. As a control, CD8* T cells were purified from naive splenocytes of uninfected mice,
ex vivo activated, and injected into day 4-infected and uninfected mice. Mice were immuno-PET imaged 1 hour and 24 hours post-transfer. (B) Day 4-infected or
uninfected recipient mice, shown face down, were immuno-PET imaged at the indicated times post-transfer of 89Zr-labeled T cells from the indicated donor source.
A standard with set amounts of radioactivity in 2-fold dilutions starting at 0.4 uCi is on the lower right side of each image. Data are representative of 2 experiments.

DISCUSSION

We determined the whole-body distribution of CD8" T cells in a
living mouse in the course of infection with IAV. An increase in
CD8" T cells was first detectable in lymph nodes, specifically the

MLN, where CD8" T cells are activated by antigen presenting
cells that present IAV-specific antigens (35). CD8" T cells then
migrate to the lungs in response to chemotactic cues, where they
can be detected diffusely, but in significant numbers at 6 dpi,
when mice experience peak weight loss. At 9 dpi, CD8" T cells
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showed more discrete sites of accumulation in the infected lungs.
They remained there in elevated numbers until 12 dpi. CD8" T
cells then left the lungs as mice recovered. The CD8" T cell signal
remained elevated in the MLN throughout the infection,
followed by a gradual decrease in signal strength as the
infection waned.

Following viral infection, most pathogen-specific T cells
undergo a process of contraction by apoptosis. A small fraction
of the remaining antigen-specific T cells differentiate into memory
cells (9). Effector memory T cells (CD8"'CD44"CD62L")
recirculate in the blood and non-lymphoid tissues. They protect
the host against re-infection by their ability to kill cells infected
with influenza virus and by the production of inflammatory
cytokines at the site of infection (36). Central memory T cells
(CD8'CD44"CD62L") take up residence in secondary lymphoid
organs. They proliferate, differentiate, and migrate to new sites of
infection (9). At 9 dpi with IAV, most CD8" T cells in the lungs are
effector memory T cells.

As summarized in Figure 6, CD8" T cells obtained from IAV-
infected mice (9 dpi), upon transfer, initially populate the lungs of
both infected and uninfected mice. A CD8 signal remains
detectable there after 24 hours. Lymphocyte function-associated
antigen 1 (LFA-1) not only directs migration but also mediates
retention of effector CD8" T cells in the lungs. LFA-1 interacts
with intercellular adhesion molecules (ICAMs) on endothelial cells
to allow leukocyte migration across the endothelium to sites of
inflammation (37). Normal, healthy lung tissue supports retention
of activated CD8" T cells. Indeed, ICAM-1, an LFA-1 ligand, is
expressed in healthy lung tissue (38). In contrast, T cells activated

ex vivo with anti-CD3 and anti-CD28 more transiently localized to
the lungs of IAV-infected recipients, and did not populate the
lungs of uninfected recipients in a manner that was detectable by
immuno-PET imaging. This suggests that the inflamed status of
the lungs provides signals, probably in the form of both soluble
mediators and surface molecules, that allow retention of activated
T cells, regardless of their specificity, whereas healthy lungs do not
provide such cues. Ex vivo activated CD8" T cells initially
populated the lungs of IAV-infected mice, presumably due to
the pro-inflammatory signals resulting from infection. Signal is
still detectable in the lungs 24 hours post-transfer, albeit of lesser
intensity. We hypothesize that the absence of AV antigens from
control mice and the corresponding lack of continued engagement
of the TCRs on transferred ex vivo activated T cells likely
contribute to this phenotype. Further, the gene expression
profiles of ex vivo activated and in vivo activated IAV-specific
CD8" T cells likely differ, which may contribute to their ability to
interact with lung-expressed retention ligands. It is also possible
that IAV-specific CD8" T cells die upon transfer to uninfected
recipients, which could explain why they appear to be retained in
the lungs; however, it is unclear why antigen-specific CD8" T cells
would die, while activated, non-specific T cells would retain the
capacity to migrate post-transfer. These are subjects of
future investigation.

In this study we show that **Zr-labeled single-domain antibody
fragments can track the CD8" T cell response to IAV infection
noninvasively in a living mouse. Nanobodies have several
advantages for use in PET imaging when compared to intact Ig
or Fab fragments. The small size of a nanobody (~12-16 kDa)
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FIGURE 6 | Model of CD8" T Cell Transfer to Infected and Uninfected Mice. CD8" T cells transferred from day 9-infected mice (green) initially localize to the lungs
and spleen of uninfected (left) and IAV-infected (right) mice. After 24 hours, these cells are retained in the lungs and spleen of both uninfected and infected mice,
though retention is not as strong in the lungs of uninfected mice. Additionally, a subset of these cells migrates to the MLN of infected mice after 24 hours.
Transferred ex vivo activated CD8" T cells (yellow) initially localize to the spleen of both uninfected and infected mice, and in both cases remain there after 24 hours.
While these cells do not localize to the lungs of uninfected mice, they do transiently populate the lungs of infected mice; however, these cells are not retained in the
lungs after 24 hours.
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enables access to epitopes not available for binding to conventional
Ig, provides improved tissue penetration, high stability, and rapid
renal clearance from the body of unbound nanobodies (39-42).
Further, nanobodies can be produced in high yield and in active
form in bacteria (43). A possible drawback of nanobodies for in vivo
use is their immunogenicity; while nanobodies are typically poorly
immunogenic in vivo, this is not always the case. Even then,
immunogenicity can often be modulated by modification of the
framework regions of the construct (39, 40, 44, 45).

The platform used in this study is highly amenable to
adaptation. Addition of a sortase recognition motif to the C-
terminus of a nanobody enables rapid and efficient covalent
modification of the nanobody. We used sortase to append a
radiometal chelator to the nanobody of interest. Modification of
this strategy is simple owing to the commercial availability of
many different chelators with various functionalized handles.
The sortase reaction also enabled us to append PEG,, to the
nanobody of interest to increase circulatory half-life and decrease
renal retention of the construct; PEGylation of a construct is not
always required, and the size of the PEG moiety can be adjusted
according to the needs of the experiment (43). The choice of
available PET isotopes and their characteristic half-lives (**Ga:
~60 min; "®F: ~110 min; **Cw~12 hrs; %Zr: ~3.3 days) sets
differing observation windows, which can be matched to the
immunological parameters of interest by the choice of a VHH of
appropriate specificity.

We propose that immuno-PET can be used to study the
immune response to any infection that induces CD8" T cells The
signature advantage of this method is its noninvasiveness. More
conventional methods require sacrificing the animals to enable
organ retrieval by dissection. Additional VHHs can, of course, be
developed against antigens from other animal models and can be
used to track various immune cells. Because of this, we propose
that immuno-PET can be utilized to monitor immune responses
to vaccines and to garner a better understanding of their
mechanisms of action.
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Sinomenine Relieves Airway
Remodeling By Inhibiting Epithelial-
Mesenchymal Transition Through
Downregulating TGF-1 and Smad3
Expression In Vitro and In Vivo

Hongjuan He', Lihua Cao, Zheng Wang ', Zhenzhen Wang, Jinxin Miao,
Xiu-Min Li** and Mingsan Miao™*

7 Academy of Chinese Medlical Sciences, Henan University of Chinese Medicine, Zhengzhou, China, 2 Microbiology and
Immunology, and Department of Otolaryngology, New York Medical College, New York, NY, United States

Airway remodeling is associated with dysregulation of epithelial-mesenchymal transition
(EMT) in patients with asthma. Sinomenine (Sin) is an effective, biologically active alkaloid
that has been reported to suppress airway remodeling in mice with asthma. However, the
molecular mechanisms behind this effect remain unclear. We aimed to explore the
potential relationship between Sin and EMT in respiratory epithelial cells in vitro and in
vivo. First, 16HBE cells were exposed to 100 ug/mL LPS and treated with 200 pg/mL Sin.
Cell proliferation, migration, and wound healing assays were performed to evaluate EMT,
and EMT-related markers were detected using Western blotting. Mice with OVA-induced
asthma were administered 35 mg/kg or 75 mg/kg Sin. Airway inflammation and
remodeling detection experiments were performed, and EMT-related factors and
proteins in the TGF-B1 pathway were detected using IHC and Western blotting. We
found that Sin suppressed cell migration but not proliferation in LPS-exposed 16HBE
cells. Sin also inhibited MMP7, MMP9, and vimentin expression in 16HBE cells and
respiratory epithelial cells from mice with asthma. Furthermore, it decreased OVA-specific
IgE and IL-4 levels in serum, relieved airway remodeling, attenuated subepithelial collagen
deposition, and downregulating TGF-f1and Smad3 expression in mice with asthma. Our
results suggest that Sin suppresses EMT by inhibiting IL-4 and downregulating TGF-B1
and Smad3 expression.

Keywords: Sinomenine, airway remodeling, asthma, EMT, TGF-B1/Smad3 expression

INTRODUCTION

Asthma, a chronic inflammatory disease of the airways, is a common heterogeneous disease that
affects approximately 300 million people worldwide, resulting in 250,000 deaths per year and
billions of dollars in medical expenses (1, 2). Through the involvement of various immune and
structural cells, including mast cells, eosinophils, and epithelial cells, it causes pathological changes
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such as airway inflammation, mucus metaplasia, subepithelial
fibrosis, airway hyper-responsiveness (AHR), and airway wall
remodeling (3). Among these, airway inflammation and airway
remodeling are the two main pathological features of asthma.

Airway remodeling refers to airway structural change that
occurs in patients with asthma induced by persistent
inflammation during injury and repair processes (4). It is
characterized by airway wall thickening, subepithelial collagen
deposition, and excessive mucus secretion (5). Airway remodeling
largely causes airflow limitation and airway obstruction,
endangering the lives of patients with severe asthma. Currently,
most patients are well controlled and improved by well-
established treatments, such as inhaled corticosteroids (ICS)
and B2-adrenergic agonists. While these first-line treatments
demonstrate potent anti-inflammatory effects, they are not very
effective for treating airway remodeling (6). Unfortunately,
approximately 10% of patients with asthma are poorly
controlled, putting them at increased risk of hospitalization due
to bronchial wall remodeling and airway constriction (7, 8). To
prevent the progression of airway remodeling in the early stages
and reduce disease severity, understanding the mechanism
behind airway remodeling and identifying useful therapies
are urgent (9).

Recently, it has been demonstrated that airway remodeling is
associated with dysregulation of epithelial-mesenchymal
transition (EMT) (10). EMT is a complex process related to
tissue remodeling, in which epithelial cells gradually transform
into mesenchymal-like cells through the loss of epithelial
functionalities of cell-cell adhesion and polarity as well as gain
of migration and invasion abilities (11, 12). During this process,
biomarkers of epithelial cells, such as E-cadherin, are repressed,
whereas mesenchymal markers, including vimentin, MMP7,
MMP9, and alpha-smooth muscle actin (a-SMA), are
upregulated. It is a novel clinical therapeutic target that is also
activated in wound healing, cancer progression, and severe
chronic airway diseases such as asthma and chronic
obstructive pulmonary disease (COPD) (11). EMT occurs due
to the stimulation of certain inflammatory factors and influence
of various signaling pathways. In asthma, allergen-specific T cells
are activated, and T helper type 2 (Th2) cytokines are secreted.
Th17 cells are also known to modulate the disease. These
cytokines interact with their receptors, activate their
downstream transcription factors, increase EMT-related
factors, and induce changes in airway thickness (13).

Chinese medicine has been widely used to treat bronchitis
and bronchial asthma for thousands of years (14). Some
traditional Chinese medicines (TCMs) have been found to
inhibit airway remodeling and pulmonary fibrosis progression
in asthma and COPD by targeting EMT (15, 16). Sinomenine
(Sin) is an effective, biologically active alkaloid isolated from the
roots and stems of the TCM Qingfengteng, also known as the
climbing plant Sinomenium acutum. Sin has been found to
demonstrate anti-inflammatory, immunosuppressive, and anti-
arrhythmic effects. It was also reported to suppress collagen-
induced arthritis by inhibiting Th17 factors and increasing
numbers of Treg cells (17). While it has also been found to
ameliorate airway remodeling in mice with asthma, the

underlying molecular mechanism remains unclear (18). The
aim of the present study was to explore the potential
relationship between Sin and the EMT process in respiratory
epithelial cells through in vitro and in vivo studies. It was found
that Sin relieved airway remodeling by inhibiting EMT through
downregulating the TGF-B1 and Smad3 expression.

MATERIALS AND METHODS

Cell Culture and EMT Induction

Human bronchial epithelial cells (Il6HBE) were purchased from
ATCC (Manassas, VA, USA) and cultured in DMEM medium
(Gibco, UK) with 10% FBS (Gibco, UK) at 37°C in a humidified
incubator containing 5% CO,. To induce EMT, the 16HBE cells
were treated for 72 h with the following concentrations of LPS
(Sigma-Aldrich, USA): 10, 20, 50, and 100 pg/mL. The cells were
divided into four independent treatment groups: a control group,
100 pg/mL LPS group, 100 pg/mL LPS with 200 pg/mL Sin
group, and 200 pg/mL Sin group.

Cell Viability and Proliferation Assays

The cell viabilities of 16HBE cells treated with Sin were evaluated
using the cell counting kit-8 (CCK8) assay (Dojindo, Japan) (19).
A total of 2 x104 16HBE cells were cultured in 96-well plates
overnight until complete adherence to the walls. The cells were
then incubated with Sin at final concentrations of 0, 2, 10,20, 100,
200, 500, 1000, and 2000 ug/mL for 24 h. The media were
removed, and the cells were incubated with 10% CCK8 solution
(Dojindo, Kyushu, Japan) for 4 h. Absorbances at 450 nm were
then measured.

For proliferation assay, a total of 1x10* cells per well were
seeded in a 96-well plate, treated with the four abovementioned
treatments with six replicates, and incubated for 0, 24, 48, and
72 h. The cells were then evaluated via CCKS8 assay, as
previously described.

Wound Healing Assay

Cell migration ability was evaluated using a previously described
wound healing assay (20). After growing the 16HBE cells to 90%
confluence in six-well plates, the cell layers were horizontally
scraped using a sterile 10 pL pipette tip across the plate. The
plates were then washed with DMEM to remove debris from
the straight wound area. They were then incubated with
the four abovementioned independent treatments in DMEM
supplemented with 2% FBS. Images of six randomly chosen fields
in each wound were captured using a light microscope at 100x
magnification (0 and 24 h). The migration proportion of
adjacent cells to the wound area was calculated using
Image] software.

Migration Assay

A cell migration assay was carried out in 24-well Transwell
chambers with an 8 um pore polycarbonate membrane filter
(Corning, NY, USA), as described elsewhere (21). A total of
6x10* 16HBE cells were cultured in the upper wells with no more
than 200 UL serum-free medium. The bottom chambers were
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filled with 800 uL 10% FBS medium with the four
abovementioned treatments. After incubation for 48 h, the
migrated cells on the membrane filter were washed with
phosphate buffered saline (PBS) solution, fixed with 4%
paraformaldehyde for 30 min, and stained with 1% crystal
violet (Amresco, Solon, OH) for 10 min. After washing and air
drying, the cells were observed and photographed at 100x
magnification using a microscope. The numbers of migrated
cells were calculated based on six random fields per well using
Image] software (National Institutes of Health, MD).

OVA-Induced Asthma Model

A total of 32 six-week-old female BALB/c mice were purchased
from Beijing Weitong Lihua Laboratory Animal Technology Co.,
Ltd. (China), fed commercial diets, and maintained under an
ambient temperature of 23 + 3°C and 12 h light/dark cycle. All
animal experiments complied with the ARRIVE guidelines,
“British Animal (Scientific Procedure) Act of 19867, EU
Directive 2010/63/EU, and related guidelines. All procedures
described were approved by the Animal Welfare Ethics
Committee of the Henan University of Chinese Medicine. The
mice were randomly divided into four groups (8 mice per group):
negative control, asthma, asthma with high-dose Sin (75 mg/kg),
and asthma with low—dose Sin (35 mg/kg) groups.

Asthma was induced using ovalbumin (OVA, grade V,
Sigma—Aldrich, USA) as previously described (9, 22). The mice
were sensitized by intraperitoneal injection (i.p.) of 100 g OVA
emulsified in 2 mg Imject Alum Adjuvant (Thermo, USA)
diluted in 200 puL PBS on days 0 and 7. Subsequently, the mice
were intratracheally challenged with 100 ug OVA in 20 uL PBS
on days 14, 17, and 20, followed by twice weekly challenges for
four weeks. The control group was sensitized and challenged
with PBS at the same time points. Sin was dissolved in 200 puL
normal saline and intragastrically (i.g.) administered once daily
from day 15-49. All mice were sacrificed 24 h after the
final challenge.

Enzyme-Linked Immunosorbent Assay

The serum was collected and centrifuged for 15 min at 12000
rpm to examine the levels of immunoglobulin E (IgE) and other
cytokines. OVA-specific IgE as well as levels of IL-4, IL-6, and IL-
10 in the serum were measured using a mouse IgE ELISA
development kit (Mabtech, USA) and a mouse ELISA kit
(Mabtech), respectively.

Histological and Immunohistochemical
Analysis

The left lung lobes were fixed in 4% paraformaldehyde and cut
into 5 um sections for histological examination and
immunohistochemistry (IHC). To assess the degree of
inflammation and airway remodeling, hematoxylin and eosin
(H&E) staining was performed. The total area of the airway wall
and the perimeter of the basement membrane (Wat/Pbm) were
measured to evaluate airway remodeling (23). Masson’s
trichrome staining was performed to semi-quantitatively assess
subepithelial collagen deposition (1, 10). The histological
analyses were performed by two independent observers.

IHC was performed as previously reported (10). Briefly, the
paraffin-fixed lung sections were permeabilized with 0.02%
Triton X-100 (Sigma) in PBS and then blocked with 10%
normal goat serum and 2% BSA in PBS. Then, the sections
were incubated with primary antibodies overnight at 4°C, with
MMP9 (Abways, 1:100), MMP7 (Abways, 1:100), vimentin
(Abways, 1:100), TGF-f1 (Immunoway, 1:100), Smad2 (Abways,
1:100), Smad3 (Abways, 1:100) and p-Smad3 (S423/S425, Abclonal,
1:100); immunized with HRP-conjugated goat anti-rabbit IgG
secondary antibodies; and visualized with diaminobenzidine
(DAB). The sections were then counterstained, dehydrated,
mounted on microscope slides, and imaged under a microscope.
The expression levels were semi-quantitatively scored as previously
reported (21).

Western Blotting

Total proteins from 16HBE cells or right lung tissues of mice were
extracted using RIPA lysis buffer supplemented with 1% protease
inhibitor (Roche Applied Science) and quantified using the BCA
method. They were then diluted in 5x loading buffer, denatured,
and separated via 10% SDS-polyacrylamide gel electrophoresis.
An amount of 20 mg total protein was transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, MA,
USA). Primary antibodies anti-MMP9 (1:1000 dilution, Abways),
anti-MMP7 (1:1000 dilution, Abways), anti-vimentin (1:1000
dilution, Abways), TGF-B1 (Immunoway, 1:1000), Smad3
(1:1000 dilution, Abways), GAPDH (1:5000 dilution, Abways),
and secondary goat anti-rabbit antibody Abways, 1:10000)
were used. The images were illuminated with enhanced
chemiluminescence reagent (Epizyme, Shanghai, China) and
visualized using an Amersham imager 600 (GE Healthcare,
Freiburg, Germany). The gray values of the protein bands were
calculated using Image] software.

Statistical Analysis

All experiments were performed at least in triplicate and all the
values are expressed as mean + standard error of mean (SEM).
The differences among different groups were analyzed using one-
way analysis of variance followed by Dunnett’s Multiple
Comparison Test. If the data were not normality distribution,
non-parametric multiple comparison was applied to compare
differences among different groups. All statistical analyses were
performed using GraphPad Prism software (version 8.0;
GraphPad Software Inc., San Diego, CA, USA). Statistical
significance was set at p < 0.05.

RESULTS

Sin Inhibited Cell Migration but Not
Proliferation in LPS-Exposed 16HBE Cells
Airway epithelial cells are the primary targets for the inhaled
environmental allergens and can produce Th2 innate cytokines
to trigger allergic reactions (24). The chronic exposure of
repetitive environmental injury may lead to persistent
activation of pathways involved in airway epithelial repair,
such as epithelial to mesenchymal transition, changes in
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progenitor cell migration and proliferation, and abnormal  effect on the proliferation and migration ability induced by LPS.
redifferentiation leading to airway remodeling (25).  The viabilities of the HBE16 cells were not compromised when
Lipopolysaccharide (LPS) produced by bacterial infections can  treated with doses of Sin less than 200 pg/mL (Figure 1A). The
exacerbate asthmatic inflammation and induce airway  proliferation abilities of the 16HBE cells were significantly
remodeling (26). LPS was reported to induce the proliferation,  increased after stimulation with 100 pg/mL LPS. Sin did not
differentiation, and migration process of intestinal epithelial cell ~ significantly influence this effect (Figure 1B). However, Sin
(27). In our study, we firstly suggested that LPS can promote the  significantly inhibited LPS-induced cell motility as seen in the
proliferation and migration ability of the human 16HBE cells. To ~ wound healing assay (Figures 1C, D). Moreover, it also inhibited
explore the effect of Sin on airway remodeling, we evaluated its =~ LPS-induced cell migration (Figures 1E, F).
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FIGURE 1 | Sin inhibited cell migration but not proliferation in LPS-exposed 16HBE cells. (A) A total of 2x10* 16HBE cells were seeded in 96-well plates and
stimulated with Sin at concentrations of 0, 2, 10, 20, 100, 200, 500, 1000, 2000 pg/mL for 24 h. Cell viability was analyzed using a CCK-8 assay. The OD450 values
of the cells stimulated at different doses are shown in the Y-axis. (B) A total of 1x10* 16HBE cells were seeded in 96-well plates and divided into three groups:

100 pg/mL LPS, 100 pg/mL LPS and 200 pg/mL Sin, control (untreated) group. Cell proliferation ability was analyzed using a CCK-8 assay. The OD450 values of
the cells at 0, 24, 48, and 72 h were detected and shown by the ordinate. (C) The cell layers were horizontally scraped using a sterile 10 uL pipette tip upon
reaching 90% confluence in six-well plates. Images of the wound areas were captured at O and 24 h after stimulation. (D) Migration area was measured to analyze
cell migration. (E) A total of 6x10% HBE16 cells were seeded onto the upper wells with no more than 200 uL serum-free medium. The bottom chamber was filled
with 800 pL 10% FBS medium with 100 pg/mL LPS, 100 pg/mL LPS with 200 pg/mL Sin, 200 pg/mL Sin, or 10% FBS medium. The migrated cells were observed
and captured at 100x magnification after 48 h. (F) Numbers of migration cells were counted from 6 randomly chosen fields. Scale bar indicates 200 um. The data
are presented as mean + SEM from three independent experiments. The one-way analysis of variance followed by Dunnett’s Multiple Comparison Test was used.
*p < 0.05. *p < 0.01. **p < 0.001.

Frontiers in Immunology | www.frontiersin.org 23 November 2021 | Volume 12 | Article 736479


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

He et al.

Sinomenine Inhibits Airway EMT

Sin Inhibited EMT in LPS-Exposed Human
Airway Epithelial Cells

In order to further study the effect of Sin on EMT of 16HBE, we
examined the EMT process induced by LPS exposure and
detected the expression of EMT related biomarkers. Matrix
metalloproteinase 9 (MMP9) was expressed by bronchial
epithelium which may promote airway eosinophil infiltration
and degrade the extracellular matrix (ECM)during the
remodeling (18). MMP7 was identified to regulate wound
repair process and was quickly upregulated after injury, which
was associated with various mucosal immune processes (28).
Upon evaluating EMT-related factors and MMPs at different
concentrations of LPS we found that increasing concentrations
of LPS increased the expression of the mesenchymal marker
vimentin as well as matrix metalloproteinases MMP7 and MMP9
(Figures 2A, C). Additionally, Sin significantly suppressed the
levels of vimentin, MMP7, and MMP9 in the 16HBE cells
exposed to 100 ug/mL LPS (Figures 2B, D). These results
suggested that Sin inhibited LPS-induced EMT in the airway
epithelial cells.

Sin Relieved Th2 Airway Inflammation in
Mice With OVA-Induced

Ovalbumin (OVA) is one of the most abundant glycoprotein
allergens, which can induce IgE production and result in Th2
immune response in asthma (29). To further explore the
relationship between Sin and airway remodeling, the OVA-
induced asthmatic mice was established. The imbalance
of Th1/Th2 is reported to cause airway inflammation
—associated pathogenesis of asthma. Th2 cytokines, including
interleukin—4, -5, 10, —13, were demonstrated to be involved in
hyperresponsiveness and airway remodeling through activating
EMT transformation (30). We detected the pharmacological
effect of Sin on Th2 immune cytokines using an ELISA kit on
the serum of the mice. We found that IL-4 concentrations were
lower in the Sin-treated group than in the OVA group
(Figure 3A). This indicates that Sin specifically suppressed
IL-4 production. There were no significant differences in IL-10
and IL-6 concentrations (Figures 3B, C). Th2 allergic
inflammation is classically characterized with the high levels of
Th2 cytokines and immunoglobulin E (IgE) (31). In asthma
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FIGURE 2 | Sin inhibited EMT in LPS-exposed human airway epithelial cells. (A) The 16HBE cells were seeded in a 6-well plate and stimulated with LPS at
concentrations of 0, 10, 20, 50, 100 ug/mL for 72 h. Protein levels of MMP9, MMP7, and vimentin were determined using Western blotting. (B) The 16HBE cells
were seeded in a 6-well plate and divided into four groups: control (untreated), LPS (100 pug/mL), LPS with Sin (100 ug/mL and 200 pug/mL, respectively), and sin
(200 ng/mL) groups. The cells were incubated for 72 h to perform Western blotting. (C, D) Statistical analysis of the gray values of each protein normalized to
GAPDH. The data are presented as mean + SEM from three independent experiments. The one-way analysis of variance followed by Dunnett’s Multiple Comparison
Test was used. “p < 0.05. “*p < 0.01. **p < 0.001.
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FIGURE 3 | Sin relieved Th2 airway inflammation in mice with OVA-induced asthma. (A-C). IL-4, IL-6, and IL-10 expressions in serum were detected using ELISA
on mice from control, model, and Sin-treated (35 mg/kg or 75 mg/kg) groups. OD450 absorbances are shown in the Y-axis. (D) OVA-specific IgE in the serum was
detected using ELISA in the abovementioned group. The data are presented as mean + SEM (n=5-6/group). The one-way analysis of variance followed by Dunnett’s
Multiple Comparison Test was used. “p < 0.05. “p < 0.01. **p < 0.001. ns, no significant difference between the two groups.

patients, allergens is generally immunoreacted by high levels of  Sjn Suppressed EMT in Mice With

IgE which was reported to mediate human allergic inflammation ~ QVA-Induced Asthma

(32). Thus, we also examined the OV A-specific IgE level in mice. To examine the EMT process in mice with OVA-induced
It is shown that IgE level was obviously decreased in Sin treated  45thma, we evaluated the typical indications of EMT.

group compared to the OVA group (Figure 3D). Immunochemical staining of the lung sections showed that the

. . . . . levels of vimentin, MMP7, and MMP9 in the airway epithelial
SI_n Re"_eved the Airway Remodeling in cells of the Sin-treated group were significantly lower than in the
M'ce With OVA'!nduceq ASthma _ ' OVA group (Figure 5A). The Western blotting results also
Since airway remodeling is characterized by airway wall thickening,  showed that Sin obviously suppressed the expressions of

subepithelial collagen deposition, and excessive mucus secretion  MMP7 and MMP9 in the lungs of the mice with asthma
(5), we assessed the pathological changes caused by Sin on lung (Figures 5B, C). These results suggested that Sin suppressed
tissue sections. H&E staining revealed a significant reduction in  EMT in the airway epithelial cells of mice.

bronchial inflammatory cell infiltration in the Sin group compared

to the OVA group (Figure 4A). The wat/Pbm value in the OVA  Sin Suppressed the TGFB-1 and Smad3
group was markedly increased compared to that in the control mice Expression in Airway Epithelial Cells

but obviously decreased in the treated groups. Masson staining  To assess the mechanism underlying the relieving effects of Sin
showed that Sin remarkably relieved OVA-induced collagen  on airway remodeling, we analyzed protein levels of components
deposition in asthmatic mice, as observed with the lower areas of ~ of the TGF-1/Smad pathway. We found that the protein levels
blue-stained collagen fibers than in the OVA group (Figure 4B). of TGF-B1 and Smad3 but not Smad2 or p-Smad3 were
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control

presented as mean + SEM (n=5-6/group). *p < 0.05. **p < 0.001.

significantly increased in the lung tissues of OVA-challenged
mice compared to those in the control mice (Figure 6A).
However, when the mice were treated with 35 mg/kg or 75
mg/kg Sin, these changes were markedly attenuated as seen in
the results of the IHC (Figure 6A) and Western blotting
(Figures 6B, C). These results suggested that it suppressed
EMT through downregulating TGF-B1/Smad3 expression.

DISCUSSION

Airway remodeling is an airway structural change that is
characterized by airway wall thickening, subepithelial collagen
deposition, and excessive mucus secretion (5). The respiratory
symptoms are largely caused by airway obstruction. Airway
epithelial cells are the primary targets of inhaled environmental
allergens, causing the production of Th2 innate cytokines that
trigger allergic reactions (24). Chronic exposure to repetitive
environmental injury may lead to persistent activation of
pathways involved in airway epithelial repair, such as EMT,
changes in progenitor cell migration and proliferation, and
abnormal redifferentiation causing airway remodeling (25).
However, it is still not clear whether environmental allergens
cause the proliferation and migration of airway cells and their
mechanisms. There are no reports on the effect of Sin on the
changes in airway epithelial cell function caused by allergens. LPS
produced by bacterial infections can exacerbate asthmatic
inflammation and induce airway remodeling (26). It was also
reported to induce proliferation, differentiation, and migration of
intestinal epithelial cells (27). In our study, we firstly suggested

Wat / Pbm(um?/pm)

FIGURE 4 | Sin relieved airway remodeling and reduced collagen deposition in the lungs of mice with OVA-induced asthma. Scale bar indicates 50 pum.

(A) Hematoxylin & eosin (H&E)-stained lung tissue specimen sections. The total area of the airway wall and the perimeter of the basement membrane (Wat/Pbm)
were used to evaluate the airway remodeling. The Wat/Pbm values (um?/um) are shown in Y-the axis. The non-parametric multiple comparison followed by
Dunnett’s Multiple Comparison Test was used. (B) Masson staining was conducted on sections of the lung bronchi tissue, in which collagen fibers are shown as
blue. The subepithelial collagen density was quantified. The one-way analysis of variance followed by Dunnett’s Multiple Comparison Test was used. The data are

that LPS can promote the proliferation and migration of human
16HBE cells. We found that Sin inhibited cell migration but not
proliferation in LPS-induced 16HBE cells. These results suggest
that Sin may inhibit cell migration and EMT in airway
epithelial cells.

OVA, one of the most abundant glycoprotein allergens,
induces IgE production and causes Th2 immune responses in
patients with asthma (29). Furthermore, an imbalance in Th1/
Th2 has been reported to cause airway inflammation-associated
pathogenesis of asthma (30). To further explore the relationship
between Sin and airway remodeling, a mouse model with OV A-
induced asthma was established. We found that airway
inflammatory cell infiltration was significantly increased in the
lungs of the mice in this model. Additionally, severe airway
remodeling and changes in collagen deposition were observed.
To evaluate the therapeutic effects of Sin, we assessed the
histological and morphological changes in their lungs.

Th2 allergic inflammation is classically characterized by high
levels of Th2 cytokines and IgE (31). In patients with asthma,
allergens generally react to high levels of IgE, causing human
allergic inflammation (32). Thus, we examined the levels of Th2
cytokines and OV A-specific IgE in mice. Our results showed that
Sin relieved Th2 inflammatory responses and suppressed levels
of IL-4. In the human body, serum IgE concentration is very low.
During an allergic response, the presence of IL-4 and IL-13
induces B cells to produce allergen-specific IgE (33). Once IgE is
released into the circulation and attached to the allergic effector
cells, an immediate hypersensitivity reaction occurs (34, 35).
Thus, efforts to decrease IgE levels are considered very important
for allergies. Furthermore, we also demonstrated that Sin
regulated levels of OVA-specific IgE. Our results suggested that
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FIGURE 5 | Sin reduced the EMT of the airway epithelial cells in the lungs of the mice with OVA-induced asthma. (A) The protein levels of MMP9, MMP7, and
vimentin were detected via immunohistochemistry. Scale bar indicates 50 um. (B) The expressions of each protein were determined using Western blotting.
(C) Statistical analysis of the gray values of each band normalized to GAPDH. The data are presented as mean + SEM from three independent experiments. The
one-way analysis of variance followed by Dunnett’s Multiple Comparison Test was used. *p < 0.05. **p < 0.01. ns, no significant difference between the two groups.
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Sin can effectively attenuate OVA-induced airway inflammation,
airway thickness, and subepithelial collagen deposition.

It is generally believed that airway remodeling is caused by
chronic exposure to an inflammatory environment, leading to
repeated asthma attacks. Respiratory symptoms are mainly
caused by changes in airway structure. However, the
mechanism of how and when airway remodeling occurs is still
unclear. A previous study has reported that airway remodeling
may occur in the early stages of asthma and is associated with
EMT dysfunction (10). The protective role of Sin against airway
inflammation has also been reported, and its role in EMT in
asthma is unclear. In our OVA-induced asthma model, the
mesenchymal marker, vimentin, was increased.

To explore the relationship between Sin and EMT, we
evaluated EMT-related factors and matrix metalloproteinases.
Matrix metalloproteinase 9 (MMP9), which is expressed in the
bronchial epithelium, promotes airway eosinophil infiltration
and degrades the extracellular matrix (ECM) in remodeling (18).
We also found that MMP9 levels were significantly increased in
lung tissue and airway models. Our results demonstrated that Sin
could inhibit MMP9 expression, suggesting that Sin may
suppress the thickening of the airway wall. MMP7, which is
associated with various mucosal processes, was identified to
regulate the wound repair process and found to be quickly
upregulated after injury (28). It attenuates ciliated epithelium
cell differentiation and enhances wound closure and cell
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migration, which are required for re-epithelialization after injury.
The adhesion of cells to collagen is enhanced by MMP7 through
indirect regulation of 0:2p1 integrin affinity (36). MMP7 has also
been shown to induce EMT in various cancers (37, 38). However,
the relationship between MMP7 and airway remodeling has not
yet been studied. Our results showed that MMP7 expression was
significantly increased in lung tissue and airway models.
Moreover, MMP?7 levels in the airway were significantly lower
in the Sin group than in the OVA induced group. We also found
that Sin significantly suppressed the levels of vimentin, MMP?7,
and MMP9 in LPS-induced 16HBE cells. These results indicate
that Sin may inhibit collagen deposition and airway remodeling
by regulating EMT.

TGF-B1 is a major inducer of EMT that is secreted by
damaged or repairing epithelium. It has also been identified to
be a main mediator of airway remodeling (39). Smad3 signaling
is required for allergen-induced airway remodeling. It is
suggested that airway remodeling is reduced in OVA-
challenged Smad3-deficient mice (40). TGF-B1 induced EMT
has also been implied in airway remodeling in lung allograft
tissue (41).To gain insight into the mechanisms underlying the
effects of Sin, we measured levels of several proteins in the TGF-
B1/Smad pathway. We observed that TGF-B1 and Smad3 not
Smad2 were increased in the lungs of OVA-induced mice. We
also found that Sin inhibited the increases in the expressions of
TGF-B1 and Smad3. Furthermore, Sin had been shown to
attenuate renal fibrosis by increasing Nrf2 and mitigates
profibrogenic signaling of TGF-B1/Smad (42). Sin was
suggested to reduce TGF-Bl-induced pSmad2/pSmad3
signaling in clear-cell renal carcinoma cells (43). p-Smad3-
S423/S425 was also reported to be related to EMT. In our
study, we did not observe the changes in p-Smad3, indicating
that OV A may increase the expression of Smad3 without directly
regulating its phosphorylation. There was also a synergic action
between TGF-B1 and IL-4 in terms of induction of EMT, which
can induce epithelial cells to the cell cycle together (44). IL-4
treatment leads to endogenous TGF-B1 release, which
subsequently induces MMP7, MMPY, and vimentin expression
(45, 46). Our results suggested that Sin may suppress MMP?7,
MMPY, and vimentin expression by inhibiting IL-4 and
downregulating TGF-B1 and Smad3 expression.

Taken together, we demonstrated that Sin relieved airway
remodeling by inhibiting EMT through downregulating TGF-B1
and Smad3 expression. However, there were some limitations to
our study. Since we have not identified the direct target protein of
Sin in the body, we evaluated the effects of Sin on EMT through
histopathology, serology, and cell function experiments. More
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Glioblastoma (GBM) is the most common malignant primary brain tumor. Glioblastomas
contain a large non-cancerous stromal compartment including various populations of
tumor-associated macrophages and other myeloid cells, of which the presence was
documented to correlate with malignancy and reduced survival. Via single-cell RNA
sequencing of human GBM samples, only very low expression of PD-1, PD-L1 or
PD-L2 could be detected, whereas the tumor micro-environment featured a marked
expression of signal regulatory protein alpha (SIRPa), an inhibitory receptor present on
myeloid cells, as well as its widely distributed counter-receptor CD47. CITE-Seq revealed
that both SIRPo. RNA and protein are prominently expressed on various populations of
myeloid cells in GBM tumors, including both microglia- and monocyte-derived tumor-
associated macrophages (TAMs). Similar findings were obtained in the mouse orthotopic
GL261 GBM model, indicating that SIRPa. is a potential target on GBM TAMs in mouse
and human. A set of nanobodies, single-domain antibody fragments derived from camelid
heavy chain-only antibodies, was generated against recombinant SIRPa and
characterized in terms of affinity for the recombinant antigen and binding specificity on
cells. Three selected nanobodies binding to mouse SIRPa. were radiolabeled with “°™Tc,
injected in GL261 tumor-bearing mice and their biodistribution was evaluated using
SPECT/CT imaging and radioactivity detection in dissected organs. Among these,
Nb15 showed clear accumulation in peripheral organs such as spleen and liver, as well
as a clear tumor uptake in comparison to a control non-targeting nanobody. A bivalent
construct of Nb15 exhibited an increased accumulation in highly vascularized organs that
express the target, such as spleen and liver, as compared to the monovalent format.
However, penetration into the GL261 brain tumor fell back to levels detected with a
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non-targeting control nanobody. These results highlight the tumor penetration
advantages of the small monovalent nanobody format and provide a qualitative proof-
of-concept for using SIRPa-targeting nanobodies to noninvasively image myeloid cells in
intracranial GBM tumors with high signal-to-noise ratios, even without blood-brain

barrier permeabilization.

Keywords: signal regulatory protein alpha, glioblastoma, nanobodies (VHH), imaging, myeloid cell, SIRP alpha

INTRODUCTION

Glioblastoma (GBM) is the most prevalent and aggressive type of
primary brain cancer. Standard treatment for GBM relies on
surgical resection, radiotherapy and chemotherapy, but due to
poor tissue accessibility, tumor invasiveness and rapid growth,
patients relapse and the median survival is approximately two
years following initial diagnosis. It is therefore imperative to find
new diagnostic and therapeutic tools to tackle GBM (1). Over the
last decade, immunotherapies such as the use of immune
checkpoint inhibitors (ICIs), have revolutionized the field of
cancer treatment (2). Cancer-immune cell interactions via so-
called immune checkpoints, dampen anti-cancer immune
responses and create an immuno-suppressive and pro-tumoral
environment. Hence, the use of ICIs can promote anti-tumor
immunity. Up to date, 7 ICIs that specifically focus on cytotoxic
T cell activation have been clinically approved (3). Although
these T-cell-centered ICIs have proven effective in so-called
“hot” tumors such as melanoma and non-small cell lung
carcinoma, which contain large proportions of cytotoxic T
cells, only a minority of patients appears responsive to the
treatment. Furthermore, they are of limited value in the
treatment of non-T-cell inflamed “cold” tumors. Therefore,
shifting the focus onto innate immune cells in order to boost
anti-tumoral activity may provide complementary and
synergistic potential for the treatment of tumors such as GBM,
that, to date, only show very modest responses to the currently
available ICIs (4, 5).

A potentially promising target is the SIRPoi-CD47 axis (6).
SIRPa is expressed by myeloid cells, including macrophages and
dendritic cells, and binds to the ubiquitously expressed self-
antigen CD47 (7). Their interaction serves as a “do not eat me”
signal and avoids unwanted clearance of host cells. However, this
mechanism is being exploited in the tumor microenvironment,
as cancer cells overexpress CD47 to bypass macrophage-
mediated phagocytic killing (8-10). Seminal pre-clinical mouse
studies across many cancer types -including GBM- have shown
that CD47-SIRPo. interference significantly increases cancer cell
engulfment (11-22). Consequently, several of such ICIs are
currently being tested in clinical trials (23). Most studies are
focusing on targeting CD47, using monoclonal antibodies.
However, due to the ubiquitous expression of CD47, off-target
adverse effects may arise. Secondly, as antibodies have a large
molecular weight, their penetration capacity into brain tumors
may be limited, for example in lowly vascularized hypoxic tumor
regions or due to the presence of the blood-brain barrier (BBB).
Therefore, specific targeting of SIRPo. rather than CD47, and the

use of smaller antigen-specific entities, may prove valuable in the
context of GBM treatment.

Nanobodies are camelid-derived single-domain antibody
fragments, which have emerged as promising tools for tumor
targeting in both diagnostic and therapeutic settings (24-28).
They are easily generated and retain high antigen specificity, but
are smaller than monoclonal antibodies (29). Furthermore,
preclinical studies have shown that nanobodies have superior
tumor- and brain-penetrating capacity in comparison to
monoclonal antibodies (30, 31).

In this study, we first confirm at single-cell resolution that
SIRPa is a widely expressed target within the human and mouse
GBM tumor microenvironment, with a high expression observed
in tumor macrophages and certain dendritic cell (DC) subsets.
Next, we generated SIRPo.-specific nanobodies that bind the
SIRPo" tumor myeloid populations and revealed that the
monovalent nanobody format can efficiently target mouse
GBM tumors in vivo.

MATERIALS AND METHODS

Expression, Purification and Quality
Analysis of SIRPa Antigen

The gene encoding the ligand binding domain of mouse SIRPo
(mSIRPa) (UniPROT ID P97797) was ordered at the company
GenScript (Piscataway, USA) and cloned into the pHENG6 vector.
E. coli bacteria (WK6 strain) transformed with the pHENG6-
mSIRPo. construct were inoculated in 5 mL of Luria-Bertani (LB)
media supplemented with 100 pg mL™"' ampicillin (Sigma-
Aldrich, St. Louis, USA), and were cultured overnight at 37°C,
while shaking. On the next day, 1 mL of the bacterial suspension
was transferred into 330 mL of fresh Terrific-broth (TB) media
supplemented with 0.1% (w/v) glucose (Duchefa Biochemie,
Haarlem, The Netherlands) and 100 pug mL™" of ampicillin and
cultured while shaking at 220 rpm and at 37°C for about 3 h until
the ODgponm reached 0.8. Isopropyl-B-D-thiolgalactopyranoside
(IPTG) (Duchefa Biochemie, Haarlem, The Netherlands) was
then added to the culture to a final concentration of 1 mM to
induce the expression of the recombinant protein. The culture
was incubated overnight at 28°C while shaking. The cells were
harvested by centrifugation and the translocated recombinant
periplasmic antigens were obtained via osmotic shock. Then
periplasmic extracts underwent immobilized metal affinity
chromatography (IMAC) using HisPur Ni-NTA resin (Thermo
Fischer Scientific, Waltham, USA) as a capturing medium in a
PD-10 column (GE-Healthcare, Chicago, USA) fitted with a
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filter. After washing with 20 column volumes of phosphate
buffered saline (PBS), the HisPur bound SIRPo. antigens were
eluted in five 1 mL fractions of 500 mM imidazole (Merck,
Darmstadt, Germany) in PBS (pH 7.5). The eluate was further
purified by size exclusion chromatography (SEC) using a
Superdex S75 16/600 column on a AKTA Express System (GE-
Healthcare, Chicago, USA) using PBS as a mobile phase. The
concentration of the SIRPo antigen was determined by
spectroscopy at 280 nm with Nanodrop using the theoretically
calculated extinction coefficient (32). The purity of the SIRPo
antigens was further examined using sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE).

Generation and ELISA Screening

of Nanobodies

Nanobodies were generated as previously described (33). An
alpaca (Vicugna pacos) and two dromedaries (Camelus
dromedarius) were immunized according to a six-week
alternating schedule of weekly injections with 100 pg of
recombinant antigen in Gerbu LQ 3000 adjuvant
(GerbuBiotechnik GmbH, Heidelberg, Germany). Four days
after the last immunization, 50 mL of anti-coagulated blood
was collected from which plasma and peripheral blood
lymphocytes were separated with Leucosep (Greiner Bio-One,
Kremsiinster, Austria) by density centrifugation. Total RNA was
purified for the generation of cDNA by reverse transcription with
oligo-dT primers. The generated cDNA was used as template in a
two-step nested PCR that amplified the genes coding for the
variable domains of the heavy-chain-only antibodies. The
amplified pool of nanobody DNA fragments were ligated into
a pMECS phagemid vector which were then transformed into
E. coli TG1 electrocompetent cells. Using M13K07 helper phages,
the nanobody libraries were expressed on phages. Enrichment
for specific nanobody-phages was performed by 3 to 4
consecutive rounds of in vitro selection on recombinant
antigen-coated wells of Nunc Maxisorp flat bottom microtiter
plates (Thermo Fisher scientific). Clones were randomly selected
from all rounds of panning of the different libraries and screened
for binding on recombinant antigens using enzyme-linked
immunoassays (ELISA).

Selected clones were sequenced and recloned into pHEN6 and
pHEN25 plasmids for expression. The pMECS and pHENG6
vectors (to encode a C-terminal hexa-histidine (His6) tag
respectively with or without an additional hemagglutinin (HA)
tag) were used for expression of the monomeric version of the
selected nanobodies, while the pHEN25 vector was used to
obtain dimeric nanobodies. The pHEN25 expression vector is
derived from the pHENG6 expression vector, where the nanobody
amino-terminal glutamine is mutated to glutamic acid, followed
by a fourteen amino acid long linker and a cysteine after the His6
tag, thereby allowing dimerization (24, 34).

For production, the pMECS-, pHEN6- and pHEN25-
nanobody plasmids were transformed into a non-suppressor E.
coli WK6 strain. The nanobodies were obtained via periplasmic
extraction and subsequent purification by IMAC and SEC, as
previously described. The concentration of the nanobodies was

determined by spectroscopy at 280 nm with Nanodrop'"' using
the theoretically calculated extinction coefficient based on their
amino acid sequence (32). The purity of all nanobodies was
further examined using SDS-PAGE and western blot.

Flow Cytometry Nanobody Screening
Purified nanobodies were screened for their ability to bind the
cognate natively expressed antigen on the cell surface of the
RAW 264.7 cell line (American Type Culture Collection,
Manassas, USA). One ug of each nanobody was incubated with
2 x 10 cells in DMEM (Gibco, Waltham, USA), supplemented
with 10% FBS (Gibco), 300 mg mL! L-glutamine (Gibco), 100 U
mL™" penicillin and 100 mg mL™" streptomycin (Gibco), at 4°C
for 1 h. After incubation, the cells were washed three times with
ice-cold PBS (pH 7.4) and then incubated with 1 pg of rat anti-
mouse CD16/CD32 (clone 2.4G2, in house production) and 150
ng AF488 anti-mouse HA antibody (see Supplementary
Table 1) prepared in ice-cold PBS (pH 7.4) and incubated for
30 min at 4°C in the dark. Finally, the cells were washed three
more times, resuspended in 200 pL of ice-cold PBS (pH 7.4) and
flow cytometry was performed on a FACS Canto II flow
cytometer (BD Biosciences, San Jose, USA). As a negative
control a nanobody against Helicobacter pylori’s outer-
membrane adhesin BabA, i.e. Nb19, was used (35). APC anti-
mouse CD172a (SIRPa) (clone P84, catalogue no. 144014,
BioLegend, San Diego, USA) and APC rat IgG1 kappa isotype
(clone RTK2071, catalogue no. 400412, BioLegend, San Diego,
USA) antibodies were used as positive and negative controls for
SIRPa expression detection on the RAW 264.7 cells. Data were
analyzed using Flow]Jo 9.3.2 software (BD Biosciences). Based on
forward and side scatter, cell debris and doublets were excluded,
and the relative mean fluorescence intensity (AMFI) of AF488
was evaluated for each of the nanobodies compared to the anti-
HA IgG.

Kinetic Antigen Binding Profiles

The kinetic affinity parameters of the SIRPo. nanobodies were
determined by surface plasmon resonance (SPR) using a Biacore-
T200 device (GE-Healthcare, Chicago, USA). The recombinant
antigen was immobilized via amino coupling chemistry on a
CMS5 chip Series S (GE-Healthcare, Chicago, USA) at a
concentration of 10 pg mL'. The SPR measurements were
performed at 25°C with HBS (20 mM HEPES pH 7.4, 150 mM
NaCl, 0.005% Tween-20, 3.4 mM EDTA) as running buffer. The
nanobodies were injected sequentially in 2-fold serial dilutions,
from 500 to 1.95 nM. The rate kinetic constants were determined
by a mathematical fitting of a 1:1 binding model using the
Biacore Evaluation software, and the k,g/k,, ratio was used to
determine the equilibrium dissociation constant (Kp).

In Vitro Radioligand Binding Assay

#’™Tc-labeled nanobodies were assessed for their ability to bind
the cognate natively expressed antigen on the cell surface of the
RAW 264.7 cell line (American Type Culture Collection,
Manassas, USA). 5 x 10* RAW 264.7 cells/well were allowed to
adhere overnight in DMEM (Gibco, Waltham, USA),
supplemented with 10% FBS (Gibco), 300 mg mL"’
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L-glutamine (Gibco), 100 U mL™" penicillin and 100 mg mL™"
streptomycin (Gibco). Cells were washed three times with ice-
cold PBS (pH 7.4) and then incubated with 2 nM, 20 nM and 200
nM of *°™Tc-labeled Nb19 (5-51-514 uCi resp.; n=2),
monovalent Nb15 (5-55-554 pCi resp.; n=2) and bivalent Nb15
(5-49-492 pCi resp.; n=2) for 1 h at 4°C. Aspecific binding was
assessed by adding a 100x molar excess of unlabeled Nb. After
incubation, the cells were washed 3 times with ice-cold PBS to
remove unbound Nb, and cells were detached using 1 M NaOH
(Merck, Darmstadt, Germany) and counted for radioactivity
using a Wizard2 y-counter (PerkinElmer, Massachusetts, USA).
Specific binding was calculated as [counts per minute]yppjocked —
[counts per minute]gjocked-

Mouse Imaging and Biodistribution
Studies

Stereotactic Intracerebral Tumor Cell Inoculation

The GL261 cell line (36) was cultured in DMEM F12 (Gibco,
Waltham, USA) supplemented with 10% FBS, 300 mg mL™" L-
glutamine, 100 U mL™" penicillin and 100 mg mL™* streptomycin.
For intracranial injection, cells were harvested via trypsinization,
brought to a concentration of 1 x 10° cells mL™" and injected in 7-
to 10-week-old female C57BL/6] mice (Janvier) as previously
described (37). Briefly, mice were anesthetized and immobilized
in a stereotactic frame. A midline incision was made on the skin
to expose the scalp and with a microdrill an injection burr hole
was made. Then, very slowly, 5 x 10° cells were injected using a
Hamilton syringe. Tumors were allowed to grow for 21 days.

