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In vivo Imaging Technologies to
Monitor the Immune System

Claire E. McCarthy, Jordan M. White, Nerissa T. Viola* and Heather M. Gibson*

Department of Oncology, Karmanos Cancer Institute, Wayne State University, Detroit, Ml, United States

The past two decades have brought impressive advancements in immune modulation,
particularly with the advent of both cancer immunotherapy and biologic therapeutics for
inflammatory conditions. However, the dynamic nature of the immune response often
complicates the assessment of therapeutic outcomes. Innovative imaging technologies
are designed to bridge this gap and allow non-invasive visualization of immune cell
presence and/or function in real time. A variety of anatomical and molecular imaging
modalities have been applied for this purpose, with each option providing specific
advantages and drawbacks. Anatomical methods including magnetic resonance imaging
(MRI), computed tomography (CT), and ultrasound provide sharp tissue resolution,
which can be further enhanced with contrast agents, including super paramagnetic ions
(for MRI) or nanobubbles (for ultrasound). Conjugation of the contrast material to an
antibody allows for specific targeting of a cell population or protein of interest. Protein
platforms including antibodies, cytokines, and receptor ligands are also popular choices
as molecular imaging agents for positron emission tomography (PET), single-photon
emission computerized tomography (SPECT), scintigraphy, and optical imaging. These
tracers are tagged with either a radioisotope or fluorescent molecule for detection of
the target. During the design process for immune-monitoring imaging tracers, it is
important to consider any potential downstream physiologic impact. Antibodies may
deplete the target cell population, trigger or inhibit receptor signaling, or neutralize the
normal function(s) of soluble proteins. Alternatively, the use of cytokines or other ligands
as tracers may stimulate their respective signaling pathways, even in low concentrations.
As in vivo immune imaging is still in its infancy, this review aims to describe the modalities
and immunologic targets that have thus far been explored, with the goal of promoting
and guiding the future development and application of novel imaging technologies.

Keywords: imaging, magnetic resonance imaging (MRI), computed tomography (CT), scintigraphy, optical imaging
(Ol), ultrasound, positron emission tomography (PET), single-photon emission computed tomography (SPECT)

INTRODUCTION

The immune system and its functions are complex and dynamic, and imaging provides a unique
opportunity to non-invasively monitor these processes in vivo. There are a variety of human
conditions and diseases that could benefit from immunoimaging. Current cancer immunotherapies
are designed to either directly target specific tumor-associated antigens, modulate components
of immune activation, or suppress signaling pathways to enhance immune activity. Although
responders often show durable disease control, most patients fail to exhibit any benefit. Treatment
efficacy is assessed through tumor volume measurements, post-treatment tissue biopsies, or
peripheral blood assays, each of which have their limitations. Changes in tumor size may prove
misleading, as an influx of helpful immune cells to the microenvironment often contribute
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to increased volume, a phenomenon termed pseudoprogression
(1). Post-therapy biopsy is dependent on accessibility of the
tumor, often fails to account for tumor heterogeneity, and
is invasive in nature, potentially affecting the neighboring
tumor microenvironment and hindering patient consent (2).
Peripheral blood assays are currently non-standardized, often
require knowledge of specific tumor antigen(s), and may not
reflect immune activity within the tumor (3). Thus, there
is an imminent clinical need for diagnostic and predictive
methods to detect anti-tumor immunity. Aside from cancer,
additional immune-associated conditions may clinically benefit
from imaging, including autoimmunity, inflammatory disease,
and infection or sepsis. These conditions can also utilize imaging
to monitor treatment response and/or disease progression by
targeting a specific cell type, biomarker, or general inflammatory
molecule. This review provides a compilation of current imaging
targets and modalities for monitoring immune trafficking and
activity in cancer and inflammatory conditions.

Imaging modalities are subcategorized as either anatomical
or molecular. Anatomical imaging modalities can be performed
with contrast to enhance disease detection at the tissue site,
and include magnetic resonance imaging (MRI), computed
tomography (CT), and ultrasound. Alternatively, molecular
imaging modalities provide functional insight, and include
several two- and three-dimensional options. Scintigraphy,
or planar gamma imaging, generates a two- dimensional
image. Positron emission tomography (PET), single-photon
emission computed tomography (SPECT), optical imaging, and
photoacoustic, are three-dimensional imaging strategies. PET,
SPECT, scintigraphy, ultrasound, MRI, and CT are currently
utilized for immune monitoring. However, each modality
brings its own unique features that may be more favorable
depending on the context. Additionally, the utilization of
different imaging mechanisms has led to hybrid imaging such
as SPECT/CT, PET/CT, and PET/MRI. Hybrid imaging provides
the benefit of molecular sensitivity and spatial resolution fused
with anatomical specificity.

Radioisotopes are utilized for PET, SPECT, and scintigraphy.
PET isotopes emit positrons, which annihilate electrons and
produce two coincident 511 keV photons traveling opposite of
each other (180°) that are detected by the PET scanner (4).
Both the timing and location of detection for the two photons
are critical in determining positional information and image
reconstruction. SPECT imaging, a three-dimensional form of
scintigraphy, directly detects gamma rays at energies inherent in
each isotope, as opposed to the 511 keV gamma rays detected by
PET. An in-depth comparison of PET and SPECT is provided
in “PET vs. SPECT: strengths, limitations, and challenges” by
Rahmim and Zaidi (5), in addition to the works of Vaquero
and Kinahan (6), and Reddy and Robinson (7). Alternatively,
scintigraphy generates two-dimensional images using a gamma
camera, similar to SPECT. However, in contrast to SPECT, planar
scintigraphy does provide spatial localization of large, complex
tissue morphologies. An overview of candidate PET, SPECT, and
scintigraphy radioisotopes and their properties are shown in
Table 1 (8-24).

For PET, SPECT, and scintigraphy tracer development,
the half-life (t;/2) of the radioisotope should be comparable

with the biological t;;; of the tracer. The fate of the
radionuclide after tracer delivery to the disease site is important.
Typically, radiometals are retained, or residualized, in the
lysosomal compartment of cells even after the peptide and
antibody conjugates are proteolytically degraded (9). Prolonged
intracellular accumulation of the radioactivity can improve signal
after clearance of the radiotracer from non-specific tissues (7).
Attachment of the radionuclide via linker, chelate, or prosthetic
group should provide stability to prevent detachment, without
affecting the binding ability of the tracer to its target. The
commonly used chelators and precursors for prosthetic groups
are commercially available and have been extensively discussed
in various reviews (17, 25, 26). Additionally, the dose exposure
to the patient is a concern; a balance must be sought between the
lower-dose shorter-lived radionuclides vs. the benefit of increased
signal to noise ratios provided by longer-lived radionuclides (27).

Ultrasound is a readily available and inexpensive imaging
modality that provides real-time images for evaluation of
blood vessels, tissue, and organs (28). Ultrasound technology
emits high-frequency sound waves into tissue. An anatomic
image is then produced from detection of sound waves either
transmitted through the tissue or echoed back. MRI takes
advantage of the high composition of hydrogen protons in
tissue, detecting magnetic field-induced signals to achieve
tissue resolution, which can be further enhanced with the use
of a contrast agent (29). MRI contrast agents are typically
paramagnetic metal complexes [containing either gadolinium
(IIT), dysprosium (III), or manganese (II)] or superparamagnetic
agents such as iron oxide nanoparticles (SPION) and ultrasmall
superparamagnetic iron oxide (USPIO). Gadolinium represents
the most commonly used class of MRI contrast agents,
however SPIONs provide better contrast and higher sensitivity
specifically for detecting inflammation (30, 31). MRI has
high anatomic resolution and excels in soft-tissue contrast
images.

CT imaging is a compilation of multiple x-ray transmissions
to reconstruct high-resolution images (32). The anatomical
contrast of a CT is produced by the attenuation of the
x-rays as they pass through, or are deflected by, tissue.
However, there are instances in which improved contrast is
required, therefore contrast agents are utilized to improve
imaging. One example of CT contrast agents are iodinated
compounds which improve intravascular CT contrast (33).
Both PET and SPECT imaging are often co-registered
with CT to provide accurate anatomic localization of the
probe (4, 34, 35).

Each of the discussed imaging modalities have been
tested in some capacity to evaluate immune cell presence
and/or function. Promising new adoptive cell therapies
(ACT) for cancer, including ex vivo expanded tumor-
infiltrating  lymphocytes (TILs) and chimeric antigen
receptor T cells (CAR-T cells), would benefit from imaging
technologies that track cell fate in vivo. This can be
achieved by labeling the T cells with an imaging agent
prior to patient infusion or by the inclusion of a reporter
gene. A similar approach is used to identify the location
of inflammation, in which macrophages are loaded with
iron oxide nanoparticles (Fe NP) and their accumulation
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TABLE 1 | An overview of PET, SPECT, and scintigraphy radioisotopes and their metal properties, half-life, and methods for labeling are provided for consideration of
tracer development.

Modality Radioisotopes Half-life Method of labeling References
PET Non-metal "c 20.4min [""C]methy! lodide, ['' Clmethy! Triflate, Choline (19)
8F 109.7 min N-hydroxy-succinimidyl "8F-fluorobenzoate, click chemistry, ®)
18F-aluminum NOTA
76y 16.2h Direct bromination, bromine-labeled activated esters ©)]
124) 4.18d Direct labeling 8,9
Metal 8Ga 67.7 min DOTA, NOTA ®,17)
4430 3.97h DOTA (20)
84Cu 12.7h NOTA, DOTA, TETA (8,9,17,18)
88y 14.7h DOTA, DTPA (8,9, 18)
%Co 17.5h DOTA, HBED, TETA, NOTA 9, 18)
2ps 25.9h Direct labeling, Trithiol containing chelators and dithiol lipoic acid 9, 18)
897¢ 3.27d DFO (8,9,17,18)
SPECT/ Non-metal 123) 13.22h Direct labeling (21-24)
scintigraphy 181 8.02d Direct labeling 8, 10)
Metal 99mTe 6.02h Diamide dithiols, triamide thiols, mapt, MAP, HyNic (11-14)
n 2.8d H4Octapa (15)
5Ga 3.26d DFO, NOTA, DOTA (16)
Ly 6.65d DOTA )

Of note, metal radionuclides can residualize, or remain, in the cell if their biological molecule is internalized. Non-metal radionuclides do not residualize. Residualizing radionuclides
are beneficial for RIT and increased tumor-to-background ratios. DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; NOTA, 1,4,7-triazacyclononane-1,4, 7-triacetic
acid; TETA, triethylenetetramine; DTPA, diethylenetriamine pentaacetic acid; HBED, N,N'-bis (2-hydroxybenzyl) ethylenediamine-N,N'-diacetic acid; DFO, desferrioxamine; MAF,

2,3-bis(mercaptoacetamido)propanoate; mapt, 4,5-bis(thioacetamido)pentanoate; HyNic, 6-hydrazinonicotinamide.

FIGURE 1 | Currently utilized whole-body immune imaging technologies. Depending on the imaging modality, radioactive symbols may be interchanged with the
appropriate tag (i.e., fluorescence, superparamagnetic iron oxide nanoparticles, nanobubbles, etc.). (Left to right) Cells can be directly labeled to track their location
and migration. Antibody-based tracers can target molecules or receptors on the cell surface, as well as soluble protein such as cytokines. Proteins including
cytokines, ligands, and peptides can also be directly labeled to detect cell populations expressing their receptors. Finally, reporter gene technology can be utilized to
achieve specific labeling of adoptive cell populations (e.g. expression of the sodium/iodide symporter as a means of %™ Tc pertechnetate uptake).

is detected by MRI. The use of tracers to target cell
surface markers, checkpoint, or costimulatory molecules,
and/or secreted cellular products can identify localization
and/or function of specific immune cell populations
(Figure 1). Studies evaluating each of these modalities
are discussed.