Preparation of ®®™Tc-Labeled Nanobodies

Nanobodies were labeled with [**™Tc(H,0);(CO);]" at their
His6-tag via tricarbonyl chemistry, as described previously (38).
The *™Tc-labeled nanobodies were purified from the unbound
[**™Tc(H,0)3(CO)3]" via NAP-5 SEC (Sephadex, GE-Healthcare,
Chicago, USA), and filtered through a 0.22 pm filter (Millex,
Millipore, Burlington, USA). The radiochemical purity of
radiolabeled nanobodies was evaluated by instant thin layer
chromatography-silica gel (iTLC-SG, Pall Corporation, Belgium).

In Vivo Biodistribution of Radiolabeled Nanobodies
Mice bearing intracranial GL261 tumors were intravenously
injected with 9mTc_nanobodies (1-5-1.8 mCi; n=3). As a
negative control, an anti-idiotypic nanobody targeting multiple
myeloma, namely Nb R3B23, was used (25). Biodistribution
analysis was performed as previously described (39). In brief, 1
h post-injection (p.i.), u.SPECT/CT imaging was performed using
a Vector” MILabs system (MILabs, The Netherlands). SPECT-
images were obtained using a rat SPECT-collimator (1.5-mm
pinholes) in spiral mode, nine positions for whole-body imaging
and three positions for brain imaging. Image analysis was
performed using a Medical Image Data Examiner (AMIDE)
software (40). After imaging, the mice were killed, and organs
and tumors were isolated and weighed. The radioactivity in each
sample was measured using a Wizard2 y-counter (PerkinElmer,
Massachusetts, USA). Tracer uptake was expressed as % injected
activity per gram organ (%IA/g). Statistical analyses were
performed using one-way ANOVA.

Flow Cytometry Nanobody Binding on

Ex Vivo Tumors

Tumor tissue was processed into single cell suspension as
previously described (41). Thereto, at 21 days post tumor
inoculation, mice were sacrificed and transcardially perfused
with 20 mL of ice-cold PBS. Using a stereomicroscope, tumors
were carefully dissected from the surrounding brain. They were
cut into small pieces and incubated with enzyme mix (30 U mL™
DNAse I (Roche), 10 U mL™* collagenase type I (Worthington)
and 400 U mL™" collagenase type IV (Worthington), diluted in
1x HBSS (Gibco)), in a 1:3 ratio with RPMI (Gibco) for 20 min at
37°C. Subsequently, tumor tissue was crushed with a syringe
plunger and heavily triturated using standard serological
pipettes. The homogenized tissue was filtered twice over a 100
pum nylon filter and centrifuged (515 g, 5 min, 4°C). The pellet
was resuspended in red blood cell lysis buffer (155 mM NH,CL,
12 mM NaHCO; and 0.1 mM EDTA (Duchefa), dissolved in
PBS). After 3 min, the lysis reaction was quenched by adding 9
mL of RPMI (Gibco), samples were centrifuged (450 g, 5 min,
4°C) and the pellet was resuspended in FACS buffer (2 mM
EDTA, 2% heat-inactivated FCS (Gibco), dissolved in 1x HBSS).
The cells were incubated for 15 min on ice with Zombie Aqua
Fixable Live-Dead stain (BioLegend) at a 1:1000 concentration.
Next, samples were washed, and incubated on ice for 1h with 5
ug of His6-tagged Nb15 or control Nb19. Samples were then
washed again, blocked with rat anti-mouse CD16/CD32 (clone
2.4G2) for 15 min on ice and stained with fluorescently labeled
antibodies for 30 min on ice. The antibodies that were used are
listed in Supplementary Table 1. After a final wash step, flow
cytometry was performed on a FACS Canto II flow cytometer
and data was analyzed using FlowJo software.

Screening of SIRPa and CD47 Expression
in Published Mouse and Human

GBM Datasets

The expression matrices of single-cell RNA sequencing
(scRNA-seq) of newly diagnosed (ND) human GBM tumors
(patients ND1-6), of CITE-seq of newly diagnosed and recurrent
(R) human GBM tumors (patients R2, R5 and ND8), and of
CITE-seq of mouse GL261 tumors, previously generated in our
lab (40), have been downloaded. The single cell data has been
analyzed as previously described (40). Batch correction has been
applied for the human ND-GBM scRNA-seq and for the human
GBM Citeseq using harmony v1.0 with theta of 1 (theta is a
diversity clustering penalty parameter with a default value of 2,
higher theta resulting in a more aggressive correction).
Unsupervised clustering has been performed using the Leiden
algorithm. For the human ND-GBM scRNA-seq, the first 30
harmony-corrected PCA embeddings and resolution 0.25
were used for the clustering, yielding 13 clusters, which were
annotated as cancer cells, myeloid cells, T cells, oligodendrocytes,
endothelial cells and fibroblasts. The human GBM CITE-seq
dataset was clustered using the first 30 harmony-corrected PCA
embeddings and resolution 1. Artefact and doublets clusters were
filtered out. For the clustering of the mouse GL261 CITE-seq, the
first 30 PCA embeddings and resolution 1 were applied. Doublet
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cells, co-expressing macrophage genes and markers of other cell
types were manually removed.

To estimate the effect of sex on SIRPa expression in the
myeloid compartment of the GBM tumors, we evaluated
scRNAseq data from 6 female (ND1, ND6-8, R1-2) and 7 male
(ND2-5, R3-5) GBM patients. The myeloid cells from these
datasets were extracted (excluding mast cells), the expression
was normalized per cell and the average SIRPo. expression per
patient was calculated.

RESULTS

The Immune Checkpoint SIRPa Is Highly
Expressed by Tumor-Associated Myeloid
Cells in Both Human and Mouse GBM

To evaluate the expression and distribution of SIRPo. within the
glioblastoma (GBM) microenvironment, we reanalyzed our
recently published single-cell RNA sequencing (scRNA-seq)
and cellular indexing of transcriptomes and epitopes
sequencing (CITE-seq) datasets of human and mouse GBM
(41). While scRNA-seq provides information about the
transcriptome of individual cells, CITE-seq additionally uses a
panel of barcoded antibodies which allows for the simultaneous
quantification of both mRNA and cell surface protein expression
(42). Unbiased scRNA-seq analysis of six newly diagnosed
human GBM tumors revealed various cancer and stromal cell
populations (Figure 1A). Based on known marker genes, we
identified cancer cells, immune cells, oligodendrocytes and small
clusters of fibroblasts and endothelial cells (Figures 1A, B).
SIRPo; expression was limited to tumor oligodendrocytes and
myeloid cells, while its ligand, CD47, was ubiquitously expressed
within the tumor microenvironment (Figure 1C). Results were
consistent across all patients (Figure 1D). The expression of
SIRPG, which also binds to CD47, was restricted to T cells
(Figure 1C). Concerning prototypical immune checkpoints,
expression of CD274 (PDL1) and PDCDILG2 (PDL2), which
encode ligands for PDCD1 (PD1), expressed in tumor-infiltrating
T cells, was virtually absent in the profiled human GBM tumors
(Figure 1C). To assess whether SIRPa was differentially
expressed in females versus males, we compared its expression
in myeloid cells from newly diagnosed and recurrent patients,
which showed no significant difference between males and
females in this cohort of 13 patients (Supplementary
Figure 1). To obtain a more detailed overview of SIRPo gene
and protein expression in immune cells, we analyzed the CD45"
compartment of 3 human GBM tumors via CITE-seq (41).
Immune cell clusters were identified as previously described
(41). Within the immune cell compartment, SIRPo was
primarily expressed by dendritic cells (DCs), mainly the type 2
conventional (cDC2) subset, monocytes and tumor-associated
macrophages (TAMs) (Figures 1E, F). As shown previously (41),
TAMs in GBM tumors can be derived from microglia (Mg-
TAMs) or monocytes (Mo-TAMs) (Figure 1E). Both subsets
expressed SIRPo at comparable levels, and a close correlation
between mRNA and protein expression was revealed

(Figure 1F). To assess SIRPo expression in mouse GBM
tumors, we reanalyzed the CITE-seq dataset from the CD45"
fraction of orthotopic GL261 tumors (41). This yielded
comparable results as in human tumors, with robust SIRPo
gene and protein expression observed in TAMs and DCs,
primarily cDC2s (Figures 1G, H).

Together, these results identified SIRPar" myeloid cells -in
particular ¢cDC2s, monocytes and TAMs- as a potentially
relevant target population in human GBM, and verify that
mouse GBM functions as a good model system in this context.

mSIRPa Targeting Nanobodies Bind

to Recombinant and Cell-Membrane
mSIRP« In Vitro

Nanobodies were generated against the recombinant
extracellular domain of mouse SIRPo (Figure 2A). ELISA
screenings and sequencing of individual clones led to the
identification of 17 individual nanobody clones binding to
mouse SIRPo. (mSIRPa), belonging to 14 clonally unrelated
nanobody families, based on the sequence identity of the
CDR3 (Figure 2B). Among these, 12 were able to bind to
native murine SIRPo-expressing RAW 264.7 macrophages in
flow cytometry (Figures 2C, D), with clones Nb15, Nb54 and
Nb89 exhibiting the highest median fluorescence intensities
(Figure 2D). Surface plasmon resonance (SPR) measurements
of these 3 latter nanobody clones revealed binding affinities
between 6,9 and 353,6 nM (Figure 2E). Epitope binning
revealed that these 3 nanobodies did not compete with each
other for antigen binding, except for a partial inhibition of
each other’s binding by Nb54 and Nb89, suggesting they
mainly recognize non-overlapping epitopes on the antigen
(Supplementary Figure 2).

Biodistribution Studies in the Mouse

GL261 GBM Model Reveal Nb15 as a
Prime Candidate for In Vivo Tumor
Targeting of mSIRPa

To analyze their in vivo targeting potential, the 3 selected
mSIRPo, nanobodies, and a non-targeting control nanobody
were labeled with **™Tc. All the *™Tc-labeled nanobodies had
a radiochemical purity larger than 95%. Biodistribution and
tumor targeting of **™Tc-nanobodies were assessed in mice
bearing GL261 brain tumors, via micro-SPECT/CT at 1 hour
post injection. Kidneys showed overall the highest signal
irrespective of the nanobody, reflecting the fast filtration of
unbound nanobody from the bloodstream, as is often observed
for other nanobodies (44).

Among the tested anti-mSIRPa nanobodies, Nb15 exhibited
the most profound tumor targeting potential as compared to the
control nanobody (Figure 3 and Table 1). Additionally, Nb15
showed high uptake in spleen, liver, lungs, thymus, lymph nodes
and bone, while lower background signals were noted for other
tissues (Table 1 and Supplementary Figure 3). Signals detected
in peripheral organs such as lungs and spleen were significantly
lower for Nb89 and Nb54 as compared to Nb15. These data point
to an inherently better in vivo targeting and imaging potential of
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FIGURE 2 | Single-domain antibodies targeting SIRPa. can be obtained following immunization with recombinant SIRPa. protein. (A) Schematic representation of
nanobody generation procedure. A camelid is immunized with recombinant SIRPa protein, the mRNA of peripheral blood lymphocytes is converted to cDNA and the
region encoding the antigen binding domain of the camelid heavy chain-only antibodies is amplified by PCR and cloned in a phage display vector. Antigen-specific
nanobodies are retrieved after phage display and panning on plastic coated SIRPa. (B) Amino acid sequence of mSIRPa. nanobodies, with numbering according to
the International ImMunoGeneTics — IMGT - information system http://www.imgt.org (43). The CDR1, CDR2 and CDRS3 regions are colored in blue, green and red,
respectively. The cysteine residues used as subfamily-hallmarks are highlighted in yellow. The amino acids which differ from the typical VHH hallmark residues in
framework-2 are in bold and underlined. The amino acid at position 118 (Trp) is highly conserved, however, in nanobodies this amino acid is sometimes substituted,
usually with Arg and highlighted here in grey. Each nanobody family is based on the sequence identity of the CDR3 region and nanobodies belonging to the same
family are grouped, indicated by the vertical black lines on either side of the sequence (14 families in total). Asterixes on top are used to indicate amino acid
positions. (C) Representative histogram plots of mSIRPo nanobodies binding to RAW 264.7 macrophages. Overlay of binding signals of mSIRPo. nanobodies (blue)
versus a non-targeting nanobody BabA Nb19 (grey). Note: the first plot shows binding of monoclonal antibody targeting mSIRPa. (positive control, blue) and mouse
19G (isotype control, grey) (D) Median fluorescence intensity (the difference between the signal of the nanobody and the signal of the mouse anti-HA IgG) of the
mSIRPa. nanobodies binding to RAW 264.7. The dashed black line is defined by the triple AMFI value of the non-targeting nanobody (BabA Nb19) and it represents
the threshold above which a nanobody is considered to bind specifically to its target. (E) Kinetic rate constants determination by SPR: the sensorgrams of different
concentrations (as indicated in the inserts) of mMSIRPo. nanobodies binding to the recombinant antigen. Kinetics were measured with two-fold serially diluted
nanobodies and the fitting of the binding curves was using a 1:1 binding mathematical model.
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FIGURE 3 | Anti-SIRPo. Nb15 targets mouse GL261 GBM tumors in vivo. Fused pinhole SPECT/micro-CT images of GL261 tumor-bearing mice injected with
99MTc-labeled “anti-SIRPa. Nb clones 15, 54 and 89 or a non-targeting control Nb R3B23. Mice were imaged 1 hour post injection. Transverse and coronal views
are shown, with slices chosen to pass through the brain tumor, without taking other organs into account. Slices that explicitly go through other organs are shown in

Supplementary Figure 3. Results are representative of n = 3 mice for each group.

Nb15 as compared to Nb89 and Nb54. Hence, even without
forced BBB permeabilization, Nb15 allowed us to clearly image
mSIRPa in intracranial GBM tumors, exhibiting high signal-to-
noise ratios (Figure 3 and Table 1).

Nb15 Targets Monocytes and
Tumor-Associated Macrophages

From Mouse GBM Tumors

After identifying Nb15 as a suitable probe for in vivo imaging of
mSIRPain GBM tumors, we wanted to evaluate its binding capacity
on the various populations of mSIRPol expressing tumor-
infiltrating myeloid cells. Hereto, GL261 tumors were
microdissected and processed into single-cell suspensions,

whereupon Nb15 binding was assessed via flow cytometry. First,
CD45" cells were selected followed by the exclusion of debris, dead
cells and doublets (Figure 4A). Within the CD45" live single cells,
the myeloid cells (CD11b") exhibited clear binding of Nb15, when
compared to a control nanobody (Figure 4B). Within CX3CR1"*
F4/80" cells, we subgated on monocytes (MHCII Ly6B™), transitory
TAMs (MHCII" Ly6B") and mature TAMs (Ly6B") (Figure 4C),
using a previously described gating paradigm (41). Nb15 showed
efficient binding to these different populations, in comparison to the
control nanobody (Figures 4D, E). These results confirmed that
Nb15 efficiently bound to SIRPo." monocytes and TAMs in
GL261 tumors.

TABLE 1 | Uptake values of ®™Tc-labeled control Nb R3B23 or anti-SIRPo nanobodies in GL261 tumor-bearing mice based on dissection at 1 h 45 min post injection.

Nb54

Nb89

Control Nb Nb15
Blood 1.8055 + 0.0315 1.3985 + 0.3665
Thymus 0.8435 + 0.0225 1.3950 + 0.5120
Heart 0.6850 + 0.0320 1.2005 + 0.2235
Lungs 0.8730 + 0.7350 3.0315 + 0.7025
Liver 0.9150 + 0.0090 3.0450 + 0.5120
Spleen 0.7170 + 0.0750 8.9050 + 2.6080
Pancreas 0.4815 + 0.0465 0.6945 + 0.2005
Left kidney 295.3835 + 3.3245 269.206 + 47.384
Right kidney 306.5695 + 7.1735 283.6185 + 28.0615
Muscle 0.7640 + 0.3150 0.3360 + 0.0740
Bone 0.5565 + 0.1745 1.8685 + 0.0055
Lymph nodes 0.8680 + 0.1360 1.5695 + 0.4175
Brain 0.1355 + 0.0265 0.4080 + 0.3590

GL261 tumor

0.8080 + 0.0260

1.7195 + 0.2125

1.141 £ 0.3160
0.5000 + 0.1000
0.4745 + 0.1315
1.0245 + 0.2215
3.5060 + 0.4880
1.7785 + 0.2935
0.3305 + 0.0525

303.6065 + 23.9875
278.9795 + 20.2255

0.1720 + 0.0220
0.3855 + 0.0345
0.5885 + 0.2035
0.1165 + 0.0535
0.5010 + 0.2290

1.2375 + 0.0335
0.6595 + 0.0135
0.6920 + 0.0920
1.712 £ 0.0810
4.3990 + 0.0090
2.1655 + 0.3385
0.5070 + 0.047
265.543 + 7.931
283.5652 + 10.1700
0.3725 + 0.0705
0.8250 + 0.0100
0.9560 + 0.1310
0.1100 + 0.0160
0.6725 + 0.0195
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FIGURE 4 | Ex vivo staining confirms the specificity of anti-SIRPo Nb15 for tumor-associated monocytes and macrophages. (A) Single-cell suspensions were made
from orthotopic GL261 tumors, followed by flow cytometric analysis. CD45" live single cells were gated as indicated. (B) Flow cytometry plots showing staining with
CD11b in combination with either a non-targeting control nanobody, an anti-mSIRPa. Nb15 or a commercially available monoclonal anti-mSIRPa. antibody. Cells
were pre-gated on CD45" live single cells. (C) Tumor-infiltrating monocyte and macrophage populations were gated based on their expression of CX3CR1, F4/80,
Ly6B, MHC-Il, CD11b and CD45, as indicated. Monocyte-derived or Mo-TAMs and microglia-derived or Mg-TAMs were distinguished based on their differential
expression of CD11b versus CD45. (D) Histogram plots showing staining with a commercially available anti-mSIRPo. mAb (green), anti-mSIRPo Nb15 (blue) or a
non-targeting control Nb19 (grey) for the indicated populations [gated as shown in (C)]. (E) CD11b and anti-mSIRPa. Nb15 staining in Mo-TAMs (blue) and Mg-TAMs
(orange) were overlaid to reveal their differential expression. Results are representative of n = 4 mice.
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Monovalent Nb15 Is the Preferred Format
for In Vivo Tumor Imaging in Mice

The above-mentioned in vitro, in vivo and ex vivo data support
that Nb15 could serve as a potent GBM tumor-targeting tool.
Previous reports have shown that the binding capacity of
nanobody constructs can significantly improve upon self-

coupling, due to increased avidity (45). To examine this for
Nbl15, we created bivalent constructs (Figure 5A). In vitro
characterization by surface plasmon resonance and radioligand
binding assay, confirmed a robust binding capacity of both the
monovalent and bivalent construct to the antigen (Figure 5B and
Supplementary Figure 4). In vivo distribution, however, showed
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FIGURE 5 | Bivalent anti-SIRPa. Nb15 binds SIRPo. (A) Schematic representation of mono- and bivalent anti-SIRPo. Nb15. (B) Kinetic rate constants determination
by SPR: the sensorgrams of different concentrations (2x serial dilution) of mono- and bivalent anti-SIRPo. Nb15 binding to the recombinant antigen. Fitting of the
binding curves was obtained by using a 1:1 mathematical model, for the mono- and bivalent constructs. Kinetic parameters are included as mean+SD.
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FIGURE 6 | Bivalent anti-SIRPa. Nb15 exhibits impaired tumor targeting. (A) Fused pinhole SPECT/micro-CT images of GL261 tumor-bearing mice, inoculated with
GL621 at the same time and randomized before injection of **™Tc-labeled monovalent or bivalent anti-SIRPa. Nb15 or a non-targeting control Nb R3B23. Mice were
imaged 1 hour post tracer injection. Coronal and sagittal views are shown. Images are representative of n = 3 mice for each group. Similar results were obtained for
the different mice in each group. (B) Ex vivo radioactivity values measured in the indicated dissected organs at 1 hour 45 min post injection with 99MT-labeled
monovalent (magenta) or bivalent (green) anti-SIRPa. Nb15 or non-targeting control No R3B23. Values are expressed as injected activity per gram (%IA/g). Results
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that the tumor targeting capacity of Nbl5, was completely
abolished by the creation of a bivalent construct (Figure 6A).
Radioactivity measurements of brain, tumor and peripheral
tissues, showed that tissue targeting of the bivalent construct
was higher as compared to the monovalent construct in SIRPo."
peripheral organs such as the liver and spleen. In the tumor, on
the other hand, radioactivity dropped to similar background
levels as with the control nanobody (Figure 6B). This reveals that
small targeting moieties more efficiently penetrate GBM tumors.

DISCUSSION

Nanobodies as Efficient Tools for In Vivo
Imaging of mSIRPa in GBM Tumors

In the present manuscript, we describe the generation and
characterization of nanobodies against SIRPo., as targeting
agents for SIRPa-positive glioblastoma (GBM)-infiltrating
myeloid cells. Nanobodies isolated from immune libraries
obtained after immunization with the recombinant ectodomain
of SIRPa, were subjected to a cell binding screening using flow
cytometry to determine their ability to bind the native form of
the antigen. This revealed that 12 of the nanobodies could
recognize murine macrophages expressing SIRPo.. Among the
3 nanobodies exhibiting the highest median fluorescence
intensities for binding to mouse SIRPo. in flow cytometry,
Nb15 was found to also target orthotopically implanted GL261
tumors in vivo, as shown via SPECT-CT imaging and
biodistribution analysis of *™Tc-labeled nanobodies.

Most brain diseases and tumors structurally disrupt the BBB,
consequently making it more permeable and easier to cross.
GBMs, and in particular also in the GL261 murine GBM model
used in this study, are known to display increased BBB
disruption as they progress (46, 47). Importantly, Nb15 could
target the GBM tumors even in the absence of additional BBB
permeabilization. The nanobody format in this situation could
be an advantage overcoming some of the limitations of the
conventional antibodies, such as their slow diffusion through
tissues and large size (150 kDa), even with a disrupted BBB that
occurs in this type of disease and disease model. Nanobodies
with their small size (15 kDa) and favorable pharmacokinetic
properties could hypothetically have an easier path on their way
to reach brain targets (48, 49). Moreover, there have already been
reports of nanobodies passing the BBB, such as for example
nanobodies targeting the prion protein (50), targeting A fibrils
associated with Alzheimer disease (51) or targeting tumor
antigens associated with brain tumors (30, 31).

For Nb54 and Nb89, the accumulation in the GBM tumor
did not significantly exceed that of the control nanobody. This
difference in uptake was not correlated with the affinity for the
target, since the affinity of Nb89 for mSIRPo as detected via
SPR was even higher as compared to that of Nb15. It has been
suggested that nanobodies with a basic pI could cross the BBB
(52). However, this did not seem to be a factor here either,
since Nb89 had an EXPASY calculated theoretical pI of higher
than 9, as compared to below 7 for Nb15. The observation that

Nb15 also showed high uptake in spleen, liver, lymph nodes,
thymus, bone (marrow) and lungs, which are known
macrophage resident “hot spots”, indicates that the
differences in GBM tumor targeting potential between these
nanobodies was most likely related to an inherently better in
vivo targeting and imaging potential of Nb15 as compared to
Nb89 and Nb54. In particular for Nb54, its fast off-rate may
contribute to a poor in vivo targeting. Possibly, the targeted
epitope could be important for effective in vivo targeting of
Nb15 to SIRPo. on myeloid cells.

Possible Implications for

Diagnostic Applications

Whole body preclinical SPECT/CT imaging using radiolabeled
nanobodies targeting SIRPo. as performed in the current study
provides a proof of concept for in vivo targeting of SIRPo. on
GBM tumor-infiltrating myeloid cells and confirms the added
value and favorable pharmacokinetics of monovalent
nanobodies. Monovalent nanobodies offer a rapid targeting to
antigen-positive organs, followed by fast clearance of non-
targeting probes via the kidneys. This yields a high signal-to-
noise contrast and limited oft-target radiotoxicity, allowing high
contrast imaging within 1 h post injection. Given that TAMs and
the markers they express have been documented to correlate with
malignancy and reduced survival in GBM patients (53),
nanobody-based detection of SIRPa in GBM may entail
prognostic value. Thereby, a high accumulation of radiolabeled
nanobodies targeting SIRPo. may correlate with the presence of a
high amount of immune suppressive TAMs. Alternatively, a
higher signal may correlate with higher expression of SIRPo per
cell, reflecting a more immune suppressive environment, but
potentially also rendering the TAMs more responsive to SIRPo.-
targeted therapies. As such, nuclear imaging of SIRPo. may have
value for disease monitoring or therapy guidance in GBM.

Besides whole body imaging, nanobodies also offer diagnostic
possibilities for image-guided surgery (26). In our recently
documented efforts to unravel the GBM immune landscape
(41), multiplex immunohistochemistry revealed that (SIRPa
expressing) TAMs are found throughout human GBM tumor
tissue. Thus, an interesting perspective is that fluorescently
labeled nanobodies targeting SIRPo. could be evaluated for
delineating tumors during surgery (26).

As a remark, while the current study provides a first
qualitative indication that Nb15 can be used to target myeloid
cells in a glioma model, proof that the method can also be used in
a quantitative manner to track accumulation of SIPRa-
expressing myeloid cells or to monitor upregulation of SIRPo
expression has not been provided. This will need to be addressed
in follow-up studies. Thereby, myeloid cell depletion strategies
could help to evaluate whether the technique could be employed
to quantify the abundance of myeloid cells in the glioma
microenvironment. Corresponding IHC/IF of tumor area or ex
vivo flow cytometry analysis of SIRPa. expression could also be
used to assess how well the radioactive signals from the tracer
and the expression of the marker match.
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Possible Implications for

Therapeutic Applications

A significant body of evidence supports the targeting of the
CD47-SIRPa. immune checkpoint as a promising strategy
against several hematological and solid tumors, especially when
used in combination with other inhibitors targeting T-cell
immune checkpoints, such as PD-L1-PD-1 (54-56). In GBM,
preclinical data indicate that blocking the CD47-SIRPa
axis can induce antitumor effects (13, 14, 57), although a
combination with chemotherapy may be required to activate
ER stress responses that promote tumor cell phagocytosis by
professional antigen presenting cells (14). Moreover, Gholamin
and colleagues have shown the promising therapeutic potential
of targeting the CD47-SIRPa. axis in patient-derived orthotopic
xenograft models, where it reduces tumor growth in a variety of
pediatric brain malignancies and inhibits metastasis (19).
Accordingly, a number of immunological checkpoint inhibitors
targeting the CD47-SIRPo axis are currently in clinical trials
(58). So far, most efforts have been put on antibodies targeting
CD47 or on Fc fusion proteins of the SIRPo ectodomain.
However, a complication of effective targeting of the
ubiquitously expressed CD47 with antibodies or fusion
proteins containing an Fc is the occurrence of side effects such
as anemia and thrombocytopenia. In this context, targeting of
SIRPa, with its more confined expression pattern, may address
some of these issues. And indeed, several anti-SIRPo antibodies
are in active development in efforts to augment anti-tumor
responses and overcome the significant off-target toxicities
with anti-CD47 (56). Moreover, the nanobody format may
bypass some of the safety concerns related to Fc-containing
constructs. A direct therapeutic potential could be obtained if the
nanobodies can modulate the CD47-SIRPa interaction, resulting
in enhanced phagocytosis of cancer cells. The range of affinities
detected for the identified nanobodies should in principle allow
to interfere with the CD47-SIRPo interaction in a competitive
manner, since the reported affinity for said interaction is in the
sub-micromolar range (56).

In order to obtain sustained therapeutic effects, multivalency
and lifetime extension of the nanobodies may be required, for
example by genetically fusing the nanobody to a nanobody
targeting serum albumin into a bispecific construct (59). Given
the lower brain tumor uptake observed for bivalent nanobodies in
this study, a sufficient level of accumulation in the tumor may be
an attention point for multivalent and multispecific constructs. Of
course, for therapeutic applications, the reduction in rapid tumor
targeting for the bivalent constructs as detected here in the context
of in vivo imaging, may be compensated for, by an increased
accumulation in the tumor over time in case of life-time extended
constructs (60). Of note, the size of multivalent and multispecific
nanobody constructs is still smaller than full-sized antibodies,
which may be beneficial for their brain targeting potential.

Next to counteracting the don’t-eat-me signal, nanobodies
targeting SIRPa; could also be used to deplete tumor-promoting
myeloid cells, which facilitate GBM development and protect it
from therapeutic treatments (61). Thereto, these nanobodies
could be labeled with therapeutic radionuclides such as 7L,

as we have shown before for nanobodies targeting mCD206 on
tumor-associated macrophages (27). Alternatively, the
nanobodies could be genetically coupled to an Fc-part that
engenders antibody-dependent cellular cytotoxicity (ADCC), as
we have documented for the depletion of tumor-infiltrating
regulatory T cells (62). Of course, for such cell depletion
approaches an important issue will be to avoid or at least
minimize side-effects in peripheral organs where SIRPa is
expressed, such as spleen, liver and lungs.

Overall, there is clear room for improvement and
optimization of these nanobodies to increase their tumor
targeting potential and protect the major antigen sinks (spleen,
liver and lungs) to avoid possible side-toxicity effects. However,
the notion that these nanobodies have reached their antigen in
brain tumor-bearing mice is the first stepping stone towards
further development. This is of particular importance given the
high unmet medical need for brain pathologies at both diagnostic
and therapeutic level.
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Immunomodulatory therapies have fueled interest in targeting microglial cells as part of the
innate immune response after infection or injury. In this context, the colony-stimulating
factor 1 (CSF-1) and its receptor (CSF-1R) have gained attention in various neurological
conditions to deplete and reprogram the microglia/macrophages compartment.
Published data in physiological conditions support the use of small-molecule inhibitors
to study microglia/macrophages dynamics under inflammatory conditions and as a
therapeutic strategy in pathologies where those cells support disease progression.
However, preclinical and clinical data highlighted that the complexity of the
spatiotemporal inflammatory response could limit their efficiency due to compensatory
mechanisms, ultimately leading to therapy resistance. We review the current state-of-art in
the field of CSF-1R inhibition in glioma and stroke and provide an overview of the
fundamentals, ongoing research, potential developments of this promising therapeutic
strategy and further application toward molecular imaging.

Keywords: colony stimulating factor-1 receptor, neuroinflammation, glioma, stroke, microglia/macrophages,
positron emission tomography

Frontiers in Immunology | www.frontiersin.org 46

December 2021 | Volume 12 | Article 787307


https://www.frontiersin.org/articles/10.3389/fimmu.2021.787307/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.787307/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.787307/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.787307/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.787307/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:ahjacobs@uni-muenster.de
mailto:cristina.barca@uni-muenster.de
https://doi.org/10.3389/fimmu.2021.787307
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.787307
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.787307&domain=pdf&date_stamp=2021-12-07

Barca et al.

CSF-1R in Neurological Disorders

INTRODUCTION

Inflammation is a biological process triggered by injuries, infections
and damages suffered by the cells that disrupt tissue homeostasis.
Together with the innate and adaptive immune responses, they are
discussed as essential factors in the onset and progression of many
neurological conditions (1). Therefore, the use of neuroprotective
and immunomodulatory agents that curtail inflammation has
become an essential area of research. The failure of clinically
effective translation is partly due to the complexity of molecular
alterations and the spatiotemporal functional dynamics of the
different cellular players. Still, targeting specific inflammatory and
immune pathways represents a promising therapeutic strategy in
many neurological diseases requiring further investigations (1). One
of the major players highly investigated is microglia (2-5). As part of
the resident immune cells, microglia quickly activate after injury by
producing chemokines, cytokines and other signalling molecules.
These cells show evolving detrimental pro- and/or beneficial anti-
inflammatory properties, worsening and/or promoting tissue repair,
respectively (6, 7). Their spatiotemporal function and contribution
to disease have been extensively investigated using different systems
(genetic animal models, drug-based interventions) (8, 9). In this
review, we focus on the pharmacological intervention employing the
colony stimulating factor-1 receptor (CSF-1R) inhibitors, which
stands as a powerful drug-based approach to study microglia
dynamics under inflammatory conditions, with a promising
translational value (10).

MICROGLIA

Microglial cells serve as regulators of homeostasis in the central
nervous system and represent the first line of defence against
infection and injury (11). They are long-living cells and have an
intrinsic capacity for self-renewal (12, 13). Highly ramified, they
continuously sense the local environment by extending and
retracting their processes (14, 15). In case of injury or
infection, microglia are highly dynamic cells capable of
undergoing quick transcriptome changes depending on the
type of signals sensed in their environment (15).

They play a significant role in neuronal plasticity and synaptic
connections (14, 16). They shape neuronal networks and control
synaptic pruning, serving an essential role in learning and
memory. Furthermore, microglia secrete neurotrophic factors
that affect synaptic plasticity and promote synapse formation,
including insulin-like growth factor 1 (IGF-1), brain-derived
neurotrophic factor (BDNF) and transforming growth factor
(TGF)-B (17). Mice depleted of microglia showed deficits in
learning tasks and significantly reduced synapse formation (16).
It highlights the importance of microglia in activity-dependent
plasticity, with proper neuron-microglia cross-talk essential for
neural network landscape (18).

Microglia show region-dependent molecular and
transcriptional heterogeneity in physiological conditions.
Masuda et al. (19) reported the existence of ten microglia
subtypes in the healthy mouse brain (19, 20). Ten clusters (C1-

C10) were differentiated by their different gene expression
profile, including C1-C6 to be embryonic microglia and C7-
C10 to be postnatal microglia. Results indicated that tmem119,
Selplg and Slc2a5 markers were highly expressed in postnatal
microglia compared to embryonic microglia, indicative of cell
maturation. It was suggested that the four postnatal clusters
might be related to different cell functions (19). Additional
clusters were observed in inflammatory conditions, such as
demyelinating and neurodegenerative diseases, suggesting that
a pathological environment can trigger additional disease-
specific microglial subpopulations (20, 21), displaying enriched
disease-related genes. Moreover, some microglia clusters may
also be depleted in neurodegenerative diseases (22).

A major limitation in tracking microglia-specific
contributions to different pathological pathways is that they
share many common features with bone marrow (BM)-derived
macrophages, including morphologies, surface markers and
other characteristics (23). That explains the frequent use of the
terminology microglia/macrophages to describe this family of
mononuclear myeloid cells. In response to infection or injury,
peripheral myeloid cells (including macrophages, bone marrow-
derived monocytes, etc.) are recruited to the injured tissue and
exhibit similar morphology and expression patterns to microglia,
forming a pool of indistinguishable activated myeloid cells (24).
However, microglial cells do have a unique transcriptomic
signature, and therefore they potentially exert different
functions compared to macrophages. Microglia also show
physiological differences: (i) resident microglia cells are long-
lasting cells, (ii) they self-renew and (iii) they are not replaced by
peripheral bone marrow-derived cells (17). Recently, Butovsky
et al. described putative 89 markers for resident microglial cells
(5), including P2ry12, Tmeml19, Olfmi3, Hexb, Salll, etc.,
identified in gene-expression studies. Different genetic and
pharmacological strategies have been implemented and are
currently developed to investigate microglia/macrophages
functions, including genetic ablation or inhibition of the
previously reported markers. A promising approach includes
inhibiting the colony stimulating factor-1 receptor by small
molecule inhibitors since this receptor is almost exclusively
expressed by microglial cells in a steady-state brain where it
regulates their developmental functions, including survival,
differentiation, and proliferation.

CSF-1R INHIBITION-INDUCED
DEPLETION AND REPOPULATION IN
PHYSIOLOGICAL CONDITIONS

The colony-stimulating factor-1 receptor (CSE-1R), also known as
macrophage colony-stimulating factor (M-CSF) receptor, is a
transmembrane tyrosine kinase receptor found at the cell surface
of microglial cells, bone-marrow-derived macrophages, monocytes,
and other cell types (osteoclasts, dendritic cells). The CSF-1/CSF-1R
axis regulates cell survival, proliferation, differentiation, and
functions of the mononuclear phagocytes (25, 26).
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CSF-1R exists as an autoinhibited form and activates through
dimerization and auto-phosphorylation of several tyrosine
residues initiating a signalling cascade and the internalization
of the receptor. The cascade is activated upon binding the
endogenous CSF-1 or interleukin-34 (IL-34) and includes
PI3K-AKT and AMPK pathways implicated in macrophages
differentiation. Both cytokines promotes macrophages survival,
differentiation and proliferation but show different ability to
polarize macrophages (27). They share low primary sequence
homology, but show similar folding/tertiary structure and
interact with overlapping regions of CSF-1R (26). They exhibit
different spatiotemporal patterns of expression and play
complementary roles during development and adulthood. In
the brain, CSF-1 is primarily expressed by the innate immune
cells (astrocytes, microglia and oligodendrocytes) while IL-34 is
secreted by neurons. IL-34 acts locally, not only on CSE-1R, but
also on protein tyrosine phosphatase-z (PTP-z) and CD138,
while CSF-1 is also found in the circulation and selective for
CSF-1R (26). Furthermore, blocking of CSF-1 and IL-34 led to
significant depletion in white and grey matters respectively,
highlighting that those cytokines are differentially required for
microglia maintenance in the different brain compartments (28).
Accordingly, microglia are reduced by 30% in Csfl-null brains
while reduced by 70% in IL-34-null brains but almost fully
depleted in CSF-1R”" deficient mice (29).

A low level of CSF-1 stimulates microglia survival and
inhibits protein degradation, while increased CSF-1 expression,
as observed in inflammatory conditions, was associated with cell
proliferation and enhanced migration (26). Additionally, CSF-1R
activates several regulators of multipotent progenitor cell
differentiation, directing the cell fate toward monocyte/
macrophages or granulocytes.

Many CSF-1R inhibitors have been developed (Dasatinib,
PLX3397, PLX5622, Ki20227, PLX647, GW2580). Among them,
PLX5622 (Plexxikon Inc.) is a potent inhibitor of the kinase
activity (KI = 5.9 nM) showing high selectivity over other kinases
(29, 30). X-ray crystal structure of the CSF-1R-PLX5622 complex
shows that PLX5622 binds to the active site (pocket) of the CSF-
1R by forming hydrogen bonds (30).

Under physiological conditions, CSF-1R inhibition causes a
reversible depletion of the microglial population within a few
days (29, 31). Roughly, around 50% of the microglia population
is depleted within three days and over 90% after one week of
treatment (29), with sustained effect over the month with
continuous administration (29, 31). Elmore et al. (29) showed
that depletion was induced via apoptosis (29) and did not result
from the cell dedifferentiation into an intermediate cell type (32).
Depletion did not have a discernible impact on baseline
inflammation-related markers level (ROS, cytokines). However,
investigations on the resistant Iba-1" cells in wild-type brains
indicated that those cells displayed elevated inflammatory
chemokines and proliferation marker and reduced homeostatic
markers expression (13).

Elimination of CSF-1R" cells has no apparent long-lasting
impact on neurological functions (29, 33, 34). Torres et al. (34)
showed a transient alteration in spatial learning and memory

after seven days of treatment (PLX3397) that vanished after 21
days, as previously reported by others (29). Additionally, no
apparent effect on brain volume or blood-brain barrier integrity
was observed under physiological conditions (29).

Besides, peripheral myeloid cells, including monocytes/
macrophages, also express CSF-1R. Therefore, the depletion of
microglia may affect the baseline peripheral immune response
depending on the duration and way of administration. Otxoa-de-
Amezaga et al. (35) observed a reduction in a minor subset of
blood Ly6C™ monocytes which are dependent on CSE-1R (35). A
recent investigation reported that systemic PLX5622 treatment
leads to broad myelosuppression and has long-term
consequences even after drug withdrawal (36). CSF-1R
inhibition significantly reduces CCR2" monocytes, F4/80" and
MerTK" cells, T lymphocytes in bone marrow, and also spleen
and blood cell populations (36).

PLX5622 treatment has minimal impact on neurons while its
effect on astrocytes and oligodendrocytes is still controversial.
Elmore et al. (29) observed a slight increase in GFAP and S100
markers (at mRNA and protein level) (29, 37) but no changes in
cell number or morphology (29, 38) after short-term treatment.
However, Torres et al. (34) indicated that GFAP* cells had
thicker processes and higher intensity after seven days of
treatment with PLX3397 (34). These results were consistent
with Erblich et al. (39) that showed higher expression of GFAP
and cell density in mice lacking CSF-1R (39).

Of interest, the action of drug-induced CSF-1R inhibition is
reversible, meaning that withdrawal of the treatment allows the
fast replenishment of the microglial population (40) from the
resistant cells (13) without contribution from the bone marrow-
derived cells. After near-complete depletion, repopulating
microglia displayed enlarged cell bodies and a lack of
ramifications within three days post-withdrawal (29, 40). After
seven days, the microglia number increased by 160% of that in
control mice, showing intermediate morphology and a cluster-like
organization (13). By day 21 post-withdrawal, microglia returned
to normal morphology and number (13, 40). Furthermore, Zhan
et al. (41) indicated that PLX5622 withdrawal triggered the
proliferation of the (Iba-1") microglial cells and non-microglial
(Iba-17) cell populations within the first days of repopulation (13).
They identified small subsets of Iba-1" DCX" and Iba-1" Olig2",
markers of neurogenesis and oligodendrocytes, indicating that
repopulation affects other resident cell types.

Comparison of gene expression indicated that BM-derived
macrophages are highly different from steady-state microglia
and, newly generated microglia after repopulation. Fewer
differences were observed between control and newly
repopulating microglial cells (32), indicating that repopulating
microglia can keep most of their steady-state signature (13).
However, morphologically, all three subtypes show similar cell
body features. More detailed investigations revealed that
repopulated microglial cells have a different transcriptome than
resident microglia, showing upregulated cell-cycle (proliferation)-
related gens Cdkla and Mki67 and migration-related gene CD36
(32) but their impact on cell functionality has still to
be investigated.
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Additionally, Elmore et al. reported that control and newly
repopulated microglia likely responded to lipopolysaccharide
stimulation, indicating that both repopulated and steady-state
microglia might also show similar reactivity and functional
activity (42, 43). However, ex vivo analysis suggested that
repopulated microglia showed reduced pro-inflammatory gene
expression after stimulation to Toll-like receptor agonists (44),
indicating that in some cases newly repopulated microglia might
have attenuated pro-inflammatory activity, depending on the
signalling molecules they sense.

Some depletion-repopulation paradigms in pathological
conditions indicated that repopulation may resolve the activated
microglial phenotypes and therefore, solve chronic microglia/
macrophages-induced neuroinflammation (40, 45). Repopulation
reduced almost half of the 46 genes overexpressed following
neuronal lesion (40). Those genes were related to monocyte
chemoattraction, endothelial transmigration of leukocytes and
microglial proliferation, survival, phagocytic activity, and
apoptotic pathway. It also resulted in the almost complete
reversal of behavioural impairment observed with the elevated
plus maze and Morris maze test. Similarly, (45) investigated the
therapeutic effect of microglia depletion and repopulation during
the chronic phase of experimental traumatic brain injury. They
reported that short-term depletion followed by repopulation
rescued microglia morphology, reduced neuroinflammation,
oxidative stress, apoptosis and improved motor and cognitive
functions (45).

On the other hand, there are also reports of absent therapeutic
effects of microglia repopulation. In experimental autoimmune
encephalomyelitis (EAE), drug withdrawal resulted in a rapid re-
emergence of symptoms, leading eventually to peak scores
comparable to those in control EAE mice, associated with an
increase in microglia number 5-6 days after drug withdrawal
(46). Moreover, the newly generated microglia triggered a
degenerative inflammatory response upon their reappearance.
Altogether, it seems that beneficial disease outcomes after CSF-
IR inhibition-induced microglia repopulation are dependent on
the disease model and therapy time window (46).

The Colony Stimulating Factor-1 Receptor
in Glioma

Immunotherapies represent a promising approach for treating
cancer. Despite favorable results obtained treating different tumor
types (47-50), they have not proven to be efficient in glioma so far.
Treatment failure is likely related to the extensive spatial and
temporal heterogeneity of the glioma microenvironment (51) and
the numerous immunosuppressive mechanisms the tumor
exploits, such as immune surveillance evasion.

Microglia are part of the innate immune response and are
responsible for the phagocytosis of abnormal cells. However, in
the tumour microenvironment (TME), they acquire a
pro-tumorigenic phenotype under the influence of the tumour
cells. Similarly, tumour-associated macrophages (TAMs) are
differentiated from monocytes precursors recruited from the
systemic reservoirs to the tumour in response to cytokines and
chemoattractants released by tumour cells, including the CSF-1

ligand (52), ultimately supporting the immunosuppressive
environment (53, 54). In glioma, these cells are also known as
glioma-associated microglia/macrophages (GAMM) and
represent around 30-50% of the total tumour mass (55).
Single-cell profiling indicated that microglia and TAMs
differentially contribute to the glioma environment over time,
with an early microglial and late TAM contribution (51). GAMM
favour tumour progression by releasing pro-tumorigenic, pro-
survival and growth factors (56). They promote escape from the
tumour immune response by boosting glioma angiogenesis,
growth and invasion (57), suppression of cytotoxic T cell
functions and induction of an immunosuppressive regulatory
T (T,eg) cell response (58). Additionally, GAMM has been
associated with tumour progression and therapy resistance
(59). Therefore, targeting GAMM may provide an important
advantage over current standard therapy (60).

Efficient targeting of TAM using small molecule CSF-1R
inhibitors was assessed in many tumour models, including
solid tumours and breast cancers (61, 62). High levels of CSF-1
and CSF-1R have been observed in high-grade human glioma,
supporting their pivotal role in tumour growth. The level of
CSF-1 was correlated with tumorigenesis and increased GAMM
density. Accordingly, targeting the CSF-1/CSF-1R axis may
represent a potential therapeutic approach in glioma (63).

Significant reduction of TAM was achieved in different
tumour models using CSF-1R inhibitors, partly due to the
impaired recruitment and maturation of infiltrating
monocytic TAMs precursors (64). While CSF-1R inhibition
reduces the GAMM density, resistant cell populations were
observed across different tumour types, including glioma (65,
66). Interestingly, Pyonteck et al. observed a substantial
reduction in tumour growth, whereas Coniglio et al. reported
a more subtle effect with decreased cell invasion and no effect
on proliferation or survival, highlighting that CSF-1R
inhibition therapeutic effects may depend on the glioma
subtype (proneural vs mesenchymal). Nevertheless, the
resistant TAM showed downregulated pro-tumorigenic
markers expression, potentially slowing tumour progression
in pancreatic cancer, cervical and mammary tumour and
melanoma or improving the response to other treatments
(67-69). In glioma models, CSF-1R inhibition delays
recurrence and slightly prolonged overall survival (70) by
altering the immune cell polarization state toward a less
immunosuppressive phenotype (66). Different CSF-1R
inhibitors and anti-CSF-1R antibodies have been tested in
preclinical studies and clinical trials (71), to lower TAM
burden, reprogram GAMM towards an anti-tumorigenic
phenotype and stimulate the T-cells response (61). Despite
promising results, they failed to show substantial efficacy across
multiple tumor types (71) as well as in glioma (72, 73). Therapy
resistance was predominantly associated with increased Foxp3™
Treg influx in response to macrophage depletion (74) and
enhanced recruitment of other pro-tumorigenic cell
populations such as myeloid-derived suppressor cells (75, 76).
Those studies highlighted the main role of the TME in
supporting therapy resistance.
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CSF-1R monotherapy falls short in providing therapeutic effects
due to acquired resistance (66, 76, 77) (Figure 1). In experimental
glioma models, CSF-1R inhibition significantly prolonged overall
survival while recurrence was observed in a considerable subset of
animals. Acquired resistance to long-term CSF-1R inhibition was
correlated with increased insulin-like growth factor (IGF-1)
signaling between macrophages and tumor cells, leading to
aberrant activation of phosphatidylinositol 3-kinase (PI3K)
signaling, therefore promoting tumor cell survival and invasion
(77). Glioma recurrence was also associated with increased levels of
granulocyte-macrophage (GM)-CSF and interferon (IFN)- 7,
leading to TAM persistence (66). Other studies reported that
upregulation of the T cell immune checkpoint molecules, such as
programmed cell death 1 ligand (PD-L1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), should also be
considered as a potential escape mechanism from CSF-1R
monotherapy (67, 78). Antonios et al. (78) demonstrated
that CSF-1R therapy indirectly promotes tumor-infiltrating
lymphocytes (TILs) recruitment within the glioma
microenvironment (78). TILs are an important cellular source of
PD-L1 expression and therefore, their infiltration could promote

immune escape and resistance mediated by the PD-1/PD-L1 axis.
Altogether, resistance to CSF-1R monotherapy may be explained
by the cellular heterogeneity of the tumor microenvironment
beyond GAMM. Accordingly, single-agent therapy with CSF-1R
inhibitor has demonstrated very modest results in glioblastoma
clinical trials, showing no significant improvement of the
progression-free survival of the patients (79, 80).

Accordingly, ongoing studies are currently combining CSF-
IR therapy and immune-checkpoint inhibitors in different types
of tumors (81). CSF-1R therapy in cancer seems to have mostly a
synergistic effect and improve other treatments, such as adoptive
cell transfer immuno-therapy or platinum-based chemotherapy
in breast cancer models (82, 83). In glioma, CSF-1R inhibition
was combined with ionizing radiation and potentiated the
response of the tumour to irradiation, indicated by decreased
irradiation-induced monocytes recruitment, reduced pro-
tumorigenic TAMs and longer survival (84). CSF-1R inhibitors
are also reported to enhance the anti-tumoral T-cell responses
when combined with immune-checkpoint inhibitors like anti-
PD-1 antibodies (70, 78, 85). In glioma, the combination of both
therapies increased cytotoxic CD8"/CD4" and CD8'/FoxP3" T

Same tumour size
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FIGURE 1 | CSF-1R inhibition monotherapy in glioma. In glioma models, CSF-1R inhibition delays recurrence, and therefore slightly prolong overall survival with
no significant effect on tumour growth. Reported resistance mechanisms to CSF-1R inhibition include increased insulin-like growth factor (IGF-1) signaling between
macrophages and tumor cells, ultimately promoting tumor cell survival and invasion (77), increased levels of granulocyte-macrophage (GM)-CSF and interferon
(IFN)- v, leading to TAM persistence (66) and increased tumor-associated lymphocytes infiltration favoring the immunosuppressive PD-1/PD-L1 signaling (78).
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cell ratios, indicative of an enhanced anti-tumour activity (70),
leading to longer-term surviving animals. Interestingly, Ali and
colleagues investigated different combinatorial therapies,
considering CSF-1R, PD-1 and other targets, in glioblastoma
and highlighted the importance of the therapy-induced time-
dependent changes in TME cells (86). Therefore, further
preclinical and clinical research should combine CSF-1R
inhibition with other therapies to enhance therapeutic effects
and investigate the optimal therapy paradigm.