METABOLIC AND INDIRECT
PHYSIOLOGIC IMAGING

As a means of imaging metabolically active cells, the radioactive
I8F labeled glucose analog ['*F]fluorodeoxyglucose (**F-FDG)
is commonly utilized with PET imaging, particularly in
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oncology to detect glucose-consuming tumors (36, 37). Given
the high glycolytic activity of stimulated immune cells, the
use of '8F-FDG-PET has been tested for determination of
response to tumor immunotherapy (38, 39). These studies
report an increase in tumor-localized '8F-FDG uptake after
immunotherapy, which associates with response. However, '8F-
FDG is unable to distinguish metabolic uptake between tumor
vs. immune cells. 8F-FDG-PET has also been tested as a non-
specific method to detect immune activation in a variety of
infection and inflammatory diseases, which have been reviewed
elsewhere (40, 41).

Though CT is also unable to specifically target a particular
molecule or cell type, this modality has been evaluated for
detection of response to TIL therapy (42). A faint halo was
observed around melanoma lung metastases in 4 of 12 patients
demonstrating partial response according to the Response
Evaluation Criteria in Solid Tumors (RECIST). This halo is
thought to occur due to perilesional hemorrhage. Neither
pretreatment scans nor any of the 17 patients showing stable or
progressive disease exhibited this effect.

DIRECT CELL LABELING

For cancer therapy, ACT includes a variety of methods to collect,
expand, and in some cases alter patient immune cells ex vivo prior
to re-infusion. At least a proportion of TILs exhibit specificity for
tumor antigen(s). Isolation, expansion, and re-infusion of these
cells have been tested in various cancers including melanoma,
head and neck squamous cell carcinoma, lung cancer, and
genitourinary cancers (43). For patients who fail to generate
endogenous anti-tumor immunity, T cells in the polyclonal
blood pool can be engineered to express either a known tumor-
specific T cell receptor or a synthetic MHC-independent CAR
(43). Outside of the T cell compartment, expanded NK cells
have also been evaluated for their therapeutic utility. ACT may
benefit from imaging for non-invasive monitoring of survival,
trafficking, and homing locations of transferred cells.

Direct radiolabeling of adoptive cells by passive incubation
with radionuclide is a straightforward approach to track their fate
in vivo. '"In is a popular radionuclide of choice which allows
for imaging up to 96 h after injection, owing to its long half-
life (Table 1). CD8* cytotoxic T lymphocytes (CTLs) specific
to the melanoma antigen Melan-A were !!!'In-labeled, infused
in patients, and evaluated using serial whole body and static
gamma camera imaging (44). Imaging was able to track CTL
in sites of metastasis, as well as lung, liver, and spleen. A pre-
clinical study also tested the efficacy of directly radiolabeling
adoptive T cells with detection by SPECT imaging (3). T cells
engineered to clonally express a T cell receptor (TCR) specific
to hyaluronan (HA) were labeled with ''In and infused into
BALB/c mice bearing both HA* CT44 and HA~ CT26 tumors.
Within 24 h post-injection, labeled CTLs could be detected in the
CT44 tumor, with the concentration increasing over the duration
of the study. Uptake in CT26 tumors remained low, suggesting
TCR specificity was responsible for tumor homing. Human CAR-
T cells have also been directly labeled with !!In for preclinical

testing of migratory patterns in immunocompromised mice after
different routes of injection, with intravenous showing optimal
distribution vs. intraperitoneal or subcutaneous injection (45).

Multimodal imaging with concurrent SPECT/'®F-FDG-PET
is possible due to the differences in energies of the radionuclides
used for each. A clinical study performed by Bernhard et al.
expanded HER-2-specific T cells ex vivo and radiolabeled with
"Tn prior to reinfusion in a patient with HER?2-overexpressing
breast cancer (46). Accumulation of the cells was observed in
bone marrow, where disseminated tumor cells were present and
therapeutically eliminated. However, colocalization within solid
tumors detected by 'F-FDG and/or MRI imaging was largely
absent. Off-target homing of labeled cells was detected in lung,
spleen, and non-tumor regions of the liver. This dual imaging
approach was tested more recently in a single breast cancer
patient (from clinical trial NCT00791037) with extensive bone-
restricted metastases (47). Anti-HER2 T cells were !!!In-labeled,
with no evidence of impact on cell viability or function. After
infusion, SPECT imaging revealed uptake of the tracer in various
metastatic loci including the skull, sternum, and humerus within
24 h. Off-target tracer uptake was also observed in the spleen,
liver, and heart. Concurrent ¥F-FDG-PET showed increased
signal in tumor sites through 48 h, suggesting potential detection
of T cell metabolic activity.

I8F labeled T cells with PET imaging has also been tested to
monitor acute transplant rejection (48). The brown Norway-to-
Lewis rat model is commonly used in transplantation studies
because the dominant immunologic response is rejection.
Allogenic human T cells were labeled with 8F-FDG ex vivo then
injected into rats that had received renal transplants (Figure 2).
They found tissue-specific detection of '8F accumulation in acute
rejection mice compared to control naive mice and mice with
non-T cell-mediated acute tubular necrosis or acute cyclosporine
A-induced nephrotoxicity. While the authors validated their
findings with CD3 immunohistochemistry (IHC), a caveat
to this approach for renal imaging is urinary excretion of
the radioisotope. Additionally, the short half-life of F does
not lend itself well to long-term in vivo monitoring after
direct cell labeling.

PET-based cell trafficking has also been tested using 8Zr
labeling of adoptively transferred cells (49-54). A study by Weist
et al. imaged #Zr-oxine-labeled human CAR-T cells with a
labeling efficiency of 75% (50). This labeling method has also
been tested in various murine models, but an efflux of Zr as
well as chemotoxicity and radiotoxicity have been observed (51—
54). To combat 3°Zr-oxine efflux, Bansal et al. covalently labeled
897r to cell surface proteins and tested the cell trafficking of
three different cell types: mouse derived melanoma cells, mouse
dendritic cells, and human mesenchymal cells (49). In this study,
the use of 8Zr allowed for the monitoring of the cell populations
up to 7 days post-labeling, however they only achieved 30-
50% labeling efficiency. No efflux was detected over the 7
days post-injection, nor was there evidence of chemotoxicity or
radiotoxicity. It is important to note, in vivo detection of #Zr has
been reported as late as 30 days (~9 half-lives) after injection (55).

Aside from T cells, dendritic cell (DC) vaccines may
benefit from imaging to track their localization in vivo. DC
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been obtained from the Journal of Nuclear Medicine.

FIGURE 2 | Direct cell labeling was utilized to examine acute rejection in rats with renal allografts (@Tx) compared to control kidneys (CTR), syngeneic xenografts (sTx),
and models of ischemia-reperfusion injury (IRI), and acute Cyclosporin A toxicity (CSA) by examining '8F-FDG-labeled T cells uptake. They identified significantly
higher CD3 accumulation in the acute rejection model compared to the aforementioned models. (A) Maximum intensity projection (MIP) whole-body PET images of
rats imaged with '8F-FDG-labeled T cells to examine renal allograft rejection. (B) The accumulation of the T lymphocytes present in the kidneys is expressed as
percent injected dose + standard error of the mean (%ID + SEM). This research was originally published in Grabner et al. (48). Permission to reproduce this image has
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precursors are collected for expansion, maturation, and antigen
loading ex vivo prior to re-infusion, where they process and
present antigen to T cells, inducing effector and memory
CDS8™ and helper CD4™ T cells (56). DC vaccines have been
tested against HIV-1 and various cancers (57-60). Efficacy
of DC immunization is greatly influenced by migration to
the lymph nodes, which may serve as an early biomarker
for patient response (60). The ability to track DCs in vivo
would thus aid in the success of treatment. DCs labeled
with SPIONs have been detected in draining lymph nodes
by MRI (61). Visualization of SPION-labeled DCs in vivo
may be improved by increasing the intracellular nanoparticle
concentration (e.g., by using higher concentrations during in
vitro loading) or by enhancing the strength of the nanoparticle
magnetic properties by surrounding its iron core with an oxide
shell, Fe NP (62).

MRI detection of SPIONs has also been utilized to observe
macrophage, T cell, and myeloid-derived suppressor cell (MDSC)
trafficking. Due to their phagocytic characteristics, macrophages
readily endocytose SPIONs in vivo and thus can be tracked
by MRI imaging for a variety of indications, including
inflammation, cancer, infection, and transplant rejection (31,

63, 64). Additional nanoparticle labeling methods for imaging
macrophages are extensively reviewed by Weissleder et al. (65).
T cell and MDSC labeling with SPION is more complex,
requiring ex vivo manipulation, and thus this approach has so
far been restricted to preclinical use (66-68). All pre-clinical
tracers, including those discussed in direct cell labeling, are
briefly summarized in Table 2; clinical tracers are discussed
in Table 3.

REPORTER GENE TECHNOLOGY

For ACT, reporter genes can be introduced ex vivo to allow
for in vivo cell tracking. Reporter constructs encode proteins
that either facilitate tracer uptake or directly modify tracer
constructs to promote sequestration specifically in adoptive cells.
Ideally, the result should be passive and allow flexibility in
the timing of imaging without disruption of normal function
or introduction of immunogenicity. Another advantage is the
option for longitudinal monitoring of ACT over more than
one time point. Compared to direct cell labeling, this approach
permits monitoring at multiple time points after therapeutic
cell delivery. A variety of reporter genes have been tested
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TABLE 2 | Pre-clinical studies of immune imaging methods and respective targets.