The Colony Stimulating Factor-1 Receptor

in Stroke

Microglial cells play a significant role in initiating, maintaining,
and resolving the inflammatory response after stroke. Microglia
cells drastically change their morphology, gene expression,
expression of inflammatory mediators, and surface molecule
organization after detecting signs of injury such as intracellular
calcium waves or ATP release. Based on the temporal changes of
marker expression, microglial cells have potentially an early
(beneficial) anti-inflammatory effect, while detrimental pro-
inflammatory microglia seem to dominate at later stages (87).
In experimental stroke, the level of anti-inflammatory markers
peaked around day 4 post ischemia, while a wave of pro-
inflammatory markers increased over the first two weeks,
peaking around day 14 post ischemia (87).

PLX5622 and derivatives have been investigated in transient
and permanent middle cerebral artery occlusion (MCAo) rodent
models to understand how microglia depletion prior to stroke
may affect disease outcomes. From the preventive studies, data
confirmed that microglia might confer protection against injury
at an early stage (Figure 2A). A 21-day PLX3397 microglia
depletion prior to a transient middle cerebral artery occlusion
(tMCAo) worsens disease outcomes, including increased brain
injury, enhanced excitotoxicity and altered neuronal activity
(89). Effect on brain injury/infarct size was also observed in a
TBI mice model (90): depletion of microglia using PLX5622
(from 7 days before to 3 days after TBI) also increased the core
size at day 3 (90).

In line with these findings, Wei Na Jin et al. (91) reported that
uninterrupted PLX3397 treatment before and after MCAo
exacerbated neurological deficits, brain inflammation (cytokine
levels), cell death and leukocyte infiltration within the first days
after ischemia (35, 91). Similarly, 35 reported continuous CSF-
IR inhibition starting three weeks before ischemia increased the
number of infiltrating neutrophils but reduced the numbers of
monocytes (-40%), F4/80" macrophages (-80%) at day 4 post
ischemia (35). Additionally, increased CD4'T and NK cell
counts correlated with a decrease of the corresponding
leukocyte subsets in the spleen. Altogether, these studies
suggest that the presence of CSF-1R" cells has beneficial effects
within the first 3 days post ischemia, reducing neurological
deficits, cell death, ROS levels, leukocytes infiltration,
neuroinflammatory markers (such as pro-inflammatory
cytokines IL-1a;, IL-1B, IL-6 and TNF-0) and increasing levels
of growth factors (IGF-1) in some cases. Additionally, CSF-1R
depletion prior to and after MCAo reduces the pro-inflammatory

astrocytic reactivity (including IL-1c, IL-1p, iNOS, TNF-c, IL-6)
with no change in astrocytes number (35, 91). Interestingly, Li
et al., (11) used the same paradigm in an intracerebral
haemorrhagic model (ICH model) and found the opposite
results (11). Altogether, these studies support a neuroprotective
role of microglial cells within the first days after stroke, which
may partially be explained by its phagocytic and inflammatory
activity on infiltrating cells at early stages.

Recently, our group assessed the immunomodulatory effect of
long-term PLX5622 administration in the post ischemic phase
using in vivo multimodal imaging (88). We demonstrated that
CSE-1R inhibition transiently decreased neuroinflammation
within the infarct, while a sustained decrease was observed in
the contralateral healthy tissue, correlating with Iba-1"
(microglia/macrophages) dynamics. Interestingly, the decrease
in activated microglia/macrophages number in remote areas
such as the contralateral side may moderate the impact of
spreading depression and ultimately global inflammation, as
observed by the global decrease in pro- and anti-inflammatory
markers expression in both hemispheres at late stage
(Figure 2B). Moreover, long-term CSF-1R inhibition also
affected homeostatic balance and tissue reperfusion, albeit
transient, as indicated by diffusion- and perfusion-weighted
MR imaging.

It is still unknown when and for how long microglia must be
eliminated to enhance recovery: data may indicate that
microglial activity is essential within the first days to reduce
peripheral cell infiltration and cytotoxicity while it may become
detrimental later on (87). Additionally, previous short-term CSF-
IR inhibition studies in other disease models supported that
PLX5622-induced microglia repopulation could reduce
inflammatory cytokines expression, brain damage and resolve
behavioural impairment. Altogether, those studies highlighted
the importance of targeting microglia/macrophages within an
optimal therapeutic time window to leverage their beneficial
activity during the post ischemic phase. To date, no study on
repopulation and/or short-term CSF-1R inhibition in stroke has
been reported.

In Vivo Molecular Imaging of CSF-1R

In vivo assessment of CSF-1R inhibition therapy response and
target engagement would benefit from developing imaging
probes specifically targeting CSF-1R and/or microglial
cells (Figure 3).

In this context, Horti et al. (92) developed the new radiotracer
11C-CPPC targeting the CSF-1R. Preclinical assessments seem to
indicate high selectivity and binding specificity in animal models
of acute LPS-induced neuroinflammation and post-mortem
Alzheimer’s disease human tissue (92) while others reported
higher off-target binding and lower specificity (93). Therefore,
other CSF-1R antagonist radioligands are currently investigated,
potentially showing higher sensitivity and larger dynamic range
in preclinical models (94). In addition, macrophage-targeted
diagnostic tools are currently developed to visualize immune
cell accumulation in a variety of inflammatory disease and
assessed in the context of CSF-1R inhibition-induced
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FIGURE 2 | CSF-1R inhibition monotherapy in stroke. (A) Previous studies on brain pre-conditioning reported the absence of microglial cells within the first days
post ischemia (acute phase) worsened disease outcomes, including increased brain injury, peripheral infiltration and pro-inflammatory signaling, ultimately leading to
aggravated neurodeficits. (B) Long-term treatment reveals the existence of an Iba-1* (microglia/macrophages) cell population resistant to CSF-1R inhibition while
global expression of inflammation-related markers was decreased. Long-term CSF-1R inhibition starting right after surgery led to aggravated motor functions, partly
explained by homeostatic imbalance and impaired infarct reperfusion (88). Created with Biorender.com.

microglia/macrophages depletion and other targeting
immunotherapies (95).

The translocator protein (TSPO)-PET imaging has been
widely used to study inflammation dynamics, immune cell
activation and/or microgliosis in preclinical and clinical
studies. Despite several well-known caveats, TSPO-PET
imaging allows assessing global inflammation, visualizing areas
of immune cell infiltration and defining tissue heterogeneity (96—
98). Moreover, TSPO-PET has been used as a therapy readout in
clinical trials in patients with primary glioblastoma or melanoma
brain metastasis treated with chemoradiation or immunotherapy
(NCT02431572). The validation of TSPO-PET tracers in clinical
settings is necessary to improve the understanding of glioma-
associated inflammation and microglia-targeting therapy
resistance mechanisms. In a preclinical trial, seven days of
CSF-1R inhibitor (PLX3397) in a non-human primate resulted
in a significant reduction of 11C-PBR28 (TSPO) volumes of
distribution by 46% from baseline, consistent with microglia
depletion, which recovered after 12 days, supporting TSPO-PET
as a CSF-1R inhibition therapy readout (99). However, the
cellular sources of TSPO during or after treatment were not
investigated. This finding encourages conducting back-
translational studies to understand the biological mechanisms
after CSF-1R therapy together with TSPO-PET imaging as a
therapy readout.

Recently, our group reported the suitability of 18F-DPA-714
PET imaging, used as a biomarker of TSPO-dependent
neuroinflammation and immune cell activation, to track the
immunomodulatory effect of long-term PLX5622 administration
in the post ischemic phase (88). We demonstrated that CSF-1R
inhibition transiently decreased radiotracer uptake within the
infarct, correlating with the dynamics of TSPO and microglia/
macrophages ex vivo. Therefore, we supported the use of TSPO-
PET imaging as a microglia-targeting therapy readout in stroke.

It should be noted that none of the TSPO radioligands is cell-
specific or function-specific. Among the emerging targets, the
purinergic metabotropic 12 receptor (P2Y12R) PET tracer is an
attractive imaging biomarker to study microglial function (100,
101). P2Y12R expression is restricted to microglia in the CNS
and absent on peripheral immune cells, involved in microglial
chemotaxis and cytokine/chemokine signaling. In the
inflammatory cascade, P2Y12R is downregulated in a pro-
inflammatory environment and upregulated with exposure to
anti-inflammatory stimuli, and therefore considered as a suitable
biomarker for anti-inflammatory microglial cells (101).
However, its temporal dynamics in an inflammatory
environment remains not well understood (100): the specific
role of P2Y12R seems to be disease- and stage-dependent. To our
knowledge, only one P2Y12R-PET radioligand has been
developed, the ethyl6-(3-(3-((5-chlorothiophen-2-yl)sulfonyl)
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11C-ureido)azetidin-1-yl)-5-cyano-2-methylnicotinate (101).
While preliminary data looked promising, this tracer revealed
low metabolic stability and lack of blood-brain barrier
permeability. Further preclinical studies must assess other
CNS-penetrant P2Y12R receptor PET radioligand and
investigate the functional spatiotemporal role of P2Y12R.

As part of the same receptor family, the purinergic P2X7
receptor is found to be specifically upregulated in pro-
inflammatory activated microglial cells in response to high ATP
release. This receptor mediates cytokine and chemokines release,
regulates T lymphocytes survival and differentiation (Di 102). A
clinical trial investigated the blocking effect of JNJ-55308942
targeting the P2X7 receptor using the 18F-labelled analog in
healthy volunteers (NCT03437590). The preliminary results in
humans supported the use of the PET-tracer 18F-JNJ-54175446
to provide an insight into P2X7R in health and disease (103). In the
context of CSF-1R inhibition, further studies may consider using
this radioligand to assess (i) the spatiotemporal expression of P2X7
receptor in pathological conditions, (ii) the decrease in P2X7-
expressing pro-inflammatory microglial cells following CSE-1R-

and/or any microglia-targeting immunotherapy and (iii) the
potential anti-inflammatory effect of microglia repopulation.

CONCLUSION REMARKS

Glioma and stroke are two complex pathological conditions, both
inducing strong and chronic inflammatory and immunological
responses following alterations of the immune balance. However,
innate, and adaptive immune response differs in major aspects:
origin, progression, and disease-induced phenotype. The
comparison of both diseases represents a very interesting avenue of
research as they represent the two extremes of neurological
conditions. Stroke on the one hand with a strong pro-
inflammatory stimulus (hypoxia, reperfusion) and on the other
hand gliomas with a strong anti-inflammatory immunosuppressive
microenvironment. The comparison thus supports evidence
generation for the role of CSF-1R across neurological diseases.
CSF-1R inhibition studies demonstrate that many discernible
subpopulations of microglial cells co-exist in the inflammatory

Frontiers in Immunology | www.frontiersin.org

53

December 2021 | Volume 12 | Article 787307


https://biorender.com
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Barca et al.

CSF-1R in Neurological Disorders

environment and are differentially sensitive to CSF-1R
inhibition. In both glioma and ischemia, a resistant population
of CSF-1R-independent microglia/macrophages were observed
after long-term PLX5622 treatment. Their contribution to
compensatory mechanisms or therapy resistance still needs
further research. One line of investigation focuses on the
enhanced communication with other immune players,
triggering modulation of the peripheral immune cell
infiltration or activation of resident cells. Still, numerous
compensatory and resistance mechanisms seem to be
implemented by immunological responses beyond microglia/
macrophages cells, limiting the efficiency of CSF-1R inhibition
as a monotherapy. Therefore, research supports its use as a
combination therapy to synergize the therapeutic effects of other
immunomodulatory approaches.

Recently, we validated the use of TSPO-PET in preclinical
studies assessing the therapeutic effect of new microglia-targeting
treatments. TSPO-PET employing 18F-DPA-714 allows
visualization of microglia/macrophages depletion-repopulation
and areas of immune cell infiltration. However, a better
knowledge of the therapeutic effects on other immune cell
populations after short-term or long-term CSE-1R inhibition
would improve our understanding of the in vivo TSPO dynamics
upon therapy. Advances in microglia-targeting immunotherapy
should boost the development of microglia-specific PET
radioligands. This could support further clinical trials for
glioma and stroke patients, improve personalized management
and understand the prognostic value of multimodal imaging in
microglia-targeting therapeutic approaches.
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The advancement of new immunotherapies necessitates appropriate probes to monitor the
presence and distribution of distinct immune cell populations. Considering the key role of
CD4* cells in regulating immunological processes, we generated novel single-domain
antibodies [nanobodies (Nbs)] that specifically recognize human CD4. After in-depth
analysis of their binding properties, recognized epitopes, and effects on T-cell proliferation,
activation, and cytokine release, we selected CD4-specific Nbs that did not interfere with
crucial T-cell processes in vitro and converted them into immune tracers for noninvasive
molecular imaging. By optical imaging, we demonstrated the ability of a high-affinity CD4-Nb
to specifically visualize CD4* cells in vivo using a xenograft model. Furthermore, quantitative
high-resolution immune positron emission tomography (immunoPET)/MR of a human CD4
knock-in mouse model showed rapid accumulation of #*Cu-radiolabeled CD4-Nb1 in CD4* T
cell-rich tissues. We propose that the CD4-Nbs presented here could serve as versatile
probes for stratifying patients and monitoring individual immune responses during
personalized immunotherapy in both cancer and inflammatory diseases.

Keywords: CD4, nanobody, immune tracer, PET imaging, magnetic resonance imaging, immunotherapies

INTRODUCTION

In precision medicine, diagnostic classification of the disease-associated immune status should guide the
selection of appropriate therapies. A comprehensive analysis of a patient’s specific immune cell
composition, activation state, and infiltration of affected tissue has been shown to be highly
informative for patient stratification (1-3). In this context, CD4 is an important marker, as it is
found on the surface of immune cells such as monocytes, macrophages, and dendritic cells and most
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abundant on CD4" T cells (4, 5). CD4" T cells are a key determinant
of the immune status due to their essential role in orchestrating
immune responses in autoimmune diseases, immune-mediated
inflammatory diseases (IMIDs), cancer, and chronic viral infections
(6-13). Current diagnostic standards such as intra-cytoplasmic flow
cytometry analysis (IC-FACS), immunohistochemistry, and ex vivo
cytokine assays or RT-PCR analysis are exclusively invasive and
therefore limited with respect to repetitive analyses over time (14-17).
Considering the emerging role of infiltrating lymphocytes and the
impact of CD4" T cells on the outcome of immunotherapies, novel
approaches are needed to assess CD4" T cells more holistically (18).
In this context, noninvasive imaging approaches offer a significant
benefit compared to the current diagnostic standard. To date,
radiolabeled antibodies have been applied to image CD4" cells in
preclinical models (10, 19-21). Due to the recycling effect mediated
by the neonatal Fc receptor, full-length antibodies have a long serum
half-life, which requires long clearance times of several days before
high-contrast images can be acquired (22). Additionally, effector
function via the Fc region was shown to induce depletion or
functional changes in CD4" cells including the induction of
proliferation or cytokine release (23-25). Notably, also higher
dosages of recombinant antibody fragments like Fab fragments or
Cys-diabodies derived from the monoclonal anti-CD4 antibody
GK1.5 were recently shown to decrease CD4 expression in vivo and
inhibit proliferation and interferon (IFN)-y production in vitro
(24-26). These studies highlight the importance of carefully
investigating CD4" cell-specific immunoprobes for their epitopes,
binding properties, and functional effects.

During the last decade, antibody fragments derived from
heavy-chain-only antibodies of camelids, referred to as VHHs
or nanobodies (Nbs) (27), have emerged as versatile probes for
molecular imaging [reviewed in (28)]. In combination with
highly sensitive and/or quantitative whole-body molecular
imaging techniques such as optical or radionuclide-based
modalities, particularly positron emission tomography (PET),
Nbs have been shown to bind their targets within several minutes
of systemic application (29). Due to their great potential as highly
specific imaging probes, numerous Nbs targeting immune- or
tumor-specific cellular antigens are currently in preclinical
development and even in clinical trials (28, 30, 31).

Here, we generated a set of human CD4 (hCD4)-specific Nbs.
Following in-depth characterization of their binding properties,
we selected candidates that did not affect T-cell proliferation,
activation, or cytokine release and converted them into immune
tracers for noninvasive optical and PET imaging. Using a mouse
xenograft model and an hCD4 knock-in mouse model, we
successfully demonstrated the capacity of these CD4-Nbs to
visualize CD4" cells in vivo.

RESULTS

Generation of High-Affinity CD4
Nanobodies

To generate Nbs directed against hCD4, we immunized an alpaca
(Vicugna pacos) with the recombinant extracellular portion of

hCD4 following an 87-day immunization protocol. Subsequently,
we generated a Nb phagemid library comprising ~4 x 10" clones
that represent the full repertoire of variable heavy chains of heavy-
chain antibodies (VHHs or Nbs) of the animal. We performed
phage display using either passively adsorbed purified hCD4 or
CHO and HEK293 cells stably expressing full-length hCD4 (CHO-
hCD4 and HEK293-hCD4 cell lines, respectively). Following two
cycles of phage display for each condition, we analyzed a total of 612
individual clones by whole-cell phage ELISA and identified 78
positive binders. Sequence analysis revealed 13 unique Nbs
representing five different B-cell lineages according to their
complementarity determining region (CDR) 3 (Figure 1A). One
representative Nb of each lineage, termed CD4-Nb1-CD4-Nb5, was
expressed in bacteria (Escherichia coli) and isolated with high purity
using immobilized metal ion affinity chromatography (IMAC)
followed by size exclusion chromatography (SEC) (Figure 1B).
To test whether selected Nbs are capable of binding to full-length
hCD4 localized at the plasma membrane of mammalian cells, we
performed live-cell staining of CHO-hCD4 cells (Figure 1C,
Supplementary Figure 1). Executed at 4°C, images showed a
prominent staining of the plasma membrane, whereas at 37°C,
the fluorescent signal was mainly localized throughout the cell body,
presumably a consequence of endocytotic uptake of receptor-bound
Nbs. CHO wild-type (wt) cells were not stained by any of the five
CD4-Nbs at both temperatures (data not shown). CD4-Nbl and
CD4-Nb3, both identified by whole-cell panning, displayed strong
staining of CHO-hCD4 cells. Of the Nbs derived from panning with
recombinant hCD4, CD4-Nb2 also showed strong cellular staining,
whereas staining with CD4-Nb4 revealed weak signals. CD4-Nb5
showed no staining under these conditions and was consequently
excluded from further analyses (Figure 1C). To quantitatively assess
binding affinities, we performed biolayer interferometry (BLI),
measuring serial dilutions of Nbs on the biotinylated extracellular
domain of hCD4 immobilized at the sensor tip. For CD4-Nbl and
CD4-Nb2, Kp values were determined to be ~5 and ~7 nM,
respectively, while CD4-Nb3 and CD4-Nb4 displayed lower
affinities of 75 and 135 nM, respectively (Figure 1D, Table 1,
Supplementary Figure 2A). In addition, we determined
corresponding ECs, values with full-length plasma membrane-
located hCD4 on HEK293-hCD4 cells by flow cytometry. In
accordance with cellular staining and biochemically determined
affinities, these values revealed a strong functional binding for CD4-
Nbl and CD4-Nb2 with ECs, values in the subnanomolar range
(~0.7 nM), whereas CD4-Nb3 and CD4-Nb4 displayed
substantially lower cellular affinities (Figure 1E, Table 1,
Supplementary Figure 2B). In summary, we generated four
CD4-Nbs that bind isolated and cell-resident hCD4. While CD4-
Nb3 and CD4-Nb4 appeared less affine, CD4-Nbl and CD4-Nb2
displayed high affinities in the low nanomolar range.

Domain Mapping

Next, we applied chemo-enzymatic coupling using sortase A for
site-directed functionalization of CD4-Nbs (32, 33). We thereby
linked peptides conjugated to a single fluorophore to the C-
terminus of CD4-Nbs, yielding a defined labeling ratio of 1:1
(34). Live-cell immunofluorescence imaging showed that all
sortase-coupled CD4-Nbs retained their capability of binding
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FIGURE 1 | Identification and characterization of nanobodies (Nbs) against human CD4 (hCD4). (A) Amino acid sequences of the complementarity determining
region (CDR) 3 from unique CD4-Nbs selected after two rounds of biopanning are listed. (B) Recombinant expression and purification of CD4-Nbs using immobilized
metal ion affinity chromatography (IMAC) and size exclusion chromatography (SEC). Coomassie-stained SDS-PAGE of 2 ug of purified Nbs is shown. (C)
Representative images of live CHO-hCD4 cells stained with CD4-Nbs for 30 min at 4°C (top row) or 60 min at 37°C (bottom row); scale bar: 50 um. (D) For biolayer
interferometry (BLI)-based affinity measurements, biotinylated hCD4 was immobilized on streptavidin biosensors. Kinetic measurements were performed using four
concentrations of purified Nbs ranging from 15.6 to 1,000 nM. As an example, the sensogram of CD4-Nb1 at indicated concentrations is shown. (E) ECso
determination by flow cytometry. Exemplarily shown for CD4-Nb1, the percentage of positively stained HEK293-hCD4 (frequency of parent) was plotted against

TABLE 1 | Summary of affinities (kp) and association (k) and dissociation constants (k. and coefficient of determination Ry) determined by BLI (left side) and ECsq

values of flow cytometry (right side).

Dissociation constant Kp Kon (10° M7 s7) Kot (107*s7) R? ECso
CD4-Nb1 51 nM 1.21 £ 0.022 6.13 + 0.27 0.996 0.74 nM
CD4-Nb2 6.5 nM 1.22 £ 0.015 7.95 +0.18 0.998 0.73 nM
CD4-Nb3 75.3 nM 0.82 + 0.026 61.8 + 2.00 0.983 533 nM
CD4-Nb4 135 nM 1.18 £ 0.014 160 + 0.97 0.998 7.36 UM

to cell-resident hCD4 of CHO-hCD4 cells (Supplementary
Figure 3A). To localize the binding sites of the selected CD4-
Nbs, we generated domain-deletion mutants of hCD4.
Expression and correct surface localization of these mutants in
CHO cells were confirmed by staining with antibody RPA-T4
binding to domain 1 of CD4. For mutants lacking domain 1, we
introduced an N-terminal BC2 tag (35) to allow for live-cell
surface detection with a fluorescently labeled bivBC2-Nb (34)
(Supplementary Figure 3B). Transiently expressed domain-
deletion mutants were then tested for binding of CF568-
labeled CD4-Nbs by live-cell immunofluorescence imaging,
including a non-specific fluorescently labeled green fluorescent
protein (GFP)-binding Nb (GFP-Nb) as negative control. Based
on these results, we allocated binding of CD4-Nb1 and CD4-Nb3
to domain 1, whereas CD4-Nb2 and CD4-Nb4 bind to domain 3
and/or 4 of hCD4 (Figure 2A, Supplementary Figure 3C).

To further examine combinatorial binding of the different
CD4-Nbs, we performed an epitope binning analysis by BLIL
Recombinant full-length hCD4 was immobilized at the sensor
tip, and combinations of CD4-Nbs were allowed to bind
consecutively (Supplementary Figure 4). Unsurprisingly,

CD4-Nbs binding to different domains displayed combinatorial
binding. Interestingly, a simultaneous binding was also detected
for the combination of CD4-Nbl and CD4-Nb3, suggesting that
both CD4-Nbs bind to different epitopes within domain 1. In
contrast, we did not observe simultaneous binding for CD4-Nb2
and CD4-Nb4, which might be due to close-by or overlapping
epitopes at domain 3/4 for the latter Nb pair.

For a more precise epitope analysis, we conducted a
hydrogen-deuterium exchange mass spectrometry (HDX-MS)
analysis of hCD4 bound to CD4-Nbl, CD4-Nb2, or CD4-Nb3
(Figures 2B-E, Supplementary Figure 5). Due to its low affinity,
CD4-Nb4 was not considered for HDX-MS analysis (data not
shown). In accordance with our previous findings, binding of
CD4-Nbl and CD4-Nb3 protected sequences of domain 1 from
HDX, whereas CD4-NDb2 protected sequences of domains 3 and
4 of hCD4 (Figure 2B). The results obtained for binding of CD4-
Nb1 (Figure 2C) are similar to those obtained for CD4-Nb3
(Figure 2D) in that binding of either Nb reduced hydrogen
exchange at amino acid (aa) residues from aa T17 to N73, albeit
with a different extent of protection at individual sequence
segments. For CD4-Nbl, the greatest protection from HDX
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was observed for the sequence ranging from aa K35 to L44
corresponding to 3 strand C” and C’’ of the immunoglobulin
fold of domain 1 and residues aa K46-K75, comprising 3 strands
D and E. In contrast, binding of CD4-Nb3 confers only a minor
reduction in HDX within the latter sequence but additionally
protects sequence aa C84-E91, which correspond to 3 strands G
and F and their intermediate loop. For CD4-Nb2, we found
protection of sequences aa W214-F229 (B strands C and C’) and
aa K239-1.259 (B strands C’'-E) and to a minor extent sequence
aa R293-1296 as part of  strand A of domain 4 (Figure 2E). In
summary, our HDX-MS analysis revealed that all three tested
Nbs bind three dimensional epitopes within different parts of
hCD4. It further provides an explanation how CD4-Nbl and
CD4-Nb3 can bind simultaneously to domain 1 of hCD4 and
confirms that the epitope of CD4-Nb2 is mainly located at
domain 3.

Binding of CD4-Nbs to Human Peripheral
Blood Mononuclear Cells

Having demonstrated that all selected Nbs bind to recombinant
and exogenously overexpressed cellular hCD4, we next examined
their capability and specificity of binding to physiologically
relevant levels of CD4" T cells within peripheral blood
mononuclear cell (PBMC) samples. We costained human
PBMCs from three donors with CD4-Nb1-CD4-Nb4 coupled

x A

20 25 30 35 40 45
..C KN

50
SNQIK ILGNQ GSFLT KGPSK LNDRA

55

60 65 7 75 80 85 90 95
DSRRS LWDQG NFPLI IRNLK IEDSD TYICE VEDQK EEVQL...
D
180° 90°
3 Y \l’ 14 =
j of
30 35 40 45
HWRN SNQIK ILGNQ GSFLT
60 65 70 75 80 85 90 95
LK IEDSD TYICE EVQL...
E

AD<-25%

-25% < AD <-20%
-20%<AD<-15%
-15% <AD<-10%
-10% < AD<-5%
4D >-5%

no deut. data

Increasing protection

220

215
. .GELWW QAERA SSSKS WITFD

225

230 240 245
.. VSVRR VTQDP
295 300

M QRN. ..

250 255 260 265
KLOMG KKLPL HLTLP QALPQ ..

FIGURE 2 | Localization of CD4-nanobody (Nb) binding epitopes. (A) Representative images of live CHO cells expressing full-length or domain-deletion mutants of
human CD4 (hCD4) stained with fluorescently labeled CD4-Nbs (CF568) are shown; scale bar 10 um. (B) Surface structure model of hCD4 (PDBe 1wiq) (36) and the
hydrogen-deuterium exchange mass spectrometry (HDX-MS) epitope mapping results of CD4-Nb1-3 are depicted. Different colors highlight the amino acid residues
protected by CD4-Nb1 (blue), CD4-Nb2 (red), or CD4-Nb3 (yellow). Overlapping residues protected by both Nb1 and Nb3 are colored green. A more detailed
surface map (%AD) of these specific regions is highlighted in (C) (CD4-Nb1), (D) (CD4-Nb3), and (E) (CD4-Nb2) with the corresponding CD4 amino acid sequence.

to CF568 (100 nM for high-affine CD4-Nb1 and CD4-Nb2; 1,000
nM for low-affine CD4-Nb3 and CD4-Nb4) in combination with
an anti-CD3 antibody and analyzed the percentage of double-
positive cells (CD3"CD4") by flow cytometry (Figure 3,
Supplementary Figure 6). Compared to staining with an anti-
CD4 antibody used as a positive control, all CD4-Nbs stained a
similar percentage of CD4" T cells for all tested donors, while the
non-specific GFP-Nb yielded a negligible percentage of double-
positive cells even at the highest concentration (1,000 nM)
(Table 2). Our analysis further revealed that, as observed with
a conventional anti-CD4 antibody, the CD4-Nbs stain a
substantial proportion of CD3" cells, indicating that all selected
candidates are also able to recognize cells such as monocytes,
macrophages, or dendritic cells that express lower levels of
CD4 (Figure 3).

Impact of CD4-Nbs on Activation,
Proliferation, and Cytokine Release of
CD4"* T and Immune Cells

In view of the envisioned application as clinical imaging tracer,
we next evaluated the potential of the Nbs to be further
developed into clinically approved binding molecules. Since
CD4-Nb2 and CD4-Nb3 contain a number of cysteine residues
in their CDR3, we excluded them at this stage because such non-
canonical unpaired cysteines are often associated with expression
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FIGURE 3 | Flow cytometry analysis of human peripheral blood mononuclear cells (PBMCs) stained with fluorescently labeled CD4-nanobodies (Nbs). Schematic
representation of the final gating step for CD3*CD4* double-positive cells derived from donor 1.

problems and a higher tendency to form aggregates in
downstream production (37, 38). With CD4-Nbl and CD4-
Nb4, we pursued two candidates that do not contain non-
canonical cysteines and also cover a broad affinity spectrum.
For these two Nbs and a non-specific GFP-Nb as a control, we
then examined their influence on CD4" T-cell activation,
proliferation, and cytokine release. To rule out adverse effects of
bacterial endotoxins in the Nb preparations, we first removed
endotoxins by depletion chromatography, resulting in Food and
Drug Administration (FDA)-acceptable endotoxin levels of <0.25
EU per mg. Typically, Nb-based radiotracers are applied at serum
concentrations between 0.01 and 0.2 pM in (pre)clinical imaging
(39, 40). To investigate the effects of Nbs at the expected, but also
at a 10-fold increased concentration and consequently elongated
serum retention times that might occur during in vivo (pre)clinical
imaging, we treated carboxyfluorescein succinimidyl ester (CFSE)-
labeled human PBMCs from three preselected healthy donors with
three Nbs at concentrations ranging from 0.05 from 5 uM for 1 h
at 37°C. Subsequently, cells were washed to remove Nbs and
stimulated with an antigenic [cognate major histocompatibility
complex (MHC)II peptides] or a non-antigenic stimulus
(phytohemagglutinin, PHA-L) and analyzed after 4, 6, and 8
days by flow cytometry with the gating strategy shown in
Supplementary Figure 7A. According to the highly similar
CFSE intensity profiles observed, the total number of cell

divisions was not affected by the different Nb treatments
(exemplarily shown for one of three donors on day 6;
Supplementary Figure 7A). For samples of the same donor and
time point, no substantial differences in the percentage of
proliferated cells were observed between mock incubation and
individual Nb treatments.

For both stimuli, the average percentage of proliferated cells
increased over time in all donors tested, with no clear differences
between conditions (Figure 4A). As a quantitative measure of T-
cell activation, we also determined the cell surface induction of a
very early activation marker (CD69) and of the interleukin (IL)-2
receptor 0. chain (CD25) on CD4" T cells (Figure 4B). Among
samples of the same donor and stimulation, we found highly
similar activation profiles for all Nb treatments. While the
percentage of CD4"CD25" cells steadily increased over time
for MHCII peptide stimulation, for the PHA-stimulated
condition, the percentage of positive cells was similarly high at
all times of analysis. Importantly, regardless of the differences
between donors, the individual Nb treatments from the same
donor did not result in significant differences in the percentage of
CD4"CD25" or CD4"CD69" cells for either stimulation at any
point in the analysis.

Next, we analyzed cytokine expression of CD4" T cells by
intracellular cytokine staining after restimulation with cognate
MHCII peptides. The corresponding gating strategy is shown in
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TABLE 2 | Percentage of double-positive cells of three donors, stained with CD4-Nb1 or CD4-Nb2 (100 nM), or CD4-Nb3 or CD4-Nb4 (1,000 nM), compared to anti-

CD4 antibody and negative control Nb (GFP-Nb, 1,000 nM).

Frequency CD3* CD4* (%)

c (nM) Donor 1 Donor 2 Donor 3
Anti-CD4 antibody ~1 33.7 27.0 24.3
CD4-Nb1 100 30.5 29.2 22.7
CD4-Nb2 100 33.8 25.6 18.4
CD4-Nb3 1,000 35.5 26.5 20.4
CD4-Nb4 1,000 33.8 26.9 23.9
GFP-Nb 1,000 1.4 0.3 1.0

Supplementary Figure 7B. Samples of the same donor treated
with different Nbs had highly similar percentages of cytokine
[tumor necrosis factor (TNF), IEN-y, or IL-2] or activation
marker (CD154)-positive cells without stimulation and upon
stimulation with MHCII peptides (Figure 4C). Overall, exposure
to CD4-Nbs did not affect the proliferation, activation, or
cytokine production of CD4" T cells. In addition, we analyzed
potential effects of CD4-Nbs on the release of cytokines from
full-blood samples of three further donors. Upon stimulation
with lipopolysaccharide (LPS) or PHA-L, we determined the
serum concentrations with a panel of pro- and anti-
inflammatory cytokines (Supplementary Table 2). Although

there was significant inter-donor variation for some cytokines,
Nb treatment did not result in significant differences in either
stimulated or unstimulated samples (Supplementary Figure 8).

CD4-Nbs for In Vivo Imaging

For optical in vivo imaging, we labeled CD4-Nbs with the
fluorophore Cy5.5 (CD4-Nb-Cy5.5) by sortase-mediated
attachment of an azide group followed by click-chemistry
addition of dibenzocyclooctyne (DBCO)-Cy5.5. First, we tested
potential cross-reactivity of the four Cy5.5-labeled CD4-Nbs to
murine CD4" lymphocytes. Notably, flow cytometric analysis
showed that none of the selected CD4-Nbs bound murine CD4"
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FIGURE 4 | Impact of CD4-nanobodies (Nbs) on activation, proliferation, and cytokine release of T cells. Cells were stained with carboxyfluorescein succinimidy!
ester (CFSE), treated with 5 uM Nbs or without for 1 h (one replicate each), washed, stimulated with 5 ug/ml MHCII peptides, 10 pg/ml PHA or not stimulated, and
cultured for 12 days. (A) Cells were analyzed by flow cytometry for proliferation (CFSE-low/negative fraction) and activation (CD25 and CD69) on days 4, 6, and 8.
Proliferation of CD4™" cells after stimulation with MHCII peptide(s) (left) or PHA (right). (B) Activation markers on CD4* cells. Top: CD25 expression after stimulation
with MHCII peptide(s) (left) or PHA (right); Bottom: CD69 expression after stimulation with MHCII peptide(s) (left) or PHA (right). Mean percentages of all three donors
are shown as plain or dotted lines. (C) Cytokine and activation marker expression of CD4™" cells—TNF, IFN-y, CD154 (left y-axis), or IL-2 (right y-axis). Cells were
restimulated on day 12 with MHCII peptide(s) or dimethyl sulfoxide (DMSO) (background) for 14 h in the presence of Golgi Stop and brefeldin A and analyzed by flow
cytometry. Error bars display SEM. Gating strategy is shown in Supplementary Figure 6; all percentages are given within CD4* T cells.
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cells, suggesting exclusive binding to hCD4. Moreover, low-affine
binding CD4-Nb4 bound neither mouse nor human CD4" cells
at the concentration used here (0.75 pg/ml, ~49 nM)
(Supplementary Figure 9). Consequently, we focused on CD4-
Nb1 as the most promising candidate and CD4-Nb4 as a
candidate with a high off-target rate, both of which we further
analyzed for their in vivo target specificity and dynamic
distribution using a murine xenograft model.

To establish hCD4-expressing tumors, NOD SCID gamma
(NSG) mice were inoculated subcutaneously with CD4" T-cell
leukemia HPB-ALL cells (41). After 2-3 weeks, mice bearing
HPB-ALL xenografts were intravenously (i.v.) injected with 5 ug
of CD4-Nb1-Cy5.5, CD4-Nb4-Cy5.5, or a control Nb (GFP-Nb-
Cy5.5) and non-invasively in vivo investigated by optical imaging
(OI) inintervals over the course of 24 h (Figure 5A, Supplementary
Figure 10A). The Cy5.5 signal intensity (SI) of the control Nb
peaked within 10-20 minutes and rapidly declined thereafter to
approximately the half and a quarter of maximum level at 2 and 24
h, respectively (Figure 5B, Supplementary Figure 10B). While the
SI of the low-affinity CD4-Nb4-Cy5.5 did not exceed the SI of the
control Nb at any time (Supplementary Figure 10B), CD4-Nb1-
Cy5.5 reached its maximum SI within the HPB-ALL xenograft
of ~1.8-fold above the control Nb at 30 min and slowly declined to
~90% and ~80% of maximum after 2 and 4 h, respectively
(Figure 5B). Based on the differences in the SI between
CD4-Nbl1-Cy5.5 and GFP-Nb-Cy5.5, we observed constant high

target accumulation and specificity between 30 and 480 min post
injection (Figure 5B). After 24 h, mice were euthanized, and the
presence of fluorophore-labeled CD4-Nbs within the explanted
tumors was analyzed by OI (Figure 5C, Supplementary Figure
10C). Compared to control, tumors from mice injected with CD4
—Nb1-Cy5.5 had ~4-fold higher Cy5.5 SI, indicating a good signal-
to-background ratio for this Nb-derived fluorescently labeled
immunoprobe even at later time points. To confirm CD4-specific
targeting of CD4-Nbl within the xenograft, we additionally
performed ex vivo immunofluorescence of HPB-ALL tumors at 2
and 24 h post injection (Supplementary Figure S11). At the early
time point, when the in vivo Ol signal peaked, CD4-Nb1 was widely
distributed throughout the whole tumor, whereas no Cy5.5 signal
was detected in the GFP-Nb-injected mice (Supplementary
Figures 11A, B). Semiquantitative analysis at the single-cell level
revealed intense CD4-Nb1 binding at the surface of HBP-ALL cells
that correlated with the CD4 antibody signal and internalization of
CD4-Nbl in some cells (Supplementary Figure 11C). In contrast,
no binding was observed upon administration of unrelated GFP-Nb
(Supplementary Figure 11D). At 24 h post injection, we observed
regions of strongly internalized CD4-Nb1 (Supplementary Figures
11E, G), but also regions showing a low residual CD4-Nb1 uptake
(Supplementary Figures 11E, H).

The OI data from the xenograft model clearly indicates that
the high-affinity CD4-Nbl but not CD4-Nb4 is suitable to
specifically visualize CD4" cells in vivo within a short period
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FIGURE 5 | /n vivo optical imaging (Ol) with CD4-Nbs-Cy5.5. Here, 5 pg of CD4-Nbs-Cy5.5 (top) or CD4-Nb4-Cy5.5 (bottom) or GFP-Nb-Cy5.5 (top and bottom)
were administered intravenously (i.v.) to subcutaneously human CD4* HPB-ALL-bearing NSG mice, and tumor biodistribution was monitored by repetitive Ol
measurements over the course of 24h (A) Acquired images of each measurement time point of one representative mouse injected with CD4-Nbs-Cy5.5 (left) or GFP-
Nb-Cy5.5 (right, ctrl). Red circles and white arrows indicate the tumor localization at the right upper flank. (B) Quantification of the fluorescence signal from the
tumors (n = 4 per group, arithmetic mean of the average radiant efficiency + SEM) determined at indicated time points. (C) After the last imaging time point, tumors
were explanted for ex vivo Ol, confirming increased accumulation of CD4-Nb1-Cy5.5 compared to the GFP-Nb-Cy5.5 (n = 2 per group, arithmetic mean + SEM).
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(30-120 min) after administration. Considering that this model
does not reflect the natural distribution of CD4" T cells in an
organism, we continued with a model that allowed us to visualize
the physiological composition of CD4" immune cells. Thus, we
employed a humanized CD4 murine knock-in model (hCD4KI)
in which the extracellular fraction of the mouse CD4 antigen was
replaced by the hCD4 while normal immunological function and
T-cell distribution is restored (42).

54Cu-CD4-Nb1 Specifically Accumulates in
CD4" T Cell-Rich Organs

To generate immunoPET compatible tracers, CD4-Nbl and
GFP-Nb were labeled with the PET isotope °*Cu using a
copper-chelating BCN-NODAGA group added to our azide-
coupled Nbs. Radiolabeling yielded high radiochemical
purity (295%) and specific binding of **Cu-hCD4-Nbl to
CD4-expressing HBP-ALL cells (46.5% + 5.6%) in vitro that
was ~30 times higher than the non-specific binding to CD4-
negative DHL cells or of the radiolabeled **Cu-GFP-Nb control
(Supplementary Figure 12A).

Subsequently, we injected ®*Cu-CD4-Nb1 i.v. in hCD4KI and
wt C57BL/6 mice and performed PET/MRI repetitively over
24 h. In two of the hCD4KI animals, we additionally followed
tracer biodistribution over the first 90 min by dynamic PET
(Supplementary Figure 12B). As expected for small-sized
immunotracers, after an initial uptake peak within the first 10
min, ®*Cu-CD4-Nbl is rapidly cleared from the blood, lung, and
liver via renal elimination. In comparison to wild type, mice
carrying the hCD4 antigen on T cells showed an increased tracer
accumulation in lymph nodes, thymus, liver, and spleen
(Figure 6A). In these organs, which are known to harbor high
numbers of CD4" T cells (43), discrimination of CD4"-specific

signal from organ background was optimal 3 h post injection
(Figure 6B). Here, lymph nodes yielded a ~3-fold, spleen a ~2.5-
fold, and liver a ~1.4-fold higher ®*Cu-CD4-Nb1 accumulation
in hCD4KI mice compared to wt littermates (Figure 6B). In
contrast, we observed similar uptake levels for blood, muscle,
lung, and kidney in both groups (Supplementary Figure 12C).
Analyzing ex vivo biodistribution 24 h post tracer injection
confirmed persistent accumulation of “*Cu-CD4-Nbl in lymph
nodes and spleen of hCD4-expressing mice, although the limited
number of animals per group did not allow statistical analysis
(Supplementary Figure 12D). In summary, these results
demonstrate that CD4-Nbl is capable of visualizing and
monitoring CD4" T cells in both optical and PET-based imaging.

DISCUSSION

Given the important role of CD4 as a marker for a variety of
immune cells including monocytes, macrophages, dendritic cells,
and CD4" T cells, detailed monitoring of this marker is proving
to be extremely important for the diagnosis and concomitant
therapeutic monitoring of a variety of diseases. Several mouse
studies and early clinical trials have already indicated the value of
noninvasive imaging of CD4" cells in rheumatoid arthritis (20),
colitis (21), allogeneic stem cell transplantation (44), organ
transplant rejection (45), acquired immunodeficiency disease
(10), and in the context of cancer immunotherapies (46), using
radiolabeled full-length antibodies or fragments thereof.
However, biological activity, particularly CD4" T-cell
depletion, and long-term systemic retention of full-length
antibodies limit their development into clinically applied
immunoprobes (20, 24, 47, 48).
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FIGURE 6 | %*Cu-CD4-Nb1 specifically accumulates in CD4* T cell-rich organs. (A) Representative maximum intensity projection PET/MR images of human CD4
knock-in (hCD4KI) and wild-type (wt) C57BL/6 mice 3 h post intravenous (i.v.) injection of #*Cu-CD4-Nb1. White arrows indicate localization of lymph nodes. (B)
Exemplary transversal PET/MR images of spleen, lymph nodes, and liver (3 h post injection) and dynamic organ uptake quantification of 84Cu-CD4-Nb1 over 24 h [n
= 3 per group, arithmetic mean of the % injected dose per ml (%ID/ml) + SEM, unpaired t-test of the 3-h time point, * p < 0.05]. White arrows indicate the target
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The aim of this study was to develop hCD4-specific Nbs as
novel in vivo imaging probes to overcome the limitations of
previous noninvasive imaging approaches. To identify binders
that recognize the cellular exposed CD4, we employed two
screening strategies where we selected Nbs either against
adsorbed recombinant CD4 or against hCD4-expressing cells.
Interestingly, both panning strategies proved successful, as
demonstrated by the selection of two Nbs each that efficiently
bind cell-resident CD4. Combining different biochemical
analyses including epitope binning, cellular imaging, and
HDX-MS, we were able to elucidate in detail the detected
domains, as well as the three-dimensional epitopes addressed
by the individual Nbs, and thus identified two candidates, CD4-
Nbl and CD4-Nb3, that can simultaneously bind to different
segments within domain 1, while CD4-Nb2 has been shown to
bind to domain 3 of CD4.

Notably, for most Nbs currently being developed for in vivo
imaging purposes, detailed information about their epitopes is
not available (49-55). There are only few examples such as the
anti-HER2-specific Nb 2Rs15d, where the precise epitope was
elucidated by complex crystallization (56) and that was
successfully applied in a phase I study for clinical imaging (39).
However, for CD4-specific Nbs, this knowledge is all the more
important because epitope-specific targeting of CD4" T-cell
functions has far-reaching implications. This is true especially
for cancer treatment, as CD4" T cells have opposing effects on
tumor growth and response to immunotherapies, crucially
depending on the CD4 effector cell differentiation and tumor
entity (57, 58). In this context, it was shown that domain 1 of
CD4 mediates transient interaction of the CD4 receptor and the
MHCII complex (59-61), while T-cell activation is abrogated
when T-cell receptor (TCR) and CD4 colocalization is blocked
via domain 3 (62). To further elucidate a possible impact on
immunomodulation, we analyzed the effect of CD4-Nbl and
CD4-Nb4 targeting two different domains on CD4" Tcell
proliferation and cytokine expression. Notably, neither CD4-
Nbl nor CD4-Nb4 affected the behavior of endogenous CD4"
T-cells in vitro or induced increased cytokine levels in whole
blood samples when employed at concentrations that are
intended for molecular imaging purposes in patients. From
these data, it can be concluded that these Nbs are mostly
biologically inert and thus might be beneficial compared to
full-length antibodies (24) or other antibody fragments such as
the anti-CD4 Cys-diabody, which was recently reported to
inhibit the proliferation of CD4" cells and IFN-y production in
vitro (26).

Following our initial intention to generate immune tracer for
in vivo imaging, we performed a site-directed labeling approach
employing C-terminal sortagging to conjugate an azide group,
which can be universally used to attach a multitude of detectable
moieties by straightforward DBCO-mediated click chemistry
(49). For the fluorescent and radiolabeled CD4-Nbl, we
observed rapid recruitment and sustained targeting of CD4"
cells in a xenograft and hCD4 knock-in mouse model. Using a
quantitative high-resolution PET/MR imaging approach, our
radiolabeled ®*Cu-CD4-Nb1 allowed visualizing T cell-rich

organs with high sensitivity. Beyond immune organs including
lymph nodes, thymus, and spleen, we could detect enhanced
CD4-Nbl1 uptake in liver. At this point, we cannot distinguish
whether this is due to the presence of CD4" cells or non-specific
elimination occurring through this organ. Consequently, further
experiments are needed to analyze whether CD4-Nbs lacking the
Fc region are advantageous compared to larger antibody formats,
which have a higher tendency to accumulate non-specifically in
the spleen and liver due to Fcy receptor-mediated uptake.
However, to further modify serum retention times in order to
improve specific tissue targeting, CD4-Nbs could easily be
modified, as shown by the addition of an albumin-binding
fragment (63) or PEGylation (49).

Considering the translation of the CD4-Nbl for clinical
imaging, additional aspects such as potential immunogenicity
have to be assessed. Due to their high homology to the human
type 3 VH domain, Nbs were described as weakly immunogenic
in humans (64), and several strategies are available to humanize
Nbs by exchanging a small number of aa residues in the
framework regions (65). Moreover, a recent study of two Nbs
in phase II clinical trials for PET imaging reported that very few
patients developed low levels of anti-drug antibodies after
prolonged administration of Nbs (66), indicating that
monomeric Nbs present a low immunogenicity risk profile. In
addition, long-term kidney retention of radiolabeled Nbs,
mediated primarily by the endocytic receptor megalin (67), can
cause undesirable nephrotoxicity and interfere with imaging of
molecular targets near the kidneys. However, this can be
overcome by targeted engineering of Nbs, e.g., removal of
charged aa tags or simultaneous administration of positively
charged components that interact with megalin receptors (68,
69). Of note, compared to other radiolabeled Nbs used for
preclinical imaging of similar targets (49), CD4-Nbl showed
relatively low renal accumulation. However, as the molecular
reasons for this are unclear at this stage, further studies are
needed to gain deeper insight into this phenomenon.

In summary, this study demonstrates for the first time the
generation and detailed characterization of Nbs specific for
hCD4 and their comprehensive experimental evaluation in
vitro and in vivo. In particular, CD4-Nbl turned out as a
promising candidate for a noninvasive whole-body study of
CD4" cells in mice. Considering the increasing importance of
advanced molecular imaging in clinical practice, we anticipate
that this Nb-based immunotracer could become a highly
versatile tool as a novel theranostic to accompany the clinical
translation of emerging immunotherapies.

MATERIALS AND METHODS
Nanobody Library Generation

Alpaca immunization and Nb library construction were carried
out as described previously (70, 71). Animal immunization has
been approved by the government of Upper Bavaria (Permit
number: 55.2-1-54-2532.0-80-14). In brief, an alpaca (Vicugna
pacos) was immunized with the purified extracellular domains of
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hCD4 (aa26-390) recombinantly produced in HEK293 cells
(antibodies-online GmbH, Germany). After initial priming
with 1 mg, the animal received six boost injections with 0.5 mg
hCD4 each, every second week. Then, 87 days after initial
immunization, ~100 ml of blood were collected and
lymphocytes were isolated by Ficoll gradient centrifugation
using Lymphocyte Separation Medium (PAA Laboratories
GmbH). Total RNA was extracted using TRIzol (Life
Technologies), and mRNA was transcribed into cDNA using
the First-Strand cDNA Synthesis Kit (GE Healthcare). The Nb
repertoire was isolated in three subsequent PCR reactions using
the following primer combinations: 1) CALL001 and CALL002;
2) forward primer set FR1-1, FR1-2, FR1-3, FR1-4, and reverse
primer CALL002; and 3) forward primer FR1-extl and FR1-ext2
and reverse primer set FR4-1, FR4-2, FR4-3, FR4-4, FR4-5, and
FR4-6 introducing Sfil and NotI restriction sites. The Nb library
was subcloned into the Sfil/Notl sites of the pHEN4 phagemid
vector (72).

Nanobody Screening

For the selection of CD4-specific Nbs, two consecutive phage
enrichment rounds were performed, both with immobilized
recombinant antigen and CHO-hCD4 cells. E. coli TG1 cells
comprising the hCD4-Nb library in pHEN4 were infected with
the M13KO07 helper phage to generate Nb-presenting phages. For
each round, 1 x 10" phages of the hCD4-Nb library were applied
on immunotubes coated with hCD4 (10 pg/ml). In each selection
round, extensive blocking of antigen and phages was performed
with 5% milk or bovine serum albumin (BSA) in phosphate-
buffered saline containing 0.05% (v/v) Tween 20 PBS-T, and with
increasing panning rounds, PBS-T washing stringency was
increased. Bound phages were eluted in 100 mM triethylamine
(TEA; pH 10.0), followed by immediate neutralization with 1 M
Tris/HCI pH 7.4. For cell-based panning, 2 x 10° CHO-hCD4 or
HEK293-hCD4 cells were non-enzymatically detached using
dissociation buffer (Gibco) and suspended in 5% fetal bovine
serum (FBS) in PBS. Antigen-expressing cells were incubated
with 1 x 10"! phages under constant mixing at 4°C for 3 h. Cells
were washed 3x with 5% FBS in PBS. Cell lines were alternated
between panning rounds. Phages were eluted with 75 mM citric
acid buffer at pH 2.3 for 5 min. To deplete non-CD4-specific
phages, eluted phages were incubated 3x with 1 x 107 wt cells.
Exponentially growing E. coli TG1 cells were infected with eluted
phages from both panning strategies and spread on selection
plates for the following panning rounds. Antigen-specific
enrichment for each round was monitored by counting colony-
forming units (CFUs).

Whole-Cell Phage ELISA

Polystyrene Costar 96-well cell culture plates (Corning) were
coated with poly-L-lysine (Sigma Aldrich) and washed once with
H,0. CHO-wt and CHO-hCD4 were plated at 2 x 10* cells per
well in 100 pl and grown to confluency overnight. Next day, 70 pl
of phage supernatant was added to the culture medium of each
cell type and incubated at 4°C for 3 h. Cells were washed 5x with
5% FBS in PBS. M13-horseradish peroxidase (HRP)-labeled
antibody (Progen) was added at a concentration of 0.5 ng/ml

for 1 h, washed 3x with 5% FBS in PBS. One-Step Ultra TMB
32048 ELISA Substrate [Thermo Fisher Scientific (TFS)] was
added and incubated until color change was visible, and the
reaction was stopped by addition of 100 pl of 1 M H,SO,.
Detection occurred at 450 nm at a Pherastar plate reader, and
phage ELISA-positive clones were defined by a 2-fold signal
above wt control cells.

Expression Constructs

The ¢cDNA of hCD4 (UniProtKB-P01730) was amplified from
hCD4-mOrange plasmid DNA (hCD4-mOrange was a gift from
Sergi Padilla Parra; addgene plasmid #110192; http://n2t.net/
addgene:110192; RRID : Addgene_110192) by PCR using forward
primer hCD4 fwd and reverse primer hCD4 rev and introduced
into BamHI and Xhol sites of a pcDNA3.1 vector variant
[pcDNA3.1(+)IRES GFP, a gift from Kathleen_L Collins; addgene
plasmid #51406; http://n2t.net/addgene:51406; RRID :
Addgene_51406]. We replaced the neomycin resistance gene
(NeoR) with the ¢cDNA for Blasticidin S deaminase (bsd),
amplified with forward primer bsd fwd and reverse primer bsd
rev, by integration into the Xmal and BssHII sites of the vector. CD4
domain deletion mutants were generated using the Q5 Site-Directed
Mutagenesis Kit (NEB) according to the manufacturer’s protocol.
For mutants lacking domain 1 of hCD4, we introduced an N-
terminal BC2-tag (35). For the generation of plasmid
pcDNA3.1_CD4_AD1_IRES-eGFP, we used forward primer AD1
fwd and reverse primer ADI1 rev; for
pcDNA3.1_CD4_AD1AD2_IRES-eGFP, forward primer
AD1AD2 fwd and reverse primer ADIAD2 rev; for
pcDNA3.1_CD4_AD3AD4_IRES-EGFP, forward primer
AD3AD4 fwd and reverse primer AD3AD4 rev. For bacterial
expression of Nbs, sequences were cloned into the pHENG6 vector
(73), thereby adding a C-terminal sortase tag LPETG followed by 6x
His-tag for IMAC purification as described previously (34). For
protein production of the extracellular domains 1-4 of hCD4 in
Expi293 cells, corresponding cDNA was amplified from plasmid
DNA containing full-length hCD4 ¢cDNA (addgene plasmid
#110192) using forward primer CD4-D1-4 f and reverse primer
CD4-D1-4 r. A 6x His tag was introduced by the reverse primer.
Esp3I and EcoRI restriction sites were used to introduce the cDNA
into a pcDNA3.4 expression vector with the signal peptide
MGWTLVFLFLLSVTAGVHS from the antibody JF5 (74).

Cell Culture, Transfection, Stable

Cell Line Generation

HEK293T and CHO-K1 cells were obtained from ATCC (CCL-
61, LGC Standards GmbH, Germany). As this study does not
include cell line-specific analysis, cells were used without
additional authentication. Cells were cultivated according to
standard protocols. Briefly, growth media containing
Dulbecco’s modified Eagle’s medium (DMEM) (HEK293) or
DMEM/F12 (CHO) [both high glucose, pyruvate (TES)]
supplemented with 10% (v/v) FBS, L-glutamine, and penicillin/
streptomycin (P/S; all from TFS) were used for cultivation. Cells
were passaged using 0.05% trypsin-EDTA (TFS) and were
cultivated at 37°C and 5% CO, atmosphere in a humidified
chamber. Plasmid DNA was transfected using Lipofectamine
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2000 (TFS) according to the manufacturer’s protocol. For the
generation of the stable HEK293-hCD4 and CHO-hCD4 cell
line, 24 h post transfection, cells were subjected to a 2-week
selection period using 5 pg/ml Blasticidin S (Sigma Aldrich)
followed by single cell separation. Individual clones were
analyzed by live-cell fluorescence microscopy regarding their
level and uniformity of GFP and CD4 expression.

Protein Expression and Purification
CD4-specific Nbs were expressed and purified as previously
published (71, 75). Extracellular fragment of hCD4 comprising
domains 1-4 of hCD4 and a C-terminal His6-tag was expressed
in Expi293 cells according to the manufacturer’s protocol (TFS).
Cell supernatant was harvested by centrifugation 4 days after
transfection, sterile filtered and purified according to previously
described protocols (76). For quality control, all purified proteins
were analyzed via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) according to standard procedures.
Therefore, protein samples were denaturized (5 min, 95°C) in 2x
SDS sample buffer containing 60 mM Tris/HCI, pH 6.8; 2% (w/v)
SDS; 5% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 0.02%
bromphenole blue. All proteins were visualized by InstantBlue
Coomassie (Expedeon) staining. For immunoblotting, proteins
were transferred to a nitrocellulose membrane (Bio-Rad
Laboratories) and detection was performed using anti-His
primary antibody (Penta-His Antibody, #34660, Qiagen)
followed by donkey anti-mouse secondary antibody labeled
with Alexa Fluor 647 (Invitrogen) using a Typhoon Trio
scanner (GE Healthcare, excitation 633 nm, emission filter
settings 670 nm BP 30).

Live-Cell Immunofluorescence

CHO-hCD4 and CHO wt cells transiently expressing CD4 domain-
deletion mutants were plated at ~10,000 cells per well of a uClear
96-well plate (Greiner Bio One, cat. #655090) and cultivated at
standard conditions. Next day, medium was replaced by live-cell
visualization medium DMEMgfp-2 (Evrogen, cat. #MC102)
supplemented with 10% FBS, 2 mM L-glutamine, 2 pg/ml
Hoechst 33258 (Sigma Aldrich) for nuclear staining and
fluorescently labeled or unlabeled CD4-Nbs at concentrations
between 1 and 100 nM. Unlabeled CD4-Nbs were visualized by
addition of 2.5 pug/ml anti-VHH secondary Cy5 AffiniPure Goat
Anti-Alpaca IgG (Jackson ImmunoResearch). Images were acquired
with a MetaXpress Micro XL system (Molecular Devices) at x20
or x40 magnification.

Biolayer Interferometry

To determine the binding affinity of purified Nbs to recombinant
hCD4, biolayer interferometry (BLItz, ForteBio) was performed.
First, CD4 was biotinylated by 3-fold molar excess of biotin-N-
hydroxysuccinimide ester. CD4 was then immobilized at single-
use streptavidin biosensors (SA) according to manufacturer’s
protocols. For each Nb, we executed four association/
dissociation runs with concentrations appropriate for the
affinities of the respective Nbs (overall between 15.6 nM and 1
uM). As a reference run, PBS was used instead of Nb in the
association step. As a negative control, the GFP-Nb (500 nM)

was applied in the binding studies. Recorded sensograms were
analyzed using the BLItzPro software, and dissociation constants
(Kp) were calculated based on global fits. For the epitope
competition analysis, two consecutive application steps were
performed, with a short dissociation period of 30 s after the
first association.

Peripheral Blood Mononuclear Cell
Isolation, Freezing, and Thawing

Fresh blood, bufty coats, or mononuclear blood cell concentrates
were obtained from healthy volunteers at the Department of
Immunology or from the ZKT Tiibingen gGmbH. Participants
gave informed consent, and the studies were approved by the
ethical review committee of the University of Tiibingen, projects
156/2012B01 and 713/2018BO2. Blood products were diluted
with PBS 1x (homemade from 10x stock solution, Lonza,
Switzerland), and PBMCs were isolated by density gradient
centrifugation with Biocoll separation solution (Biochrom,
Germany). PBMCs were washed twice with PBS 1x, counted
with an NC-250 cell counter (Chemometec, Denmark), and
resuspended in heat-inactivated (h.i.) FBS (Capricorn
Scientific, Germany) containing 10% dimethyl sulfoxide
(DMSO; Merck). Cells were immediately transferred into a -
80°C freezer in a freezing container (Mr. Frosty; TFS). After at
least 24 h, frozen cells were transferred into a liquid nitrogen
tank and were kept frozen until use. For the experiments, cells
were thawed in Iscove s Modified Dulbecco’s Medium (IMDM)
(+L-Glutamin + 25 mM HEPES; Life Technologies)
supplemented with 2.5% h.i. human serum (HS; PanBiotech,
Germany), 1x P/S (Sigma-Aldrich), and 50 pm B-
mercaptoethanol (B-ME; Merck), washed once, counted, and
used for downstream assays.

Affinity Determination by Flow Cytometry
For cell-based affinity determination, HEK293-hCD4 cells were
detached using enzyme-free cell dissociation buffer (Gibco) and
resuspended in FACS buffer (PBS containing 5% FBS). For each
staining condition, 200,000 cells were incubated with suitable
dilution series of CD4-Nbs at 4°C for 30 min. Cells were washed
two times, and for detection of Cy5 AffiniPure Goat Anti-Alpaca
IgG, VHH domain (Jackson ImmunoResearch) was applied for
15 min. PBMCs (Department of Immunology/ZKT Tiibingen
gGmbH, Germany) were freshly thawed and resuspended in
FACS buffer. For each sample, 200,000 cells were incubated with
suitable concentrations of CD4-Nbs coupled to CF568 in
combination with 1:500 dilution of anti-CD3-FITC (BD
Biosciences) at 4°C for 30 min. For control staining, PE/Cy5-
labeled anti-hCD4 antibody (RPA-T4, BioLegend) was used.
After two washing steps, samples were resuspended in 200 pl
FACS buffer and analyzed with a BD FACSMelody Cell Sorter.
Final data analysis was performed via FlowJo10® software
(BD Biosciences).

Sortase Labeling of Nanobodies

Sortase A pentamutant (eSrtA) in pET29 was a gift from David
Liu (Addgene plasmid # 75144) and was expressed and purified
as described (77). CF568-coupled peptide H-Gly-Gly-Gly-Doa-
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Lys-NH, (sortase substrate) was custom-synthesized by Intavis AG.
For the click chemistry, a peptide H-Gly-Gly-Gly-propyl-azide was
synthesized. In brief, for sortase coupling 50 uM Nb, 250 M sortase
peptide dissolved in sortase buffer (50 mM Tris, pH 7.5, and 150
mM NaCl) and 10 uM sortase were mixed in coupling buffer
(sortase buffer with 10 mM CaCl,) and incubated for 4 h at 4°C.
Uncoupled Nb and sortase were depleted by IMAC. Unbound
excess of unreacted sortase peptide was removed using Zeba Spin
Desalting Columns (TFS, cat. #89890). Azide-coupled Nbs were
labeled by strain-promoted azide-alkyne cycloaddition (SPAAC)
click chemistry reaction with 2-fold molar excess of DBCO-Cy5.5
(Jena Bioscience) for 2 h at 25°C. Excess DBCO-Cy5.5 was
subsequently removed by dialysis (GeBAflex-tube, 6-8 kDa,
Scienova). Finally, to remove untagged Nb (side product of the
sortase reaction), we used hydrophobic interaction
chromatography (HIC; HiTrap Butyl-S FF, Cytiva). Binding of
DBCO-Cy5.5-coupled Nb occurred in 50 mM H,NaPO,4, 1.5 M
(NH4),SO,, pH7.2. Elution took place with 50 mM H,NaPO,, pH
7.2. Dye-labeled protein fractions were analyzed by SDS-PAGE
followed by fluorescent scanning on a Typhoon Trio (GE-
Healthcare; CF568: excitation 532 nm, emission filter settings 580
nm BP 30; Cy5.5: excitation 633 nm, emission filter settings 670 nm
BP 30; 546) and subsequent Coomassie staining. Identity and purity
of final products were determined by liquid chromatography-mass
spectrometry (LC-MS) (CD4-Nbs-CF568, >60%; CD4-Nb1-Cy5.5,
~94%; CD4-Nb4-Cy5.5, ~99%; GBP-Cy5.5, ~94%; CD4-Nbl-3,
~99%; bivGFP-Nb, ~99%).

Hydrogen-Deuterium Exchange

CD4 Deuteration Kinetics and Epitope Elucidation

On the basis of the affinity constants of 5.1 nM (CD4-Nbl), 6.5
nM (CD4-Nb2), and 75.3 nM (CD4-Nb3) (predetermined by
BLI analysis), the molar ratio of antigen to Nb was calculated,
ensuring 90% complex formation according to Kochert et al.
(78). CD4 (5 pl, 65.5 uM) was preincubated with CD4-specific
Nbs (5 ul; 60.3, 67.4, and 143.1 uM for Nbl, Nb2, and Nb3,
respectively) for 10 min at 25°C. Deuteration samples containing
CD4 only were preincubated with PBS instead of the Nbs. HDX
of the preincubated samples was initiated by 1:10 dilution with
PBS (pH 7.4) prepared with D,0, leading to a final concentration
of 90% D,0. After 5- and 50-min incubation at 25°C, aliquots of
20 pl were taken and quenched by adding 20 ul ice-cold
quenching solution (0.2 M TCEP with 1.5% formic acid and 4
M guanidine HCl in 100 mM ammonium formate solution pH
2.2), resulting in a final pH of 2.5. Quenched samples were
immediately snap-frozen.

Immobilized pepsin (TES) was prepared using 60 pl of 50%
slurry (in ammonium formate solution pH 2.5) that was then
centrifuged (1,000 x g for 3 min at 0°C). The supernatant was
discarded. Prior to each analysis, samples were thawed and
added to the pepsin beads. After digestion for 2 min in a water
ice bath, samples were separated from the beads by
centrifugation at 1,000 x g for 30 s at 0°C using a 0.22-um
filter (Merck, Millipore) and immediately analyzed by LC-MS.
Undeuterated control samples for each complex and CD4 alone
were prepared under the same conditions using H,O instead of
D,0. Additionally, each Nb was digested without addition of

CD4 to generate a list of peptic peptides deriving from the Nb.
The HDX experiments of the CD4-Nb complexes were
performed in triplicate. The back-exchange of the method as
determined using a standard peptide mixture of 14 synthetic
peptides was 24%.

Chromatography and Mass Spectrometry
HDX samples were analyzed as described previously (75).

HDX Data Analysis

A peptic peptide list was generated in a preliminary LC-MS/MS
experiment as described previously (75). For data-based search,
no enzyme selectivity was applied; furthermore, identified
peptides were manually evaluated to exclude peptides
originated through cleavage after arginine, histidine, lysine,
proline, and the residue after proline (79). Additionally, a
separate list of peptides for each Nb was generated, and
peptides overlapping in mass, retention time, and charge with
the antigen digest were manually removed. Analysis of the
deuterated samples was performed in MS mode only, and
HDExaminer v2.5.0 (Sierra Analytics, USA) was used to
calculate the deuterium uptake (centroid mass shift). HDX
could be determined for peptides covering 87%-88% of the
CD4 sequence (Supplementary Figure 11). The calculated
percentages of deuterium uptake of each peptide between
CD4-Nb and CD4-only were compared. Any peptide with
uptake reduction of 5% or greater upon Nb binding was
considered protected. All relevant HDX parameters are shown
in Supplementary Table S3 as recommended (80).

Endotoxin Determination and Removal

The concentration of bacterial endotoxins was determined with
Pierce LAL Chromogenic Endotoxin Quantitation Kit (TFS), and
removal occurred using EndoTrap HD 1 ml (Lionex) according
to the manufacturer’s protocols.

Synthetic Peptides

The following human leukocyte antigen (HLA)-class II peptides
were used for the stimulations: MHCII pool (HCMVA pp65 aa
109-123 MSIYVYALPLKMLNI, HCMV pp65 aa 366-382
HPTFTSQYRIQGKLEYR, EBVB9 EBNA2 aa 276-290
PRSPTVFYNIPPMPL, EBVB9 EBNA1 aa 514-527
KTSLYNLRRGTALA, EBV BXLF2 aa 126-140
LEKQLFYYIGTMLPNTRPHS, EBV BRLF1 aa 119-133
DRFFIQAPSNRVMIP, EBVBY9 EBNA3 aa 381-395
PIFIRRLHRLLLMRA, EBVB9 GP350 aa 167-181
STNITAVVRAQGLDV, TABAN HEMA aa 306-318
PKYVKQNTLKLAT) or CMVpp65 aa 510-524
YQEFFWDANDIYRIF. All peptides were synthesized and
dissolved in water 10% DMSO as previously described (purity
280%) and were kindly provided by S. Stevanovic (81).

Stimulation and Cultivation of Peripheral
Blood Mononuclear Cells

PBMCs from donors previously screened for ex vivo CD4" T-cell
reactivities against MHCII peptides were thawed and rested in T-
cell medium (TCM; IMDM + 1x P/S + 50 uM B-ME + 10% h.i.
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HS) containing 1 pg/ml DNase I (Sigma-Aldrich) at a
concentration of 2-3 x 10° cells/ml for 3 h at 37°C and 7.5%
CO,. After resting, cells were washed once and counted, and up
to 1 x 10® cells were labeled with 1.5-2 uM carboxyfluorescein
succinimidyl ester (CFSE; BioLegend, USA) in 1 ml PBS 1x for
20 min according to the manufacturer’s protocol. The cells were
washed twice in medium containing 10% FBS after CFSE labeling
and incubated with 5, 0.5, or 0.05 uM of CD4-Nb1, CD4-Nb4, or
a control Nb for 1 h at 37°C in serum-free IMDM medium.
Concentrations and duration were chosen to mimic the expected
approximate concentration and serum retention time during
clinical application. After incubation, cells were washed twice
and counted, and each condition was separated into three parts
and seeded in a 48-well cell culture plate (1.6-2.5 x 10° cells/well
in triplicate). Cells were stimulated with either 10 pg/ml PHA-L
(Sigma-Aldrich) or 5 ug/ml MHCII peptide(s) or left
unstimulated and cultured at 37°C and 7.5% CO,. Then, 2 ng/
ml recombinant human IL-2 (R&D, USA) were added on days 3,
5, and 7. One-third of the culture on day 4, one half of the culture
on days 6 and 8, and the remaining cells on day 12 were
harvested, counted, and stained for flow cytometry analyses.
For donor 1, the proliferation/activation status and cytokine
production were analyzed in two different experiments, whereas
for donors 2 and 3, cells from a single experiment were used for
the three assays.

Assessment of T-Cell Proliferation

and Activation

Cells from days 4, 6, and 8 were transferred into a 96-well round-
bottom plate and washed twice with FACS buffer [PBS + 0.02%
sodium azide (Roth, Germany) + 2 mM EDTA (Sigma-Aldrich) +
2% h.i. FBS]. Extracellular staining was performed with CD4 APC-
Cy7 (RPA-T4; BD Biosciences), CD8 BV605 (RPA-TS; BioLegend),
the dead cell marker Zombie Aqua (BioLegend), CD25 PE-Cy7
(BC96; BioLegend), CD69 PE (FN50; BD Biosciences) and
incubated for 20 min at 4°C. All antibodies were used at pretested
optimal concentrations. Cells were washed twice with FACS buffer.
Approximately 500,000 cells were acquired on the same day using
an LSRFortessaTM SORP (BD Biosciences, USA) equipped with the
DIVA Software (Version 6, BD Biosciences, USA). The percentage
of proliferating CD4" cells was determined by assessment of CFSE-
negative cells and activation by the percentage of CD69" or CD25".

Assessment of T-Cell Function by
Intracellular Cytokine Staining

On day 12, the MHCII peptide(s)-stimulated and cultured cells
were transferred into a 96-well round-bottom plate (0.5-1 x 10°
cells/well) and restimulated using 10 pg/ml of the same peptide
(s), 10 pg/ml staphylococcal enterotoxin B (SEB; Sigma-Aldrich;
positive control), or 10% DMSO (negative control). Protein
transport inhibitors brefeldin A (10 pg/ml; Sigma-Aldrich) and
Golgi Stop (BD Biosciences) were added at the same time as the
stimuli. After 14-h stimulation at 37°C and 7.5% CO,, cells were
stained extracellularly with the fluorescently labeled antibodies
CD4 APC-Cy7, CD8 BV605, and Zombie Aqua and incubated
for 20 min at 4°C. Afterward, cells were washed once, fixed, and

permeabilized using the BD Cytofix/Cytoperm solution (BD
Biosciences) according to the manufacturer’s instructions;
stained intracellularly with TNF Pacific Blue (Mabll), IL-2
PE-Cy7 (MQI1-17H12), IFN-y Alexa Fluor 700 (4S.B7), and
CD154 APC (2431) antibodies (all BioLegend) (82); and
washed twice. Approximately 500,000 cells were acquired on
the same day using an LSRFortessaTM SORP (BD Biosciences,
USA) equipped with the DIVA Software (Version 6; BD
Biosciences). All flow cytometry analyses were performed with
FlowJo version 10.6.2; gating strategies are shown in
Supplementary Figure 6. Statistical analyses were performed
with GraphPad Prism version 9.0.0.

Full Blood Stimulation and Cytokine
Release Assay

Here, 100 pl of lithium-heparin blood was incubated for 1 h at
37°C and 7.5% CO,. The blood was stimulated with 5 uM Nb
(CD4-Nbl, CD4-Nb4, or control Nb), 100 ng/ml LPS
(Invivogen, USA), or 2 pug/ml PHA-L in a final volume of 250
pl (serum-free IMDM medium) or left unstimulated for 24 h at
37°C and 7.5% CO,. After two centrifugations, supernatant was
collected without transferring erythrocytes. The supernatants
were frozen at -80°C until cytokine measurements. Levels of
IL-1B, IL-1Ra, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13,
granulocyte-macrophage colony-stimulating factor (GM-CSE),
IFN-y, macrophage chemotactic protein (MCP)-1, macrophage
inflammatory protein (MIP)-1f3, TNFa, and vascular endothelial
growth factor (VEGF) were determined using a set of in-house-
developed Luminex-based sandwich immunoassays each
consisting of commercially available capture and detection
antibodies and calibrator proteins. All assays were thoroughly
validated ahead of the study with respect to accuracy, precision,
parallelism, robustness, specificity, and sensitivity (83, 84).
Samples were diluted at least 1:4 or higher. After incubation of
the prediluted samples or calibrator protein with the capture
coated microspheres, beads were washed and incubated with
biotinylated detection antibodies. Streptavidin-phycoerythrin
was added after an additional washing step for visualization.
For control purposes, calibrators and quality control samples
were included on each microtiter plate. All measurements were
performed on a Luminex FlexMap® 3D analyzer system using
Luminex xPONENT® 4.2 software (Luminex, USA). For data
analysis, MasterPlex QT, version 5.0, was employed. Standard
curve and quality control samples were evaluated according to
internal criteria adapted to the Westgard Rules (85) to ensure
proper assay performance.

Analysis of Cross-Species Reactivity
Binding to Mouse CD4" Cells by

Flow Cytometry

Murine CD4" cells were isolated from spleen and lymph nodes of
C57BL/6N mice by positive selection over CD4 magnetic
microbeads (Miltenyi Biotech, Germany). Human CD4" cells
were extracted from blood using StraightFrom® Whole Blood
CD4 MicroBeads (Miltenyi Biotech). Single-cell suspensions
were incubated with 0.75 pg/ml of CD4-Nbs-Cy5.5 (~47-60
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nM) or GFP-Nb-Cy5.5 (~51 nM) in 1% FPS/PBS at 4°C for 20
min and subsequently analyzed on an LSR-II cytometer
(BD Biosciences).

Optical Imaging of CD4-Expressing
HPB-ALL Tumors

Human T-cell leukemia HPB-ALL cells (German Collection of
Microorganisms and Cell Cultures GmbH, DSMZ, Braunschweig,
Germany) were cultured in RPMI-1640 supplemented with 10%
FBS and 1% P/S. Here, 10" HPB-ALL cells were injected
subcutaneously in the right upper flank of 7-week-old NSG
(NOD.Cg-Prkdc™™® 112rg"""/Sz]; Charles River Laboratories,
Sulzfeld, Germany) mice, and tumor growth was monitored for
2-3 weeks. When tumors reached a diameter of ~7 mm, 5 ug of
CD4-Nbs-Cy5.5 or control Nb (GFP-Nb-Cy5.5) were administered
into the tail vein of two mice each. Optical imaging (OI) was
performed repetitively in short-term isoflurane anesthesia over a
period of 24 h using the IVIS Spectrum In Vivo Imaging System
(PerkinElmer, Waltham, MA, USA). Four days after the first Nb
administration, the CD4-Nbs-Cy5.5 groups received the GFP-Nb-
Cy5.5 (and vice versa), and tumor biodistribution was analyzed
identically by OI over 24 h. After the last imaging time point,
animals were sacrificed and tumors were explanted for ex vivo Ol
analysis. Data were analyzed with Living Image 4.4 software
(PerkinElmer). The fluorescence intensities were quantified by
drawing regions of interest around the tumor borders and were
expressed as average radiant efficiency (photons/s)/(LW/cm?)
subtracted by the background fluorescence signal before Nb
injection to eliminate potential residual signal from the previous
Nb application. All mouse experiments were performed according
to the German Animal Protection Law and were approved by the
local authorities (Regierungsprisidium Tiibingen).

Immunofluorescence Staining of
Explanted Xenograft Tumors

Freshly frozen 5-um sections of hCD4-Nb1-Cy5.5-containing
mouse tumors were analyzed using an LSM 800 laser scanning
microscope (Zeiss). Afterward, the sections were fixed with
perjodate-lysine-paraformaldehyde, blocked using donkey serum,
and stained with primary rabbit-anti-CD4 antibody (Cell Marque,
USA). Bound antibody was visualized using donkey-anti-rabbit-Cy3
secondary antibody (Dianova, Germany). YO-PRO-1 (Invitrogen,
USA) was used for nuclear staining. Acquired images of the same
areas were manually overlaid.

Radiolabeling With NODAGA and ®*Cu

All procedures for conjugation and radiolabeling with **Cu were
performed using metal-free equipment and Chelex 100 (Sigma-
Aldrich) pretreated buffers. Azide-modified Nbs (100 pg) were
treated with 4 ul of 5 mM EDTA in 250 mM sodium acetate
buffer (pH 6) for 30 min at room temperature (RT). The protein
was reacted with 15 molar equivalents of BCN-NODAGA
(CheMatech, Dijon, France) in 250 mM sodium acetate pH 6
for 30 min at RT followed by incubation at 4°C for 18 h. Excess of
chelator was removed by ultrafiltration (Amicon Ultra 0.5 ml, 3
kDa MWCO, Merck Millipore) using the same buffer. [*“Cu]

CuCl, (150 MBq in 0.1 M HCI) was neutralized by addition of
1.5 volumes of 0.5 M ammonium acetate solution (pH 6),
resulting in a pH of 5.5. To this solution, 50 pg of conjugate
was added and incubated at 42°C for 60 min. Then, 1 ul of 20%
diethylenetriaminepentaacetic acid (DTPA) solution was added
to quench the labeling reaction. Complete incorporation of the
radioisotope was confirmed after each radiosynthesis by thin-
layer chromatography (iTLC-SA; Agilent Technologies; mobile
phase 0.1 M citric acid pH 5) and high-performance size
exclusion chromatography (HPSEC; BioSep SEC-s2000, 300 x
7.8 mm, Phenomenex; mobile phase DPBS with 0.5 mM EDTA).
All radiolabeled preparations used for in vivo PET imaging had
radiochemical purities of 297% (iTLC) and >94% (HPSEC).

In Vitro Radioimmunoassay

Here, 10" HPB-ALL or DHL cells were incubated in triplicate
with 1 ng (3 MBq/pg) of radiolabeled **Cu-CD4-Nb1 or **Cu-
GFP-ND for 1 h at 37°C and washed twice with PBS/2% FCS. The
remaining cell-bound radioactivity was measured using a
Wizard® 2480 gamma counter (PerkinElmer Inc., Waltham,
MA, USA) and quantified as percentage of total added activity.

PET/MRI

Human CD4 knock-in (hCD4KI, genOway, Lyon, France) and
wt C57BL/6] mice (Charles River) were injected intravenously
with 5 pg (~15 MBq) of ®*Cu-CD4-Nb1. During the scans, mice
were anesthetized with 1.5% isoflurane in 100% oxygen and
warmed by water-filled heating mats. Ten-minute static PET
scans were performed after 1.5, 3, 6, and 24 h in a dedicated
small-animal Inveon microPET scanner (Siemens Healthineers,
Knoxville, TN, USA; acquisition time: 600 s). For anatomical
information, sequential T2 TurboRARE MR images were
acquired immediately after the PET scans on a small animal 7
T ClinScan magnetic resonance scanner (Bruker BioSpin GmbH,
Rheinstetten, Germany). Dynamic PET data of the first 90 min
post injection were gained in two mice and divided into 10-min
frames. After attenuation correction by a cobalt-57 point source,
PET images were reconstructed using an ordered subset
expectation maximization (OSEM3D) algorithm and analyzed
with Inveon Research Workplace (Siemens Preclinical
Solutions). The volumes of interest of each organ were drawn
based on the anatomical MRI to acquire corresponding PET
tracer uptake. The resulting values were decay-corrected and
presented as percentage of injected dose per volume (%ID/ml).
Ex vivo y-counting was conducted after the last imaging time
point by measuring the weight and radioactivity of each organ.
For quantification, standardized aliquots of the injected
radiotracer were added to the measurement.

Analyses and Statistics

Data analysis of the flow cytometry data was performed with the
FlowJo Software Version 10.6.2 (FlowJo LLT, USA), and graph
preparation and statistical analysis were performed using the
GraphPad Prism Software (Version 8.3.0 or higher).
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In the two decades since the invention of laser-based super resolution microscopy this family
of technologies has revolutionised the way life is viewed and understood. Its unparalleled
resolution, speed, and accessibility makes super resolution imaging particularly useful in
examining the highly complex and dynamic immune system. Here we introduce the super
resolution technologies and studies that have already fundamentally changed our
understanding of a number of central immunological processes and highlight other
immunological puzzles only addressable in super resolution.

Keywords: super resolution microscopy, immune cells, immune cell activation, recombination, single
molecule microscopy

INTRODUCTION

Microscopy has a long history of enabling immunological discoveries. After likely being observed by
the ‘father of microscopy’ A. van Leeuwenhoek in 1687 in human saliva (1), the first definitive
description of leukocytes came in 1749 when Joseph Lietaud and Jean-Baptiste de Senac observed
human “globuli albicantes” and “globules blanc”, respectively (2, 3). Roughly a hundred years later
the first suggestions of immune cell function were observed when leukocytes were seen exiting the
vasculature of a frog’s tongue in response to injury (4) and ‘attacking’ a rose thorn stuck into a sea
star larva (1).

Unbeknownst to these microscopy pioneers their ability to observe microscopic structures was
limited not only by the strength of light (be it sun or candle) but also the nature of light itself. When
light passes through an aperture, such as a microscope objective, it diffracts. How widely it diffracts
is dependent on the size of the aperture and the wavelength of the light. Visible light has
wavelengths from 400-700 nm. The smaller the aperture or the longer the wavelength of the
light the greater the diffraction. When this diffracted light hits a surface, such as the sample, it forms
a ripple like pattern, known as an Airy disc (Figure 1). The size of the Airy disc is dependent on the
extent of diffraction, and importantly sets a limit on the resolution of the microscope. Put simply,
only illuminated objects that are laterally separated by more than the radius on the disc, or
approximately half the wavelength of the illuminating light, can be discerned. This resolution limit
is known as the diffraction limit.
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Airy disc

FIGURE 1 | The diffraction limit. Light passing through an aperture diffracts. When hitting a surface this light forms a ripple like pattern of illumination, with a central
focus of intensity surrounded by concentric rings, known as an Airy disc. No objects laterally separated by less than the radius of this disc can be discriminated.

The diffraction limit restricted all forms of light microscopy,
including laser microscopy (albeit with a shorter and more
defined wavelength), for hundreds of years, until the invention
of revolutionary super resolution imaging technologies (5, 6). By
structuring the excitation light (Box 1) or by using modified laser
beams to ‘switch off’ select fluorophores in an illuminated sample
(Box 2) these pioneering super resolution technologies were able
to break the diffraction limit and increase resolution to ~100 nm.
Following these breakthrough technologies has a been procession
of Nobel Prize winning super resolution imaging technologies
that have improved potential resolution to as little as ~20 nm, not
only in fixed samples but in highly dynamic live cells and tissues.

The ability to observe and record the behaviour of immune
cells, both individually and in tissues, at super resolution has
enabled the interrogation of numerous long-standing cellular
immunological questions (7). However, while individual cells
have been observable for hundreds of years, it was only the super
resolution revolution that allowed the thorough examination of
single molecules. It is arguably at this molecular level, at which
single RNA transcripts (8, 9), individual gene loci (10),
chemokines (11), actin filaments (12) and transcription factors
(13), among others, can be visually disentangled, that super
resolution imaging holds its greatest utility.

Here we focus on four central immunological processes; two
of which super resolution microscopy has already fundamentally
changed the way they are understood (immune cell danger
detection and activation) and two which these technologies

BOX 1 | Structural llumination Microscopy (SIM) (5) uses moveable diffraction
gratings inserted into the excitation beam path creating a striped pattern of
illumination. By acquiring multiple images with this known pattern of
structured illumination it is possible to omit out-of-focus signal to create a
super resolution image. SIM can be used to image live cells.

Structured
Sample lllumination

Raw images (Moire pattern)

&l 2k
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BOX 2 | Stimulated Emission Depletion (STED) (6) microscopy relies on the
interplay between two laser pulses, the first to excite fluorophores at the focal
spot, and the second a modified depleting beam that reversibly de-excites
any fluorophores surrounding the focal spot. Thus, only the excited
fluorophores in the focal spot emit light, allowing features smaller than the
diffraction limit to be visualised. STED can be used in live cells.

STED

Conventional

C

beam

have the currently unrealised potential to answer key,
longstanding molecular immunological questions
(recombination and lineage decisions). In doing so we also
provide introductions to the technologies that have profoundly
altered the way not only the immune system, but all life is seen.

Super Resolution Imaging of Immune
Cell Receptors
The ability of immune cells to detect and respond to danger
signals is fundamental in immune function. While the receptors
involved differ across immune cells types (14) the distribution of
these receptors, and other co-stimulatory molecules, is critically
important to appropriate activation.

For many years it was thought that receptors, such as B cell
receptor (BCR) on B cells, T cell receptor (TCR) on T cells and

Toll like receptors (TLRs) on macrophages, were evenly
distributed across their respective cell surfaces only to
aggregate upon activation (15). However, despite electron
microscopy results suggesting the non-random distribution of
immunoglobulin molecules on resting B cells (16) as early as
1975, it was not until the advent of super-resolution imaging
technologies that it was explicitly shown that many, if not all,
receptors cluster within the plasma membrane in the steady state
(17-19).

For example, in a seminal work using PALM imaging (Box 3)
the TCR and a key T cell signalling adaptor molecule, Linker for
Activation of T cells (Lat), were shown to reside in clusters upon
the plasma membrane, termed protein islands (21). In more
recent technically and visually stunning expansions of the
characterisation of TCR distribution it was shown that these
TCR islands are found across the whole live T cell membrane in
culture (22) and in the lymph node (23).

Using other variants of SMLM (Box 3) other immune
signalling molecules have also been shown to form clusters in
the steady state including; CD4 and Lck on T cells (24-26), IgM,
IgG and IgD on B cells (27-29), IgE on mast cells (30), TLR4
(31-33), signal regulatory protein o, Fc gamma receptor I and II
on human macrophages (34), B2 integrins on human neutrophils
(35) and NKG2D on NK cells (36).

The majority of these studies revealed not only the pre-
activation clustering of these signalling molecules, but a
consistent activation induced redistribution of these clusters.
Interestingly, evidence from STORM, PALM and FLIM/FRET
(Box 4) imaging of T and B cell membranes reveals this
redistribution to be a concatenation, but not coalescence, of
these clusters (21, 38, 39) (Figure 2). This concatenation of
protein islands, as opposed to a complete merging, is thought to
play an important regulatory function. As such, it is thought that
signalling occurs only at the boundaries of clusters that contain
distinct compositions of important signalling molecules. For
example, in B cells IgM and CD45 are found together on an

BOX 3 | Single Molecule Localisation Microscopy (SMLM), including Stochastic Optical Reconstruction Microscopy (STORM) (20) and Photo-Activated Localization
Microscopy (PALM) (17), use a low power beam to activate a small proportion of reversibly photoactivatable molecules within an illuminated area before a higher
power illuminating beam records the molecules position and photobleaches them. As only a small proportion of the total fluorescent molecules are activated in each
cycle the centre of mass of individual molecules can be determined in each image (a process that would be impossible if all molecules fluoresced simultaneously)
before being collated into a final super resolution image. These compiled images can achieve ~25 nm resolution. PALM generally use genetically encoded photo-
switchable fluorescent proteins, while STORM uses conventional synthetic dyes. Both can be used in live cells.

©

©

Photoactivate Image Photobleach
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BOX 4 | Fluorescence-lifetime imaging microscopy (FLIM) (37) images the
decay rate of fluorescence of a tagged donor molecule of interest after
excitation. This rate of decay is impacted by the proximity of an acceptor
molecule. The closer the molecules of interest, the faster the decay. As such,
FLIM-FRET techniques provide high temporal resolution of tagged protein-
protein interactions in live cells.

Protein A

Protein B

RFP

Excitation Donor emission Reduced donor emission

island separated from islands containing Lyn and CD19 (40, 41).
This is important as Lyn is required for some forms of signalling
via IgM (42, 43). Thus, the two islands must come together, and
exchange components, during activation, however, if complete
coalescence of the islands was allowed dysregulated activation
could result.

It has been known for over a decade that the network of
cortical actin just under the cell membrane plays a critical role in
the separation of protein islands (44, 45). However, it was the
application of super resolution imaging technologies that allowed
elucidation of the underlying molecular mechanism of control.
As such, STORM imaging has shown that treatment of B cells
with an actin-depolymerizing compound (latrunculin A)
increases the proximity of the aforementioned IgM and IgD

Resting

containing islands (28) and the lateral mobility of BCR and
CD19 containing islands (27, 46, 47).

Immune Cell Activation at Super Resolution
Once a danger signal is detected, immune cells undergo dramatic
cellular and molecular changes in order to play their part in the
immune response. In addition to revealing previously unseen
mechanisms of immune cell danger detection, super resolution
imaging has also added to our understanding of the molecular
changes during immune cell activation.

Some immune cells, such as cytotoxic T cells and natural
killer (NK) cells, respond to activation with the release of lytic
granules at a synapse between them and their target cell. These
granules are designed to induce apopotosis in the target cell.
Unsurprisingly, given their lethality, the formation, trafficking
and release of these modified lysosomes is tightly controlled. The
ability of sub-diffraction limit imaging to visually untangle the
dense, intricate and highly dynamic network of cortical actin and
Iytic granules underlying the synapse and the plasma membrane
in general has revolutionised our understanding of immune cell
killing (48).

For example, in recent years a number of super-resolution
imaging technologies, including 3D-SIM (49), STED (50, 51),
SMLM and TIRF (Box 5) (53, 54), and Lattice light sheet
microscopy (Box 6) (12, 56) have all been used to observe the
rapid and intricate movement of actin and lytic granules towards,
and within, the immune synapse of both T and NK cells. As such,
it was revealed that upon activation the network of actin that
normally forms a mesh too dense for lytic granules to traverse
dilates or dissolves at the immune synapse allowing microtubule-
guided granule release (Figure 3) This process takes
approximately one or thirty minutes in T and NK cells,
respectively (50, 54, 57).

A
Cortical actin Protein islands
Activation
—_—>
Concatenated protein islands
B

Activated

FIGURE 2 | (A) Activation induces actin-mediated concatenation of cell surface protein islands on the surface of immune cells to facilitate signalling. (B) FRET
imaging data from Ma et al. (38), showing CD3z clustering on a Jurkat cell before and after activation. Image used under the terms of the Creative Commons licence.
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BOX 5 | Total internal reflection fluorescence microscopy (TIRF). When light
encounters the interface of two transparent materials with different refractive
indices (such as a live cell and a cover slip, as below), it will most often be
both diffracted and reflected. However, at a certain angle of incidence the
light will be totally reflected in a phenomenon called total internal reflection.
Total internal reflection creates an electromagnetic field that passes through
the interface between the two materials to form an evanescent wave. TIRF
imaging (52) exploits this evanescence to excite fluorophores only in close
proximity to the interface to achieve sub-diffraction limit axial resolution.

Cell

N o c Fluorophores
©Q Py ©

D Excited fluorophores

- ‘,a ‘ ‘

Glass slide

o

BOX 6 | Lattice light sheet fluorescence microscopy (55) uses a combination
of techniques from light sheet, Bessel beam and structural illumination
microscopy (SIM). As such, it uses a two-dimensional lattice of non-diffracting
Bessel beam light sheets that are spaced such that they cause destructive
interference and removal of the ‘out of field” illumination which hampers
traditional Bessel beam light sheet microscopy. This allows lattice light sheet
microscopy to achieve unparalleled resolution and penetrance, while
minimising phototoxicity.

Perpendicular
emission collection

Excitation
(non-diffracting light sheet)

Furthermore, not only is the intricate actin network important
for facilitating degranulation, it also appears to play an important
role in regulating the number of granules released. This control is
critically important as it minimises healthy by-stander cell killing
(58) and potentially also influences the number of target cells an

individual cytotoxic lymphocyte can kill (59). Recent imaging
studies have shown that T and NK cells do not release their
entire granule payload during initial degranulation. In fact, they
may release as little as one tenth of their total granules (60, 61).
Actin likely regulates degranulation via two mechanisms; one, it
limits the transport of granules to the immune synapse (60) and
two, TIRF imaging recently observed the reformation of the dense
actin network underlying the immune synapse soon after
degranulation, restricting further granule release (12).

While cytotoxic lymphocytes respond to activation with the
direct killing of target cells, B lymphocytes direct killing via the
mass production of specific antibodies. This requires
transformation into ‘antibody factories’, including dramatic
increases in cell size, proliferation and RNA synthesis (62).
The process also involves the spreading of chromatin from its
naive location, predominantly at the nuclear periphery, to a more
dispersed configuration. This chromatin spreading is thought to
promote transcription factor binding and gene expression
important in the transformation to antibody secreting cells
(63, 64).

While super resolution investigations confirmed chromatin
spreading (13, 65), the ability to visualise the chromatin fibre to
<20 nm resolution revealed that not only do the fibres spread within
the nucleus, they also decompact, meaning there is more accessible
DNA between normally tightly compacted nucleosomes. These
processes were shown to be regulated independently, and
furthermore it was chromatin decompaction, not spreading, that
was important in regulating transcription factor binding (13). By
inserting a fluorescent Halo-Tag downstream of two transcription
factors, CTCF and JunD, almost unimaginably detailed three-
dimensional single molecule tracking revealed the binding and
diffusion behaviours of these factors during their DNA
interrogations. As such, in a naive B cell JunD collides with DNA
roughly 130 times before finding a suitable and accessible binding
site. This search time is roughly halved upon B cell activation (13).
This was elegantly shown to be independent of chromatin spreading
and reliant upon nucleosome decompaction using drug treatment
or energy depletion, respectively (13). The dwell or residence times
of CTCF determined by single molecule tracking was confirmed
using FRAP imaging (Box 7).

These studies are examples of how super resolution imaging
has already fundamentally changed our understanding of central
immunological processes, in this case by revealing the molecular
underpinnings of immune cell activation. While earlier
technologies did elude to many of these mechanisms, the fact
that actin fibres, nucleosomes and indeed protein islands (22) are
frequently separated by less that 200 nm means they can only be
meaningfully visualised, and thus more completely understood,
in super resolution.

THE FUTURE OF SUPER RESOLUTION IN
MOLECULAR IMMUNOLOGY

The works outlined thus far highlight the impact of super
resolution imaging on our understanding of immune cell

Frontiers in Immunology | www.frontiersin.org

79

December 2021 | Volume 12 | Article 754200


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Johanson et al.

Super-Resolution Molecular Immunity

Target cell

Cytotoxic granules Cortical actin

under the terms of the Creative Commons licence.

Immune synapse

Widefield

!; ; | Actin-mediated

o
c" release

Structured Illumination
Reconstruction

FIGURE 3 | (A) Dynamic cortical actin regulates the accumulation and release of cytotoxic granules at the immune synapse of cytotoxic immune cells. (B) Data from
Brown et al. (57), comparing F-actin (white) at human NK cell synapses using confocal, widefield and structured illumination reconstruction imaging. Image used

function. While these explorations have already yielded fruit,
below we outline two incompletely understood, but essential,
molecular immune processes in which super resolution imaging
has the potential to answer longstanding questions.

Antigen Receptor Recombination

Recombination of the antigen receptor genes (Igh, Igk and Igl in
B cells and Tcrg, Terd, Terb and Tcra in T cells) is key to
generating a wide antigen receptor repertoire. The tightly
controlled process involves removal of the intervening DNA
between genes from three segment pools, known as variable (V),
diversity (D) and joining (J). The result is in an exon that encodes
the antigen-binding domain of an antigen receptor.

Recombination relies on a series of remarkable genomic
manoeuvres, including relocalisation of the antigen receptor
gene from the periphery to the centre of the nucleus (67, 68),
removal of genomic domain boundaries within the gene (69) and
a contraction of the gene to bring linearly distant V regions into
close physical proximity with the D-] region for recombination
(68, 70-72). These processes have been extensively examined
using molecular and genetic manipulations, but also imaging
technologies. For example, DNA FISH has been used to quantify
the nuclear position and contraction of the Igh locus in B cell
progenitors (67).

While these studies have added to our understanding of
antigen receptor recombination there are still significant gaps
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in our knowledge of the process. For example, while locus
contraction brings the V region into proximity with the D-]J
region, how the V region that will ultimately form part of the
functional exon is ‘selected’ from numerous candidates within
the distal region is unclear. Diffusion fitting a fractional Langevin
motion model (73) within the viscoelastic nuclear environment
is currently the best explanation of how this process may work
(74, 75).

Recent super resolution imaging breakthrough technologies
provide an opportunity to reveal the mechanics of this long-
standing immunological puzzle. These technologies, including
ORCA and Hi-M (Box 8) (80, 81), leverage the development of
complex pools of synthetic fluorescently labelled
oligonucleotides (OligoPaint) alongside sequential super
resolution STORM imaging to reveal the nanoscale
configuration of genomic regions. In visually stellar works
building on super resolution examinations of chromosome
scale genome organisation (83-85), both ORCA and Hi-M
have been used to visualise the nanoscale (2-15 kB resolution)
organisation of specific genomic regions (up to 700 kB in size)
within individual cells of whole Drosophila embryo sections.
These works revealed previously undetectable relationships
between genome organisation, epigenetic states and
transcription (80, 81).

Given the unprecedented resolution, throughput and
applicability of these new super resolution technologies it is
conceivable that they could be used to examine the nanoscale
genome organisation of antigen receptor loci in thousands of
adaptive immune cell progenitors of any species. Taking mouse
Igh as an example 700 probes would be sufficient to cover the
entirety of the expansive 2 million base pair locus at a 3 kb
resolution. Given the 113 Vy region gene segments are mostly
separated from each other by at least 5 kb (86), 3 kb resolution
would be sufficient to reveal the location of all Vi gene
segments, along with the rest of the locus, within thousands
of individual cells. While fixation required by sequential
imaging prohibits a live view of the recombination process, a
compilation analysis from the thousands of single cells could
reveal an unparalleled view of the local genomic environment
in which recombination occurs (80, 84, 87). This could reveal
patterns of order, indicative of stable, consistent position or
interactions, or disorder, potentially revealing regions
undergoing random diffusion. For example, it could be that
locus contraction consistently brings particular regions into
physical proximity, relative to all others. Alternatively, it could
be that the entire locus diffuses with minimal physical
constraints and no discernible patterns of interaction. Either
way these breakthrough super resolution technologies could
enable a greater understanding of the role of diffusion and
physical proximity during recombination.

As for live imaging, the fixation required for ORCA and Hi-
M would also obstruct downstream examination of the
physiological impacts of the visualised genomic organisation.
For example, even if as hypothesised the distal Vi gene
segments are revealed to contract to, then diffuse near, the D-
J region, the ultimately selected segment could not be

confirmed within fixed cells. However, here it is worth
remembering that the near universal applicability of these
technologies mean they can not only expand our
understanding of steady state conditions, but also be applied
to the genetic and molecular manipulation systems used
previously to understand recombination. Thus, perturbations
to antigen receptor loci genomic organisation could be re-
examined using these novel technologies validating and
expanding previous conclusions.

Immune Cell Lineage Decisions

Immune cells make up arguably the most diverse cellular
system in complex organisms. This diversity requires
numerous lineage decisions as an immune cell differentiates
from a haematopoietic stem cell. Be they step-wise and
absolute or fluid and continuous (88), these decisions are
directed by transcription factors (89). Some of these factors as
so influential that the expression of a single transcription
factor gene can alter a cells lineage fate (90, 91). The cellular
consequences of these lineage decisions have been well
explored, in part using imaging (7). However, the molecular
events underlying immune cell lineage decisions remain
largely unexplored.