Method Cell Modality Imaging Target disease and study overview
type/target/tracer agent
Direct Cell Labeling Adoptive T cells SPECT-CT MR Clonal expression of TCR specific to hyaluronan for CT26 (HA*) and
CT44 (HA™) (3)
CAR-T cells SPECT-CT M Breast cancer, human squamous cell carcinoma (45)
PET 897r Murine xenograft models of glioblastoma and subcutaneous prostate
tumors (50)
Allogenic human T cells PET 8E-FDG Renal transplanted rats (48)
Macrophages MRI SPION Assessment of cancer, inflammation, infection and transplant
rejection (31, 63-65)
DCs PET 897r 897r-DBN labeling of mouse DCs (49)
MRI SPION Track murine DCs trafficking to lymph nodes (61)
Fe NP DC based vaccination (62)
MDSCs MRI SPION MDSC biodistribution in murine hepatic colon cancer (68)
Reporter Gene FHBG PET 18F HSV1-tk reporter gene expression in glioma (69)
Technology hdCKDM PET 18F-FEAU dCKDM-transduced human PSMA CAR T cells in PSMA™ lung
metastases of prostate cancer (70)
hdCK3mut PET 18F-L-FMAU ACT monitoring (71)
eDHFR PET BE-TMP eDHFR-expressing anti-GD2 CAR-T cells in osteosarcoma and
HCT116 colon cancer tumors (72)
Human sodium iodide SPECT/CT 9OMTc04~ CAR-T cell therapy specificity and tracking (73)
symporter (NNIS) Treg tracking (74)
PET/CT/BLI 124] and firefly BMDC trafficking (75)
luciferase
8F-TFB and DC trafficking with murine DC2.4 (76)
effluc gene
DC2.4/Effluc BLI effluc Trafficking of murine DC2.4 co-expressing effluc and Thy1.1 (77)
hNET PET or SPECT 12471231\ MIBG ACT monitoring vs. HSV-tk (78)
1241-FIAU
SSTR2 PET 68Ga- ACT monitoring to 8505¢-FLuct GFP* thyroid tumors
DOTATOC
hNET, hNIS, hdCKDM, PET or 8E-MFBG Comparative study of reporter gene technology and T cell numbers
HSV1-TK SPECT/CT 1231-MIBG (79)
124)-Jodide
DAbR1 PET or SPECT 86177 Lu- CAR-T tracking with genetically introduced single chain fragment of
AABD 2D12.5/G54C (80)
PSMA PET 8F-DCFPyL Anti-CD19 CAR-T cells transduced with PSMA for CAR-T cell
monitoring (81)
Antibodies to immune CcD3 PET 897r Syngeneic bladder cancer BBN975 (82)
cell populations Syngeneic colon cancer with CTLA-4 therapy (83)
Spontaneous mouse salivary and Neu™ mammary tumors (84)
Visilizumab (CD3) Scintigraphy 9mTe HuT78 human lymphoma, human peripheral blood mononuclear cells
(85)
[99MTC]OKT3 Renal transplants (86)
MRI Acute collagen-induced arthritis in Lewis rats using IOPC (29)
Ultrasound Acute cardiac transplantation rejection in rats (28)
Acute renal allograft rejection in rats (87)
CcD2 PET 897y Pan T-cell imaging in ML2 leukemia tumors (88)
CD7
CcD8 PET 84Cu Antigen-positive, antigen-negative, immunodeficient,
antigen-blocked, and antigen-depleted mice (89)
897r Monitoring immunotherapy response in lymphoma and colorectal
cancer (90)
CD4 SPECT-CT MR Dextran sulfate sodium-induced colitis (34)
(Continued)
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TABLE 2 | Continued

Method Cell Modality Imaging Target disease and study overview
type/target/tracer agent
PET 897r Murine model of inflammatory bowel disease (91, 92)
CD20 PET/CT 897r Lymphoma xenografts (93)
84Cu Humanized transgenic mouse model of B-cell non-Hodgkins
lymphoma (94)
897r/124| Malignant and normal B cells with obinutuzumab antibody fragments
(99)
18F Human B cell lymphoma (96)
CD19 PET 64Cu Multiple sclerosis (97)
CD11b PET 897y Murine colitis (98)
Antibodies to Surface Anti-PD-L1 SPECT-CT MR NSG mice with CHO-PD-L1, triple negative breast cancer (MDA-231,
Costimulatory or SUM-149), NSCLC (H2444 and H1155) (99)
EA(;EZLT::W Breast cancer MDA-MB-231, SK-Br-3, SUM149, BT474, MCF-7)
(100)
neu-N transgenic mouse model with NT2.5 and 4T1(101)
Optical Imaging NIR Licor800 NSG mice with CHO-PD-L1, triple negative breast cancer (MDA-231,
dye SUM-149), NSCLC (H2444 and H1155) (99)
PET 84Cu Breast cancer MDA-MB231, SUM-149, CHO-PD-L1 and CHO,
syngeneic 4T1(102, 103)
PET/CT 18F/64Cy Brown adipose tissue (104)
897¢ LLN229 glioblastoma (105)
PD-1/PD-L1 PET 64Cu Brown adipose tissue (106)
Anti-mouse-PD-1 PET 64Cu B16F10 melanoma (107)
NSG/A375 melanoma (108)
CTLA-4 PET 64Cu CT26 colorectal tumors (109)
NSCLC A549, H450 and H358 (110)
0OX40 PET 8iCy A20 Lymphoma (111)
Antibodies to IFN-y PET 897r Mouse models of breast cancer (84)
cytokines TGF-B PET 897r Mouse ovarian and human triple negative breast cancer (112)
IL-1p PET 897y Murine colitis (98)
Directly labeled IL-2 PET 8F TC-1 mouse lung tumors subjected to radiation therapy alone or
cytokines, ligands combination with HPV vaccine (113)
and peptides IL-12 Scintigraphy 9mTe Imaging activated T lymphocytes and comparing biodistribution of
mice with autoimmune colitis (114)
14 kDa ectodomain PET 64Cu CT26 colorectal tumors (115)
fragment of PD-1
WL12 PET 84Cu Various human and murine xenograft models (116-118)
BSGa
18F
Granzyme B PET 68Ga CT26 colorectal tumors (119)

TCR, T-cell receptor; HA, Hyaluronan; '8F-FHBG, 9-[4-['8FJfluoro-3-(hydroxymethyl)butyliguanine; hdCKDM, deoxycytidine kinase double mutant; '8F-FEAU, 2'-[18F]fluoro-5-ethyi-
1-beta-D-arabinofuranosyluracil: PSMA, prostate specific membrane antigen; hdCK3mut, deoxycytidine kinase triple mutant; '8F-L-FMAU, 2'-deoxy-2'-['8F]-fluoro-5-methyl-1-p-I-
arabinofuranosyluracil; ACT, Adoptive cell therapies;, TMPE, Trimethoprim; eDHFR, E. coli dihydrofolate reductase; CAR, Chimeric Antigen Receptor; BMDC, Bone marrow derived
DC; TFB, Tetrafluoroborate; hNET, human norepinephrine transporter; MIBG, metaiodobenzylguanidine; 124I-FIAU, [1241]2'-deoxy-2' -fluoro-B-d-arabinofuranosyl-5-iodouracil; SSTR2,
somatostatin receptor 2, 68Ga-DOTATOC, gallium-68-chelated octreotide analogue tracer; MFBG, meta-fluorobenzylguanidine; DAbR1, DOTA antibody reporter 1; AABD, (S)-2-
(4-acrylamidobenzy|)-DOTA; 18F-DCFPyL, Urea based PSMA targeting agent; FDG, Fluorodeoxyglucose; SPION, Superparamagnetic iron oxide nanoparticles; DCs, Dendiitic Cells;
897r-DBN, 89Zr-desferrioxamine-NCS; Fe NP, Iron Nanoparticles; MDSCs, myeloid-derived suppressor cell: NSG, non-obese diabetic sever-combined immunodeficient gamma; NSCLC,
non-small cell lung cancer; HPV, human papilloma virus; Treg, regulatory T cells.