Recent application of cutting-edge super resolution imaging
technologies in other systems have demonstrated the power of
these technologies to reveal molecular insights into
transcriptional regulation, and thus potentially lineage
decisions. For example, in a recent technical masterpiece single
molecule tracking combined with target loci locking microscopy
was used to reveal the single molecule resolution, real time
kinetics of transcription and its regulators in mouse embryonic
stem cells (92). As such, phage genome sequences that can be
recognised by fluorescently tagged phage coat proteins were
engineered into the 3> UTR of two pluripotency transcription
factor genes (Box 8). This allowed single molecule visualisation
of nascent mRNA. In the same cells, RNA polymerase II or other
transcriptional regulatory factors (Sox2, Cdk9, Brd4 or
Mediator) were fluorescently labelled. This allowed a
phenomenally detailed examination of the relationship between
the numbers, dynamics and positioning of these factors relative
to transcription, revealing hierarchical, highly dynamic (2-10
second turnover) but relatively small clusters (<20 molecules) of
all factors at sites of transcription.

As mentioned above single molecule tracking has been
previously performed in immune cells (13). However, these
experiments were not in the context of lineage decisions or
concurrent with transcriptional visualisation. Here we outline
experiments applying the visualisation systems used in
Drosophila transcriptional regulation to immune cell lineage
decisions. While ultimately these experiments could be
conducted in genetically engineered primary cells, there are
numerous in vitro systems in which immune cells can be
induced to make lineage decisions. For example, the monocytic
cell line THP-1 can be induced to differentiate into M1 or M2
macrophages by treatment with propidium monoazide (93).
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BOX 8 | While visualisation of total RNA or DNA is relatively trivial, identification of specific RNA species or DNA regions within the vast cellular pool of both is far
from it (76). The visualisation of RNA is most frequently used to identify transcriptional activity based upon concentrations of specific RNA species. For many years,
RNA Fluorescence In Situ Hybridization (FISH) (77) was the method of choice. However, the number of different RNA species detected was limited by fluorescence
spectra. Recent multiplexing technologies resolved this issue using sequential imaging allowing visualisation of over a thousand RNA species in a single cell (8, 9).
While FISH requires sample fixation, there are a number of imaging technologies that allow visualisation of RNA in live cells. These utilise small molecule fluorescent
dyes (molecular beacons, nanoflares and dye aptamers) or fluorescent proteins fused to RNA aptamer binding proteins (MS2, PP7 or pumilio) or single stranded
RNA-binding Cas9 (rCas9) (78). The aptamer strategies require genetic engineering of the RNA of interest to insert aptamer sequences while beacons, nanoflares
and rCas9 bind native RNA species. Similar to RNA visualisation, DNA FISH (79) has traditionally been the method used to view locus position within fixed cells, with
the same spectral constraints. Recent technological advances have allowed both sequential imaging in fixed cells [ORCA (80), Hi-M (81)] and imaging DNA in live
cells (10, 82). Similar to the multiplexed RNA-FISH technologies the DNA sequential imaging technologies use successive rounds of imaging separated by fluorescent
stranddisplacement to reveal the location of, and relationship between, numerous regions of DNA. Imaging DNA regions of interest in live cells currently relies upon
the binding of tagged and catalytically dead Cas9 (dCas9) to these loci. This creates challenges in delivering sufficient guide RNAs to target labelled dCas9 to the
regions of interest. One recent solution includes the development of molecular assembly strategies that allow the introduction of up to 36 guide RNAs into a single
cell providing sufficient guide to visualise non-repetitive DNA regions in live cells (10).
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Within this system expression of lineage defining transcription
factors, such as STAT1, 3 or 6, could be visualised (94). When the
expression of these transcription factors is first detected the locus
could be target locked and the relationship between transcription
and single molecules of select regulatory factors could be
examined. This could reveal how single molecules can regulate
expression of these lineage defining transcription factors, and
thus influence the fate of the immune lineage.

One obvious weakness of this methodology is the inability to
visualise regulatory events prior to transcription initiation.
Many of these events are likely just as lineage defining as
those after transcription begins. As previously outlined, there
are a number of technologies that allow visualisation of specific
loci in cells (Box 8), however, none have yet been combined
with live single molecule tracking of regulatory factors and
transcription. Like so many recent molecular technologies one
recent breakthrough in visualising loci in live cells utilises
catalytically dead Cas9 (dCas9). As such, in a system known
as Chimeric Array of gRNA Oligonucleotides (CARGO),
numerous guide RNAs are introduced into the cell to guide
fluorescently tagged dCas9 to a locus of interest (10) (Box 8).
While the presence of dCas9 was shown not to dramatically
impact local genome organisation (10), it is likely that dCas9
will obstruct other regulatory factors at sites of interest. Thus,
other methods of visualising loci of interest prior to
transcription will be required if the regulatory events prior to
transcription are to be studied at the nanoscale.

While there is still work to be done, recent developments in
super resolution imaging have revealed the behaviours of lineage
defining molecules, be it transcriptional regulators or genomic
loci, in almost unimaginable detail. If, or perhaps when, they are
ultimately applied to immune cells, these single molecule scale
technologies will provide an unprecedented view of entire
antigen receptor gene loci and potentially allow us to watch as
a single transcriptional regulator changes the fate of an
entire lineage.

CONCLUSION

In the two decades since the invention of laser-based super
resolution imaging, scientists have used these technologies to
continue the long tradition of using microscopy to understand
the immune system.

However, while impactful, all of these discoveries have been
made using in vitro systems. This is because in vivo super
resolution technologies still face major technological hurdles.
The solution will likely come by emulating current high-
resolution in vivo imaging systems. These high-resolution
systems, such as confocal microscopy, have used surgically
implanted windows (95, 96) or simply exteriorized, though still
living, organs and tissues in reveal important insights into
immune cells in vivo. Among many insights, high-resolution
imaging has revealed distinct waves of cancer-induced immune
cell infiltrates (97) and the role of neutrophils (98, 99),

macrophages (100) and dendritic cells (101) in combatting, but
also at times inadvertently aiding, cancer progression.
Furthermore, the speed of high-resolution imaging
technologies has allowed the imaging of interactions between
immune cell types in real time. For example, using intravital
microscopy in exteriorized lymph nodes of anesthetized mice,
Mempel et al. tracked how cytotoxic T cells interacted with
antigen-presenting B cells in the presence or absence of
regulatory T cells in real time (102). Other examples include
interactions between NK cells and dendritic cells (103),
macrophages and dendritic cells (104), macrophages and
cytotoxic T cells (105), among many others (106).

Finally, and perhaps most clinically relevant, high-resolution
in vivo imaging has allowed tracking of the immune cell response
to drug treatment. For example, Hawkins et al. imaged the
retraction of T cell leukaemia in the calvarium of the mouse
skull upon dexamethasone treatment (95), while Lohela et al.
imaged the reduction in macrophages and dendritic cells in the
mouse mammary gland during anti-colony stimulating factor 1
treatment (107).

Expanding these types of studies to super-resolution imaging
has significant further challenges. These include scattering of
structured light by dynamic tissues (108) to balancing excitation
power to detect nanoscale structures while avoiding lethal
phototoxicity. However, new technologies continue to push
these boundaries (80, 81), often by combining the strengths of
existing systems, such as lattice light sheet microscopy and
adaptive optics (109). Currently the financial and technical
thresholds of these technologies mean they are not widely
available; however, excitingly, it is likely that immunologists
will soon be able to use these and other, as yet unimagined,
technologies to explore nanoscale structures within living tissues.
Thus, the future of super resolution imaging is bright and will
continue to shed (structured) light on molecular immunology
well into the future.
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Macrophages can promote tumor development. Preclinically, targeting macrophages by
colony-stimulating factor 1 (CSF1)/CSF1 receptor (CSF1R) monoclonal antibodies (mAbs)
enhances conventional therapeutics in combination treatments. The physiological
distribution and tumor uptake of CSF1R mAbs are unknown. Therefore, we
radiolabeled a murine CSF1R mAb and preclinically visualized its biodistribution by PET.
CSF1R mAb was conjugated to N-succinyl-desferrioxamine (N-suc-DFO) and
subsequently radiolabeled with zirconium-89 (29Zr). Optimal protein antibody dose was
first determined in non-tumor-bearing mice to assess physiological distribution. Next,
biodistribution of optimal protein dose and %°Zr-labeled isotype control was compared
with PET and ex vivo biodistribution after 24 and 72 h in mammary tumor-bearing mice.
Tissue autoradiography and immunohistochemistry determined radioactivity distribution
and tissue macrophage presence, respectively. [£Zr]Zr-DFO-N-suc-CSF1R-mAb optimal
protein dose was 10 mg/kg, with blood pool levels of 10 + 2% injected dose per gram
tissue (ID/g) and spleen and liver uptake of 17 + 4 and 11 + 4%ID/g at 72 h. In contrast,
0.4 mg/kg of [29Zr]Zr-DFO-N-suc-CSF1R mAb was eliminated from circulation within
24 h; spleen and liver uptake was 126 + 44% and 34 + 7%ID/g, respectively. Tumor-
bearing mice showed higher uptake of [29Zr]Zr-DFO-N-suc-CSF1R-mAb in the liver,
lymphoid tissues, duodenum, and ileum, but not in the tumor than did 8Zr-labeled control
at 72 h. Immunohistochemistry and autoradiography showed that #9Zr was localized to
macrophages within lymphoid tissues. Following [¢°Zr]Zr-DFO-N-suc-CSF1R-mAb
administration, tumor macrophages were almost absent, whereas isotype-group
tumors contained over 500 cells/mm?. We hypothesize that intratumoral macrophage
depletion by [29Zr]Zr-DFO-N-suc-CSF1R-mAb precluded tumor uptake higher than
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Preclinical PET Imaging of CSF1R-mAb

89Zr-labeled control. Translation of molecular imaging of macrophage-targeting
therapeutics to humans may support macrophage-directed therapeutic development.

Keywords: positron emission tomography (PET), antibody immunotherapy, noninvasive imaging in animal models,
pharmacokinetics/pharmacodynamics (PKPD), tumor-associated macrophage (TAM)

INTRODUCTION

The tumor microenvironment comprises several cell types,
including fibroblasts and many different immune cells.
Recently, macrophages gained attention as an important part
of the intratumoral immune cell compartment. A high number
of tumor-associated macrophages (TAMs) correlate with a
higher tumor grade and a worse prognosis for patients with
several cancer types (1-4).

In various preclinical mouse tumor models, TAMs have been
targeted with small molecules or antibodies, resulting in
depletion, repolarization, activation, or inhibition of
recruitment to the tumor (5-12). These strategies synergized
with antitumor effects of cancer therapies, including immune
checkpoint inhibitors, chemotherapy, and radiotherapy (5-14).
Especially in preclinical models of mammary tumors, strong
synergistic antitumor effects were seen when treatment
modalities were combined with targeting TAMs (9-11, 13, 14).
One of these preclinical models is the Kl4cre;Cdh1™*;Trp53"F
(KEP) mouse model for spontaneous mammary tumorigenesis.
Mammary tumors arising in KEP mice resemble human invasive
lobular carcinomas (15) and are strongly infiltrated with
macrophages (11). Targeting TAMs by inhibiting their survival
in the KEP model provoked a type 1 interferon response, which
enhanced the efficacy of platinum-based chemotherapies (11).

One of the major routes for targeting TAMs is inhibition of
the colony-stimulating factor-1 (CSF1; CD115)-CSF1 receptor
(CSFIR) axis. The CSFI-CSFIR axis is a crucial macrophage
survival and differentiation pathway (16). Multiple monoclonal
antibodies (mAbs) targeting CSF1R have been developed to
disrupt the immunosuppressive tumor microenvironment and
are evaluated in early clinical trials. They generally appear
tolerable, but monotherapy efficacy is still limited (1, 17).
Macrophage targeting as an adjunct to potentiate chemo-,
immuno-, or radiotherapy may be more successful. However,
insight into the whole-body distribution and tumor uptake of
CSF1R mAbs is lacking.

Breast cancer is thought to be relatively insensitive to
immunotherapy than other tumor types, which is why
combination strategies to improve efficacy are potentially relevant
(18). Non-invasive imaging of CSFIR mAb biodistribution could
provide information regarding physiological distribution and tumor
targeting and thereby support the rational design of combination
strategies that include macrophage targeting for breast cancer (19-
21). Choosing a preclinical model reflecting the complexity of the
tumor immune microenvironment and its components is thereby
essential to mimic the human setting.

Therefore, in the present study, we studied the biodistribution
of a radiolabeled CSFIR mAb that targets murine CSFIR.
To enable radiolabeling, we conjugated the CSFIR mAb with

N-succinyl (N-suc) desferrioxamine (DFO) followed by coupling
to PET isotope zirconium-89 (®Zr). Thus, its behavior in a
mouse model bearing an orthotopically transplanted KEP tumor
can be studied. We tested the impact of protein dose on [**Zr]Zr-
DFO-N-suc-CSF1R-mAb pharmacokinetics. Furthermore, with
complementary ex vivo techniques including autoradiography
and immunohistochemistry, mAb localization and the presence
of tissue macrophages were assessed.

MATERIALS AND METHODS

Antibody Conjugation and Labeling
Anti-mouse CSFIR mAb (rat IgG2a; clone AFS98) and rat IgG2a
isotype control (clone 2A3) were obtained from BioXCell.
Antibodies were conjugated with tetrafluorophenol-N-succinyl-
DFO B-Fe (TFP-N-suc-DFO-Fe; ABX). To improve conjugation
efficiency, antibodies were concentrated using Vivaspin 2, 10-kDa
centrifugal concentrators (Sartorius). The pH was adjusted to 9.5
using 0.1 M of Na,COs;, followed by a sevenfold molar excess of
TFP-N-suc-DFO-Fe. After a 1-h incubation at room temperature
with mild agitation, conjugation efficiency was determined using a
Waters size-exclusion high-performance liquid chromatography
(SE HPLC) system. This SE HPLC system is equipped with a
dual-wavelength absorbance detector (280 versus 430 nm), and
TSK-gel SW column G3000SWXL 5 um, 7.8 mm (Joint Analytical
Systems) using phosphate-buffered saline (PBS; 9.0 mM of sodium
phosphate, 1.3 mM of potassium phosphate, 140 mM of sodium
chloride, pH 7.4; UMCG; flow 0.7 ml/min) as mobile phase. On
average, four molecules of TFP-N-suc-DFO-Fe were conjugated to
one antibody molecule CSFIR mAb or IgG2a. Next, pH was
adjusted to 4.5 using 025 M of H,SO,, and a 50-fold molar
excess EDTA was added to remove Fe during 90 min of
incubation at 37°C with mild agitation. The reaction mixture was
purified using a PD Minitrap G-25 (GE Healthcare) according to
manufacturer’s gravity protocol to deplete unbound TFP-N-suc-
DFO and EDTA. After purification, protein concentration and
purity were assessed by UV-Vis spectrophotometry (Cary 60
Agilent) and SE HPLC, respectively.

Thus, obtained purified intermediates DFO-N-suc-CSF1IR-mAb
and DFO-N-suc-IgG2a were radiolabeled with [397r] Zr-oxalate
(Perkin Elmer) as described before (22). Radiochemical purity
was assessed by a trichloroacetic acid precipitation assay (23), and
antibody purity was assessed by SE HPLC using an absorbance
detector (280 nm) and in-line radioactivity detector (23).

CSF1R Binding Assay
Maintained immunoreactivity of DFO-N-suc-CSFIR-mAb to
CSF1R extracellular domain was determined using an ELISA.
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A Nunc 96-well polystyrene conical bottom microwell plate
(Thermo Fisher Scientific) was coated overnight at 4°C with 1
pg/ml of recombinant mouse CSF1R protein (Sino Biological) in
a 100 ul of 0.05 M Na,COj; solution, pH 9.6. Next, wells were
washed three times with 0.05% polysorbate 20/PBS. The aspecific
binding was blocked with a 0.5% bovine serum albumin (BSA;
Sigma-Aldrich)/0.05% polysorbate 20/PBS for 2 h. Subsequently,
the plate was incubated at room temperature with 100 pl
concentration series of parental CSFIR mAb or DFO-N-suc-
CSF1R-mAb ranging from 0.001 to 20 nM. After 1-h incubation,
wells were washed three times and incubated with peroxidase-
conjugated rabbit anti-rat polyclonal Ab (P0450; Dako) for 30
min at room temperature. Finally, wells were washed three times
and incubated for 5 min with 3,3’,5,5'-tetramethylbenzidine
(SureBlue Reserve; Seracare) followed by 1 M of hydrochloric
acid to stop the reaction. Absorbance was measured at 450 nm in
a microplate reader.

Animal Experiments

All animal experiments were approved by both the Institutional
Animal Care and Use Committee of the University of Groningen
and the Netherlands Cancer Institute. Food and water were
provided ad libitum. Female FVB/N mice of 10-12 weeks of
age (Janvier Labs) were studied. Mammary tumors from the KEP
mouse model for spontaneous mammary tumorigenesis were
collected to be implanted in FVB/N female mice (11, 15). In
short, KEP tumors were collected in ice-cold PBS, cut into small
pieces, and resuspended in DMEM F12 containing 60% fetal calf
serum (FCS) and 20% dimethyl sulfoxide and stored at —150°C.
KEP tumor pieces (1 x 1 mm) were placed into the mammary fat
pad of FVB/N female mice. Tumor growth was monitored twice
weekly by palpation and caliper measurements. The radiolabeled
antibody was retro-orbitally injected when tumors reached a size
of 200 to 400 mm”’. Mice were allocated randomly to antibody
groups. Antibody doses comprised 0.4 mg/kg (10 ug, 0.067 nmol)
of **Zr-labeled antibody, and at higher doses, an unlabeled
unconjugated antibody of up to 4 mg/kg (100 pg, 0.67 nmol)
or 10 mg/kg (250 pg, 1.67 nmol) was added. Mice were
anesthetized during microPET scanning with isoflurane/oxygen
inhalation (5% induction, 2.5% maintenance). Details regarding
antibody dose, number of animals, microPET scans, and time of
biodistribution are included in the figure legends.

MicroPET Scanning and Ex Vivo
Biodistribution

All microPET scans were executed in a Focus 200 rodent scanner
(CTT Siemens). Mice were kept warm on heating mats. A
transmission scan of 515 s was obtained using a >’Co point
source for tissue attenuation. The reconstruction of microPET
scans was performed as previously described (24). After
reconstruction, images were interpolated with trilinear
interpolation using PMOD software (version 3.7, PMOD
Technologies LLC). Coronal microPET images or maximal
intensity projection images were used for display. Volumes of
interest (VOIs) of the whole tumor were drawn based on
biodistribution tumor weight. For the heart, a 92-mm’
ellipsoid VOI in the coronal plane was drawn. Furthermore,

representative VOIs were drawn for the spleen and liver and
subsequently quantified. Data are expressed as the mean
standardized uptake value (SUV ean)-

For all ex vivo biodistribution studies, the tumor, whole blood,
and organs of interest were retrieved and weighed. Whole blood
was collected in sodium heparin tubes (BD) and was fractionated
by centrifugal force to obtain plasma. Samples, together with
radiolabeled antibody standards, were counted in a calibrated
well-type g-counter (LKB Instruments). Antibody uptake is
expressed as the percentage injected dose per gram of tissue
(%ID/g).

Ex Vivo Autoradiography and
Immunohistochemistry

Organs of interest, including tumors, were fixed in formalin (4%
paraformaldehyde/PBS) overnight, followed by paraffin
embedding. Sections measuring 4 um were subsequently
exposed overnight to a phosphor screen (PerkinElmer) in an
X-ray cassette. Signal was detected with a Cyclone Storage
Phosphor System (PerkinElmer). Slides used for ex vivo
autoradiography were deparaffinized. After that, they were
stained with H&E and digitalized with NanoZoomer and NDP
software (Hamamatsu). Subsequent slides were stained for
murine pan-macrophage marker F4/80 with a rat anti-mouse
F4/80 mAb (CI:A3; Bio-Rad) by immunohistochemistry. For
antigen retrieval, slides were incubated for 15 min at 95°C in
citrate buffer (10 mM, pH 6). The primary antibody was used in a
1:250 dilution for overnight incubation at 4°C. This incubation
was followed by a rabbit anti-rat (1:100; P0450; Dako) and a
peroxidase-conjugated goat anti-rabbit polyclonal Ab (1:100;
P0448; Dako). Peroxidase activity was visualized by the
addition of 3,3’-diaminobenzidine. Strong membrane staining
above background noise was considered positive and was
identified with both the combined and DAB-only view
(QuPath 0.1.2). Positive cell identification was determined
unblinded. Tumoral F4/80 staining was quantified by counting
positive cells in three representative fields containing both
epithelial and stromal tumoral tissue and expressed as the
average number of cells per mm?,

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7.02.
Unless otherwise stated, data are presented as mean + SD.
Unpaired t-test served to test differences between two groups.
p-Values <0.05 were considered significant.

RESULTS

In Vitro Characterization of [®°Zr]Zr-DFO-
N-suc-CSF1R-mAb

CSF1R-mAb binds specifically to CSF1R, while IgG2a does not
show binding (Figure 1A). The intermediate DFO-N-suc-
CSF1R-mAb maintained binding to CSFIR comparable to
unconjugated CSFIR-mAb in the ELISA-based binding assay
(Figure 1B). We successfully radiolabeled CSFIR-mAb and
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IgG2a %°Zr at a specific activity of 60-75 MBgq/nmol.
Radiochemical purity exceeded 95%, and high molecular
weight species were below 5% (Figure 1C).

Biodistribution of 0.4 mg/kg of [5°Zr]Zr-
DFO-N-suc-CSF1R-mAb in Non-Tumor-
Bearing FVB/N Mice

PET imaging in non-tumor-bearing mice revealed low blood pool
levels of [¥Zr]Zr-DFO-N-suc-CSF1R-mAb with SUV,,ean of 0.3
0.04 at 24 h and 0.2 £ 0.04 at 72 h after injection (Figures 2A, B).
Spleen uptake showed a mean SUV .., of 5.6 £ 1.1 at 24 h and 5.8 £
1.0 at 72 h (Figure 2B). Similar high uptake was observed in the liver
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FIGURE 1 | In vitro characteristics of CSF1R mAb, DFO-N-suc-conjugated,
and #9Zr-labeled mAb. (A) Representative binding curve of CSF1R mAb and
IgG2a binding to mouse CSF1R recombinant protein. (B) Representative
binding curve of DFO-N-suc-CSF1R-mAb and CSF1R mAb binding to mouse
CSF1R recombinant protein. (C) Representative SE HPLC of [8%Zr]Zr-DFO-N-
suc-CSF1R-mAb 280-nm signal (black) with the radiochemical signal overlay
(green). mAb, monoclonal antibody; AU, absorbance unit; CSF1, colony-
stimulating factor 1; CSF1R, colony-stimulating factor 1 receptor; SE HPLC,
size-exclusion high-performance liquid chromatography.

with SUV ey 0f 5.4 + 0.5 and 4.8 + 0.7 at 24 and 72 h, respectively
(Figure 2B). High uptake in the spleen and liver, with spleen uptake at
72 h after injection of 115 + 23%ID/g and liver uptake of 31 + 5%ID/g,
was confirmed by ex vivo biodistribution (Figure 2C). Also, ex vivo
biodistribution showed uptake in the mesenteric and axillary lymph
nodes, duodenum, ileum, and bone marrow (Figure 2C).
Autoradiography at 72 h showed a *Zr distribution pattern for the
spleen overlapping with the macrophage containing red pulp and for
the mesenteric lymph nodes overlapping with the macrophage
containing non-follicular regions (Figure 2D). For the ileum, no
specific *’Zr distribution pattern was observed, except for some
slightly elevated aspecific uptake in regions showing autolysis
(Figure 2D). Thus, 0.4 mg/kg of [8Zr]Zr-DFO-N-suc-CSF1R-
mAb was distributed quickly to the spleen and liver, with
macrophage-specific localization in lymphoid organs.

Biodistribution of 4 mg/kg of [®°Zr]Zr-DFO-
N-suc-CSF1R-mAb in Non-Tumor-Bearing
FVB/N Mice

MicroPET imaging 24 h after 4 mg/kg of [**Zr]Zr-DFO-N-suc-
CSF1R-mAb administration revealed a higher SUV .., of 1.9 +
0.3 in the blood pool (Figures 3A, B) and 11.2 + 1.8%ID/g by ex
vivo biodistribution (Figure 3C). Again no [¥Zr]Zr-DFO-N-
suc-CSFIR-mAb was present in the blood pool 72 h after
injection, as shown by PET with a SUV ., of 0.2 + 0.04 and
by ex vivo biodistribution 0.4 + 0.2%ID/g (Figures 3B, C). Also
for the 4 mg/kg dose after 24 and 72 h, there was clear spleen and
liver uptake (Figure 3A), but uptake was lower compared with
that of the 0.4 mg/kg group at both time points (Figures 2B and
3B). Ex vivo biodistribution was in line with microPET findings
(Figure 3C). Ex vivo biodistribution at 24 h after radiolabeled
antibody administration further revealed enriched [*Zr]Zr-
DFO-N-suc-CSF1R-mAb in plasma over whole blood levels
(Figure 3C). In short, this demonstrates that 4 mg/kg of [¥7r]
Zr-DFO-N-suc-CSFIR-mAb marginally increased circulating
levels and visualized the spleen and liver.

Biodistribution of 10 mg/kg of [2°Zr]Zr-
DFO-N-suc-CSF1R-mAb in Non-Tumor-
Bearing FVB/N Mice
After administration of 10 mg/kg of [**Zr]Zr-DFO-N-suc-
CSF1R-mAb, microPET visualized blood pool as well as the
liver and spleen (Figure 4A). Blood pool levels at 24 and 72 h
showed a SUV ., of 2.8 + 0.4 and 1.8 + 0.2, respectively
(Figure 4B). Spleen SUV .., was 1.3 + 0.2 at 24 h and 1.5 £
0.02 at 72 h after radiolabeled antibody administration
(Figure 4B). Liver SUV .., was 2.6 £ 0.3 at 24 h and 2.4 £ 0.1
at 72 h. Ex vivo biodistribution confirmed PET results, with a
high presence in blood pool and high uptake in the liver and
spleen 24 and 72 h after radiolabeled antibody administration
(Figure 4C). Ex vivo biodistribution showed for the liver, spleen,
duodenum, and ileum no change in uptake between 24 and 72 h
after radiolabeled antibody administration (Figure 4C).
Comparing all three dose groups, ex vivo biodistribution of
[*Zr]Zr-DFO-N-suc-CSFIR-mAb showed a clear dose-dependent
increase in blood levels (Supplementary Figures 1A, B), with the
lowest dose rapidly eliminating from circulation and distributing
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FIGURE 2 | Biodistribution of 0.4 mg/kg of [8%Zr]Zr-DFO-N-suc-CSF1R-mAb in non-tumor-bearing FVB/N mice. (A) Representative maximal intensity projection PET
images of non-tumor-bearing FVB/N mice 24 and 72 h after intravenous administration of 0.4 mg/kg of [8°Zr]Zr-DFO-N-suc-CSF1R-mAb. (B) PET quantification of
spleen, liver, and blood pool at 24 (n = 8) and 72 (n = 4) h after [*°Zr]Zr-DFO-N-suc-CSF1R-mAb administration. Data are represented as mean SUVean + SD.

(C) Ex vivo biodistribution at 24 (n = 4) and 72 (n = 4) h after administration of 0.4 mg/kg of [8°ZrZr-DFO-N-suc-CSF1R-mAb intravenously. (D) Ex vivo
autoradiography of spleen, mesenteric lymph node, and ileum tissue (upper panel) and matching H&E staining on the same tissue slide. Spleen, mesenteric lymph
node, and ileum were exposed to different phosphor plates. lleum magnification depicting autolysis. L, liver; S, spleen; BAT, brown adipose tissue; MLN, mesenteric
lymph nodes; ALN, axillary lymph nodes; %ID/g, percentage injected dose per gram of tissue.

predominantly to the liver and spleen. Increasing the antibody  biodistribution of 10 mg/kg of [*Zr]Zr-DFO-N-suc-CSF1R-mAb
protein dose decreased uptake in the spleen and liver and increased ~ and 10 mg/kg of isotype control [**Zr]Zr-DFO-N-suc-IgG2a
blood levels of [*Zr]Zr-DFO-N-suc-CSFIR-mAb at 24 h  in orthotopic KEP tumor-bearing FVB/N mice. The
(Supplementary Figure 1A) and 72 h (Supplementary  tumor, liver, and heart region, representing the blood pool,
Figure 1B). Increasing antibody protein dose trended to a dose-  showed visual uptake by microPET with both radiolabeled
dependent decrease in duodenum and ileum uptake  antibodies (Figure 5A). The spleen was only visualized following

(Supplementary Figures 1A, B). [87Zr]Zr-DFO-N-suc-CSF1R-mAb administration (Figure 5A).

9 At 72 h after [SQZr]Zr—DFO—N—suc—IgGZa administration, there
Uptake of r Zr]Zr-DFO-N-suc-CSF1R- was a higher presence in tumor and blood pool and less in the
mAb and [ 9ZI"]ZI'-DFO'N'SUC'IgG|2a in liver and spleen than for [#9Zr]Zr-DFO-N-suc-CSF1R-mAb
KEP Tumor-Bearing FVB/N Mice (Figures 5B-E). When corrected for blood pool levels, tumor

As 10 mg/kg of [*Zr]Zr-DFO-N-suc-CSFIR-mAb showed blood ~ SUV,,c., was similar for both radiolabeled antibodies (data not
pool levels up to 72 h, thereby allowing sufficient time for circulating ~ shown). This was confirmed by ex vivo biodistribution, which
antibody to potentially reach the tumor, we compared the  also showed no specific tumor uptake of [*Zr]Zr-DFO-N-suc-
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FIGURE 3 | Biodistribution of 4 mg/kg of [89Zr]Zr-DFO-N-suc-CSF1R-mAb in non-tumor-bearing FVB/N mice. (A) Representative maximal intensity projection PET
images of non-tumor-bearing FVB/N mice 24 and 72 h after administration of 4 mg/kg of [£9Zr]Zr-DFO-N-suc-CSF1R-mAb intravenously. (B) PET quantification of
spleen, liver, and blood pool at 24 (n = 7) and 72 (n = 4) h after [?°Zr]Zr-DFO-N-suc-CSF1R-mAb administration. Data are presented as mean + SD. (C) Ex vivo
biodistribution at 24 (n = 4) and 72 (n = 4) h after administration of 4 mg/kg of [*°Zr]Zr-DFO-N-suc-CSF1R-mAb intravenously. Data are expressed as mean + SD.
B, blood pool; L, liver; S, spleen; SUV ean, mean standardized uptake value; BAT, brown adipose tissue; MLN, mesenteric lymph nodes; ALN, axillary lymph nodes;

CSF1R-mAb (Figure 5F). Ex vivo analyses showed at 72 h higher
uptake of [3Zr]Zr-DFO-N-suc-CSFIR-mAb than [*Zr]Zt-
DFO-N-suc-IgG2 in primary and secondary lymphoid tissues.
These included the spleen, mesenteric lymph nodes, axillary
lymph nodes, thymus, and bone marrow (Figure 5F). In
addition, specific uptake of [*Zr]Zr-DFO-N-suc-CSFIR-mAb
was observed in the liver, duodenum, and ileum (Figure 5F).
Ten-fold fewer macrophages were observed in tumors from mice
that received 10 mg/kg of [**Zr]Zr-DFO-N-suc-CSFIR-mAb
(47 + 77 per mm?) compared with [**Zr]Zr-DFO-N-suc-IgG2a
(525 + 111 per mm?) as assessed by immunohistochemistry
(Figures 5G, H). Staining of a mesenteric lymph node of a
mouse treated with 10 mg/kg of [**Zr]Zr-DFO-N-suc-CSF1R-
mAb without primary antibody showed no signal, indicating no
interference of the CSFIR mAb with immunohistochemical
staining (Supplementary Figure 2).

DISCUSSION

This is the first molecular imaging study to analyze the
biodistribution of a CSFIR mAb. A low protein dose of [**Zr]
Zr-DFO-N-suc-CSFIR-mAD resulted within 24 h in antibody

elimination from the blood pool due to distribution to CSF1R-
rich organs, such as the liver, spleen, lymph nodes, duodenum,
and ileum. Increasing the protein dose up to 10 mg/kg resulted in
circulating antibody levels up to 72 h. There was CSF1R-specific
uptake by macrophages in the spleen and liver but not in the
tumor with [¥Zr]Zr-DFO-N-suc-CSF1R-mAb most likely due to
antibody-mediated depletion of intratumoral macrophages.
Macrophages are widely spread across many organs in which they
are involved in tissue homeostasis. Many different tissue-resident
macrophages express CSF1R, such as Kupffer cells in the liver, red
pulp macrophages in the spleen, and macrophages in the intestine
(25-27). Besides, macrophages can have tumor-promoting
characteristics in the tumor microenvironment (5-12). The CSF1R
mAb has to reach the tumor to deplete these protumor macrophages.
This study demonstrates that [3%Zr] Zr-DFO-N-suc-CSF1R-mAD is
not exclusively targeting tumor macrophages but preferably
distributes to other organs with high macrophage presence such as
the liver and spleen, removing the antibody from circulation. Due to
the therapeutic effects of the high dose required to establish
circulating antibody, imaging macrophages in other organs seems
not possible with this approach. The low number of intratumoral
macrophages observed in our study after 10 mg/kg of [**Zr]Zr-DFO-
N-suc-CSFIR-mADb administration can explain the lack of specific
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FIGURE 4 | Biodistribution of 10 mg/kg of [89Z1]Zr-DFO-N-suc-CSF1R-mAb in non-tumor-bearing FVB/N mice. (A) Representative maximal intensity projection PET
images of non-tumor-bearing FVB/N mice 24 and 72 h after intravenous administration of 10 mg/kg of [8°Zr]Zr-DFO-N-suc-CSF1R-mAb. B, blood pool; L, liver; S,
spleen. (B) PET quantification of spleen, liver, and blood pool at 24 (n = 6) and 72 (1 = 3) h after [£°Zr]Zr-DFO-N-suc-CSF1R-mAb administration. Data are presented
as mean SUV,pean + SD. (C) Ex vivo biodistribution at 24 (1 = 3) and 72 (n = 4) h after administration of 10 mg/kg of [*°Zr]Zr-DFO-N-suc-CSF1R-mAb. Data are
expressed as mean + SD. B, blood pool; L, liver; S, spleen; SUV ean, mean standardized uptake value; BAT, brown adipose tissue; MLN, mesenteric lymph nodes;

tumor uptake of [**Zr] Zr-DFO-N-suc-CSF1R-mAb. [*Zr] Zr-DFO-
N-suc-CSF1R-mAb still reached the tumor, and due to the relatively
high protein dose, CSF1R-positive macrophages were already
eliminated within the 72-h exposure. Although macrophage
depletion at 24 h after antibody administration could not be
assessed in this study, future studies with macrophage-targeting
agents might want to address macrophage depletion or
reprogramming at multiple time points during treatment course.
This might help to better understand their in vivo behavior and
streamline drug development. CSF1R single antibody activity on the
tumor microenvironment in this tumor model was also reported
earlier (11). In this study, 225-mm?’ KEP tumors were treated with 60
mg/kg of CSF1IR mAb intraperitoneally loading dose and 30 mg/kg
intraperitoneally once per week, corresponding to 1.5 and 0.75 mg
based on a 25-g mouse (11). CSF1R mAb-treated tumors showed less
tumoral macrophages as compared with control treatment as
assessed by immunohistochemistry and flow cytometry (11). In
that study, CSFIR mAb alone, however, did not demonstrate
antitumor effects, whereas the combination with cisplatin showed
synergistic antitumor effects (11).

Similar to our study, using single-photon emission CT (SPECT)
isotope indium-111 (*''In)-labeled antibody targeting the pan-
mouse macrophage marker F4/80, antibody tumor uptake did not

differ from isotype control in a human breast cancer cell line MDA-
MD-231 xenograft (28). When corrected for blood pool levels,
tumor uptake was higher for '''In-labeled anti-F4/80 than isotype
control. However, this was only tested at a low protein dose of 10 pg
(~0.4 mg/kg) and, thus, a major difference in elimination half-life.
This tracer was studied in an immunodeficient severe combined
immunodeficiency (SCID)/beige mouse model with an impaired
immune system to allow the engraftment of a human breast cancer
xenograft. The impaired immune system and a xenograft tumor
make it challenging to translate these results into an
immunocompetent model. Noteworthy, F4/80 has no human
macrophage equivalent and is therefore not a drug target.
Another SPECT study in mice used a radiolabeled antibody
against a different macrophage marker, namely, CD206. In that
study, biodistribution was determined as early at 24 h after '*°I-
labeled tracer administration reporting whole blood pool levels of
10%ID/g (29). Of interest, in that study, specific tumor uptake
was observed. We did not use a CD206-mAb, as CD206 showed
low expression by the TAMs in our model (11).

By ex vivo biodistribution in our study, high specific uptake was
observed in the duodenum and ileum. This uptake could be explained
by the presence of an abundant number of macrophages in the lamina
propria of the murine small intestine (26). PET allowed us to
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FIGURE 5 | Biodistribution of 10 mg/kg of [2°Zr]Zr-DFO-N-suc-CSF1R-mAb and [*°Zr]Zr-DFO-N-suc-lgG2a antibody in KEP tumor-bearing FVB/N mice.

(A) Representative maximal intensity projection PET images of KEP tumor-bearing FVB/N mice 24 and 72 h after intravenous administration of 10 mg/kg of [*°Zr]Zr-
DFO-N-suc-CSF1R-mAb or [892r]Zr—DFO—N—suo—IgG2a antibody. PET quantification of (B) tumor, (C) blood pool, (D) liver, and (E) spleen at 24 (n = 3) and 72 (n = 3)
h after [89Zr)Zr-DFO-N-suc-CSF1R-mAb or [#°Zr]Zr-DFO-N-suc-lgG2a antibody administration. Data are presented as mean + SD. (F) Ex vivo biodistribution at 72 h
after administration of 10 mg/kg of [2%Zr]Zr-DFO-N-suc-CSF1R-mAb (n = 3) or [29Zr]Zr-DFO-N-suc-IgG2a (n = 3) antibody. Data are expressed as mean + SD.

(G) Representative immunohistochemistry of F4/80 in KEP tumors of FVB/N mice at 72 h after administration of [8%Zr]Zr-DFO-N-suc-CSF1R-mAb or [*°Zr]Zr-DFO-N-
suc-lgG2a intravenously. (H) Quantification of tumoral F4/80 immunohistochemistry. *p < 0.05; **p < 0.01; **p < 0.001 (unpaired t-test). B, blood pool; L, liver; S,
spleen; T, tumor; SUVean, Mean standardized uptake value; BAT, brown adipose tissue; MLN, mesenteric lymph nodes; ALN, axillary lymph nodes; %ID/g,
percentage injected dose per gram of tissue. n.s., not significant.
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demonstrate the uptake in the liver, spleen, and blood over time.
Nevertheless, PET was unable to detect clear uptake in lymph nodes
and the intestine, possibly related to the detection limit of the camera.
Gastrointestinal specificity is in line with specific duodenum uptake
observed with ex vivo biodistribution in a study using '"'In-labeled
F4/80 mAb (28).

In our study at a dose of 0.4 mg/kg, low blood pool levels of
CSFIR mAb were observed at 24 h post-administration. The
extensive availability of the CSFIR target as a macrophage marker
in organs such as the liver and spleen might act as an antibody sink.
Besides CSF1R-mediated clearance to the liver and spleen, it cannot
be excluded that interaction between the IgG,, backbone of the
CSFIR mAb and mouse Fc-receptor partially impacted distribution
to the spleen and liver at lower antibody dose levels. For future
studies, distribution of IgG,, control at all dose levels might be
considered. Similarly to our study, '"'In-labeled F4/80-mAb
demonstrated low blood pool levels and high uptake in the liver
and spleen at 24 h post-injection of a 10-pg tracer (28). In that study,
increasing the protein dose by 10-fold only slightly increased blood
pool levels of '''In-F4/80-mAb. Besides, SPECT visualized the
kidneys at 24 h post 100-pg tracer administration, which
questions the tracer’s in vivo stability.

Similar to our findings, fast serum clearance of free CSF1 mAb
was observed in a clinical trial with pharmacokinetic analysis of
healthy volunteers of a clinical mAb binding CSF1. This trial
suggested target-mediated drug disposition as the mechanism
responsible for the decline of free CSF1 mAb in serum at low
doses up to 5 mg/kg (30). In oncology, many CSF1/CSF1R-
targeting drugs are in clinical trials, often in combination with
immune checkpoint blockade (1). In early-phase clinical trials in
patients with advanced cancer, elevation of liver enzymes has
been observed with the CSF1 mAb AMG 820 and the CSF1R
mAb MCS110 (31, 32). This increase could be related to the
depletion of CSF1R-positive Kupffer cells without any actual liver
tissue damage, as seen in cynomolgus macaques treated with a
CSF1 mAb (33). In turn, this could be linked to our observation
of high liver uptake of [39Zr]Zr-DFO-N-suc-CSF1R-mAb. The
observed decrease in liver uptake upon higher CSFIR-mAb dose
could be a result of antigen saturation at the target site, the
depletion of Kupfter cells in the liver, or a combination.

As targeting the CSF1-CSFIR axis can result in a potential
pan-macrophage depletion, reprogramming or activating TAMs
more specifically to a more antitumor role may elicit additional
benefits. An example is targeting the macrophage receptor with
collagenous structure (MARCO). This scavenging receptor is
constitutively expressed by subpopulations of macrophages,
particularly those of the spleen’s marginal zone and lymph
node medulla and by residential peritoneal macrophages (34).
MARCO expression on liver macrophages showed conflicting
results, with both absence and higher immunohistochemical
MARCO expression on peritumoral macrophages compared
with intratumoral macrophages of hepatocellular carcinoma
(34-36). MARCO is expressed by TAMs in human breast
cancer and correlated with poor clinical outcome (37, 38).
Anti-MARCO mAb arrested tumor growth and lowered
metastasis in a mouse 4T1 mammary carcinoma model by
reprogramming TAMs (36). No clinical trials for MARCO

targeting therapy are described. Biodistribution of such novel
therapeutics is still unknown, and future studies may provide
more insight in TAM biology and support the development of
drugs selectively targeting TAMs. In addition, treatment with
anti-MARCO mAb could be followed up by imaging
macrophage surface markers to study pharmacodynamics.

Our study highlights the need for more biodistribution
studies to enhance our understanding of macrophage-targeting
antibodies. These studies likely need to address dose, timing,
antibody format, and physiological expression of the target to get
a comprehensive overview of the pharmacokinetic and
pharmacodynamic properties of macrophage-targeting drug.
Once such features are identified in the preclinical setting,
clinical imaging studies should consider these in their trial
design. Studying CSFIR-targeting antibody biodistribution in
humans may support elucidating the role of CSF1R-positive
macrophages in healthy tissues as well as breast cancer
treatment and optimizing (combination) targeting strategies.
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The migration of immune cells plays a key role in inflamsnmation. This is evident in the fact that
inflammatory stimuli elicit a broad range of migration patterns in immune cells. Since these
patterns are pivotal for initiating the immune response, their dysregulation is associated with
life-threatening conditions including organ failure, chronic inflammation, autoimmunity, and
cancer, amongst others. Over the last two decades, thanks to advancements in the intravital
microscopy technology, it has become possible to visualize cell migration in living organisms
with unprecedented resolution, helping to deconstruct hitherto unexplored aspects of the
immune response associated with the dynamism of cells. However, a comprehensive
classification of the main motility patterns of immune cells observed in vivo, along with their
relevance to the inflammatory process, is still lacking. In this review we defined cell actions as
motility patterns displayed by immune cells, which are associated with a specific role during
the immune response. In this regard, we summarize the main actions performed by immune
cells during intravital microscopy studies. For each of these actions, we provide a consensus
name, a definition based on morphodynamic properties, and the biological contexts in which
it was reported. Moreover, we provide an overview of the computational methods that were
employed for the quantification, fostering an interdisciplinary approach to study the immune
system from imaging data.

Keywords: cell actions, computer vision, inflammation, intravital imaging, leukocytes, motility patterns

INTRODUCTION

Inflammation is a highly dynamic process that involves changes in cell behavior both at the site of
the insult as well as at distant organs (1, 2). Immune cells are key players in this process, as they
relocate into inflamed tissues, and secrete mediators of inflammation that orchestrate a cascade of
immune reactions (3-7).

Over the last two decades, intravital microscopy (MP-IVM) techniques have consolidated the
in vivo analysis of the immune response. Videos acquired via MP-IVM capture the behavior of
immune cells, including their migratory and interaction patterns, in organs of living organisms (8-11).
However, the quantification of these videos remains challenging. This is due to a range of factors, such
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as the complexity of the in vivo environment, which includes a
multitude of cell types and anatomical structures (12) or the high
plasticity and dynamism of the migration patterns displayed by
immune cells, which change over time. Moreover, numerous
technical artifacts introduced by the intravital imaging
procedure also affect the analysis to a large extent (13).

The recently established image-based systems biology
paradigm offers a unique opportunity to study cell behavior
in vivo, as it combines imaging data and computational methods
(14). Analogously, recently developed computer vision methods
for action recognition (AR) have enabled the analysis of the
complex behavior of humans associated with specific actions
such as walking, jumping, etc. (15). This is a particularly
challenging task, as human actions may be hierarchical in their
nature, composed of multiple actors, or captured by different

imaging modalities (15). Interestingly, these three challenges are
shared with the quantification of the immune cell behavior in
intravital movies, as they display different morphodynamics,
undergo cell-to-cell interactions, and can be imaged in
different anatomical regions. Hence, in line with AR, we define
cell actions as motility patterns associated with relevant
biological functions to dissect leukocyte behavior.

To this end, we collected and reported from the literature a
list of actions displayed by immune cells in different organs
during key inflammatory processes. A summary of the diseases,
organs, and studies included in this review is reported in Table 1.
Moreover, we provide a consensus definition for each action and
its biological relevance during inflammation. Lastly, we report
the computational methods currently available for the detection
and quantification of each reviewed action.

TABLE 1 | Summary of the actions described in different inflammatory conditions, organs, and cell types.

Condition Organ Cell type Reported actions
Acute inflammation Kidney Monocytes Patrolling (16)
Monocytes Neutrophils Contact formation (16)
Chronic inflammation Liver NKT Directed (17) Patrolling (17) Swarming (17)
Hypersensitivity Lymphatics T Arrested (18) Patrolling (18) Swarming (18)
T DCs Contact formation (18)
DCs Arrested (18) Patrolling (18)
Induced/Sterile inflammation Vasculature Monocytes Patrolling (19-21)
Neutrophils Directed (22) Arresting (22)
LN NK Contact formation (23) Patrolling (23, 24)
T cells Contact formation (23)
NKs B Contact formation (24)
B Arrested (25)
T Arrested (26) Patrolling (27)
T DCs Contact formation (27-31)
Skin Neutrophils Directed (32) Swarming (32)
Lung Eosinophils Directed (33)
Kidney Monocytes Patrolling (16)
CNS Monocytes Patrolling (34)
Liver Neutrophils Directed (35) Swarming (35)
Infection Spleen Neutrophils Directed (36) Patrolling (36)
DCs Swarming (36)
T Arrested (36)
Monocytes Swarming (36)
Skin Neutrophils Directed (37) Swarming (38, 39)
Eosinophils Macrophages Contact formation (40)
Eosinophils Arrested (40) Directed (40)
Lung Neutrophils Patrolling (38) Swarming (38)
LN Neutrophils Arrested (41) Directed (41) Swarming (42)
NKs DCs Contact formation (43)
NKs Arrested (43)
Injury Skin Neutrophils Directed (44, 45) Swarming (44, 45)
Steady state Vasculature Monocytes Patrolling (19, 20)
Skin Eosinophils Patrolling (40)
Eosinophils Macrophages Contact formation (40)
LN T Patrolling (46, 47)
Lung Eosinophils Patrolling (33)
Tumor Lungs Monocytes Patrolling (49)
Ovary T Directed (50)
Vaccination LN Neutrophils Arrested (51) Directed (51) Patrolling (51) Swarming (51)
Vasculature Monocytes Patrolling (52)
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INTRAVITAL IMAGING WORKFLOW

The application of MP-IVM for the imaging of multiple cells
during the inflammatory process involves the following steps.

Cell labeling

Different methods are available, including the adoptive transfer
of cells from transgenic animals expressing a fluorophore-tagged
protein, in vitro labeling with fluorescent dies, or the injection of
fluorescently labeled antibodies that specifically bind to the cells
of interest. Available optical probes for MP-IVM and fluorescent
proteins are comprehensively reviewed elsewhere (53, 54) and
are beyond the scope of this work.

Surgery

The next step to perform a MP-IVM protocol is to select the
proper surgical model, to enable the exposure and
immobilization of the targeted organ (Figure 1A) (8, 9, 55).
Although this typically requires minimally invasive surgery,
more advanced surgical setups can be employed for long-term
imaging of internal organs, including gut (56), brain and spinal
cord (57), primary tumors and metastasis (58, 59) amongst
others (60-63).

Image Acquisition

Once surgery is completed, the anesthetized animal is transported
to the microscope where image acquisition is performed. The
fluorophores present in the sample are excited, and the resulting
emitted fluorescence is acquired. A number of microscopy
platforms are available for intravital imaging of the immune
system (11, 64). Amongst these, multiphoton microscopy (MP-
IVM) allows for deeper tissue penetration (by reducing scattering
and autofluorescence) and prolonged acquisition time (by
significantly reducing photodamage) (65, 66). This is achieved
by employing a pulsed laser that emits excitation photons in the
near-infrared range (NIR). The simultaneous absorption of
multiple photons by a single fluorophore leads to the emission
of one photon with higher energy. Finally, emitted photons are

collected with detectors such as high-sensitivity photomultipliers
(Figure 1B) (67).

4D imaging data (time lapses of 3D z-stacks) are obtained at
different time points by sliding the excitation point throughout
the sample on a focal plane and repeating this process by moving
the focal plane along the z-axis. One drawback of this process
is the reduced acquisition speed of MP-IVM. Conversely, other
technologies such as resonant scanners or spinning disk confocal
microscopy may be employed to capture rapid biological
processes such as short-lived interactions or morphological
changes (68).

Data Analysis

The standard pipeline to analyze IVM videos consists of tracking
the cells in the field of view, then computing motility measures
from the cell trajectories (Figure 1C) (69, 70). Computer vision
stands as a promising approach to automatically performing cell
tracking (71). However, to date, a series of limitations hamper
the accuracy of state-of-the-art automatic tracking algorithms
when applied to immune cells observed via MP-IVM. For
example, the high plasticity of the immune cells might yield to
double tracking errors (69). Additionally, the high cell density
associated with biological processes such as swarm formation
hinder the distinction of individual cells. Lastly, technical
artifacts introduced by the intravital imaging, such as varying
signal-to-noise ratio across space and time, might affect the
overall experimental readout (72, 73).

Therefore, to obtain insightful results, manual tracking
and editing of automatically generated tracks are still required.
Indeed, manual tracking significantly minimizes tracking
errors and improves the accuracy of motility measures used to
quantify cell migration and interaction (13). However, these
procedures are time-consuming and prone to bias from each
individual researcher.

Common Measures of Cell Motility
A variety of measures formerly used to study particle dynamics
in physics have been adopted by image analysts to study cell

directionality (dir), and plotting of tracks with a common origin (PTCO).

FIGURE 1 | Intravital imaging of the immune system under inflammatory conditions. (A) Representation of the surgical model used to perform intravital imaging in
the murine popliteal lymph node, including a minimally invasive surgery and imaging through a transparent window. (B) Example of intravital imaging setup based on
2-photon microscopy, including a pulsed laser with near-infrared (NIR) emission wavelengths and photomultipliers (PMT) for fluorescence detection. (C) 4D videos
(3D z-stacks over time) capturing cell motility are acquired and visualized on a computer. Cells are tracked (white lines) to compute metrics such as speed,
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motility in different experimental setups, including intravital
imaging (69, 70). Amongst these, speed and confinement ratio
(also known as directionality, or meandering index) are the most
common parameters when performing MP-IVM analysis of
immune cells. Speed is defined as the ratio between the track
length and the track duration, while the confinement ratio is
defined as the distance between the first and the last point of the
trajectory (displacement) divided by the total length of the track
followed by a cell. This parameter tends to 1 for straight tracks,
but decreases to 0 for circular tracks.

The aforementioned measures can be computed either on entire
tracks (track-based) or on track fragments (step-based) (51). Track-
based measures describe the overall motility of a cell for the entire
period of observation. An important limitation in the application of
these measures is that tracking errors can compromise the readout.
Additionally, a cell whose behavior varies over time is represented by a
single average value, yielding to an information loss. By contrast, step-
based measures are computed amongst adjacent time points only, or
on a temporal window, limiting the temporal propagation of errors.
Moreover, step-based measures further allow the quantification of
instantaneous changes in cell behavior, which may occur over time,
rather than taking an average value of the entire track. If cells cannot be
tracked for long periods of time, a step-based measure may represent
the only possible choice for quantification.

More advanced measurements to evaluate the directionality of
cells have also been defined. For example, the mean squared
displacement analysis (MSD) evaluates the diffusivity of a
particle by comparing it with the expected motion of a random
walk. This measure can be represented by plotting the squared
displacement over consecutive time steps, resulting in a straight
line for a randomly diffusive process. Conversely, plots above this
line refer to super diffusive, or directed, processes, while plots
below it indicate a confined motion (74). The motility coefficient,
expressed in um?*/min, is a diffusivity measure derived from the
MSD (70). This coefficient considers the square of the cell
displacement over time, which can be inferred as the slope of
the MSD plot and can be used to compare migratory modes of
different cells. In addition, the distribution of the turning angles
can be evaluated to assess how much a cell deviates from its
previous path. Following this analysis, narrow distribution
centered on small angles are indicative of straight trajectories (75).

ACTIONS PERFORMED BY INDIVIDUAL
CELLS

Patrolling

Patrolling, also referred as scanning (76) or stochastic migration
(46, 77), is an action associated with random-like movement
characterized by long tracks in a confined area, which results in
low directionality (Figures 2A, B) (19). The speed of patrolling
cells varies according to the cell type, conditions, and anatomical
site. For instance, monocytes exhibited a speed of 36 um/min in
the endothelium of carotid arteries and 9 pum/min in the
mesenteric venules (52), while B cells exhibited a speed of 6
um/min in the lymph node follicles.

Patrolling cells are found in different biological processes
occurring both at steady state and under inflammatory conditions.

Maximization of antigen encountering in steady state
conditions

Patrolling cells are capable of monitoring large areas and promptly
responding to specific antigens. For example, monocytes display a
patrolling behavior while monitoring the endothelium of blood
vessels (Figures 2C, i) (19). Upon activation, these cells promote the
recruitment of immune cells locally via paracrine secretion of
proinflammatory cytokines (16, 19, 20, 34, 52), and transient
interactions (21). Similarly, a population of neutrophils were
described with a patrolling behavior within the lumen of blood
vessels. This was and associated with an increased capacity of these
cells for being recruited to the inflammation site (78, 79). More
recently, tissue-resident eosinophils have also been reported to
display a patrolling behavior in different organs (33, 40).

In the LN, patrolling B cells continuously survey subcapsular
macrophages and follicular dendritic cells in order to identify
antigens that are either presented on a cell surface or suspended
in the environment (80). Moreover, within the germinal centers
(GC), patrolling B cells exhibited a probing, dendritic
morphology that conferred them a larger surface area and
therefore a greater opportunity for antigen encountering
(Figures 2C, ii) (80). In addition, patrolling of T cells was also
reported as a strategy to maximize the encountering of antigen
presenting cells (APCs) (46, 77, 81) and avoid obstacles in
densely packed microenvironments (82). Finally, Bajenoff and
colleagues reported that the apparently random movement
associated with the patrolling of T cells in the LN is indeed
reflecting the complex network of fibroblastic reticular cells (47).

Patrolling under inflammatory conditions

NK cells were reported to maintain a patrolling behavior during
priming (26), and while searching for cognate targets and
transformed cells (Figure 2C, iii) (24), suggesting that the
patrolling pattern is an efficient strategy for sensing and integrating
cytokine signals under inflammatory conditions (26). Similarly, T
cells displayed a patrolling behavior in the LN, to integrate signals
from multiple APCs. Upon the encountering of APCs this behavior
was maintained if the affinity was low, or switched to the formation of
local clusters in case of high affinity (83).

Moreover, within the tumor microenvironment, patrolling
monocytes were also associated with immune surveillance,
promptly detecting tumor material, establishing interactions
with metastasizing cells, and promoting recruitment and
activation of natural killer (NK) cells in lung carcinoma (49).

Directed Migration
Directed migration is associated with cells displacing along straight
trajectories. These cells typically exhibit long tracks with high
confinement ratio and possibly high speed (Figures 2D, E)
depending on the cell type, the conditions, and the microenvironment.
In inflammatory contexts, cells undergo directional migration in
response to chemotactic cues and inflammatory signals, as well as
when influenced by anatomical structures. Generally, directional
migration is described as a strategy to rapidly reach a specific target,

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 804159


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Pizzagalli et al.

Leukocyte Actions in vivo

Patrolling

Long, confined tracks
Mid speed
Low directionalit:

o
2
o
@
=
[=]

Straight tracks
Possibly high speed
High directionalif

&

Confined tracks
Low speed
Low directionalit

Arrested

Blood (FITC)

oxygen species.

c i. Endothelium

F i. Response to

ii. Maximize iii. Tumor immuno-
ag encountering surveillance

=

ii. Migration along
structures (fibers)

screening

Ag

chemotactic gradients

leu m
#

AN

ii. Activation

Gradient
source

1 i. Adhesion

FIGURE 2 | Gallery of actions displayed by individual immune cells. (A) llustration of a patrolling cell, with the characteristic long track in a confined area, which is
associated with mid-speed and low directionality (high confinement). (B) MP-IVM micrograph showing a patrolling neutrophil (light blue) migrating between
macrophages (red) in the subcapsular sinus of a lymph node following infection. (C) lllustration of biological cases of patrolling behavior, including (i) a monocyte (Mo)
screening the endothelium of blood vessels, (i) a B cell surveying antigen-presenting cells in the lymph nodes (M: macrophages, DC: dendritic cells), and (iii) a
natural killer (NK) cell during immune-surveillance in tumor microenvironments (T). (D) lllustration of a cell migrating directionally, with the characteristic straight tracks
associated with high directionality and possibly high speed. (E) MP-IVM micrograph showing a neutrophil (light blue) exhibiting directed migration towards the
subcapsular sinus area of a lymph node following infection. (F) llustration of biological cases of directed migration including (i) a neutrophil (Neu) directed towards the
source of a chemotactic gradient, and (ii) a T cell (Tc) moving with directed migration while following collagen fibers (blue structures) in the tumor microenvironment (T).
(G) lllustration of an arrested cell with the characteristic folded track, which is associated with a low speed and high confinement. (H) MP-IVM micrograph showing a
neutrophil (light blue) arresting in the proximity of a macrophage (red) in the subcapsular sinus area of a lymph node following infection. (1) llustration of biological cases
of arresting including (i) a neutrophil (Neu) during an adhesive interaction with an epithelial cell layer, and (ii) a neutrophil arresting during the production of reactive

which also plays important roles in recruitment, tissue repair,
cleaning, and antigen presentation (84, 85). Amongst the different
biological context where cells display this action we can find:

Response to Chemotactic Gradients

One of the best-characterized processes associated with directional
migration is chemotaxis, which involves the polarization and
displacement of cells towards the source of a chemotactic gradient
(Figures 2F, i). For instance, neutrophils perform directed
migration towards injured, infected, or inflamed areas (35, 37, 44,
86, 87), where their presence is relevant for tissue repairing,
microbial clearing (88), amplification of the inflammatory
response (89), and shaping of the adaptive immune response (90).
In addition, macrophages perform directed migration in interstitial
tissue in response to bacterial infection or tissue injury (91).

Influence of Anatomical Structures on the Directed
Migration

Tissue architecture can influence cell movements, conferring
properties of directed migration. The most compelling example
is the transportation of cells via the bloodstream (92, 93). More
recently, transportation of immune cells via lymphatics (94, 95)
was also reported and associated with a strategy for rapidly
reaching lymphoid tissues (84). Moreover, the architecture of the
LN was reported to influence the recruitment of B and T cells,

which displayed directional migration to relocate precisely in
their respective areas (96). Finally, directed migration of immune
cells was also associated with the architecture of tumor
microenvironments. For instance, CD8+ T cells exhibited a
directed migration pattern along collagen fibers in a model of
ovarian carcinoma (50) (Figures 2F, ii).

Arresting
Arresting is an action associated with cells that typically display
confined trajectories and a speed below a predefined threshold
(96) (Figures 2G, H). However, the migration of immune cells
typically involves alternating cycles of “stop-and-go” (97).
Hence, to define a cell as arrested, we consider that it should
be tracked for longer than the duration of the stop-and-go cycle.
During the inflammatory process, motile cells change their
behavior to arresting in order to perform a variety of functions,
including signaling, killing, and activation.

Cell Activation and Signaling
Effective intracellular communication requires arresting. Notably,
both B cells and T cells undergo an arresting phase prior to
interacting with DC during priming (98). This step is essential to
maximize the contact duration and to induce signaling.

In neutrophils, arresting was associated with the oxidative
burst (38), a state in which reactive oxygen species are generated.
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This occurs both during phagocytosis and in response to soluble
antigens. In contrast, Beuneu and colleagues (26) reported that
NK cells do not arrest while being activated by DC. However, NK
cells were reported to arrest in the medullary part of the LN (99)
following influenza vaccination. Although the arrested NK cells
were forming stable contacts with macrophages, this behavior
was not associated with NK-mediated lysis. Therefore, it may
suggest an alternative activation pattern.

Killing

The formation of stable contacts between a cytotoxic cell and its
target is one of the best-characterized biological processes during
which cytotoxic cells arrest. For instance, CD8" T cells arrest
during the formation of the cytotoxic synapses with target cells
and resume their migration after killing the target (48, 100).

Adhesive Interactions During Recruitment

During recruitment from the blood stream, several types of
leukocytes form adhesive interactions with stromal cells,
leading to a decrease in motility and eventually to their arrest
(22, 96) (Figure 2I). This process has been extensively revised (4,
101) and coincides with findings showing, that T cells interacting
with lymphatic capillaries were commonly arrested (18).

ACTIONS PERFORMED BY TWO OR
MORE CELLS

Studies of cell migration have typically been performed by
quantifying the motility of individual cells. Collective
migration patterns, meanwhile, are more difficult to interpret

/\_N

Short distance
Colocalization
Possible arrest

Contact

Neu (GFP)

Swarming

Common target

High density

(69) but they remain necessary for understanding complex
biological processes such as inflammation. Indeed, Mayor and
colleagues argue that considering cells as part of supracellular
entities allows the quantification of migration at a higher
scale (102).

Contact Formation

Contact formation is an action characterized by the absence of
space between two or more cells (103) (Figures 3A, B). Indeed,
during contact formation, the distance between membranes of
cells decreases up to a distance of 15 nm to 100 nm (104). Cells
forming contacts may exhibit an arrested behavior or maintain a
patrolling behavior according to the duration and the type
of contact.

Cellular contacts are a form of cell-to-cell communication that
enables the formation of clusters between the proteins on the surface
of distinct cells (Figures 3A-C) (105, 106), and the delivery of
highly localized signals (40). Although contacts are continuously
formed and disrupted between migratory and resident cells in
physiological conditions, certain contacts of immune cells are
important for the inflammatory processes (99, 107) due to their
involvement in the modulation of the immune response.

Immunological Synapses

One of the best-characterized cases of contact formation between
immune cells is the immune synapse that occurs between DC and T
cells (Figures 3C, i). This process can occur either in lymphoid
organs such as the LN (28), or non-lymphoid organs such as the
lymphatic capillaries of the ear skin (18), and is pivotal for
immunity and tolerance (29). DC play a crucial role in initiating
the immune cell response as they scan the surrounding

i. Precise communication

C ii. Cytotoxic synapses

Protein
clusters

l

i. Host protection

granules

Q5

Bt

ii. Shaping immune
response

Microbicidal
compound

Keep out
zone

Isle

Pathogen

FIGURE 3 | Gallery of actions displayed by two or a collectivity of cells. (A) llustration of the morphodynamics of contact formation between two cells, characterized by a
low distance and the possible overlap of colors. (B) MP-IVM micrograph showing a neutrophil (green) establishing contact with a macrophage (violet). 3D reconstructions
are shown to highlight the shape of the cells during the formation of the contacts. (C) lllustration of biological cases of contact formation including (i) a T cell (Tc) forming
an immunological synapse with a dendritic cell (Dc) with a cluster of proteins in the contact area, and (i) a T cell (Tc) accumulating cytotoxic granules in contact with a
tumor cell (T). (D) lllustration of the morphodynamics of swarm formation, characterized by cells moving towards a common target, resulting in the accumulation of cells in
a confined area (high density). (E) MP-IVM micrograph showing a neutrophil swarm (light blue) following infection in the subcapsular area of a lymph node. (F) lllustration
of biological cases including (i) a swarm of neutrophil (Neu) to contain pathogens in an isle enriched with microbicidal compounds, and (i) a swarm of T cell (Tc)
accumulating around an antigen-presenting dendritic cell (Dc) to prevent the other Tc from interacting with the Dc.
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environment in search of antigens to capture and present to naive T
cells (108). The interaction between T cells and DC follow a series of
steps characterized by a varying contact duration. At first, T cells
engage many short-lived contacts with the surrounding DC,
reducing their overall motility due to the multiple interactions
(25). Upon successful encountering of a DC presenting the
antigen specific for the T cell receptor, long-term stable contacts
occur, and T cells remain arrested, which leads to their activation.
Finally, the T cell recover its motility and proliferate. This process
has been observed in an OT-I model, where a comparison between
antigen-specific CD8" T cells and polyclonal CD8" T cells revealed
that antigen-specific cells significantly decreased their speed in
response to the formation of stable interactions with DC (109).
By contrast, polyclonal CD8" T cells maintained a constant speed
(109). This finding is in agreement with the T-DC model, where
different phases of the T cell-DC interaction were associated with
different contact durations (28), and highlights the importance of
contact duration for efficient cell activation (30).

Moreover, some studies reported that NK cells maintained a
motile behavior during the formation of short-term (1 — 3 min)
contacts with DC, by recognizing cytokines on the surface of DC
in addition to soluble signals (23, 43). This suggested an efficient
strategy to sense and integrate cytokine signals from multiple DC
(23). However, other in vivo studies have reported the formation
of stable contacts with macrophages during the activation of
these cells (99), in accordance with previous studies performed in
vitro (110, 111).

Cytotoxic Synapses and Lysis
Cytotoxic T leukocytes (CTL) can establish cytotoxic synapses with
target cells, which eventually leads to the lysis of the target (112).
Cytotoxic synapses formed by CD8" T cells (Figures 3C, ii), rely on
a shared molecular mechanism with CD4" T cell immunological
synapses (112). However, CD8" T cell synapses appear to be more
stable and efficient in killing the target (113). Two known killing
mechanisms involve the binding of Fas death ligand to Fas death
receptor, resulting in the induction of apoptotic death by caspase
activation (114). The second mechanism involves calcium-
dependent release of perforin and granzymes, yielding to the
activation of alternative apoptotic pathways (114). The latter
mechanism was reported to be faster since it does not require
specific receptors to be activated (112). Common targets of CTL are
virus-infected or transformed cells. Moreover, CTL killing efficiency
was reported to be affected by the affinity for its ligand (25, 112).
NK cells are also able to form contacts to lyse target cells
through degranulation of lytic enzymes. Within the LN, NK has
been observed to form contacts with B cells to eliminate major
histocompatibility complexes mismatched targets (24).
Additionally, in the context of tumor microenvironment, NK-
mediated lysis was reported to occur either by establishing
contacts of long duration with a single NK or via multiple
short contacts with several NK (26).

Swarming
Swarming is an action that involves a collectivity of cells
clustering in a defined space or moving towards a common

target in a coordinated manner, giving rise to a swarm
(Figures 3D, E) (42). Swarms have been classified according to
their size and duration (42). Transient swarms with fewer than
150 cells are reported to last up to 40 minutes. Larger swarms can
include more than 300 cells and can persist for hours (42).

The swarming process has been primarily described in
neutrophils, which form cell aggregates in inflamed and
injured tissues. Notably, duration and swarm size were
positively correlated with the severity of the tissue damage or
infection, with extended lesions massively recruiting neutrophils
involved in swarms that persisted for days (32, 115). Cell death,
known to induce recruitment of phagocytic cells (51, 116, 117), is
regarded as one of the triggers of swarming.

Swarming is associated with two key biological functions, host
protection and tissue remodeling.

Host Protection

Swarm formation was reported in infection models as a strategy
to contain pathogens and protect the host (118). To this end,
swarms lead to the confinement of pathogens in isles where
microbicidal compounds concentrate (Figures 3F, i) (115).
Accordingly, neutrophil swarming was observed to contain
bacteria spread (39) and limit the growth of fungi in vivo
(119). Eosinophils were also observed performing swarms
throughout the parenchyma in the lungs in different infection
models. Amongst these, during parasitic infections, swarms of
eosinophils were maintained for several days (120).

Tissue Remodeling and Shaping the Immune
Response
Neutrophil swarming was also reported in the context of sterile
inflammation. Sterile photo burning (87) and needle damage (44)
caused neutrophils to form abrupt and long-lasting clusters of large
dimensions, suggesting a role in tissue remodeling and repair.
Additionally, the formation of swarms can alter the cellular
structure of immune organs. For instance, swarms formed by
neutrophils were reported to disrupt the network of resident SCS
macrophages in parasitic infection models (41, 115, 121).
Considering that SCS macrophages are important for
containing the spread of pathogens (122, 123) and for
activating the adaptive immunity (86, 122), the alteration of
this cell layer by swarms might influence the overall immune
response. Interestingly, other cell types, such as NK cells, were
also observed to form swarms in the SCS area of the LN and to
interact with resident CD11b" cells. The accumulation of NK
cells in the SCS area was linked to the function of promoting self-
activation by the encountering of specific APC (124). Other cell
types such as T cells were reported to form swarms around APC
following immunization. Since most of the interactions in the
swarms were maintained over time (108), it has been proposed
that swarms may keep newly arrived T cells at the boundaries of
the swarm, limiting their interaction with DC (Figures 3F, ii)
(108). Finally, swarming of invariant natural killer T cells was
associated with a reduced level of fibrosis in a model of
steatohepatitis (17), suggesting a further role of swarming in
tissue remodeling under inflammatory conditions.
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METHODS TO DETECT AND QUANTIFY
CELL ACTIONS

Due to the difficulties associated with the processing and
quantification of IVM movies (125), computational methods
have become essential for the analysis of cell motility in vivo. A
variety of software and methods were applied to detect and
quantify cell actions. A summary of these methods, including
how to use them and how to interpret the computed numerical
values is presented in Table 2.

Quantification of Patrolling Cells

To quantify the patrolling behavior, coefficients that evaluate the
displacement over time, such as the directionality and the
motility index are typically used. These coefficients are larger

than the ones displayed by arrested cells, but lower than the
values displayed by directional cells (18, 126, 127). Additionally,
the previously mentioned MSD analysis can be used to
distinguish patrolling cells from arrested or directed cells, as
they display a random-like migratory pattern. However, several
studies demonstrated that the movement of cells in vivo is not
stochastic, but rather influenced by alternative parameters such
as the interaction with stromal cells, amongst others (70).
Therefore, we suggest to complement the MSD analysis with
other parameters, such as the angle or speed distribution, which
would provide additional insights on the migratory mode.

Quantification of Directed Cells
Directional migration can be inferred by plotting the trajectories
of the analyzed cells with a common origin, resulting in tracks

TABLE 2 | Software and tools to quantify cell actions.

Action Tools How to use How to interpret Requires Requires
surfaces tracking
Patrolling Imaris After having tracked each cell, use the Filter tool to select tracks High Track Length, and mid—low Track no Yes
according to Track Length and Track Straightness. Straightness are indicative of patrolling
lcy, QuantEV Launch the QuantEV plugin (track processor) and select tracks A confinement ratio distribution no yes
according to the confinement ratio distribution skewed towards the right indicates
patrolling
Fiji. Trajectory  Run the Trajectory classifier for TrackMate plugin, analyze the tracks Patrolling cells are typically classified as  no yes
classifier “subdiffusive”.
Directed  Microsoft Import into Microsoft Excel, Matlab, or a similar program the standard Track Straightness is close to 1 optional yes
Excel, Matlab, track measures, such as Track Duration and Track Straightness from indicates directed migration
Imaris Imaris. Exclude short tracks (i.e., < 300s) or add a rule to compute
normalized Track Straightness.
lcy, QuanteV Launch the QuantEV plugin (track processor) and select tracks whose A confinement ratio distribution no yes
skewed towards the left indicates
directed migration
Fiji, Trajectory ~ Run the Trajectory classifier for TrackMate plugin, analyze the tracks. Directed cells are typically classified as  no yes
classifier “directed/active motion”.
Arresting Imaris, Arrest  Select the cells of interest, launch the plugin, and define a speed Values of the arrest coefficient close to  optional yes
Coefficient XT  threshold to consider a cell arrested. The plugin computes the arrest 1 indicate arresting
coefficient and counts the number of stops for each cell.
lcy, QuanteV Launch the QuantEV plugin (track processor) and select tracks whose  Total path length of arrested cells is no yes
lifetime is sufficiently high. typically low.
Contact Imaris, Kiss Launch the plugin, define a distance threshold to detect a contact (i.e.,  The plugin automatically reports the yes optional
formation and Run XT 2 pum) and select two surfaces (i.e., two types of cells) to compute number and the duration of contacts
contact number and duration for each single cell. which can be used to discriminate
between short- and long-lived
interactions
Imaris, To detect contacts between cells of different color, launch the Coloc Contacts are associated with regions no no
Colocalization,  functionality to create an imaging channel specific to the contacts. having a high brightness intensity in
Matlab Create a surface on this new channel and export the number of the created colocalization channel
surfaces to count contacts. Smoothing can be applied to enhance
contact detection with minimal overlap.
Swarming Matlab/R, etc. Import cell tracks, compute the distance over time vs. a common If multiple cells display a reduction of no yes
target. the distance over time towards a
common target, this might recall a
swarming behavior.
Matlab/R, etc.  Import cell tracks and compute a density map based on the emitted Swarming is associated with regions no yes
fluorescence, or a velocity map based on optical flow having high density and convergent
velocity tensors
Imaris Reconstruct a surface on all the cell of interest with large smoothing (>  Swarming is associated with large yes no

expected cell diameter), divide the surface volume by the typical cell
volume to overestimate cells in the swarm, and apply smoothing to fill
gaps.

areas or volumes of the reconstructed
surfaces. A growing behavior can be
inferred by plotting the surface area or
volume over time
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with a strong preferential migration direction (45, 51, 63). More
quantitatively, one of the parameters that better characterizes
directed migration is the confinement ratio, which presents high
values for highly directional cells (69). However, the confinement
ratio of different tracks is comparable only if they have similar
track durations. Otherwise, normalizing the trajectories for their
duration is often required. Another measure typically used for
predicting directed migration is the distribution of the turning
angles (36). Following this analysis, a skewing toward small
angles would indicate that a cell trajectory does not deviate
abruptly from its established path. In addition, the MSD analysis
could also indicate directional migration recalling super
diffusivity (36, 44).

When analyzing the overall motility of a cell population,
directional migration can be inferred by evaluating the distance
over time of all the cells with respect to a reference point or
region. The chosen reference point should ideally represent a
common target (32, 41, 51, 115) towards which the distance
decreases or increases.

Quantification of Arresting Cells

An arrested cell is typically detected by evaluating the arrest
coefficient (69). This coefficient measures the amount of time in
which a cell migrates with a speed below a defined threshold
(typically 2 um/min) (31). However, the value of the arrest
coefficient depends on the track duration. Therefore, tracks (or
track fragments) with similar duration should be compared;
otherwise, normalization strategies are required for comparative
studies (i.e., dividing the arrest coefficient by the track duration).
The confinement ratio used to predict the directionality of a
trajectory is also used to detect arrested cells, which typically
display low values (31).

Quantification of Contacts

Contacts are typically detected by evaluating the distance
between cells. Such a distance can be computed either between
the centroids of the cells (75), or reconstructed surfaces (i.e.
between the closest points of two cells) (13). In the first case, a
contact is detected when the distance is less than a threshold,
which is equal to the expected cell diameter. However, errors
may be introduced when cells with a non-convex shape are
analyzed. In the second case, the distance threshold is preferably
small, up to the spatial resolution of the microscope (i.e., 1 pm).
This allows to detect contacts between cells of arbitrary shapes.
However, the distance between the membranes of two cells
forming a contact is on average lower than the spatial
resolution of fluorescent microscopes used in intravital imaging
(0.2 pum - 0.3 um) (128). Moreover, an accurate reconstruction of
cell surfaces might be hampered by the presence of cell-to-cell
contacts themselves (13). For these reasons, cell-to-cell contacts
are still annotated manually (18). More robust approaches
inferred contact formation from time series, such as the
trajectories of the individual cells or the changes in cell speed
(27). Moreover, spatial colocalization of two distinct
fluorophores can be used to highlight overlapping cells without
the need for surface reconstruction (27) nor the computation of
spatial distances between cells.

Contact dynamics can be quantified by computing for each
cell the contact duration and the number of contacts. This
ultimately allows one to distinguish between transient and
long-lasting contacts.

Quantification of Cell Swarms

To quantify swarm dynamics in the case of localized tissue
damage or infection, the distance between the affected region
and each cell at different time points can be computed. Cells
whose distance over time falls below a defined threshold are
considered part of a forming swarm (32, 41, 44, 51, 63).

Alternatively, when the swarm coordinates are not known,
the increase of fluorescence intensity over time in different areas
can be computed. In turn, surface and volumetric reconstruction
enable the monitoring of the swarm growth over time by
encompassing the fluorescence intensity emitted by the
forming swarm (41, 45, 51). This provides insights into the
different stages of the process, including initiation, growth,
stabilization (41) and whether the swarm is transient or
persistent (119). Furthermore, dividing the measured surface
or volume by the mean volume or area of cells leads to an
estimate of the number of swarming cells (41).

Swarming can be also inferred from the trajectories and speed of
cells. Indeed, color coding the cell trajectories for their instantaneous
cell speed can help to locate transient and persistent swarms (39).
Similarly, representing a heatmap of the cell velocities and densities
generates a spatiotemporal visualization that accounts for both
migratory and clustering dynamics (38).

CONCLUDING REMARKS

In line with the computer vision community, we considered
distinct motility patterns displayed by cells as elementary actions
(129, 130), which are the building blocks of several biological
processes. This approach is relevant to dissecting the complex
dynamics of inflammation, as it provides a link between
identifiable morpho-phenotypes and the underlying cellular
function. Moreover, by detecting the occurrence of each action
over time, it is possible to quantify the dynamic behavior of
immune cells in response to different stimuli.

Another advantage of decomposing cell motility in
elementary actions is that these can be quantified from tracks
of short duration (tracklets) or short image sequences using
instantaneous measures. However, a longer imaging time can
lead to more accurate results for actions such as swarming, which
can persist for up to several hours.

In this review, the visual approach adopted to classify each
action further aims to facilitate the interpretation of intravital
microscopy data for immunologists and imaging specialists. The
described measurements and definitions are provided to help
researchers in differentiating between distinct cellular actions
from a motility perspective. These are, however, intended only as
guidelines rather than absolute discriminatory factors, as no
consensus definition and numerical characterization exists thus
far. In fact, to identify cell actions, it might be necessary to adopt
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a gating strategy that considers the combination of several
motility parameters (51). Future advancements in this
direction will require further characterization of cell motility
based on the function, cell type, and organ.

In conclusion, the development of computer vision methods
for cellular action recognition represents a promising
methodology for deciphering biological processes occurring
in vivo from imaging data.

INCLUSION CRITERIA

This review includes studies that reported specific motility
patterns of immune cells, which were observed under
inflammatory conditions in vivo. The included imaging
modalities were MP-IVM, spinning disk, laser scanning
confocal, and epifluorescence microscopy. All the definitions of
cell actions used in this work were inferred from the original
studies. In most cases, the authors explicitly named the migratory
patterns displayed by the imaged cells. Indeed, directed
migration, arresting, contact formation and swarming (or
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Recently, it has been reported that ¥6 T cells are associated with the pathology of
rheumatoid arthritis (RA). However, there are many uncertainties about their relationship.
In this study, we investigated the morphological and histological properties of peripheral
as well as temporomandibular joints (TMJ) in a mouse model of rheumatoid arthritis with
and without exposure to mechanical strain on the TMJ. Collagen antibody-induced
arthritis (CAIA) was induced by administering collagen type Il antibody and
lipopolysaccharide to male DBA/1JNCrlj mice at 9-12 weeks of age, and mechanical
stress (MS) was applied to the mandibular condyle. After 14 days, 3D morphological
evaluation by micro-CT, histological staining (Hematoxylin Eosin, Safranin O, and Tartrate-
Resistant Acid Phosphatase staining), and immunohistochemical staining (ADAMTS-5
antibody, CD3 antibody, CD45 antibody, RORyt antibody, ¥ T cell receptor antibodly)
were performed. The lower jawbone was collected. The mandibular condyle showed a
rough change in the surface of the mandibular condyle based on three-dimensional
analysis by micro-CT imaging. Histological examination revealed bone and cartilage
destruction, such as a decrease in chondrocyte layer width and an increase in the
number of osteoclasts in the mandibular condyle. Then, immune-histological staining
revealed accumulation of T and yd T cells in the subchondral bone. The
temporomandibular joint is less sensitive to the onset of RA, but it has been suggested
that it is exacerbated by mechanical stimulation. Additionally, the involvement of ¥ T cells
was suggested as the etiology of rheumatoid arthritis.

Keywords: temporomandibular joint, rheumatoid arthritis, CAIA, mechanical stress, ¥ T cell

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease with a 1% prevalence worldwide. Chronic
inflammation of the joints and synovial hyperplasia, known as pannus, are observed, as well as
cartilage and bone destruction by inflammatory cytokines. The detailed causes of RA have not yet
been fully elucidated (1). However, the involvement of y3 T cells has recently been reported as one
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of the causes of autoimmune rheumatoid diseases. It is thought
that Y0 T cells in RA patients exhibit functional characteristics
similar to helper T cells, such as antigen presentation and
assistance in antibody production (2). The most common sites
of RA are the metacarpophalangeal joints, metatarsophalangeal
joints, proximal interphalangeal joints, wrists, and shoulder, knee
or ankle joints (3). Reports on the involvement of the TMJ are
rather heterogeneous and range between 4-85% of RA patients
(4-6). Therefore, the morbidity range is wide. However, unlike
RA in the limb joints, the pathogenetic mechanism of RA in the
TM]J (TMJ-RA) is still unknown.

TM]J-RA first causes degradation of proteoglycan and softening
and degeneration of the mandibular condylar cartilage, followed
by the destruction of the subchondral bone and bone resorption by
osteoclasts (4). Inflammatory cells, such as macrophages, infiltrate
the synovial tissue and form pannus. They then release a chemical
mediator, destroying the joint and causing pain (4, 5). In
particular, tumor necrosis factor alpha (TNF-at), interleukin 1
beta (IL-1P), and IL-6 are associated with RA etiology (6-8). They
cause excessive production and secretion of proteolytic enzymes
such as matrix metalloproteinase (MMP) and “a disintegrin and
metalloproteinase with thrombospondin motifs” (ADAMTS) in
synovial fibroblasts and deform the mandibular condyle cartilage.
These degenerative changes can cause joint dysfunction, fibrous
and bony ankylosis, occlusal-facial malformations, and occlusal
inconsistencies. Therefore, early diagnosis and treatment are
required (9).

Several animal RA models have been established for analysis
(10). In particular, collagen-induced arthritis (CIA) and collagen
antibody-induced arthritis (CAIA) mice share many
morphological similarities with human RA, such as the
production of autoantibodies to Type II collagen (11), and are,
therefore, often used as RA models. However, most studies have
focused on the knee and hind limb joints, and TMJ-RA has not yet
been reported in detail. RA models and human RA clinical
symptoms suggest that limb joint RA is exacerbated by
overloading (12, 13). Further, it has been reported that
overloading the mandibular condyle also causes osteoarthritis-
like cartilage resorption (14).

Unlike the joints of the extremities, made of hyaline cartilage
that is constantly loaded, the TM] contains fibrocartilage, a tissue
that is loaded only during functions such as mastication (15).
Therefore, the TM] may be more vulnerable to overload than the
limb joints. In this study, we devised a method for overloading by
pushing the mandibular condyle posteriorly according to
this hypothesis.

Therefore, the purpose of this study was to clarify the effect of
load on the TMJ on the onset of RA by using the CATA mouse
model and elucidate the causes of TMJ-RA.

MATERIALS AND METHODS

Mice
Animal experiments were approved by the Ethics Committee of
Tokyo Dental College (Ethics Application Number: 203102).

Male DBA/1JNCrlj mice were bred till 7-8 weeks of age (Charles
River, Yokohama, Japan) under standard environmental
conditions and were given free access to solid feed and tap
water. The mice in the experiment were divided into a control
group [N= 5], mechanical stress [MS] group [N= 5], CAIA group
[N=5], and CAIA MS group [N=5]. The mice were anesthetized,
and a metal plate (product number: 21700BZZ00197000, TOMY
INTERNATIONAL INC.,, Tokyo) was bonded to the posterior
surface of the maxillary portal teeth with dental composite resin
to a basal thickness of 2 mm to induce an imbalanced occlusion.
After anesthesia, the control and CAIA groups did not wear the
device. Fourteen days after the commencement of the
experiment, after induction of anesthesia with an inhalant
anesthetic (sevoflurane), the mice were euthanized by an
intraperitoneal overdose of 150 mg/kg pentobarbital sodium,
and samples were collected (Figures 1A-C).

CAIA Production

Mice aged 9-12 weeks (N=10) were injected intraperitoneally
with 1.5 mg of Arthrogen—CIA® Arthritogenic Monoclonal
Antibody Cocktail (Condrex Inc, WA, USA). Three days after
antibody administration, 25 g of LPS (Lipopolysaccharide) was
injected intraperitoneally to induce CAIA (CAIA and CAIA MS
group) (10, 16). The control and MS groups were injected
intraperitoneally with phosphate-buffered saline (PBS).

Evaluation of Arthritis

The severity of arthritis was blindly scored on a scale of 0 to 4 as
follows: 1 (mild swelling confined to the ankle or tarsal joint),
2 (mild swelling extending to the center of the foot), 3 (moderate
swelling over the metatarsal joints), and 4 (severe swelling
including the ankles, feet, and fingers). The scores of all four
feet were summed to generate an arthritis score with a maximum
value of 16 (17).

Evaluation of Inflammation by Histological
Staining of the Knee Joint

The mice were euthanized 14 days after the injection of the anti-
Type II collagen antibody, and the knee joints were fixed with
10% formaldehyde (Wako Pure Chemical Corporation, Japan)
for 2 days. The knee joints were then decalcified in 10%
ethylenediaminetetraacetic acid [EDTA (MUTO PURE
CHEMICALS CO, LTD. Japan)] at 4°C for 30 days and
embedded in paraffin. The knee joint tissues were sliced into 4
pum sections and subjected to hematoxylin and eosin (HE) and
Safranin O staining to evaluate the morphological changes in the
femur and tibia and the staining of proteoglycans in the
chondrocyte layer.

Measurement of Inflammatory

Cytokines in Blood

All mice were standardized by restricting their eating and drinking
for three hours prior to blood collection. Blood was collected using
a 5 mm Goldenrod Animal Lancet (MEDI Point NY, USA) and
bled using the submandibular bleeding method. Blood was
collected in BD Microtina microcentrifuge tubes (365967 Fisher
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FIGURE 1 | Experimental method. (A) Experimental time schedule. (B) Details of the treatments among the groups. (C) Mechanical stress application to the
mandibular condyle. (D) Linear measurement diagram of the mandibular condyle. The major length (a, b) and width (¢, d) of the mandibular condyle: a is the anterior
point, b the rearmost point, and ¢ and d are the innermost and outermost points, respectively.

Scientific Pittsburgh, PA, USA) with a coagulant accelerator and
serum separator and allowed to coagulate at 4°C for 30 mins. It
was then centrifuged at 13,000 rpm for 10 mins, and the serum
was collected and stored at -20°C. The Mouse IL-1B/IL-1F2
Immunoassay ELISA kit (Catalog Number MLBOOC Quantikine
®ELISA MN, USA), Mouse IL-6 ELISA kit (Catalog Number
KE10007 Proteintech IL, USA), and Mouse TNF-o. Immunoassay
ELISA kit (Catalog Number MTAQ0B Quantikine ®ELISA MN,
USA) were used to evaluate the serum IL-1B, IL-6, and TNF-o
levels in mice. The assay was performed in the control and CAIA
groups (n=>5).

Morphological Evaluation by Micro-
Computed Tomography

The dimensions of bone destruction were measured and
analyzed using microcomputer tomography (uCT) imaging
after euthanasia (R mCT, RIGAKU, Tokyo, Japan). The sample
was irradiated with X-rays with a tube voltage of 90 kV and a
tube current of 150 mA. The shooting time was 2 mins, the
shooting magnification was 10 times, and the voxel size was 20 x
20 x 20 um. For evaluation, pCT images were constructed three-
dimensionally using the bone structure analysis software TRI/
3D-BON (Ratoc System Engineering Co. Ltd., Japan), and the
mandibular condyle length and width were measured (18)
(Figure 1D). The percentage of the crude area was calculated
using the Image] software (National Institutes of Health,
Bethesda, MD, USA) from the ratio of the number of pixels in
the crude area of the mandibular condyle to the number of pixels

in the entire mandibular condyle image. The area of interest
reached from the crown of the mandibular condyle to the
rearmost part (19).

Histopathological Analysis of the
Mandibular Condyle

After euthanasia, the heads were fixed with 10% formaldehyde
for 2 days. They were then decalcified in 10% EDTA at 4°C for 30
days and embedded in paraftin. The TM] tissues were sliced into
4 um sections. The TM] was stained with HE staining to evaluate
mandibular condyle morphology and measure the average TM]
condylar cartilage cell layer thickness in the mid-coronal portion
of the mandibular condylar head of five mice in each group.
Additionally, the staining of proteoglycans in the mandibular
condyle was evaluated by staining with Safranin O. Tartrate-
resistant acid phosphatase (TRAP) staining was then performed
to evaluate osteoclast differentiation in the subchondral bone.
TRAP activity was measured according to the method given by
Shirakura M et al. (20), and TRAP-positive cells with three or
more nuclei were counted as osteoclasts using a TRAP staining
kit (Sigma, St. Louis, MO, USA).

Evaluation of Immunohistochemistry of the
Mandibular Condyle

After deparaffinizing the sections of each group, we performed
antigen retrieval with the agent ImmunoSaver Antigen Retriever
(Electron Microscopic Sciences, Hatfield, PA) and blocking with
1% bovine serum albumin. Immunofluorescence staining was
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performed using ADAMTS (a disintegrin and metalloproteinase
with thrombospondin motifs); -5 rabbit polyclonal antibody
(abcam, Cambridge, MA, USA), CD (cluster of differentiation)
3 rabbit polyclonal antibody (my biosource Inc., CA, USA),
CD45 rat monoclonal antibody (my biosource Inc., CA, USA),
RORYt (related orphan receptor gamma t) American hamster
monoclonal antibody (BioLegend, CA, USA), and y3 TCR (T cell
receptor) mouse monoclonal antibody (Alexa Fluor 546 is added
as a fluorescent label) (Santa Cruz Biotechnology, TX, USA) were
used as the primary antibodies. Secondary antibodies were Alexa
Fluor 546 Donkey Anti-Rabbit IgG (Thermo Fisher Scientific,
US) to detect ADAMTS-5 and CD45, Alexa Fluor 647 Goat Anti-
Rat IgG (Thermo Fisher Scientific, US) to detect CD3, and Alexa
Fluor 488 goat Anti-Rabbit IgG (BioLegend, CA, USA) to detect
RORyt. Nuclear staining was performed using stain solution
Hoechst 33342 (Thermo Fisher Scientific, US). The number of
cells was measured using the Image] software.

Statistical Analysis

SPSS17.0 (SPSSInc. CHI, USA) was used for statistical analyses. For
in-group comparisons, multiple comparisons were performed
using the Tukey-Kramer test. For comparisons with the control

group, multiple comparisons were performed using Dunnett’s test.
Comparisons between two groups were made using Student’s t-test.
The level of significance was set at P < 0.05 (*).

RESULTS
Evaluation of Arthritis in CAIA

All mice injected with the collagen antibody cocktail developed
inflammatory arthritis after LPS administration. The arthritis
score was 0 in the control group and 12 in the CAIA group on the
6th day of administration, and thereafter, maintained a stable
score of about 14 until sacrifice (Figures 2A, B). The localization
of inflammatory cells in knee arthritis and their effect on the
chondrocyte layer were investigated using HE and Safranin O
staining. As a result, compared with the control group, in the
CAIA group, infiltration of inflammatory cells was observed in
the synovial membrane, and a defect in the surface layer of the
femur and cartilage erosion due to loss of proteoglycan in the
chondrocyte layer in the chondrocyte layer was observed
(Figure 2C). In the CAIA group, the systemic concentration of
the pro-inflammatory cytokine IL1-f increased approximately

CAIA

control

control
& Y

012345678 91011121314
—o—control —s—CAIA Days

CAIA

o
w
o

= S NN
o o

IL-1B(pg/ml)
o O o O»

control CAIA

NS

m

140 -
120 A
100

IL-6(pg/ml)

control CAIA

FIGURE 2 | Inflammation evaluation. (A) Clinical photographs of hind legs of the control group and CAIA group mice. Swelling of the ankle was observed in the
CAIA group. (Score 3) (B) Clinical severity of arthritis in control group and CAIA group after collagen antibody cocktail injection. Severity of arthritis in each foot was
scored from O (no swelling) to 4 (erythema and severe swelling of the entire tarsal joint), and the total of 4 feet (0-16). In the CAIA group, the score was about 12 on
day 6 of antibody administration. *P < 0.05. (C) Histological analysis of the hind paw of each group on day 14. The knee joint was stained with hematoxylin and
eosin (a) and Safranin O (b) (1: tibia, 2: femur). Arrows indicate increased inflammatory cells. (scale bar: 100 um) (D) Blood IL-18 levels (pg/ml) in the control and
CAIA groups. In the CAIA group, the IL-B concentration was 24.5 (pg/ml) *P < 0.05. (E) Blood IL-6 levels (pg/ml) in the control and CAIA groups. There was no
significant (NS) difference between the control group and the CAIA group. NS, not significant.
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1.5-fold compared to the control group (Figure 2D). The
systemic concentration of the pro-inflammatory cytokine IL-6
levels was not significantly different between the control and
CAIA groups (Figure 2E). The systemic concentration of the
pro-inflammatory cytokine TNF-alpha levels was below the
detectable limit.

Evaluation of Mandibular Condyle
Morphology in uCT

A morphological evaluation of the mandibular condyle was
performed using uCT. The mandibular condyle length and width
were measured as shown in Figure 1D, but no significant change
was found in the width diameter of each group (Figures 3A, D). The
morphological evaluation of each group revealed changes in the
posterior part of the mandibular condyle and signs of bone
destruction in the CAIA MS group (Figures 3B, D). Moreover,
the crude area increased approximately 1.5-fold in the CAIA MS
group compared with the control group (Figures 3C, D).

Histological Evaluation of Mandibular
Condyle Morphology

The mandibular condyle HE staining showed no clear
morphological changes in each group compared to the control

NS

control mMs CAIA CAIA MS

NS

control MS CAIA CAIA MS

control

oo,

CAIA MS

group [Figures 4A (a-d)]. In the HE staining, the CAIA group did
not show abnormal synovial proliferation or accumulation of
inflammatory cells [Figure 4A (c)]. In the CAIA MS group,
accumulation of inflammatory cells in the TM] cavity was
observed [Figure 4A (d), Figure 4B]. Additionally, the mean
TM]J condyle cartilage cell layer thickness in the CAIA MS group
was significantly thinner than that in the control group (Figure 4C).
Further, Safranin O staining showed decreased staining of
proteoglycans in the MS and CAIA MS groups compared to the
control group [Figures 4A (e-h)]. The number of TRAP-positive
cells in the subchondral bone was higher in each group compared
with the control group. The number of TRAP-positive cells in the
subchondral bone was higher in each group compared with the
control group. Furthermore, it was also higher in the CAIA MS
group compared to the MS group and CAIA group [Figures 4A (i-
1)]. The total number of osteoclasts measured by TRAP-positive cell
counting increased significantly in all experimental groups
compared to the control group, especially in the CAIA MS group,
in which the number of osteoclasts increased by approximately 2-
fold compared to the control group (Figure 4D). Finally, the
expression of ADAMTS-5, a chondrocyte-destroying enzyme,
was also higher in the chondrocyte layer of the CAIA MS group
[Figures 4A (m-p)].

control Ms CAIA CAIAMS

Mean + SD
CAIA

control mMs CAIA MS

Condyle Length (i) ~ 1718+3178  1726.8+31.78  1659.2%84.51 1578+150.10

Condyle width ()~ 647.0+3489  650.0+31.10  668.619.15 657.2+49.47

Condyle total pixel ~ 11081£377.46  10731.4£412.05 10793.8%51245  10920.6+652.06

Condyle targetpixel 2407.6+357.73  2661.2+253.80 2661.6+629.52  3726.2%507.13

32.52+2.33

FIGURE 3 | Evaluation of mandibular condyle morphology in micro-CT. (A) (a) Mandibular condyle length of each group; (b) Mandibular condyle width of each
group. There was no significant difference in change in either. (B) Mandibular condyle lateral (scale bar: 500 um) and superior (scale bar: 100 um) morphology of
each group. The arrow indicates crude area. (C) Percentage of crude area mandibular condyle in each group. The crude area was larger in the CAIA MS group.
*p < 0.05. (D) Details about mandibular width and length diameters, whole and target pixels, and crude area are shown. NS, not significant.
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FIGURE 4 | Histological evaluation of mandibular condyle morphology. (A) (a-d) Representative hematoxylin and eosin staining with histological examination
performed in each experimental group. Arrow indicates areas of inflammatory cell accumulation (1: mandibular fossa, 2: articular disc, 3: mandibular condyle). No
major bone loss or other changes were observed. (e~h) Representative Safranin O staining. The Safranin O staining property is reduced by the addition of
mechanical stress. (i-l) Representative TRAP staining. (m-p) Expression of ADAMTS-5 in the mandibular condyle (scale bar: 100 um; red: ADAMTS-5, blue: cell
nuclei). Enzyme expression in the chondrocyte layer was observed in all groups. (B) Inflammatory cell accumulation findings in the superior articular space of the
temporomandibular joint in the CAIA MS group. Arrow indicates area of inflammatory cell accumulation. (scale bar: 100 um) (C) TMJ cartilage cell layer thickness
diameter assessment by HE staining. *P < 0.05. (D) Number of TRAP-positive osteoclasts. The number of cells with three or more nuclei within a fixed measurement
frame (450 um x 900 pm) was counted. The CAIA MS group showed an average of 31.6 cells. “P < 0.05.

Lymphocyte Expression in TMJ Assessed
by Immunofluorescent Staining

The expression of lymphocytes was confirmed by immunofluorescence
staining. Accumulated B cell expression was observed in the
subchondral bone of each group. Accumulated T cell expression was
hardly observed in the control and MS groups. However, in the CATA
and CAIA MS groups, the expression of accumulated T cells in the
subchondral bone was observed (Figures 5A, B). There was no
significant difference in the expression of B cells in each group
(Figure 5C). The numbers of T cells in the CAIA MS group were
approximately 2-fold higher than that in the control group
(Figures 5C, D).

Expression of yd Tcells and Th17

Cells in TMJ Assessed by
Immunofluorescent Staining

There was little expression of y0 T cells and Th17 cells in the
control and MS groups. However, in the CAIA and CAIA MS
group, YO T cells were mostly expressed in the subchondral bone
(Figures 6A, B). The number of Y3 T cells in the CAIA MS group
was approximately 6-fold higher than that in the control group

and Th17 expression was approximately 3-fold higher in the
CAIA MS group than in the control group (Figures 6C, D).

DISCUSSION

Creating a CAIA Mouse Model

In this experiment, CAIA was developed based on the report by
Nandakumar et al. (16). In general, because of the action of
female hormones, female mice may not be suitable for accurate
studies on bone metabolism or joint inflammation and bone
tissue destruction; therefore, male mice were used in this
experiment (21, 22). CAIA was used because it shares many
morphological similarities with human RA, including the
production of autoantibodies to Type II collagen. The CAIA
group showed a significant increase in the arthritis score and
swelling of the limb joints compared with the control group.
Furthermore, HE staining showed inflammatory cell
proliferation in the knee joint space. Additionally, Safranin O
staining showed a decrease in proteoglycans. This is consistent
with a report that the CAIA model causes extensive infiltration of
subsynovial tissue by inflammatory cells, cell infiltration into the
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joint space, and significant cartilage destruction (10).
Furthermore, there was an increase in the concentration of IL-
1B in the blood. However, there was no significant difference in
IL-6 concentration, and TNF-o concentration was below the
detection limit. This may be because the concentration of these
cytokines has been reported to decrease with prolonged rearing
in RA model mice (7, 23). These results confirmed the existence
of systemic arthritis inflammation and proved that the CAIA
mouse model was correctly generated.