for ACT applications, including herpes simplex virus type 1  coli dihydrofolate reductase (eDHFR), sodium-iodide symporter
thymidine kinase (HSV1-tk), deoxycytidine kinase double and  (NIS), norepinephrine transporter (NET), and somatostatin
triple mutants (hdCKDM and hdCK3mut, respectively), E.  receptor 2 (SSTR2) (69-73, 75-79, 120, 121, 130). To date, no
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TABLE 3 | List of clinical studies for immune imaging.

Method Cell Modality Imaging Target disease and study overview
type/target/tracer agent
Direct Cell Labeling TIL therapy CT Pulmonary metastases of metastatic melanoma (42)
CTL Static Gamma M Melanoma antigen Melan-A (44)
Camera
HER-2-specific T Cells SPECT/PET/CT "n/18F-FDG HER-2 overexpressing breast cancer (46, 47)
Reporter Gene FHBG PET 8F HSV1-tk reporter gene expression in Glioma (69, 120, 121)
Technology
Antibodies to immune CD3 Scintigraphy 99mTg Rheumatoid arthritis, juvenile idiopathic arthritis, osteoarthritis &
cell populations gouty arthritis (122)
[99MTc]OKT3 Rheumatoid arthritis synovitis (123)
Rheumatoid arthritis and psoriatic arthritis for identification of
inflamed synovium (124)
CD20 PET/CT 124) Rheumatoid Arthritis (125)
Antibodies to cytokines TNF-a Scintigraphy 99mTe Refractory sarcoidosis (126, 127)
Directly labeled IL-2 Scintigraphy 123)/99mTg Crohn’s, atherosclerosis and Type 1 diabetes (21-24, 128)
;f;i;r;is‘ ligands and SPECT/MRI 9mMTe Diabetes detection of insulitis in autoimmune diabetes in adults

(129)

TIL, Tumor Infiltrating Lymphocyte; CTL, Cytotoxic T Lymphocyte; 18 F-FHBG: 9-[4-[18F]fluoro-3-(hydroxymethyl)butyljguanine; HSV'1-tk, herpes simplex virus type 1 thymidine kinase.

indication of reduced ACT function has been described for any
of these technologies.

Enzymatic Reporter Genes

Enzymatic substrate modification is a practical approach that
yields specific tracer retention in adoptive cells. To date, several
enzyme/substrate combinations have been evaluated. The
HSV1-tk enzyme has been paired with pyrimidine nucleoside
or acycloguanosine analog tracers that are unmodified by
mammalian thymidine kinases, limiting tracer accumulation
to reporter gene-transduced adoptive cells. Clinical application
of this technology is reported for HSV1-tk-transduced CAR-T
cells engineered to express an interleukin-13 (IL-13) zetakine,
which targets IL-13 receptor alpha 2-expressing glioblastoma
(69, 120, 121). Reporter gene engineered cells are detected by 9-
[4-['®F]Fluoro-3-(hydroxymethyl)butyl]guanine (['*F]FHBG),
a high-affinity substrate with an investigational new drug
designation (IND #61,880). Normal routes of clearance of
['8F]FHBG are hepatobiliary and kidney. An increase in
tracer uptake was detected by PET imaging 1-week post-
ACT compared to pre-treatment scans. Some variability in
pretreatment uptake was noted between patients, which was
attributed to disruption of the blood-brain barrier (121). These
findings highlight the need for comparative scans before and
after treatment to assess changes in uptake rather than a single
post-treatment scan.

A major caveat to the HSVI1-tk reporter gene is the
high likelihood of pre-existing CD8T cell immunity to
HSV, which could mediate elimination of adoptive cells.
Additionally, certain chemotherapy and bone marrow transplant
regimens utilize prophylactic antiviral ganciclovir, a prodrug that
kills HSV-tk-expressing cells. To reduce immunogenicity and
prevent antiviral drug toxicity, various mutants of the human

deoxycytidine kinase (dCK) have been generated with amino
acid substitutions in the active site, which promotes selective
phosphorylation of fluorinated (to permit ®F incorporation)
thymidine analogs. The double mutant reporter gene dCKDM
tested by Likar et al. shows ~100-fold increased tracer
substrate uptake and retention compared to native dCK,
with reduced sensitivity to acycloguanosine-derived drugs
(70). dCKDM-transduced human prostate specific membrane
antigen (PSMA)-specific CAR-T cells were detected in PSMA-
expressing prostate metastases to the lungs with 2'-['8F]fluoro-
5-ethyl-1-beta-D-arabinofuranosyluracil (['3F]-FEAU) and PET
imaging the same day as adoptive cell delivery. Another
construct encoding the triple mutant hdCK3mut was co-
expressed with a melanoma antigen-specific T cell receptor and
tested with PET reporter 2'-deoxy-2'-['8F]-fluoro-5-methyl-1-
B-l-arabinofuranosyluracil (['8F]-L-FMAU) (71). Tracer signal
was comparatively higher in tumors with matching HLA vs.
contralateral HLA-mismatched tumors, supporting the utility of
monitoring ACT with hdCK3mut. Importantly, engineered cells
demonstrated no changes in function or viability from expression
of these reporter genes.