Effects of Excessive MS on the Mandibular
Condyle in the CAIA Mouse Model

In the RA model, limb joints showed swelling, erythema, and
synovial proliferation, but clinical signs in the TM]J are generally
unclear; therefore, attempts to investigate the RA model of the
TM] have been made recently. In a study using a cartilage
proteoglycan (PG)-induced arthritis (PGIA) mouse model,
increased ADAMTS in the TM]J was observed; therefore,
structural damage was only observed in the TM] of mice with
severe arthritis symptoms (24). In another study using the K/
BxN model of spontaneous inflammation, increased expression
of vascular endothelial growth factor and IL-17 and decreased
expression of osteoprotegerin were observed in the limb joints,
but not in the TMJ (25). In the same study with the K/BxN
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FIGURE 5 | Expression of T cells and B cells in the mandibular condyle by immunofluorescence staining. (A) Expression of mandibular condyle B cells and T cells
(a-d) low magnification, and (e-=h) high magnification. (scale bar: 50 um; red: B cells, green: T cells, blue: cell nuclei). T cells and B cells are expression in the
subchondral bone of each group. (B) Expression of B cells and T cells in the mandibular condyle by immunofluorescence staining. Representative images of 20x are
shown in blue for nucleus, red for CD45, and green for CD3 for each group. (C) Number of B cells in the mandibular condyle vs. the total number of cells
(percentage). *P < 0.05 (D) Number of T cells in the mandibular condyle vs. the total number of cells (percentage). *P < 0.05. NS, not significant.

mouse model, the enlargement of the upper joint cavity in
arthritic mice was confirmed by Magnetic Resonance Imaging,
and only cartilage detachment of the TM] surface was observed
(26). In the present study, although the CAIA group showed
increased osteoclast differentiation, there was no significant
thinning of the chondrocyte layer or localization of
lymphocytes. These results suggest that the TMJ is a less
primary target for inflammation than the peripheral joints in
the RA model. However, in the CAIA MS group, ADAMTS-5
was strongly expressed, the chondrocyte layer was thinned, and
lymphocytes increased in expression. Therefore, it can be
inferred that the overloading of the TM] might be a factor in
the development of TMJ-RA. Functional occlusal loading on the
TMJ (by forced unilateral or anterior occlusion) has been shown
to worsen of TM] arthritis (27, 28). Therefore, overloading
the mandibular condyle may accelerate the degeneration of the
mandibular condyle cartilage, and overloading the TM] may be
an important factor for the development of inflammation in
the TMJ in the RA model.

The metal plate device used in the present study as a method
of applying MS to the mandibular condyle applied excessive MS
to the TM]J, demonstrating that it can induce TMJ-arthritis in
CAIA mice. It has been reported that TMJ osteoarthritis-like
changes occurred when a resin block was attached to a mouse’s
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maxillary horn teeth and the mandible was pushed backward
(20). Therefore, we designed a similar device for the mouse
model. Unlike the TM]J, which is composed of hyaline cartilage,
the mandibular condyle cartilage is composed of fibrocartilage
derived from periosteal tissue, so the size and characteristics of
the tissue are adjusted to adapt to changes in load (29). As the
device we used in this study used a metal plate for the occlusal
part, it did not wear because of occlusion, and its thickness
remained constant during the device wearing period. Therefore,
as it can be regarded that a stable overload was applied to the
mandibular condyle, this method is considered very useful for
establishing a load on the TM]J in mice.

Among all the experimental groups examined in this study,
TMJ-arthritis showed worsening of pathology in the group that
combined excessive MS and systemic inflammation (CAIA MS
group). Therefore, we confirmed that excessive MS worsens the
pathology of the TMJ in CAIA mice.

Involvement of ¥ T Cells in The

Mandibular Condyle in CAIA Mouse Model
The CAIA mouse model is not affected by lymphocytes when
inflammation develops. However, exacerbation of arthritis due to
Type II collagen-reactive T cells in limb joints has been reported in
CAIA (30, 31). In this study, T cell expression was observed in the

CAIAMS ¢ " x .
*
—
14 g iy
S r )
$12 * _l_
@
S10
8
o
E 8
S
L2
2 4
J B
CAIA MS g 2 I_I_I
(¥}
0 h
control Ms CAIA CAIA MS
D %
r = .
14 —
3k
12 4

condyle Th17 cells/total cells(%)

control Ms CAIA  CAIAMS

FIGURE 6 | Expression of 3 T and Th17 cells in mandibular condyle by immunofluorescence staining. (A) Expression of mandibular condyle y 8T and Th17 cells
(a—-d) Low magnification, and (e-h) high magnification. (scale bar: 50 um; red: y 8T cells, green: Th17 cells blue: cell nuclei) Y3 T and Th17 cells are mostly expressed
in the subchondral bone of the CAIA MS group. (B) Expression of Th17 cells and y3T cells in the mandibular condyle by immunofluorescence staining. Representative
images of 20x are shown in blue for nucleus, red for y8TCR, and green for RoRyt for each group. (C) Number of y 8T cells in the mandibular condyle vs. the total
number of cells (percentage). *P < 0.05 (D) Number of Th17 cells in the mandibular condyle vs. the total number of cells (percentage). *P < 0.05.

subchondral bone of the CAIA MS group. Co-staining of Y3 T cells
and Thl7 cells revealed an increase in Th1l7 cells and the
expression of Y0 T cells, which are the least abundant of all T
cells. It has been previously reported that Th17 produces IL-17
and is associated with RA (1). ¥0 T cells produce IL-17 and
are known to be an important factor in cancer research (32, 33).
IL-17 is a cytokine that is mainly produced by Th17 and induces
the expression of various pro-inflammatory cytokines and
chemokines in a wide variety of cells (34). Y0 T cells have also
been shown to be associated with RA (2). It has been reported that
the number of IL-17-producing cells in mouse femoral bone
marrow also increases in CAIA mice (35). Furthermore, it has
been reported that Vy4/Vd4 + vd T cells, one of the Y0 T cell subsets,
produce IL-17, with localization in the synovial membrane and
peripheral blood in CIA mice (36). However, because there is no
report that Y0 T cells are involved in TMJ-RA, we investigated this
and found that they were involved. Therefore, the application of MS
increases the number of T cells in TMJ-RA. Among them, Th17 and
YO T cells would be increased. Therefore, it was suggested that this
could be exacerbated by IL-17 production.

However, this experiment could not clarify why ¥ T cells
show increased localization in the TM]J. Isopentenyl
pyrophosphate (IPP) is a factor that activates 0 T cells (37).
However, IPP is an intermediate product of the intracellular

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 753754


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Nagai et al.

ydTcell Related Temporomandibular Joint Arthritis

mevalonate pathway, which is difficult to quantify and has not
been identified. Therefore, further research on quantification
methods is needed.

Conclusion

The TM]J is less susceptible to inflammation in RA. However, MS
exacerbates the disease. The findings suggested that Y3 T cells are
involved in an RA-mouse model of TMJ arthritis as a causal
factor. Future scientific studies should check whether these
effects are also identifiable in humans and whether 0 T cells
play a similar role in humans. If this is confirmed, the 3 T cells
might represent a new therapeutic target.
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Finland, 3 A.l. Virtanen Institute for Molecular Sciences, University of Eastern Finland, Kuopio, Finland, 4 Turku PET Centre,
Turku University Hospital, Turku, Finland, ® InFLAMES Research Flagship Center, University of Turku, Turku, Finland,
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Increased glutamine metabolism by macrophages is associated with development of
atherosclerotic lesions. Positron emission tomography/computed tomography (PET/CT)
with a glutamine analog (2S,4R)-4-'8F-fluoroglutamine (*®F-FGIn) allows quantification of
glutamine consumption in vivo. Here, we investigated uptake of '8F-FGIn by atherosclerotic
lesions in mice and compared the results with those obtained using the glucose analog 2-
deoxy-2-"8F-fluoro-D-glucose (®F-FDG). Uptake of '®F-FGIn and '®8F-FDG by healthy
control mice (C57BL/6JR)j) and atherosclerotic low-density lipoprotein receptor-deficient
mice expressing only apolipoprotein B100 (LDLR™~ApoB'°?'%) was investigated. The
mice were injected intravenously with "®F-FGIn or "®F-FDG for in vivo PET/CT imaging.
After sacrifice at 70 minutes post-injection, tracer uptake was analyzed by gamma
counting of excised tissues and by autoradiography of aorta cryosections, together with
histological and immunohistochemical analyses. We found that myocardial uptake of '8F-
FGIn was low. PET/CT detected lesions in the aortic arch, with a target-to-background
ratio (SUVmax, aortic arch/SUV nean, blood) of 1.95+0.42 (mean + standard deviation).
Gamma counting revealed that aortic uptake of '®F-FGIn by LDLR™~ApoB'%1% mice
(standardized uptake value [SUV], 0.35 + 0.06) was significantly higher than that by healthy
controls (0.20 + 0.08, P = 0.03). More detailed analysis by autoradiography revealed that
the plaque-to-healthy vessel wall ratio of "®F-FGIn (2.90 + 0.42) was significantly higher
than that of "®F-FDG (1.93 + 0.22, P = 0.004). Immunohistochemical staining confirmed
that "®F-FGIn uptake in plaques co-localized with glutamine transporter SLC7A7-positive
macrophages. Collectively these data show that the '®F-FGIn PET tracer detects inflamed
atherosclerotic lesions. Thus, exploiting glutamine consumption using '8F-FGIn PET may
have translational relevance for studying atherosclerotic inflammation.

Keywords: atherosclerosis, 8F-fluoroglutamine, PET/CT, macrophages, inflammation
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INTRODUCTION

Atherosclerosis is a chronic inflammatory disease characterized
by inflammation and accumulation of macrophages.
Macrophages are highly plastic cells that play an important role
during inflammation and propagation of plaques, and during the
resolution of atherosclerosis (1). The vulnerability of
atherosclerotic plaques to rupture correlates with the number of
pro-inflammatory macrophages, whereas plaque stability
correlates with the number of inflammation-resolving
macrophages (2). These vital roles, together with their plasticity,
make macrophages attractive targets for diagnosis and for therapy
aimed at preventing or halting existing atherosclerosis.

Pro-inflammatory stimuli such as lipopolysaccharides (LPS)
(3, 4) or oxidized low-density lipoprotein (5, 6) increase
glycolytic capacity and glucose uptake by macrophages,
phenomena that may be associated with a high risk phenotype
for atherosclerotic plaques (7). This high glycolytic capacity of
macrophages has been utilized to identify atherosclerotic
inflammation by positron emission tomography (PET) using
glucose analog 2—de0xy—2—lsF-ﬂuoro-D-glucose (*8E-FDG) (3, 8).
High glucose uptake, however, is not only a key hallmark of pro-
inflammatory macrophages; it is also a common attribute of anti-
inflammatory macrophages (3, 9, 10) along with all other
glucose-metabolizing cells. The normally high physiological
glucose uptake of myocardial cells further complicates the
accurate assessment and quantification of increases in '*F-FDG
uptake due to local inflammation. Therefore, using "*F-FDG PET
alone as a tool to detect macrophages associated with
atherosclerotic inflammation has its limitations and better tools
are required for assessing the heterogeneity of macrophage
activation and disease characterization.

Glutamine is an abundant amino acid and nutrient source
that plays a role in exercise recovery, wound healing,
metabolism, and promoting the growth of cancer cells (11).
Glutamine is transported to cells by many membrane-bound
solute carrier-type transporters (SLCs) (12). Experimental
studies show that glutamine is required for polarization of
macrophages, and that differently polarized macrophages show
changes in glutamine metabolism (4, 13). A recent study
demonstrated that combined assessment of 2-deoxyglucose and
glutamine metabolism improved the ex vivo identification of
macrophage polarization states (10). Furthermore, accumulation
of these substrates showed different patterns in atherosclerotic
lesions. However, the in vivo significance of glutamine uptake in
atherosclerosis remains to be studied. The glutamine analog
(25,4R)-4-"*F-fluoroglutamine (**F-FGIn) allows quantification
of glutamine consumption in vivo by PET. Recently, we and
others showed that '*F-FGIn is taken up preferentially by glioma
cells compared with healthy brain tissue, making it feasible for in
vivo imaging of enhanced glutamine uptake by PET (14, 15).

Here, we investigated uptake of '®F-FGIn by inflamed
atherosclerotic lesions in mice and compared the results with
those obtained using '*F-FDG. First, we evaluated uptake of
intravenously (i.v) administered 18E_EGIn or '®F-FDG to detect
atherosclerotic lesions using PET/CT imaging. Second, we used a
gamma counter to measure the radioactivity of the administered

tracer in excised tissues. Finally, we used digital autoradiography
and immunohistochemistry of tissue cryosections to assess tracer
accumulation in the atherosclerotic aorta and its localization in
macrophage-rich lesions.

MATERIALS AND METHODS

Chemicals and Reagents

The tosylated precursor for '®F-FGIn synthesis and the non-
radioactive reference compound FGIn were provided by the
Organic Synthesis Core Facility at Memorial Sloan Kettering
Cancer Center, New York, NY, USA. The cassettes for '*F-FDG
synthesis were purchased from GE Healthcare (Waukesha,
WI, USA).

Radiosynthesis and In Vivo

Stability Analysis

The chemical structures of '*F-FGln and '*F-FDG are shown in
Supplementary Figure 1. '*F-FGln was prepared according to a
published method (16), with some modifications to fit into the
radiosynthesis device as described in our previous work (14).
Quality control of the obtained "*F-FGIn was performed using
high-performance liquid chromatography (HPLC). '*F-FDG was
prepared in-house using a fully automated cassette-based system
and a FASTLab® radiosynthesis device (17). The synthesis
procedure was compliant with Good Manufacturing Practices.
Quality control of '*F-FDG before release of each batch was
performed using HPLC and thin-layer chromatography.

To assess the in vivo stability of '*F-FGIn, blood samples were
taken at the end of PET/CT imaging. Whole-blood was weighed
and radioactivity measured (Triathler 3”; Hidex, Turku, Finland)
before being centrifuged at 700 xg at 4°C for 5 minutes to
separate the plasma. All results were decay-corrected to the
corresponding animals’ time of sacrifice. A plasma sample was
then weighed and radioactivity measured before a subsample was
precipitated with 2.4 volumes of methanol, followed by vortexing
and centrifugation at 11,000 xg for 10 minutes. The radioactivity
of the separated supernatant and resulting precipitated protein
pellet was measured. The precipitated plasma supernatants were
further analyzed using established HPLC methods (18) to
measure the fraction of intact "*F-FGIn.

Mouse Model

To induce atherosclerosis, low-density lipoprotein receptor-
deficient male mice expressing only apolipoprotein B100
(LDLR ™/~ ApoB'®%1%% strain #003000 with C57BL/6]J
background; Jackson Laboratory, Bar Harbor, ME, USA) were
fed with a high-fat diet (HFD; 0.2% total cholesterol; TD 88137;
Envigo, Madison, WI, USA) starting at the age of 2 months; this
diet was maintained for 3-5 months. C57BL/6]JRj male mice (7
months old; Central Animal Laboratory of the University of
Turku) fed a regular chow diet were used as healthy controls. In
total, 12 LDLR”"ApoB'®”'®° (454 + 2.4 g) and 12 healthy
control mice (31.7 + 3.9 g) were studied (Table 1). The mice
had access to food and water ad libitum throughout the study,

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 13 | Article 821423


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Palani et al.

18F-FGIn Uptake by Atherosclerotic Lesions

TABLE 1 | Characteristics of the investigated animals.

LDLR”-ApoB'%/1%° atherosclerotic mice

Age, months

High-fat diet, months

Male animals, no.

Weight, g

In vivo '®F-FGIn PET/CT, no.

In vivo "®F-FDG PET/CT, no.

Ex vivo "®F-FGIn gamma counting, no.
Ex vivo "®F-FGIn autoradiography, no.
Ex vivo '®F-FDG autoradiography, no.
"8F_FGIn metabolite analysis, no.
Injected '8F-FGIn (MBa/mice)
Injected "®F-FDG (MBg/mice)

C57BL/6JRj control mice

5-7 6

3-5 ND

12 12
45.4 + 2.4 31.7 + 3.9

4 4

4 4

5 5

5 5

5 4

4 7
145+ 1.1 14.4 +0.5*
18.7 £1.2* 14.2 £ 0.3*

LDLR”ApoB'%%1% jow-density lipoprotein receptor-deficient mice expressing only apolipoprotein B100; ND, not done; no., number of investigated animals. *Values are presented as the

mean + SD.

which was conducted at the Central Animal Laboratory of the
University of Turku. All animal experiments were approved by
the National Project Authorization Board of Finland (license
numbers: ESAVI1/4567/2018 and ESAVI/11751/2021) and were
carried out in compliance with European Union Directive 2010/
63/EU.

PET/CT Imaging

Mice were fasted for 3-4 hours, anesthetized with isoflurane (4-
5% induction, 1.5-2.5% maintenance), and placed on a dedicated
heating pad in the PET/CT scanner (Inveon Multimodality;
Siemens Medical Solutions, Knoxville, TN, USA). The mice
received i.v. '*F-FDG (13.9 + 0.9 MBq) or '*F-FGIn (14.5 + 0.8
MBq) via a tail vein cannula for the 60 minute dynamic PET
imaging. For anatomical reference, an iodinated intravascular
contrast agent (100 uL eXIATM160XL; Binitio Biomedical,
Ottawa, ON, Canada) was iv. injected immediately after PET
imaging, and a 10 minute high-resolution CT was performed.
PET/CT images were analyzed using Carimas 2.10 software
(Turku PET Centre, Turku, Finland; www.turkupetcentre.fi/
carimas/). The regions of interest (ROI) in the aortic arch,
vena cava (representing blood), and myocardium were defined
using contrast-enhanced CT as an anatomical reference, as
previously described (18). The myocardial ROI was
consistently defined at the same site for all mice tested. The
results were expressed as standardized uptake values (SUVs),
which were normalized to the injected radioactivity dose and
animal body weight. The maximum target-to-background ratio
(TBR) at 40-60 minutes post-injection was calculated as follows:
SUV max, aortic arch/SUVimean, blood according to the established
method (19).

Ex Vivo Biodistribution

At 70 minutes post-injection, mice were placed under deep
anesthesia, and blood samples were obtained by cardiac
puncture. The mice were euthanized by cervical dislocation,
and tissues were dissected and weighed. Radioactivity was
measured using a y-counter (Triathler 3”; Hidex, Turku,
Finland). The gamma counting was performed on the entire

aorta, extending from the aortic arch to the iliac artery
bifurcation. After compensating for the remaining radioactivity
in the tail and cannula, the results were expressed as SUVs, which
is calculated as radioactivity concentration (becquerel per gram
of tissue) normalized for injected radioactivity dose and animal
body weight.

Autoradiography, Histology,

and Immunostaining

Following ex vivo gamma counting of excised tissues, the aorta was
embedded in optimal cutting temperature compound, frozen
at —=70°C, and cut into 20 and 8 um cryosections. The
quantitative digital autoradiography analysis of tracer distribution
was done using 20 pm cryosections, as previously described (20).
The sections were exposed to a Fuji Imaging Plate BAS-TR2025
(Fuji, Tokyo, Japan) for at least 4 hours and then scanned by a Fuji
Analyzer BAS-5000. After scanning, sections were stored at —70°C
until staining with hematoxylin-eosin (H&E). They were then
scanned with a digital slide scanner (Pannoramic 250 Flash;
3DHISTECH, Ltd., Budapest, Hungary). Tina 2.1 software
(Ravtest Isotopenmessgerite, GmbH, Straubenhardt, Germany)
was used to analyze the autoradiographs. Uptake of '*F-FDG
and '"F-FGIn was normalized to the injected radioactivity dose
per unit of body mass and corrected for radioactivity decay. Data
were expressed as photostimulated luminescence per square
millimeter (Normalized PSL/mm?).

Consecutive 8 um sections were used to investigate co-
localization of '"F-FGIn in Mac-3-positive macrophages and
glutamine transporter (SLC7A7 [solute carrier family 7, member
7])-positive macrophages. Briefly, sections were incubated with an
anti-mouse Mac-3 antibody (1:1,000; catalog number: 550292; BD
Biosciences, Franklin Lakes, NJ, USA) and an anti-SLC7A7
antibody (1:1,000; catalog number: PA5-113527; Thermo Fisher
Scientific, Waltham, MA, USA), followed by development of a
color reaction using 3.3'-diaminobenzidine (Bright-DAB, BS04-
110; ImmunoLogic, Duiven, the Netherlands).

Collected mouse hearts were preserved overnight at room
temperature in 10% formalin, followed by dehydration in 70%
ethanol. Hearts were embedded in paraffin prior to histological
characterization of atherosclerotic lesions at the level of the aortic root.
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Sections (6 um thick) were cut transversely at the level of the
coronary ostia, and consecutive sections were stained with
modified Movat’s pentachrome or with the anti-mouse Mac-3
antibody to detect macrophages (20, 21). Furthermore, to detect
SLC family glutamine transporters, sections were stained with
anti-SLC1A5 (1:500; NBP1-59732; Novus Biologicals, Centennial,
CO, USA), anti-SCL3A2 (1:500; sc-390154; Santa Cruz
Biotechnology, Dallas, TX, USA), and anti-SLC7A7 (1:500;
PA5-113527; Thermo Fisher Scientific, Waltham, MA, USA))
antibodies, followed by development of a color reaction using
3.3’-diaminobenzidine.

Statistical Analysis

Results are presented as the mean * standard deviation (SD).
Normality was examined by a Shapiro-Wilk test, and equality of
variances was tested with an F test. For normally distributed
datasets, a two-tailed unpaired Student’s ¢ test in Microsoft Excel
was used to analyze differences between the groups. P-values
<0.05 were considered statistically significant.

RESULTS
In Vivo Stability of '®F-FGIn

'"8E-FGIn was prepared as previously reported, with comparable
yield and purity (14). Seventy minutes after '*F-FGIn
administration, all measured parameters of metabolism in both
control and diseased groups of mice were very similar. On average
(n=11), red blood cell uptake of the radioactivity was 46.8% + 1.5.
When analyzing plasma samples, an average (n = 11) of 24.6% *
4.4 of the radioactivity was bound to proteins after approximately
70 minutes post-injection. HPLC analysis of precipitated plasma
supernatant indicated that the amount of intact '*F-FGIn in
plasma was 78.2% + 4.0 (Supplementary Figure 2).

8F.FGIn Accumulates in Inflamed
Atherosclerotic Lesions in Mice

The in vivo PET/CT imaging studies of atherosclerotic mice
revealed that myocardial uptake of BE_FGIn (SUV jean 043 +
0.06, n = 4) was significantly lower than that of BE_EDG (SUV pean
10.84 + 1.10, n = 4, P < 0.0001; Figures 1A, B). PET/CT images

Atherosclerotic
8F-FDG

>

8F-FGIn

PET/CT

W
N
S
)

124

N
o
1
——

Myocardial uptake (SUV ean)

—

Healthy control
8F-FDG

8F-FGIn

Suv

Aortic arch (SUVmax)
Blood (SUVmean)

BF-FGIn ®F-FDG 5

10 15 20 25 30 35 40 45 50 55 60

Time (min)

FIGURE 1 | (A) Representative coronal PET/CT images of atherosclerotic and control mice administered with 8F_FGIn or '8F-FDG. White arrow indicate the aortic
arch (AA), and pink arrow indicates the myocardium. LV, left ventricle. (B) PET quantification of the myocardium, showing a significant difference between the tracers.
(C) "®F-FGiIn time-activity curves in the AA and blood (vena cava) of atherosclerotic mice show a statistically significant difference (n = 4). Values are presented as the
mean + SD (n = 4). P-values were calculated using a two-tailed unpaired Student’s t test.
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showed "®F-FGIn uptake by the aortic arch of atherosclerotic mice,
whereas '®*F-FDG was not detectable. The time-activity curve of
"8E_FGIn in the atherosclerotic aortic arch (SUV ) was higher
than that in blood (SUV yean; Figure 1C). For comparison, all
SUVnax and SUV ., time-activity curves of 18E_FGIn in the
aortic arch and blood of atherosclerotic mice are shown in
Supplementary Figure 3. The average TBR of "*F-FGIn in the
aortic arch of atherosclerotic mice (1.95 + 0.42) tended to be
higher than that in healthy control mice (1.44 + 0.10, n =4, P =
0.09). There was no difference in the TBR of '®F-FDG in the aortic
arch of atherosclerotic mice (2.77 + 0.71) and that of healthy
control mice (2.74 + 0.77, n = 4, P = 0.96).

Ex vivo gamma counting showed that uptake of "*F-FGIn in
the whole aorta of atherosclerotic mice (SUV 0.35 + 0.06) was
significantly higher than that in healthy controls (SUV 0.20 +
0.08, n =5, P = 0.03; Table 2). In both mouse strains, the highest
radioactivity concentration was observed in pancreas, and the
difference in this organ between LDLR"ApoB'*”*° and C57BL/
6JRj mice was statistically significant (P = 0.004). The lowest
uptake of '®F-FGIn was observed in brain, brown adipose tissue
and white adipose tissue, respectively.

Macrophages in Atherosclerotic Plaques
Express Glutamine Transporters

Two types of samples were taken from each mouse: 1) the aorta,
which extended from the aortic arch to the iliac artery bifurcation,
was frozen for longitudinal cryosections, 2) paraffin-embedded
aortic root was cut into cross-sections at the level of the left
coronary artery ostium. According to histological and Mac-3
macrophage staining of aortic roots and aortas, the LDLR”"
ApoB'°°/1°® mice had prominent, macrophage-rich
atherosclerotic lesions, while C57Bl/6]JRj mice had no signs of
atherosclerosis (Figures 2, 3 and Supplementary Figures 4, 5).

Immunostaining of aortic root sections from atherosclerotic
mice showed that plaque regions were enriched with Mac-3-
positive macrophages. Furthermore, SLC1A5, SLC3A2, and
SLC7A7 glutamine transporters were expressed in atherosclerotic
lesions, but with unique expression profiles. SLC1A5 was
expressed predominantly in aortic valve leaflets, whereas
SLC3A2 was expressed in atherosclerotic lesions. Expression of
SLC7A7 was prominent in both the aortic valve and
atherosclerotic lesions. Noticeably, SLC7A7-positive cells co-
localized with Mac-3-positive macrophages (Figure 2). However,
in control aortic roots without plaques, minimal staining with
either Mac-3 or glutamine transporter antibodies was visible
(Supplementary Figure 4).

18F_FGIn Uptake Is Associated With
SLC7AT7-Positive Macrophage-Rich
Lesions in Atherosclerotic Mice

To further elucidate the localization of '*F-FGIn and '*F-FDG
uptake in the aortas of atherosclerotic mice, we compared
autoradiographs with histological and immunohistochemical
staining. The results revealed that uptake of both '*F-FGln and
"E-FDG co-localized with Mac-3-positive macrophage-rich
lesions. Notably, those macrophages were also positive for
SLC7A7 (Figure 3A). Furthermore, detailed analysis of 18p.
FGIn uptake in atherosclerotic aortas showed that plaque
regions had higher uptake of '*F-FGIn (PSL/mm® 89.05 +
18.09, n = 5) than the vessel wall (PSL/mm? 34.60 + 5.23, P =
0.002) or adventitia (PSL/mm? 35.48 + 10.34, P = 0.001). There
was no difference in uptake of '*F-FGIn between the vessel wall
and adventitia in either the atherosclerotic or control groups
(Figure 3B). Furthermore, the average plaque-to-healthy vessel
wall ratio of '®F-FGln (2.90 + 0.42) was significantly higher than
that of "*F-FDG (1.93 + 0.22, n = 5, P = 0.004; Figure 3C).

TABLE 2 | Ex vivo biodistribution of "®F-FGIn at 70 minutes post-injection into mice (expressed as SUV).

Tissue LDLR”-ApoB'°%1% atherosclerotic mice (n = 5) C57BL/6JRj control mice (n = 5) P-value
Aorta 0.35 + 0.06 0.20 £ 0.08 0.03
Brown adipose tissue 0.29 + 0.03 0.48 £ 0.09 0.04
Bone (skull) 4.07 + 1.56 4.62 +0.36 0.38
Bone + marrow (femur) 3.06 + 1.18 3.48 +0.18 0.36
Blood 0.52 +0.10 0.51 +£0.02 0.86
Brain 0.27 +0.08 0.29 £ 0.02 0.66
Heart 0.78 + 0.18 0.96 +0.15 0.10
Intestine, small (empty) 2.71 £ 1.50 2.92 +0.49 0.94
Intestine, large (empty) 0.93 + 0.30 1.30 £ 0.20 0.05
Kidney 2.29 +0.92 241 +0.31 0.74
Lungs 0.85 +0.22 1.07 £ 0.26 0.40
Liver 1.20 £ 0.24 1.90 £ 0.14 0.0001
Lymph nodes 0.94 +0.30 1.28 + 0.1 0.06
Muscle 0.67 £ 0.28 0.91 £ 0.06 0.14
Pancreas 2.64 £ 0.62 4.77 £ 0.90 0.004
Plasma 0.60 + 0.11 0.61 £0.02 0.86
Spleen 1.04 £ 0.37 1.38 £ 0.16 0.06
Stomach 1.05 +0.24 1.34 £ 0.20 0.04
Thymus 0.90 + 0.38 0.94 +0.09 0.95
White adipose tissue 0.08 + 0.04 0.09 + 0.01 0.69

SUV, standardized uptake value, which is calculated as radioactivity concentration (becquerel per gram of tissue) normalized for injected radioactivity dose and animal body weight. Values
are presented as the mean + SD. P-values were calculated using a two-tailed unpaired Student’s t test.
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bar = 200 pm; zoomed region scale bar = 50 pm.

FIGURE 2 | Expression of Mac-3 and glutamine transporters by mouse aortic plague macrophages. Movat’s pentachrome staining of the aortic root demonstrates
that atherosclerotic plaques were composed mostly of a fibrous cap and a necrotic region. Immunostaining of adjacent sections shows that Mac-3-positive
macrophages are also positive for glutamine transporters SLC1A5, SLC3A2, and SLC7A7. Higher magnifications of the valve and plaque vessel regions are shown in
the black and red rectangular boxes, respectively. Expression of SLC1A5 is prominent in the aortic valve region but not in the vessel plaque region. Expression of
SLCBA2 is absent from the valve region but present in the vessel plagque region. Expression of SLC7A7 is clear in both the valve and vessel plaque regions. Scale

However, there was no clear tracer uptake by control aorta
(Supplementary Figure 5).

DISCUSSION

Imaging of atherosclerotic lesions with '*F-FDG may be difficult
due to physiological uptake by the myocardium and because
non-inflammatory cells may consume large amounts of glucose
during inflammation. Uptake of '*F-FGln, a glutamine analog
that is used for PET imaging of cancer (22-26) correlates with
upregulation of alanine-serine-cysteine transporter 2 (ASCT2), a
sodium-dependent neutral amino acid transporter of glutamine (27);

as such, it detects lesions more sensitively than BE_EDG (23).
Recently, we and others showed that uptake of '*F-FGIn by
gliomas is higher than that by healthy brain tissue (14, 15).

In addition to cancers, glutamine metabolism is altered in
some inflammatory conditions. A study by Tavakoli and co-
workers showed a difference in the uptake of glutamine and 2-
deoxyglucose by in vitro-polarized macrophages (10).
Macrophages polarized with IL-4 (M®y; 4) show higher uptake
of glutamine than macrophages polarized with interferon-
gamma and tumor necrosis factor alpha (M®yp.y 4+ TNE-o)s OF
unstimulated macrophages (M®,). In the same study, an ex vivo
experiment with '*C-glutamine showed uptake by macrophage-
rich atherosclerotic lesions in the aortas of mice.
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FIGURE 3 | (A) Representative images showing hematoxylin—eosin (H&E) staining, autoradiographs, Mac-3 macrophage staining, and SLC7A7 glutamine transporter
staining in consecutive aorta cryosections from atherosclerotic mice. Black rectangles denote the plaque region shown at higher magnification. Scale bar = 500 um;
zoomed region scale bar = 50 um. A, arch; AA, ascending aorta; B, brachiocephalic artery; D, descending thoracic aorta; L, lesion; LC, left common carotid artery; LS,
left subclavian artery; W, vessel wall. (B) Quantification of '®F-FGIn ex vivo autoradiography data showing differences in tracer uptake between plaques, vessel wall, and
adventitia in LDLR”ApoB'%”"% atherosclerotic and C67BL/6JR] healthy control mice aortas. Values are expressed as the mean + SD (n = 5). (C) Quantification of
autoradiography data showing a significant difference between the tracers (n = 5). Values are expressed as the mean + SD. P-values were calculated using a two-tailed
unpaired Student’s t test.
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Here, we report for the first time that after i.v. administration,
"E-FGIn accumulates in inflamed atherosclerotic lesions in
mice, which, combined with low myocardial uptake, facilitates
visualization of aortic arch lesions in vivo by PET/CT. The
myocardial uptake of '*F-FGlIn was 25-fold lower than that of
'"E-FDG (Figure 1B). Uptake of tracers by inflamed lesions was
further confirmed by a more detailed analysis using ex vivo
digital autoradiography of aorta sections, which showed a higher
plaque-to-healthy vessel wall ratio for '*F-FGIn than for '°F-
FDG (Figure 3C). Immunohistochemical staining confirmed
that uptake of '*F-FGIn accumulated in plaques rich in Mac-3
and SLC7A7-positive cells. However, our results do not preclude
that other cell types and glutamine transporters could be
responsible for part of "*F-FGIn uptake in atherosclerotic lesions.

To assess the in vivo stability of "*F-FGIn, blood samples were
collected 70 minutes after radiopharmaceutical administration
and subjected to multiple assays. Very little difference was
observed between control and disease populations with respect
to red blood cell uptake, plasma protein binding, and the purity
of the plasma fraction. Based on HPLC analysis, an average of
78.2% of plasma radioactivity detected 70 minutes post-injection
was derived from intact '*F-FGln, indicating good in
vivo stability.

Furthermore, immunostaining of aortic roots showed that
atherosclerotic plaques were rich in macrophages (Mac-3), and
that not all of the glutamine transporters are expressed uniformly
in the plaque region. In line with previous studies, we observed
that expression of SLC1A5 and SLC3A2 in the plaque region was
not ubiquitous (10). However, we noticed that SLC7A7
expression was universal in macrophages in plaques of the
aortic root, which supports the possibility that SLC7A7 is the
prominent glutamine transporter in macrophage-rich plaques of
the atherosclerotic aorta. Interestingly, a previous study has
reported that downregulating SLC7A7 in human macrophages
by using small interfering RNA triggers an inflammatory
phenotype (28) suggesting SLC7A7 contribution in
macrophage polarization

When we compared the plaque-to-healthy vessel wall ratio of
18E_FGIn (2.90 + 0.42) with that of other tracers using a similar
protocol for detection of atherosclerotic lesions, we found that it
was higher than that of "*F-FDG (1.93 + 0.22), '®F-FOL (2.6 +
0.58), ®*Ga-FOL (2.44 + 0.15), and ®*Ga-NODAGA-exendin-4
(1.6 £ 0.10) (19, 29, 30).

We acknowledge that this study has some limitations. It
should be noted that because the size of atherosclerotic plaques
in mice is small in relation to the spatial resolution of PET
scanner, spill over from adjacent tissue with low tracer uptake is
likely to artificially reduce the measured uptake in small lesions.
We did not perform '*F-FGIn blocking studies in vivo or in vitro.
Furthermore, we did not illustrate how glutamine consumption
changes in a plaque regression model. In vitro blocking studies
might provide insight into the specific solute carrier transporter
involved in transport of glutamine during atherosclerotic
inflammation. Further studies should determine whether
blocking one transporter in the family might decrease uptake
of glutamine, or whether blocking allows other transporters in

the family to take over and compensate for any loss of
glutamine uptake.

A study suggested that combined imaging of glucose and
glutamine metabolism is a potential approach to better
discriminate macrophage subtypes in atherosclerotic lesions
with higher ratio of glutamine to 2-deoxyglucose representing
the predominance of an anti-inflammatory macrophage
population (10). Our autoradiography results indicate that
indeed, both '"F-FDG and '®F-FGln accumulate in
atherosclerotic lesions showing relatively similar distribution in
macrophage-rich areas. However, we were not able to compare
uptake of these tracers directly in the same atherosclerotic lesions
due to limited '®F-FDG signal in PET images and the use of same
radionuclide precluding dual tracer autoradiography. Given the
feasibility of detecting atherosclerotic lesions with '®F-FGIn,
evaluation of the ratio of glutamine to 2-deoxyglucose seems a
feasible approach in future studies.

The results presented herein provide preclinical evidence that
'"8E_FGln is taken up by inflamed atherosclerotic lesions in mice.
Further studies using '®F-FGln in different atherosclerotic
settings and models would strengthen data supporting the
translational use of '"®F-FGIn as a tracer to image
atherosclerotic inflammation.
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Non-invasive imaging modalities constitute an increasingly important tool in diagnostic and
therapy response monitoring of patients with autoimmune diseases, including rheumatoid
arthritis (RA). In particular, macrophage imaging with positron emission tomography (PET)
using novel radiotracers based on differential expression of plasma membrane proteins and
functioning of cellular processes may be suited for this. Over the past decade, selective
expression of folate receptor B (FRB), a glycosylphosphatidylinositol-anchored plasma
membrane protein, on myeloid cells has emerged as an attractive target for macrophage
imaging by exploiting the high binding affinity of folate-based PET tracers. This work
discusses molecular, biochemical and functional properties of FRpB, describes the
preclinical development of a folate-PET tracer and the evaluation of this tracer in a
translational model of arthritis for diagnostics and therapy-response monitoring, and
finally the first clinical application of the folate-PET tracer in RA patients with active
disease. Consequently, folate-based PET tracers hold great promise for macrophage
imaging in a variety of (chronic) inflammatory (autoimmune) diseases beyond RA.

Keywords: PET imaging, folate receptor beta, rheumatoid arthritis, macrophage, antigen-induced arthritis

1 THE ROLE OF FOLATE RECEPTOR BETA FOR PET
IMAGING IN ARTHRITIS

1.1 Synovial Macrophages as Biomarkers for RA

Disease Activity Assessment

Rheumatoid arthritis (RA) is an autoimmune disease of the joints characterized by the infiltration of
various immune cells in the synovium amongst which macrophages play an important role (1, 2).
Macrophages impact on other immune cells and inflammatory processes via the release of
proinflammatory cytokines (e.g. TNFa) and chemokines, which may promote activation of
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T cells and other immune cells, trigger endothelial cell activation
and (pathological) angiogenesis, and induce osteoclast activation
(3, 4). Synovial tissue analysis has pointed out that the (activated)
synovial macrophage is a key biomarker for disease activity
assessment from the early disease onwards and for monitoring
of therapeutic efficacy at later stages of the disease (5, 6). The
basic synovial joint architecture of the healthy joint is comprised
of a double layered structure (synovial lining) which holds tissue
resident macrophages, and underneath a vascularized sub-lining
layer of connective tissue (7). In the early stages of RA,
infiltration of immune cells is observed in combination with
activation of resident macrophages present in the synovial lining
layer (2). Established RA is marked by progressive macrophage
infiltration in the synovium (~10-20 layers) (8). In fact,
macrophages represent one of the most prominent cell types
present in the synovium during early stage and also established
RA (2, 9, 10), being responsive to treatment (6), and thus
underscoring their exploitation as a biomarker for the
assessment of RA disease through positron emission
tomography (PET) imaging.

The importance of macrophages as key player in the
pathogenesis of RA has been explored in both preclinical and
clinical studies. It has for example been shown in animal models
of arthritis that depletion of macrophages significantly decreases
the severity of the disease (11, 12). Also, in RA patients,
macrophage infiltration in the RA synovium has been found to
significantly correlate with disease severity (e.g. with changes in
disease activity score (DAS) and composite change index) (5, 6,
13). In addition, recent in depth cellular and molecular analyses
of RA synovial tissues revealed that RA patients could be
stratified in 3 pathology groups based on the presence of
specific immune cell types (14-16). These 3 pathotypes were
designated diffuse-myeloid (characterized by predominantly
myeloid cell infiltration, notably macrophages), lympho-
myeloid (predominantly B-cell infiltration), and pauci-immune
(low immune cell infiltration) (14). Remarkably, a higher diffuse-
myeloid gene expression profile, thus characterized by
macrophage infiltration, was associated with a higher DAS 28-
ESR and a larger DAS 28-ESR reduction after treatment with
disease modifying anti-rheumatic drugs (DMARDs) (14), again
underscoring the importance of the synovial macrophage as
biomarker for RA disease activity.

Although it is well recognized that macrophages play an
important role in the pathology of RA, they can exert both
pro- and anti-inflammatory roles associated with their
polarization (17). The synovial cytokine milieu, in particular
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and macrophage colony-stimulating-factor (M-CSF),
constitutes the driving force in skewing macrophages to the
MI1-type pro-inflammatory phenotype and the M2-type anti-
inflammatory macrophage, respectively (9, 18-20). M1 and M2
represent the extremes of macrophage polarization and have
been characterized based on differences in their transcriptome,
secretome and proteome profiles (19-22). Several (membrane)
marker proteins are commonly used to classify M1 (e.g. CD80,
TNFa, iNOS) and M2 (e.g. CD163, IL-10, Arginase) macrophage

subpopulations, and have been associated to an inflammatory or
remission state of RA. For example, macrophage subpopulations
were found associated with RA disease remission such as
synovial tissue macrophages that are MerTK positive
(MerTKpos), lymphatic vessel endothelial hyaluronan receptor
1 positive (LYVElpos) and have a high expression of Folate
Receptor (FR) beta (FRB-high) (23). In the context of this review,
FRP expression has long been recognized on macrophages that
are triggered by inflammatory stimuli and on activated
macrophages in inflamed joints of RA patients (24, 25). In ex-
vivo M-CSF skewed monocyte-derived macrophages, FRP is
differentially expressed on M2-type macrophages (26-28).
However, in inflamed RA synovium, these FRB-expressing M2-
macrophages can produce pro-inflammatory cytokines when
exposed to either pro-inflammatory stimuli (i.e. lipo-
polysaccharide (LPS) + interferon-y (IFNy) (19) or an RA
synovial microenvironment with anti-citrullinated protein
antibodies or complex IgGs (29, 30). Together, FRf is a bona
fide marker on synovial macrophage subpopulations, even
though its exact role in function in either pro- and anti-
inflammatory macrophages needs to be defined in greater
detail. FRB expression on (activated) macrophages in RA has
initiated research aimed at therapeutic targeting as well disease
monitoring with imaging modalities (31, 32), which will be
discussed in the next sections.

1.2 Folate Receptors: Function, Structure
and Targeting

Human FRs are high affinity binding proteins for folates (folic
acid and reduced folate cofactors) which are essential vitamins
necessary for single carbon transfer reactions in amino acid
biosynthesis (e.g. conversion of homocysteine into methionine)
and for de novo purine and thymidylate biosynthesis (33-35).
There are four types of FRs: FR-alpha (FRat), FR-beta (FRp), FR-
gamma (FRy) and FR-delta (FRY) (Figure 1A). Of those, FRa,
FRP and FRS are glycosylphosphatidylinositol (GPI) membrane
anchored, whereas FRy is a secreted form (mainly from
hematopoietic cells) because of a lack of an efficient signal for
GPI modification (36-39). FRat is expressed on normal epithelial
cells (e.g. kidney, spleen and lung tissue) (40) and tumor tissues
like ovarian, breast (41), pancreatic and lung carcinomas (42, 43).
FRp is selectively expressed on cells of the myeloid lineage (44, 45)
and is upregulated on activated macrophages in active RA disease
(24, 25) wherein its expression is regulated by PU.1 transcription
factor (46). The FRS gene was originally identified being highly
homologous mouse folate binding protein 3 (Folbp3) (47), but
does not harbor folate binding capacity (48). FR3 (and splice
variants thereof) is expressed on regulatory T cells and has a
proposed function in immune regulation (49).

Macrophage FRP is a valid target for folate-based imaging
(Figure 1B), along with other FRf targeting approaches
(Figure 1C) by (drug-conjugated) monoclonal antibodies,
folate-conjugated drugs, CAR T cells and folate antagonists
(25, 31, 34, 50, 51). FRP contains a binding pocket for folic
acid where binding of folic acid is facilitated by a conformational
change in two regions of the receptor, in particular the region
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FIGURE 1 | Macrophage FRp for folate-based imaging and therapeutic targeting. (A) Folate receptor isoforms FRa, FRB, FRy and FRS, their GPI-membrane
anchoring (except FRy), and cell/tissue expression. (B) Selective expression of FRp (cyanin), a glycosylphosphatidylinositol-anchored plasma membrane protein, on
myeloid cells (e.g. macrophages) constitutes a suitable target for imaging of inflammatory disease, including RA. Folate (pink ellipse) is coupled to a radioactive
isotope (for PET or SPECT) or near infrared fluorescent dye (for optical imaging). Following high affinity binding to FRp, these imaging agents may stay membrane
bound or potentially internalized via endocytosis. (C) Macrophage FR can also be subject to therapeutic targeting to ameliorate inflammation. This can be achieved
by (drug-conjugated) monoclonal antibodies, folate-conjugated drugs, CAR-T cells targeted towards FRB and with small molecule folate antagonists. (D) Folic acid,
the primary circulating plasma folate form 5-CHs-THF, and folate antagonist therapeutic drugs MTX or PMX can bind to FRp or one of the two other folate carriers
expressed on macrophages, i.e. RFC/SLC19A1 and PCFT/SLC46A1. The binding affinity of 5-CHs-THF, MTX and PMX varies for FRB, RFC and PCFT, respectively,
as indicated by colored arrows. For example, 5-CHz-THF binding affinity to FRB > MTX and PMX. MTX transport is facilitated by all three folate carriers, but with
slightly higher affinities for RFC and PCFT. PMX displays the highest affinity to PCFT, moderate affinity to RFC and the lowest affinity for FRB. (E) Chemical structures
of folic acid, (6S)-5CHs-THF, methotrexate (MTX) and pemetrexed (PMX) illustrating the shared pterin moiety which is captured in the folic acid binding cleft of FRp.
(F) Chemical structure of ['®F]fluoro-PEG-Folate, the folate PET imaging agent for high-affinity binding to FRB on macrophages and utilization for diagnostics and
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connecting beta strand 1 and 2 and the region of alpha helix 1
(52). Like folic acid, folate antagonist therapeutic drugs such as
methotrexate (MTX, the anchor drug in RA treatment) (53, 54)
and pemetrexed (PMX) (55) share a pterin moiety in their
structure which can bind in the hydrophobic region of the
binding pocket of FRP (52) (Figure 1D). FRo. and FRp share
high affinity binding of folic acid with Kd’s in the low nanomolar
range (0.1-1 nM) (36). Structure activity testing disclosed anti-
folate structures with FRo. and FRP affinities close to folic acid, 2-
3 orders of magnitude lower affinities for MTX than folic acid
and intermediate affinities for PMX (25, 56).

In order to elicit therapeutic activity against macrophages,
a folate antagonist should compete with FRP binding
of the primary circulating reduced folate in plasma, 5-
methyltetrahydrofolate (5-CH;-THF) (25). Also FRP functions
as one of three transport proteins for folates and antifolates, the
two others are the reduced folate carrier (RFC, SLC19A1) and
proton-coupled folate transporter (PCFT, SLC46A1) (57)
(Figure 1E). The expression of these 3 folate transporters does
vary between polarized macrophages; in ex vivo skewed
monocytes to M1-type macrophages by GM-CSF and M2-type
macrophage by M-CSF, REC gene expression is differentially
higher in M1-type macrophages, whereas FRB and PCFT
expression are markedly higher in M2-type macrophages
(27, 28). Given that FRo/p also retain a high affinity binding
profile for folate conjugates, this allowed the design of folate
conjugates which could serve as folate based imaging agents like
['®F]fluoro-PEG-folate (Figure 1F) (58-60).

1.3 PET Imaging of Macrophages
Over the past decade, non-invasive molecular imaging techniques
that assess RA disease activity using macrophage PET imaging
have been developed (31, 58, 61-63). Disease activity assessment
of RA is currently performed clinically through calculation of the
DAS, which takes into account the number of swollen and tender
joints, the erythrocyte sedimentation rate (ESR) and the visual
analogue score (VAS) (1). However, the DAS score contains
subjective elements and is limited to the sensitivity and
specificity of clinical assessment of tenderness and swelling of
the joints (64). To make further steps in improvement of
diagnostics and monitoring of disease activity, objective tools
such as macrophage (whole body) PET imaging may offer new
opportunities for early diagnosis and early determination of the
treatment outcome. Early diagnosis (even before clinical
diagnosis) and effective, personalized treatment may ultimately
result in prevention of (progression of) joint damage (1).
Initially, imaging studies were performed for FRo-expressing
tumors with folate-SPECT tracer [*°Tc]EC20 (48). By
serendipity, imaging of a cancer patient who had an arthritic
comorbidity showed a positive scan of the inflamed knee joint
due to infiltration of FRB-positive macrophages (65). This was
the start of exploration of arthritis imaging by FRP targeting. The
easy accessibility as GPI-linked plasma membrane protein and
its myeloid cell specific expression constitutes FRP a suitable
target for macrophage imaging. [**Tc]EC20 proved its suitability
in visualizing FRB-positive macrophages in inflamed joints of

arthritic rats (66) and RA patients (67). These findings
encouraged the development of folate-based PET tracer which
would provide a higher sensitivity and spatial resolution
compared to scintigraphy.

The original synthesis of folate-based PET tracers relied on
chemistry linking folic acid with an spacer moiety (polyethylene
glycol) as a precursor molecule to which the PET isotope is
coupled (68). This approach was adopted in studies by Gent et al.
(58) and Kularatne et al. (59) to synthesize ['®F]fluoro-PEG-
folate (Figure 1F). Assessment of FR binding affinity for fluoro-
PEG-folate in a [*H]folic acid competition assay showed that the
unlabeled tracer had a 2-fold lower affinity than for folic acid, but
a 2.5-fold higher affinity than for the circulating plasma folate
5CH;-THEF (58). After fulfilling this important criterium of high
affinity binding and outcompeting binding of circulating plasma
5-CH;-THE, next ['®F]fluoro-PEG-folate was examined further
for in vivo PET-based monitoring of disease activity and therapy
response in a preclinical model of RA (see section 2).