A reporter construct encoding the E. coli dihydrofolate
reductase (eDHFR) enzyme facilitates specific retention of
labeled antibiotic compound trimethoprim (TMP). The tracer
[18F]ﬂuoropropyl—trimethoprim (['8F]-TMP) has been tested
in a preclinical model of eDHFR-expressing human anti-GD2
CAR-T cells (72). Localization of ['8F]-TMP increased 6- to
8-fold between days 7 and 13 after ACT in GD2-expressing
143b osteosarcoma tumors, compared to under 4-fold in GD2-
deficient HCT116 colon cancer tumors. Focal intratumoral
tracer uptake was validated by IHC for human CD8. Because
mice also exhibited non-specific bone and gut uptake, a ['®F]-
TMP biodistribution assay was also conducted in non-human
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primates. Liver and kidney uptake (routes of excretion) were
predominant with limited bone or gut involvement, supporting
clinical translation of ['®F]-TMP.

Importer Reporter Genes

Selective tracer import is another common approach for ACT
imaging. Examples of transduced genes include the sodium
iodide symporter (hNIS), human norepinephrine transporter
(hNET), and somatostatin receptor 2 (SSTR2). hNIS has been
tested with a variety of cell types, including CAR-T cells (73),
regulatory T cells (Tregs) (74), and DCs (75, 76).

Emami-Shahri et al. performed a pre-clinical study using
the PSMA-specific P28¢ CAR-T cell engineered to co-express
hNIS in mice bearing PSMA-expressing tumors (73). SPECT was
used to detect hNIS-mediated technetium-99m pertechnetate
(**™TcO; ) uptake. Imaging was conducted weekly for long-term
monitoring of transferred cells up to 21 days after delivery, and
intratumoral T cell infiltration was validated ex vivo by IHC at
the termination of the study. The authors observed a correlation
between therapeutic response and focal intratumoral uptake as
early as 9 days post-treatment. A potential drawback was the oft-
target uptake in the stomach and thyroid, which, paired with the
normal route of clearance through the kidneys and bladder may
obscure CAR-T cell specific uptake in any of these regions.

Treg imaging may be useful for monitoring suppressive
immune cell localization after organ transplant or during
autoimmune disease onset or treatment. A preclinical study
transduced ex vivo-expanded, autologous Tregs with the
hNIS reporter, with detection by *™TcO; via SPECT/CT
imaging (Figure3) (74). SPECT imaging showed higher
accumulation of signal within the spleen in comparison
to other organs. It has yet to be determined if this
technology can be utilized in circumstances of inflammation
or autoimmunity.

Ahn et al. used a multimodal reporter system of
bioluminescence imaging (BLI) and PET to monitor bone
marrow derived DC (BMDC) trafficking by BLI and PET
imaging with 2*1 (75). Mice were pre-treated with Tumor
Necrosis Factor-a (TNF-a) 24h prior to DC delivery as a
means of enhancing migration to the draining lymph node. On

day 7 post-foot pad injection, both BLI and ‘I PET showed
increased draining node signal. The authors showed reporter
gene-transduced DCs remained effective as a prophylactic
tumor lysate vaccine, suggesting retention of function. Another
report used the same combined luciferase/hNIS reporter for
imaging the murine DC line DC2.4 (76). Cells were injected
either intramuscularly or in the foot pad and were imaged
using BLI and a novel hNIS transport-specific PET probe, '8F-
tetrafluoroborate (\8F-TEB). Signal enhancement in the draining
popliteal lymph node over time was suggestive of DC trafficking.
For intramuscular delivery BLI outperformed PET for early
1-day p.i. imaging due to elevated non-specific background
of BE-TFB, which cleared within 4 days p.i. Tracer signal of
reporter gene-transduced DCs by '8F-TFB was less intense than
BLI after 2 days p.i., however both the injection site and draining
nodes were detectable. More recently, this same group utilized
BLI alone for in vivo tracking of DC localization (77).

hNET is another non-immunogenic reporter gene
option which mediates specific uptake of clinical
grade  metaiodobenzylguanidine = (MIBG) or  meta-

fluorobenzylguanidine (MFBG). As a direct comparison of
hNET vs. HSVI1-tk for ACT monitoring, GFP-transduced
EBV-specific T cells were separated into hNET-transduced
CD4% and HS1V-tk-transduced CD8' subsets. These cells
were injected intratumorally into EBV' tumor xenografts and
imaged after injection of radiotracer '**I-MIBG (hNET) or
1241 BTAU (HSV1-tk) (78). Signal intensities in the tumor closely
correlated to the number of T cells injected for both subsets.
Prolonged serial PET imaging showed T cells increased in the
targeted tumor by more than 12-fold over 28 days of observation,
potentially due to intratumoral T cell proliferation. SPECT
imaging with 12°I-MIBG also produced a signal intensity that
closely correlated with the dose of T cells delivered, suggesting
either imaging modality may be used.

SSTR2 is also non-immunogenic and has been tested
for monitoring CAR-T cells in a preclinical model using a
clinically approved gallium-68-chelated octreotide analog tracer
(®Ga-DOTATOC) with PET imaging in lung-localized 8505C
tumors (130). While this approach was able to monitor adoptive
T cells in vivo, it was noted that non-specific accumulation

SPECT/CT

Sagittal

image has been obtained from the PLOS One.

FIGURE 3 | Reporter gene technology. Tregs were transduced with a reporter gene for the Sodium lodide Symporter (NIS) for specific gngCO; uptake. C57BL/6
mice were injected with NIS Tregs and injected 1 day later with 99mTcO; to examine Treg uptake in the spleen, demonstrating in vivo radiolabeling of Tregs. Mice were
imaged by NanoSPECT/CT with a focus on the spleen (white arrow). This research was originally published in Sharif-Paghaleh et al. (74). Permission to reproduce this

Transverse
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of %8Ga-DOTATOC in the thoracic cavity increased in parallel
with tumor burden, suggesting this tracer may be problematic
in circumstances of leaky vasculature. However, intratumoral
%8Ga-DOTATOC uptake matched tumor growth patterns, where
PET signal initially increased followed by a decrease in resolving
tumors. Validation by IHC showed correlation between tracer
uptake and percent of CD3 infiltration.