2 FOLATE RECEPTOR B-TARGETED
IMAGING IN THE ANTIGEN-INDUCED
ARTHRITIS MODEL

2.1 The Antigen-Induced Arthritis Model

In the preclinical assessment of FRf as a macrophage target for
PET imaging of arthritis, Chandrupatla et al. established a pre-
clinical rat model of arthritis with sustained macrophage
infiltration in the joints (69). In this model arthritis is induced
through immunization with methylated bovine serum albumin
(mBSA) in complete Freund’s adjuvant (CFA) and custom
Bordetella pertussis antigen (CBP) following one or repeated
intra-articular (i.a.) injections with mBSA in one knee of the rat
(leaving the contralateral knee as control), after which synovial
inflammation accompanied by an increase in knee thickness
occurs over 3 days (Figures 2A, B) (69). This antigen-induced
arthritis model was selected for PET imaging of molecular
markers in arthritis and therapeutic evaluations due to several
reasons; (i) the model is mono-articular, and hence the contra-
lateral and other joints can serve as control, (ii) the model is
relatively mild and is not accompanied by severe bone
destruction or polyarticular involvement, (iii) the model is also
reminiscent of human RA featuring macrophage infiltration
(71, 72) (Figure 2C) and moderate systemic inflammation
manifested by modest macrophage infiltration in the liver and
spleen (70), (iv) macrophage infiltration can be sustained by
repeated mBSA injections, which is a good condition for
therapeutic monitoring (69), and (v) the larger size of the rat
allows injecting more radioactivity and the larger knee size of the
rat (compared to a mouse) is advantageous given the spatial
resolution of most PET scanners. This model therefore allows for
studying if ['®F]fluoro-PEG-folate is a suitable tracer for
objective macrophage imaging in arthritis affected joints and
for longitudinally studying the effect of anti-rheumatic drugs on
joint macrophage infiltration (58, 62, 70).
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FIGURE 2 | Antigen induced arthritis (AIA) rat model used in preclinical studies for PET imaging with [18F]fluoro—PEG—foIate tracer. (A) Schematic representation of
the preclinical set up of the experiment: starting at day 0 and day 7 with an immunization of the rat with an emulsion of Complete Freund’s Adjuvant, Custom
Bordetella Pertussis and methylated BSA (mBSA). Immunization status is checked at day 14 with a delayed type hypersensitivity (DTH) test through injection of
mBSA in the ear. Around day 18, an intra-articular (i.a.) injection is given in one of the knees with mBSA. During the whole duration of the experiment or after i.a.
injection, the rat can be treated with FRB-targeted folate antagonist such as MTX or PMX. A baseline (/pre-treatment) PET scan and post-treatment PET scan with
["®Ffluoro-PEG-folate have been used to monitor the effect of antifolate therapy. (B) After 1-3 days post i.a. injection a significant swelling of the knee diameter is
seen in the arthritis-affected leg (***p < 0.0001, two-way ANOVA, N = 9 rats/group, paired samples). (C) Representative image of macrophage infiltration in the
synovium of the arthritic leg as detected by immunohistochemical (IHC) DAB-staining of rat knee tissue with ED-1 antibody (HM3029, Hycult Biotech) (scale bar =
50um). (D) lilustrative image of increased ['®Flfluoro-PEG-folate uptake in the arthritic knee (lower panel, arthritic leg) vs. the non-arthritic, contra-lateral knee (upper
panel, control leg) of an AlA rat. Both images are scaled to the same standard uptake value based on the injected dose (in MBg/ml) of the tracer and the body
weight of the animal (in g.). (E) Biodistribution of [*®Flfluoro-PEG-folate in the arthritic knee, liver and spleen of non-treated and MTX-treated AIA rats. Data were
corrected for blood %ID/g. (F) Biodistribution of ['®Flfluoro-PEG-folate in the arthritic knee, liver and spleen of non-treated and PMX-treated AIA rats. Data were
corrected for blood %ID/g. Statistics for images E-F were performed in Graph-Pad Prism version 9, *p < 0.01, Mann-Whitney U test for non-parametric divided data,
*p < 0.05, **p < 0.001, unpaired T-TEST for parametric divided data, N = 4 rats/group. All results described in Figure 2 were derived (and reanalyzed were
indicated) from own research (58, 62, 69, 70).
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2.2 FRB-Targeted Macrophage PET
Imaging in Arthritic Rats

Initially, imaging for FRP in preclinical arthritis models and RA
patients was performed with the SPECT tracer [**™Tc]EC20 (66,
67). It has only been up until recently that the ['®F]-PEG-folate
tracer has been tested pre-clinically in a model of arthritis (i.e. the
AIA model). Gent et al. showed that in arthritic rats scanned
with ['®F]fluoro-PEG-folate had a ~50% increased tracer uptake
in the arthritic knee compared to the contralateral uninflamed
knee joint (58) (see illustrative image Figure 2D). Gent et al. also
showed that the ['®F]fluoro-PEG-folate tracer specifically
targeted folate receptors since blocking of this receptor with

PET

Figure 3

['®F]fluoro-PEG-folate PET/ CT scan

PET/CT

FIGURE 3 | lllustration of the clinical validation of the ['®Ffluoro-PEG-folate tracer in patients with rheumatoid arthritis. (A) Upper panel showing an illustrative
example of immunofluorescent staining of CD68 (left), FRB (middle) and CD68 + FRB merged staining in a synovial knee biopsy of an RA patient with active disease.
Lower panel depicts marked expression of CD68- and FRB-positive macrophages in both synovial lining and sublining (see the zoomed view of the dashed marked
box in the upper panel of the RA synovial tissue. (B) Representative example of high specific uptake of ["®Ffluoro-PEG-folate in the hand joints of a patient with high
RA disease activity vs. marginal uptake in the hand joints of a RA patient with low disease activity in the hands. Both images are scaled to the same standard uptake
value based on the injected dose (in MBg/ml) of the tracer and the body weight of the patient (in kg.). All representative images of Figure 3 were derived from own

unlabeled glucosamine-folate significantly abolished ['*F]fluoro-
PEG-folate uptake in the arthritic knees (58).

Treatment of arthritic rats with different dosages of the folate
antagonist MTX significantly reduced (~2-4 fold) tracer uptake in
the arthritic knee compared to the arthritic knee of untreated rats
(62, 70) (Figure 2E). Consistently, histological analysis
demonstrated that macrophage infiltration was also ~2-4 fold
reduced in the arthritic knee as well as in the liver and spleen
following MTX therapy (70). Involvement of liver and spleen point
to systemic inflammation in the arthritic rat model, which is
suppressed by MTX treatment (70). This is in line with the
systemic character of RA in patients (73). Similar results were
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obtained after treatment of arthritic rats with the second-
generation folate antagonist pemetrexed (PMX)/Alimta (74).
['®F]fluoro-PEG-folate uptake in the arthritic knee, liver and
spleen of PMX treated rats was reduced ~2.2; 3.2 and 1.6-fold,
respectively compared to untreated rats (Figure 2F). PMX was
originally developed to overcome MTX resistance in cancer
chemotherapy (55) by harboring more efficient transport
properties via RFC, PCFT and FR than MTX (Figure 1C). PMX
has shown anti-arthritic effects by suppressing cytokine production
in activated T cells of RA patients (75), experimental arthritis
models (74) and polarized macrophages in vitro (28). Together,
these preclinical studies demonstrate the suitability and feasibility
of macrophage PET with ['8F]fluoro-PEG-folate for arthritis
disease monitoring and therapy response monitoring thereby
supporting clinical studies in RA. Preclinical animal studies also
revealed that ['®F]fluoro-PEG-folate may provide improved
arthritis imaging compared to an established macrophage
translocator protein (TSPO) tracer (R)-["'C]PK11195 (58) as a
2.3-fold higher arthritic knee over blood ratios was observed for
[*®F]fluoro-PEG-folate than for (R)-["'C]PK11195.

3 CLINICAL EVALUATION OF FOLATE PET
IMAGING IN RA PATIENTS

3.1 First Clinical Study With ['®F]fluoro-
PEG-Folate in RA Patients

Immuno-histochemical and immuno-fluorescent analysis of FR3
expression in RA synovial biopsies showed marked expression of
double CD68 and FRB-positive macrophages in both lining and
sublining of RA synovial tissue (representative example shown in
Figure 3A) (25), thus encouraging further clinical evaluation of
the ['®F]fluoro-PEG-folate PET tracer. The first clinical
evaluation of the ['®F]fluoro-PEG-folate PET tracer for
arthritis was performed by Verweij et al. in RA patients (61).
This study showed uptake of the ['*F]fluoro PEG folate PET
tracer in clinically active joints (Figure 3B). Although the
absolute tracer uptake of ['®*F]fluoro-PEG-folate in arthritic
joints was ~ 2.5-fold lower than for the previously investigated
macrophage tracer (R)-[*'C]-PK11195, the target-to-
background ratios of ['8F]fluoro-PEG-folate PET-CT were
significantly higher (3.5 + 2.2 versus 1.7 £ 0.6; p<0.02; n=6
patients) (61). This was a relevant improvement regarding
clinical application of macrophage PET imaging in RA, since
PK11195 (first generation TSPO) imaging in RA is limited by
relatively high background uptake in bone marrow and peri-
articular tissues (e.g. muscle) (76). As a consequence, more subtle
arthritis activity can easily be missed, which is particularly
relevant for early disease assessment and highly sensitive
monitoring of therapeutic efficacy. Both clinically and sub-
clinically inflamed joints were imaged by folate PET-CT with
lower false positive and false negative findings (as compared to
clinical findings) than PK11195 PET-CT (61). This holds
promise for ['®F]fluoro-PEG-folate PET-CT in terms of
potential predictive value in clinical RA diagnosis and
development of relapse in established disease, since previous

studies with PK11195 PET-CT already demonstrated predictive
value for these clinical applications (76, 77), which thus may be
further improved using [**F]fluoro-PEG-folate whole body PET-
CT. Our preliminary data also point at the potential ['*F]
fluoro-PEG-folate PET-CT to monitor treatment efficacy of
anti-rheumatic drugs including of anti-folates (70). ['®*F]fluoro-
PEG-folate binding affinity towards FRf3 outweighs methotrexate
by at least 2-3 orders of magnitude (26, 58). If, additionally, a
safe time window of 7 days is applied between last methotrexate
administration and ['*F]fluoro-PEG-folate, no blockade of [**F]
fluoro-PEG-folate binding in arthritic joints of RA patients by
anti-folates (61).

3.2 Future Perspectives

Given the fact that macrophage PET imaging with FRf has shown
clinical feasibility in RA patients, future challenges will be to
use folate PET tracers for detection of disease activity in early
stage RA and monitoring/prediction of the therapy response of
targeted synthetic or biological DMARDs in joints and other
sides affected by systemic inflammation. Furthermore, many
other inflammatory diseases with macrophage involvement, e.g.
idiopathic pulmonary fibrosis, systemic lupus erythematosus,
scleroderma, psoriasis, ulcerative colitis, Crohn’s disease (78,
79), giant cell arteritis (80), cardiovascular diseases (81, 82) and
tumor associated macrophages in oncology (43) may benefit from
folate PET imaging to detect and monitor disease activity.
Recently, also folate PET imaging of lung macrophages in
COVID-19 was advocated to identify patients at risk of a severe
or even lethal disease (83). Steps forward in the folate-linker
chemistry also allow for more rapid synthesis of alternative folate
tracers from precursor molecules, e.g. ['*F]folate-PEG-NOTA-Al
(84), which are promising but warrant further (pre)clinical
evaluation. Beyond PET tracers, there is also increasing interest
in the development of folate near- infrared/optical imaging agents
for FRP targeting in oncology and inflammatory diseases (85, 86).
Altogether, FRP remains a reputable target for continued research
and (pre)clinical testing of imaging and therapeutic agents in a
wide range of pathological conditions.
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Background: Programmed death-ligand 1 (PD-L1) regulates immune homeostasis by
promoting T-cell exhaustion. It is involved in chronic infections and tumor progression.
Nuclear imaging using radiolabeled anti-PD-L1 antibodies can monitor PD-L1 tissue
expression and antibody distribution. However, physiological PD-L1 can cause rapid
antibody clearance from blood at imaging doses. Therefore, we hypothesized that
inflammatory responses, which can induce PD-L1 expression, affect anti-PD-L1
antibody distribution. Here, we investigated the effects of three different infectious
stimuli on the pharmacokinetics and tumor targeting of radiolabeled anti-PD-L1
antibodies in tumor-bearing mice.

Materials/Methods: Anti-mouse-PD-L1 and isotype control antibodies were labelled
with indium-111 ([""'In]in-DTPA-anti-mPD-L1 and ['"'In]in-DTPA-IgG2a, respectively).
We evaluated the effect of inflammatory responses on the pharmacokinetics of [ 'In]In-
DTPA-anti-mPD-L1 in RenCa tumor-bearing BALB/c mice in three conditions:
lipopolysaccharide (LPS), local Staphylococcus aureus, and heat-killed Candida
albicans. After intravenous injection of 30 or 100 pg of ['''In]in-DTPA-anti-mPD-L1 or
[""In]In-DTPA-IgG2a, blood samples were collected 1, 4, and 24 h p.i. followed by
microSPECT/CT and ex vivo biodistribution analyses. PD-L1 expression, neutrophil, and
macrophage infiltration in relevant tissues were evaluated immunohistochemically.

Results: In 30 pg of ['"'In]in-DTPA-anti-mPD-L1 injected tumor-bearing mice the LPS-
challenge significantly increased lymphoid organ uptake compared with vehicle controls
(spleen: 49.9 + 4.4%ID/g versus 21.2 + 6.9%ID/g, p < 0.001), resulting in lower blood levels
(8.6 = 1.6%ID/g versus 11.5 + 7.2%ID/g; p < 0.01) and reduced tumor targeting (8.1 +
4.5%ID/g versus 25.2 + 5.2%ID/g, p < 0.001). Local S. aureus infections showed high
PD-L1* neutrophil influx resulting in significantly increased ["''In]in-DTPA-anti-mPD-L1
uptake in affected muscles (8.6 + 2.6%ID/g versus 1.7 + 0.8%ID/g, p < 0.001). Heat-killed
Candida albicans (Hk-C. albicans) challenge did not affect pharmacokinetics. Increasing
["In)In-DTPA-anti-mPD-L1 dose to 100 pg normalized blood clearance and tumor uptake
in LPS-challenged mice, although lymphoid organ uptake remained higher. Infectious
stimuli did not affect [ 'In]in-DTPA-IgG2a pharmacokinetics.
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Conclusions: This study shows that anti-PD-L1 antibody pharmacokinetics and tumor
targeting can be significantly altered by severe inflammatory responses, which can be
compensated for by increasing the tracer dose. This has implications for developing
clinical PD-L1 imaging protocols in onco-immunology. We further demonstrate that
radiolabeled anti-PD-L1 antibodies can be used to evaluate PD-L1 expression changes
in a range of infectious diseases. This supports the exploration of using these techniques
to assess hosts’ responses to infectious stimuli.

Keywords: PD-L1, Staphylococcus aureus, Candida albicans, lipopolysaccharide, nuclear imaging (SPECT),

antibody, cancer, infectious diseases

INTRODUCTION

Immune checkpoint molecules play a vital role in immune
homeostasis; they prevent autoimmune disease and maintain
tissue integrity during inflammatory responses. Programmed
death-ligand 1 (PD-L1, also CD274) is a key immune
checkpoint, with a dynamic expression profile on a broad
range of tissues (1). It promotes effector T-cell exhaustion
when ligating its receptor programmed death-1 (PD-1),
thereby down-tuning the adaptive immune response. In cancer
patients, PD-L1 expressed by tumor or activated immune cells
promotes immune escape (2, 3). Blocking PD-L1 with
therapeutic antibodies results in increased anti-tumor
immunity in various cancer types and has revolutionized
cancer immunotherapy (4). In response to infection, increased
levels of local or systemic proinflammatory cytokines, e.g., IFN-y
and TNF-a, induce the upregulation of PD-1/PD-L1 expression
(5-7). Paralleling onco-immunology, T-cell dysfunction and
exhaustion mediated by increased PD-1/PD-L1 expression in
patients with unresolved chronic infections or sepsis result in
ineffective microbial clearing and increased mortality (5, 6, 8).
In preclinical sepsis models, PD-1 and PD-L1 blocking
monoclonal antibodies (mAb) have been shown to reinvigorate
the immune system, thereby enhancing bacterial clearance and
improving survival (9, 10). These results prompted clinical
studies evaluating the efficacy of PD-1 or PD-LI targeting
mAbs in patients with sepsis (11, 12).

Nuclear imaging using radiolabeled anti-PD-L1 antibodies
allows for non-invasive, sensitive, and quantitative assessments
of PD-L1 expression on a whole-body scale (13-16). Various
preclinical studies in onco-immunology have demonstrated the
feasibility of this approach in immunocompetent mouse models

Abbreviations: PD-L1, programmed death-ligand 1; PD-1, programmed cell
death protein 1; LPS, lipopolysaccharide; Hk-C. albicans, heat-killed Candida
albicans; S. aureus, Staphylococcus aureus; IFN-y, interferon gamma; TNF-a,
tumor necrosis factor alpha; '''In-mPD-L1, indium-111-labeled anti-mouse PD-
L1 antibody; '''In-rlgG2a, indium-111-labeled rat IgG2a antibody; Ict-DTPA,
isothiocyanatobenzyl-diethylenetriaminepentaacetic acid; MBq, megabequerel; A,
specific activity; EDTA, ethylenediaminetetraacetic; SPECT, single-photon
emission CT; iTLC, instant thin-layer chromatography; CFU, colony-forming
units; i.v., intravenous; i.p., intraperitoneal; i.m., Intramuscular; Pi, post injection;
RT, room temperature; TMDD, target-mediated drug disposition; AR, antigen
retrieval; PBS, phosphate-buffered saline; BSA, bovine serum albumin; Nrab$,
normal rabbit serum; (m)Ab, (monoclonal) antibody; v/v, volume per volume.

(17-19). Moreover, recent clinical studies using a radiolabeled
anti-PD-L1 antibody (14, 20), adnectin (15), peptide (21), or
nanobody (22) demonstrated that nuclear imaging using PD-L1
targeting tracers can assess PD-L1 expression in vivo (18).
Accumulation of the radiolabeled anti-PD-L1 antibodies was
also observed in tissues with physiological PD-L1 expression
(e.g., spleen, lymph nodes, and bone marrow) as well as in
inflammatory sites (14). In general, the spleen is the main organ
for the accumulation of radiolabeled antibodies (23). During
systemic responses to infection, PD-L1 expression in the spleen
is upregulated (10). Therefore, we hypothesized that
inflammatory responses that induce local or systemic PD-L1
expression can affect anti-PD-L1 antibody biodistributions.
Furthermore, no study has performed an in-depth
investigation of PD-L1 expression or imaging in infectious
disease models.

The aim of our study was to assess changes in PD-L1 expression
in response to a range of inflammatory stimuli and how these would
influence imaging of PD-L1 expression in the tumor. Severe-to-
mild bacterial infection was mimicked by inducing systemic
inflammatory responses with lipopolysaccharide (LPS), or local
responses with Staphylococcus aureus infection or heat-killed
Candida albicans (Hk-C. albicans) in tumor-bearing mice.
Analysis of blood clearance and in vivo biodistribution of
different doses of indium-111-labeled anti-mPD-L1 antibodies
showed that inflammatory responses can significantly alter the
physiological PD-L1 expression in lymphoid organs, both locally
and systemically. This resulted in accelerated blood clearance and
decreased tumor targeting of radiolabeled PD-L1 antibodies.

MATERIALS AND METHODS
Study Design

The effect of three clinically relevant infection models on the
pharmacokinetics of anti-mPD-L1 antibodies was investigated.
For this purpose, RenCa tumor-bearing female BALB/c mice
were injected with 1) LPS intraperitoneal, 2) S. aureus
intramuscular, 3) Hk-C. albicans intraperitoneal, 4) vehicle
intramuscular, or 5) vehicle intraperitoneal. Subsequently, mice
were injected intravenously with 30 g of ['''In]In-DTPA-anti-
mPD-L1 mAb (*"'In-mPD-L1, previously determined as the
optimal tracer dose for PD-L1 imaging) (24). Next, the effect
of antibody dosing on the pharmacokinetics in these infection
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models was examined by injecting identical groups with 100 pg
of ""'In-mPD-L1. Finally, to assess whether uptake was PD-L1
specific, subgroups of mice were injected with 30 or 100 pg of
"""In-labeled non-biologically affine IgG2a. For all conditions,
the antibody blood concentrations were assessed by collecting
blood samples at several time points following tracer injection.
Furthermore, the distribution of the radiolabeled antibodies was
assessed by single-photon emission CT (SPECT)/CT and ex vivo
biodistribution analysis. PD-L1 tissue expression was
investigated immunohistochemically. All in vivo experiments
were approved by the Animal Welfare Body of the Radboud
University, Nijmegen, and the Central Authority for Scientific
Procedures on Animals and were conducted in accordance with
the principles laid out by the Dutch Act on Animal
Experiments (2014).

Cell Culture

RenCa murine renal cell carcinoma cells (CLS, 400321) were
cultured in Roswell Park Memorial Institute (RPMI) 1640
(Gibco, Life Technologies Limited, Paisley, UK), supplemented
with 10% fetal calf serum (FCS; Sigma-Aldrich Chemie BV,
Zwijndrecht, the Netherlands) and 2 mmol/L glutamine (Gibco,
Grand Island, NY, USA) at 37°C in a humidified atmosphere
containing 5% CO,. Cells were tested and found negative for
mycoplasma and mouse pathogens. The maximum number of
passages between thawing and tumor cell inoculation was five.

Tumor-Bearing Mice

Female BALB/c mice (n = 126, 10-12 weeks, Janvier Labs, Le
Genest-Saint-Isle, France) were housed under specific-pathogen-
free conditions in individually ventilated cages with a filter top
(Blue line IVC, Techniplast, Buguggiate, VA, Italy) in which cage
enrichment was present and food and water were available ad
libitum. Mice (n = 121) were injected subcutaneously (right
flank) with 0.5 x 10° RenCa cells in 200 pl of RPMI 1640. Tumor
size was measured using a caliper twice weekly. When mean
tumor volume reached approximately 0.2 cm?, mice were block-
randomized into the following groups; 1) LPS intraperitoneal, 2)
S. aureus intramuscular, 3) Hk-C. albicans intraperitoneal, 4)
vehicle control intraperitoneal, or 5) vehicle control
intramuscular. A total of 21 mice were excluded from analysis
for the following reasons: no discernable tumor present at the
time of dissection (n = 16), a humane endpoint was reached (n =
3), the animal deceased before the end of the experiment (n = 1),
or presence of a large concavity in the tumor (n = 1).

Preparation and Administration of
Infection Model Agents

Lipopolysaccharide

LPS (L6529, Sigma-Aldrich, St. Louis, MO, USA) was dissolved
in physiological saline (0.9% NaCl, Braun Melsungen AG,
Melsungen, Germany) and stored at —20°C at a concentration
of 1 mg/ml. Solutions were thawed, and physiological saline was
added to a final concentration of 0.075 mg/ml. LPS was injected
intraperitoneally (0.6 mg/kg body weight) 24 h before
radiolabeled antibody injection, the previously determined
optimal time point (24).

Staphylococcus aureus

S. aureus (substrain 25923, ATCC, Manassas, VA, USA) were
seeded in Columbia III agar containing 5% sheep blood (BD
Biosciences, San Jose, CA, USA) and incubated overnight at
37°C. Next, in duplicate, 3 to 5 colonies S. aureus were
transferred to 4.5 ml of brain heart infusion (BHI) broth (BD)
in 15-ml falcon tubes and incubated overnight at 37°C. The
following day, the suspension was spun down at 1,000g, and the
pellet was resuspended in 5 ml of NaCl 0.9% (Laboratoire
Aguettant, Lyon, France); subsequently, the content of both
tubes were pooled (10 ml, 1 x 10° colony-forming units
(CFU)/ml). This suspension was transported at —-80°C on dry
ice and thawed 1 h later right before use. The bacterial
suspension was mixed 1:1 v/v with heparinized homologous
blood collected by heart puncture from isoflurane-anesthetized
donor mice. The exact CFU count was calculated from a titration
series of the sample, which was incubated overnight on agar at
37°C. Mice were anesthetized using isoflurane, and S. aureus (50
ul, with CFUs ranging from 0.8 x 107 to 4.5 x 10”) was injected in
the left calf muscle 48 h before radiolabeled antibody injection
for the infection and subsequent inflammatory response to
develop sufficiently (25).

Heat-Killed Candida albicans

C. albicans (substrain UC 820, ATCC) were incubated overnight
in Sabouraud broth at 30°C and subsequently killed by heating at
56°C for 30 min, and the preparation was kindly provided by M.
Jaeger and M. Netea, Radboudumc Nijmegen (26). The
suspension was diluted with sterile pyrogen-free phosphate-
buffered saline (PBS) to a final concentration of 5 x 107 CFU/
ml. Hk-C. albicans was injected intraperitoneally (0.5 x 10’ CFU
Hk-C. albicans in 100 ul of PBS) 24 h before radiolabeled
antibody injection for antifungal immune responses to
develop (27).

Vehicle Controls

For the groups receiving intraperitoneal injection, physiological
saline (0.9% NaCl) was used as a vehicle control (for the LPS and
Hk-C. albicans model groups) and injected 24 h before
radiolabeled antibody injection. For the intramuscular S. aureus
group, vehicle control was a mixture of autologous blood:
physiological saline 1:1 v/v (prepared according to the protocol
for the S. aureus infection). The mixture was injected 48 h before
radiolabeled antibody injection.

Radiolabeling and Antibody Injection

Rat IgG2b anti-murine PD-L1 (mPD-L1, clone 10F.9G2, Bio X Cell,
Lebanon, NH, USA) and rat IgG2a non-biological affine control
(IgG2a, clone 2A3, Bio X Cell) antibodies were conjugated with
isothiocyanatobenzyl-diethylenetriaminepentaacetic acid (p-SCN-
Bn-DTPA, Macrocyclics, Plano, TX, USA), as described
previously (13, 24). DTPA-conjugated antibodies were labeled
with indium-111 chloride (*"'InCls, Curium, Helsinki, Finland) as
follows: DTPA-anti-mPD-L1 or DTPA-IgG2a were incubated with
""InCl; in a ratio of 1 MBq per pg antibody in 0.5 M of MES buffer
(pH 5.4) at room temperature (RT) for 20 min. Thereafter,
unincorporated '''In was chelated by adding 1/10th of the
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labeling volume of 50 mM of ethylenediaminetetraacetic (EDTA) in
PBS to reach a final concentration of 5 mM of EDTA. The labeling
efficiencies were evaluated using instant thin-layer chromatography
(iTLC), using silica gel impregnated glass microfiber membrane
chromatography strips (SGI0001, Agilent Technologies, Santa
Clara, CA, USA) and 0.1 M, pH 6.0, of citrate buffer (Sigma-
Aldrich) as a mobile phase. The activity profiles were captured with
photosensitive plates (Fuji MS, Cytiva, Marlborough, MA, USA)
and analyzed using a phosphor imager (Typhoon FLA 7000, GE,
Chicago, IL, USA). When labeling efficiency was >92.5%, pH was
adjusted by adding 1/10th volume 10x PBS (pH 7.4). When labeling
efficiency was below 92.5%, non-labeled '''In was removed using
PD10 buffer exchange columns (Cytiva) and PBS as eluant
following the manufacturer’s protocol. Moreover, to lower the salt
concentration of all IgG2a labeling reactions and subsequent
injection fluids, buffers were exchanged to PBS using PD10
columns directly after the radiolabeling procedure. Subsequently,
the desired concentration of either 30 or 100 pg of antibody per 200
il was reached by adding the appropriate amount of unlabeled
antibody and volume of sterile pyrogen-free PBS. The
radiochemical purity of the injected products exceeded 92.5% for
all experiments. For each infection model groups, mice were
injected in the lateral caudal vein with 200 ul of PBS containing
one of the following; a) 30 pg of ['''In]In-DTPA-anti-mPD-L1
mAb (""'In-mPD-L1, specific activity (Ay): 0.34-0.57 MBq/ug), b)
100 pg of ""'In-mPD-L1 (Ag 0.102-0.172 MBg/ug), c) 30 ug of
['"'In]In-DTPA-IgG2a (*"'In-IgG2a, A,: 0.0063 MBg/ug), or d) 100
ug of 'In-IgG2a (A 0.0055 MBq/pg). Heat lamps warmed the
mice prior to i.v. injections. The in vitro and in vivo characterization
of ""In-mPD-L1 and '"'In-rlgG2a has been reported previously
(13, 24). During all experiments, researchers and biotechnicians
were blinded for group allocation.

Pharmacokinetics, Ex Vivo Biodistribution,
and MicroSPECT/CT Imaging

To assess the blood clearance of '''In-mPD-L1 over time, blood
samples of all mice were collected using 25-ul capillary tubes
(Hirschmann, Eberstadt, Germany) following lateral caudal
venipuncture, at 1, 4, and 24 h post tracer injection. When lateral
caudal venipuncture proved unsuccessful, blood samples were
obtained by saphenous venipuncture. At 24 h post tracer
injection, all mice were euthanized by CO,/O, asphyxiation. In
each group, 2 mice were used for SPECT/CT imaging to visualize
the in vivo biodistribution of '''In-mPD-L1 with SPECT/CT (U-
SPECT II/CT, MILabs, Houten, Netherlands) using the following
acquisition settings: 25-min acquisition time, 1.0-mm-diameter
pinhole mouse high sensitivity collimator, and CT parameters of
160-um spatial resolution, 615 pA, and 65 kV. Data were
reconstructed using the MILabs software (version 2.04) using the
following settings: energy windows at 171 keV (range 154 to 188
keV) and 245 keV (range 220 to 270 keV), 1 iteration, 16 subsets,
and a 0.4-mm voxel size. The Inveon Research Workplace software
package (version 4.1) was used to create maximum intensity
projections (MIPs). For all mice, directly following euthanasia or
SPECT/CT scanning, tumor and other tissues of interest (spleen, left
and right inguinal lymph nodes, brown adipose tissue, bone
marrow, thymus, duodenum, liver, kidney, heart, lung, pancreas,

stomach, colon, bone, muscle, and when available S. aureus-infected
or vehicle control-injected muscle) were collected for ex vivo
biodistribution analysis. Blood and tissue samples were weighed
(XPE105DR, Mettler Toledo, Columbus, OH, USA) and measured
with a well-type gamma-counter (Wallac 2480 Wizard, Perkin
Elmer, Waltham, MA, USA). For reference, aliquots of injection
fluid were measured concomitantly. Antibody accumulation was
calculated as a fraction of the injected dose and normalized for tissue
weight [percentage injected dose per gram tissue (%ID/g)].
Tumor, the spleen, and S. aureus-infected and vehicle-injected
muscle were stored in 4% formalin in PBS for subsequent
immunohistochemical evaluation.

Immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections (5 pm) of tumor
and the spleen, and S. aureus-infected and vehicle control muscle
were evaluated by immunohistochemistry for PD-L1 expression
and PD-L1, F4/80, and Ly6G expression respectively. All sections
were deparaffinized and rehydrated. For F4/80, sections were post
fixated with 4% formalin in PBS for 10 min at RT. Antigen
retrieval (AR) was performed in either 10 mM of sodium citrate
buffer (pH 6.0) at 96°C for 10 min for both PD-L1 and Ly6G, or
at 37°C for 2 h followed by 0.075% trypsin in PBS for 7 min at
37°C for F4/80. Endogenous peroxidases were blocked before AR
with 3% H,0, (107209, Merck, Darmstadt, Germany) in
methanol for 20 min for F4/80, or after AR with 3% H,O, in
PBS for 10 min for both PD-LI and Ly6G. For PD-L1, endogenous
biotin was blocked using a biotin/avidin blocking set (SP-2001,
Vector, Burlingame, CA, USA). Next, for PD-L1 and F4/80,
blocking was performed with 10% normal rabbit serum (NrabsS,
BDC-10112, Bodinco, Alkmaar, Netherlands) and for Ly6G with
20% normal goat serum (5095, Bodinco) in PBS for 30 min.
Primary antibody incubation was performed with either goat-a-
murine PD-L1 (AF1019, R&D Systems, Minneapolis, MN, USA)
diluted 1:500 in PBS/1% bovine serum albumin (BSA; Sigma,
Darmstadt, Germany) overnight at 4°C, rat-anti-F4/80 (BMS,
Invitrogen, Carlsbad, CA, USA) diluted 1:1,000 in PBS/2%
Nrab$ and incubated overnight at 4°C, or rat-anti-mouse-Ly6G
(BP0075-1, Bio X Cell) diluted 1:1,000 in PBS+1% BSA and
incubated for 2 h at RT. Thereafter, tissues were incubated for
30 min at RT with the following secondary antibodies:
biotinylated-rabbit-anti-goat (E0466, DAKO, Glostrup,
Denmark) diluted 1:400 in PBS/1% BSA, goat-a-Rat-peroxidase
(A9037, Sigma) diluted 1:100 in PBS/1% BSA, or biotinylated
rabbit-anti-rat-IgG (BA-4001, Vector) 1:200 dilution in PBS-2%
Nrabs, for the PD-L1, Ly6G, or F4/80, respectively. Next, for PD-
L1 and F4/80, horseradish peroxidase-Biotin/Streptavidin
Complex (PK-6100, Vectastain) diluted 1:250 in PBS/1% BSA
for 30 min at RT was used. Finally, all tissues were incubated with
bright DAB (B-500, Immunologic, Duiven, the Netherlands) for 8
min, followed by nuclei blueing with hematoxylin (4085-9001,
Klinipath/VWR, Olen, Belgium), and dehydrated with ethanol
(4099-9005, Klinipath/VWR) and xylene (4055-9005, Klinipath/
VWR). Sections were mounted with a coverslip using Permount
(SP15-500, Fisher, Hampton, NH, USA). Consecutive sections to
the PD-L1-, F4/80-, and Ly6G-stained sections were stained for
morphological reference with H&E Y (1.15935.0100, Merck).
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Statistical Analysis

Differences in tissue uptake and blood concentrations of both
doses '''In-mPD-L1 and '"'In-IgG2a were tested for significance
using two-way ANOV As with a Bonferroni post-hoc test. Values
are presented as mean * SD. Statistical significance was defined
as a p-value below 0.05. Statistical analyses were performed using
GraphPad Prism version 5.03 for Windows.

RESULTS

Li?opolysaccharide Significantly Changes
"'In-mPD-L1 Pharmacokinetics and
Tumor Targeting

The effect of LPS on the pharmacokinetics of '''In-mPD-L1 in
tumor-bearing mice is presented in Figures 1 and 2, and the
biodistribution data of all collected organs can be found in

Supplementary Table 1. Increased PD-L1 antibody clearance
from blood was observed in LPS-challenged mice injected with
30 pg of ""'In-mPD-L1, compared with control mice (24 h p.i.
3.6 £ 1.6%ID/g versus 11.5 + 7.2%ID/g, respectively, p < 0.01; see
also Supplementary Table 1). Furthermore, accumulation of
""In-mPD-L1 in the spleen was more than twofold higher in
LPS-challenged compared with control mice (49.9 + 4.4%ID/g
versus 21.2 + 6.9%ID/g, respectively, p < 0.001). Increased PD-L1
antibody uptake was also observed in lymph nodes (33.8 + 9.6%
ID/g versus 17.3 + 6.1%ID/g, p < 0.01), bone marrow (17.8 +
3.3%ID/g versus 7.4 + 2.3%ID/g, p < 0.001), and, to a lesser
extent, other tissues with physiological PD-L1 expression, such
as the lungs, heart, duodenum, and brown adipose tissue. The
increased uptake of '''In-mPD-L1 in primary and secondary
lymphoid organs occurred at the expense of tumor uptake, which
was only 8.1 + 4.5%ID/g in LPS-challenged mice versus 25.2 +
5.2%ID/g in control mice (p < 0.001).
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FIGURE 1 | Pharmacokinetics of '"'In-mPD-L1 and '""In-IgG2a in a range of infection models. Pharmacokinetics of 30 pg of '''In-mPD-L1 (A), 100 ug of '"'In-
mPD-L1 (B), 30 ug of """In-IgG2a (C), and 100 pg of '"'In-lgG2a (D) in RenCa tumor-bearing BALB/c mice immune stimulated with the following conditions: vehicle
control, LPS, Hk-C. albicans, Staphylococcus aureus i.m. infected, and vehicle i.m. control. "''In-mPD-L1 and '"'In-IgG2a blood concentrations 1, 4, and 24 h post
antibody injection are given in % injected dose per gram of blood (%ID/g). Differences in blood levels were tested for significance using two-way ANOVAs with a
Bonferroni post-hoc test (*p < 0.01) (see legend in figure for number of animals per group). LPS, lipopolysaccharide; Hk-C. albicans, heat-killed Candida albicans.
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Increasing the antibody dose to 100 pg of '''In-mPD-L1
restored blood levels and tumor uptake in LPS-challenged mice
to similar levels as in control mice (Figures 1A, 2B and
Supplementary Table 1). Accumulation of ''In-mPD-L1 in
lymphoid organs remained elevated but was less pronounced as
compared with the lower antibody dose. Spleen uptake in mice
injected with 100 pg of '"'In-mPD-L1 was 21.0 + 5.0%ID/g
versus 12.6 £ 1.9%ID/g (p < 0.01), for LPS-challenged versus
control mice. SPECT/CT imaging confirmed the ex vivo
biodistribution analyses for both antibody doses (Figure 3),
namely, LPS stimulation increased '''In-mPD-L1 uptake in
lymphoid organs and decreased tumor uptake. Furthermore, in
control and LPS-stimulated mice, '"'In-mPD-L1 accumulation
in brown adipose tissue and the liver was observed.

To determine whether the LPS-induced changes in the blood
clearance and biodistribution reflected changes in PD-L1
expression levels, and not non-specific Fc-receptor-mediated
uptake and clearance, separate groups of mice were injected
with an isotype control antibody ('''In-IgG2a), using the same
experimental design. In contrast to '''In-mPD-L1, blood
clearance and in vivo biodistribution of both the 30 pg and 100
ug dose levels of '''In-IgG2a were not affected by LPS challenge
(Supplementary Table 1). Furthermore, immunohistochemistry
for PD-L1 showed that splenic PD-L1 expression was very high
and that LPS stimulation might have increased its expression in
the red pulp (Figure 4). Finally, immunohistochemical analysis
of tumor sections showed that LPS stimulation did not decrease
PD-L1 expression on the tumor cell membrane, indicating that
the lower '"'In-mPD-L1 tumor uptake was not due to decreased
PD-L1 expression.

1In-mPD-L1 Detects Locoregional
Upregulation of PD-L1 in Staphylococcus
aureus Infection
Local intramuscular S. aureus infection (2.5 x 10’ CFU) did not
affect blood clearance of ' In-mPD-L1 (Figure 1). Furthermore,
""In-mPD-L1 accumulation in tumor and lymphoid organs was
unaffected by S. aureus infection (Figure 2). However, '''In-
mPD-L1 uptake in S. aureus-infected muscle itself was
significantly increased compared with vehicle-injected muscle
(30 pg of "' In-mPD-L1: 8.6 + 2.6%ID/g versus 1.7 + 0.8%ID/g,
respectively p < 0.001). SPECT/CT imaging confirmed these
results as, apart from the accumulation of '''In-mPD-L1 in the S.
aureus-infected muscle, no differences in antibody distribution
were observed (Figure 3 and Supplementary Table 1).

Whether the '''In-mPD-L1 uptake in S. aureus infections was
PD-L1 mediated was evaluated by comparing the uptake with
that of '''In-IgG2a. Although '''In-IgG2a did show uptake in S.
aureus-infected muscles, this was twofold lower as compared
with ""'In-mPD-L1 (5.6 + 0.6%ID/g versus 10.2 + 1.8%ID/g, p <
0.001), indicating that uptake was predominantly PD-L1
mediated. Similarly, as for '''In-mPD-L1, S. aureus infection
did not alter blood clearance, and tumor and normal tissue
targeting of '''In-IgG2a.

To further demonstrate that the accumulation observed in S.
aureus-infected muscle was predominantly PD-L1 specific, we

performed immunohistochemical analysis of the S. aureus-
infected muscle. We Observed a high number of PD-L1
positive cells in and around sites of S. aureus infections,
whereas only a few PD-L1 expressing cells were detected in the
control site (Figure 5). The PD-L1 positive cells morphologically
resembled neutrophils and macrophages, and staining with Ly6G
and F4/80 showed that the PD-L1 expression colocalized with
sites containing high numbers of neutrophils with macrophages
present in fewer numbers. At the injection site of vehicle control,
fewer PD-L1-positive macrophages and few to no neutrophils
were detected. Both the '''In-IgG2a biodistribution analysis and
the immunohistochemical analyses show that the uptake of
""In-mPD-L1 in S. aureus-infected muscles was partly PD-
L1-mediated.

Heat-Killed Candida albicans Stimulation
Does Not Affect '''In-mPD-L1
Pharmacokinetics

The blood clearance and in vivo biodistribution of '*'In-mPD-L1
in mice intraperitoneally injected with Hk-C. albicans was
comparable to those of vehicle controls for both antibody
doses (Figures 1, 2). In this model, no differences in lymphoid
tissue or tumor uptake of '''In-mPD-L1 were observed. SPECT/
CT imaging confirmed these observations (Figure 3). Similarly,
no effect on the blood clearance or biodistribution was observed
for ""'In-IgG2a.

DISCUSSION

PD-L1 is a central immune checkpoint molecule in tissue
homeostasis and peripheral tolerance (1). Monoclonal
antibodies blocking the interaction between PD-1 and PD-L1
have had a tremendous impact in the field of onco-immunology
(3) and are now established treatment options for many cancer
types (4). Realizing that immune checkpoint molecules are also
involved in immune paralysis following severe systemic
inflammatory responses (28), or persistent infections due to
sustained local immune suppressions (29), PD-1 or PD-L1
targeting antibodies are currently investigated to overcome
immune suppression in prolonged or severe infections (11, 12).
Its dynamic and systemic expression in response to infectious
stimuli cannot be determined by tissue sampling, but these
aspects are relevant when developing novel treatment
regimens. Furthermore, assessment of PD-L1 expression on
tumor tissue samples is hampered by sampling errors and
invasiveness of the procedure. Therefore, molecular imaging
techniques using radiolabeled antibodies are of great interest,
as they allow for longitudinal assessment of PD-L1 expression on
a whole-body scale.

In this study, we demonstrate that inflammatory responses
can significantly affect the pharmacokinetics of anti-PD-L1
antibodies. LPS challenge resulted in increased antibody uptake
in lymphoid organs and thereby significantly accelerated blood
clearance and decreased tumor targeting of '''In-mPD-L1. This
effect was most pronounced with a low antibody dose of 30 ug

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 837370


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Sandker et al.

PD-L1 Antibody Pharmacokinetics

and could be compensated for by increasing the antibody doses
to 100 pg. This dose-dependent clearance from circulation has
also been observed in clinical studies (20). Moreover, these
results are in line with other studies that show that 10F.9G2
and other anti-PD-L1 antibodies exhibit target-mediated drug
disposition (TMDD), meaning that these antibodies show non-
linear pharmacokinetics at low doses, while increasing the dose
leads to linear pharmacokinetics (30, 31). As a consequence, a
saturation of tissues with high antigen levels, which are readily
accessible (also described as “sink organs,” such as the spleen), is
required to achieve effective target tissue uptake (31, 32). Studies
with isotype control antibodies did not show LPS-induced
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FIGURE 2 | Biodistribution of "'"In-mPD-L1 in different infection models. Ex vivo biodistribution of 30 pg and 100 pg of "''In-mPD-L1 antibody doses in RenCa
tumor-bearing BALB/c mice injected with vehicle control or immune stimulated with LPS, Hk-C. albicans, or Staphylococcus aureus, at 24 h post injection. Data for
tissues not shown can be found in Supplementary Table 1. (A) In 30 pg of '"'In-mPD-L1-injected mice, immune stimulation with LPS significantly affects '"In-
mPD-L1 blood clearance, lymphoid, and tumor uptake. In S. aureus-infected muscle, significantly increased uptake of "In-mPD-L1 was observed. (B) For 100 Hg
of """In-mPD-L1-injected mice, LPS stimulation increased uptake in lymphoid organs, but no effect was observed on blood levels or tumor targeting. Significant
uptake of ""In-mPD-L1 can be observed in S. aureus-infected muscles. Biodistribution of neither ' 'In-mPD-L1 dose was affected by Hk-C. albicans stimulation.
"In-mPD-L1 tissue uptake is given in % injected dose per gram of tissue (%ID/g), and differences in uptake were tested for significance using two-way ANOVAs
with a Bonferroni post-hoc test (*p < 0.01, and **p < 0.001) (see legend in figure for number of animals per group). LPS, lipopolysaccharide; Hk-C. albicans, heat-
kiled Candida albicans.

changes in pharmacokinetics, which suggest that the changes
are PD-Ll-mediated and not solely caused by enhanced Fc-
receptor-mediated uptake nor by other effects such as increased
perfusion. Furthermore, our imaging and ex vivo biodistribution
results are in accordance with previous flow cytometry studies
that showed LPS-induced sepsis increased PD-L1 expression on
monocytic and myeloid immune cells in the spleen (24, 33).
Concluding, we found that LPS-induced sepsis can substantially
alter anti-PD-L1 antibody pharmacokinetics, which can be
monitored by PD-L1 imaging. For this purpose, lower
antibody doses might be more sensitive to detect changes in
PD-L1 expression levels in tissues with readily accessible PD-L1
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FIGURE 3 | SPECT/CT images showing the in vivo distribution of '"'In-mPD-L1 in vehicle-injected and LPS-stimulated, Staphylococcus aureus-infected, or Hk-C.
albicans-stimulated RenCa tumor-bearing mice. Representative MIPs of vehicle control, LPS-stimulated, S. aureus-infected, and Hk-C. albicans-stimulated RenCa
tumor-bearing BALB/c mice, 1 day after injection 30 ug of '"'In-mPD-L1 (A) or 100 pg of '''In-mPD-L1 (B). Tissue uptake of '"'In-mPD-L1 is visualized with MIP
thresholded microSPECT/CT images; all images were generated using the same MIPs threshold. Uptake of '"'In-mPD-L1 can be appreciated in tumor (T), spleen
(8), S. aureus-infected (SA), lymph nodes (LN), liver (L), and brown adipose tissue B. LPS, lipopolysaccharide; Hk-C. albicans, heat-killed Candida albicans; SPECT,

(e.g., spleen) but might be unable to detect changes in less
accessible tissues such as tumors.

In S. aureus-infected muscles, high uptake of the radiolabeled
anti-PD-L1 antibody was detected by both ex vivo
biodistribution and SPECT/CT imaging. This is in accordance
with clinical studies observing the accumulation of *Zr-
atezolizumab in local inflammatory processes (14). In our
study, the isotype control antibody experiment indicates that
the uptake was partly non-specific, which can be explained by the
enhanced permeability and retention effect caused by both S.
aureus itself and the host’s inflammatory response against this
pathogen (34). In this study, inflammatory responses to local S.
aureus infections did not affect non-local '''In-mPD-L1 uptake
or its blood clearance. This indicates that S. aureus elicited a
localized inflammatory response with little to no systemically
acting PD-L1-upregulating cytokines (e.g., IFN-y) or PD-L1
positive immune cells. Furthermore, we showed that the

localized increase in PD-L1 expression is caused by monocytes
and high numbers of neutrophils. These data are consistent with
the immunological response to local S. aureus infections with
induction of PD-L1 expression (6, 35) and rapid recruitment of
monocytes, macrophages, and high numbers of neutrophils, of
which the latter go into apoptosis and are phagocytosed on site
after fulfilling their function (25). Importantly, our study shows
that PD-L1 expression induced by the S. aureus elicited
inflammatory response can be detected with nuclear imaging
using anti-PD-L1 antibodies and that pharmacokinetics at tracer
level were unaffected by local or systemic responses to local S.
aureus infections.

Intraperitoneal Hk-C. albicans injections mimic candidemia,
which has been shown to increase immune checkpoints, such as
PD-L1, expression levels on peripheral blood mononuclear cells
(5, 10). Furthermore, preclinical studies suggest that candidemia
seems to respond to PD-1/PD-L1 blocking therapies, indicating
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FIGURE 4 | PD-L1 expression and H&E staining of tumor and splenic tissues of LPS- and vehicle-treated mice. Representative images of the immunohistochemical
analysis of PD-L1 expression in tumor and spleen tissue of RenCa tumor-bearing BALB/c mice, 2 days after LPS stimulation and vehicle control injection. (A) Splenic
PD-L1 expression is very high for both vehicle control- and LPS-treated animals. LPS stimulation appears to slightly increase PD-L1 expression in the red pulp. (B) Tumor
PD-L1 expression is not significantly altered by immune stimulation with LPS. The scale bar represents 500 pm or 100 um in inset. LPS, lipopolysaccharide.

involvement of these proteins (10). However, in our candidemia
model using PD-L1 imaging, we did not observe additional sites
of anti-PD-L1 antibody accumulation indicative of local
inflammation or altered PD-L1 expression in lymphoid organs.
These results seem contrary to findings of another study showing
that PD-L1 is upregulated on splenic residing CD4+, NKT, and
NK cells (10). However, that study used a two-hit candidemia
model consisting of cecal ligation and puncture followed by
intravenous injection of live C. albicans three days later, thereby
conceivably eliciting a more severe inflammatory response than
the model used in our study. Moreover, the PD-L1 upregulation
in that study as measured by flow cytometry appeared to
be modest.

To translate our preclinical findings to the clinical setting,
factors should be considered concerning the interspecies
differences in physiology, immune biology, age of onset,
antibody dosing, localization and severity of infections, and the
presence of comorbidities, which can all have differential effects
on systemic PD-L1 expression and PD-L1 antibody distribution.
Furthermore, for an optimal signal-to-noise ratio, the long
circulation time of monoclonal antibodies should be taken into

account, as these tracers typically require several days between
tracer injection and scanning. In the current study, this interval
was 1 day, whereas in clinical practice, 5-7 days is standard;
however, shorter intervals of 2-3 days might be sufficient
depending on the research question. As the inflammatory
effects of cytokines on PD-L1 expression levels can be rapid
and/or transient, a short interval between antibody injection and
scanning is preferred. Therefore, the use of PD-LI targeting
tracers with shorter circulation times such as peptides or
adnectins, which are already being studied clinically, can be
used. Finally, PD-L1 imaging cannot differentiate between cell
populations. Therefore, complementary tools such as flow
cytometry, immunohistochemistry, and RNA-sequencing are
necessary to answer more mechanistic questions.

This study opens the door for nuclear imaging to aid in the
rational design of studies to advance immune checkpoint
inhibition to overcome immune dysfunction in patients with
chronic infectious diseases and severe septic responses. For
example, clinical imaging can facilitate in determining target
tissue antibody uptake in pharmacological studies, thereby
supporting and streamlining optimal dose finding and
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compared with vehicle control-injected muscles. Scale bar represents 100 ym.

FIGURE 5 | Immunohistochemistry for PD-L1, F4/80, and Ly6G expression and H&E staining of Staphylococcus aureus-infected and vehicle control-injected
muscles. Representative images of DAB-based (brown color) immunohistochemistry on consecutive tissue sections for PD-L1, Ly6G, and F4/80 of (A) vehicle
control-injected muscle and (B) S. aureus-infected muscle tissues of BALB/c mice. Arrows indicate sites where injected autologous blood:S. aureus or autologous
blood:vehicle mixtures accumulated. S. aureus infections attract significantly higher numbers of PD-L1 positive Ly6G" neutrophils and F4/80" macrophages when

development of treatment regimens. Second, it can be used to
evaluate possible effects on PD-L1 expression levels and
consequently the potential for therapeutic synergy of PD-L1
blockade and current antimicrobial immune-activating therapies
such as prednisone, TNF-alpha antagonists, and IL-6 blockers.
In summary, we demonstrate that local and systemic infectious
triggers can alter anti-PD-L1 antibody pharmacokinetics using
""In-mPD-L1 SPECT/CT imaging. Increasing the anti-mPD-L1
antibody dose can normalize tumor targeting in mice with septic
inflammatory responses. In the future, PD-L1 imaging can be used
as a suitable tool to explore host responses in infectious conditions.
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