A multimodal approach was used by Moroz et al. to directly
compare sensitivity of hNET, hNIS, hdCKDM, and HSV-tk
by injecting mice subcutaneously with a titration of reporter-
transduced T cells followed by detection with various probes
for PET or SPECT imaging (79). SPECT imaging was only
marginally effective compared to PET, requiring >10” T cells
to produce a detectable signal with hNET and !?3I-MIBG.
Among the PET reporter/probe combinations tested, hNET
paired with '®F-MFBG showed highest sensitivity, with detection
of as few as ~40,000 injected cells. Overall, ®F-tagged probes
outperformed 2*1, with a trend toward higher sensitivity from
probes exhibiting faster clearance.

Genetically Introduced Cell Tags

Similar to the standard reporter genes described above, efforts
to engineer adoptive cells to express a tracer-detectable surface
marker are also underway. The DOTA antibody reporter
1 (DAbR1), consisting of a single-chain fragment of anti-
Y-DOTA antibody 2D12.5/G54C fused to the human T-
cell transmembrane domain, can be detected by covalent
binding of radiolabeled lanthanoid (S)-2-(4-acrylamidobenzyl)-
DOTA (AABD) (80). DOTA has been utilized for multiple
radiopharmaceutical tracers and contrast agents. AABD was
labeled with 86Y or ’Lu for PET or SPECT imaging,
respectively. Cells were detected as late as 24h after tracer
injection, while unbound tracer continued to clear over
time. Autoradiography and IHC staining of CD3 confirmed
radiotracer activity was highest in areas containing infiltrated
CAR-DADRI T cells.

The self antigen PSMA was also tested as a potentially
non-immunogenic target for PET imaging adoptive T cells
using an !8F radiolabeled urea-based PSMA targeting agent,
DCFPyL (81). T cells were transduced with a dual expression
construct encoding a CD19 CAR and a modified PSMA molecule
tPSMAMNYED | which was designed to retain surface expression.
T cell function was not impaired by PSMA expression, and the
tracer was able to identify CAR T cell infiltration within primary
and metastatic tumor sites. IHC was used to confirm T cell
infiltrates in tissues with tracer uptake. Of course, this approach
is best suited for imaging ACT against tumors lacking intrinsic
PSMA expression.

ANTIBODY-BASED TRACERS

Monoclonal antibodies (mAb) are advantageous as tracers
because of their high specificity, low immunogenicity if the Fc
region matches host, and relative ease of labeling with a tracer.
The various labeling approaches are reviewed (131). However,
when using mAbs to target a specific cell population, it is
important to evaluate the potential impact on cell viability,

proliferation, and function in vivo. Certain clones, particularly
when the Fc region is intact, have been shown to deplete
their target cell population, reducing their applicability for
imaging (82). To circumvent this, cleaved or engineered antibody
fragments lacking Fc receptor can be designed. Antibody
fragments also have the benefit of a faster route of clearance due
to their smaller size, making them more amenable to imaging at
earlier time points after tracer injection. The characteristics of
intact, cleaved, and engineered antibodies, including serum half-
life and clearance route, have been described in detail by Freise
and Wu (131). Antibodies to surface receptors may also exhibit
agonist or antagonist activities, which may disrupt cell function
(90, 132).

When using mAbD tracers to immune cell surface molecules,
it is important to note pharmacokinetics, as target immune
cell populations naturally accumulate in primary and secondary
immune organs, such as the spleen and lymph nodes. These
reservoirs absorb large amounts of tracer, a phenomenon often
referred to as an antigen sink. The technique of pre-dosing
injections or blocking with non-radiolabeled antibody prior to
injection of the tracer can potentially decrease the antigen sink
effect, however there is a fine balance between blocking the
antigen sink and displacing target tissue uptake of the tracer (89).
Another caveat to using an antibody as a carrier is the route of
clearance. In general, the route of clearance is dictated by the
size and/or charge of the molecule, in addition to presence of the
Fc region. Full-length antibodies, or large antibodies fragments
(>60 kDa) are cleared through the liver, whereas those >60 kDa
are more rapidly cleared through the kidneys (133). Non-specific
binding of radioactivity can be visible in organs such as the liver,
kidneys, gallbladder, and the gastrointestinal tract (91).

Antibodies to Immune Cell Populations

Antibody tracers to several cell classification proteins are
reported in the literature to monitor the location, movement, and
relative density of these cell populations in vivo. Examples are
T cell markers CD3, CD4, CD8, CD2, and CD7; B cell marker
CD20; and myeloid marker CD11b. CD3, found on all T cells,
can be targeted to observe general T cell trafficking. CD3 mAD has
been used with PET, scintigraphy, MRI and ultrasound imaging
(28, 29, 82-87, 122-124). For PET imaging, CD3 has been
used pre-clinically to observe T cell trafficking in bladder and
mammary cancer, in addition to monitoring response to CTLA-4
therapy in colon cancer models (82-84). In these studies, full-
length mouse mAbs were conjugated with 3°Zr. The tracers were
observed to accumulate in secondary lymphoid tissues including
spleen, thymus, and lymph nodes, which is not unexpected due
to the relative densities of CD3™ T cells in these organs. Each
of these studies noted tracer uptake in the liver, which is a well-
known route of full-length mAb clearance (27, 83, 134, 135). In
Beckford’s study, low uptake of the tracer was observed in bone,
where free Zr accumulates (27, 135, 136). Given its proximity
to the T cell receptor, antibodies to CD3 (e.g., mouse CD3 mAb
clone 2C11) may induce expansion of T cells or affect T cell
function. Upon ex vivo analysis, one study reported a relative
depletion of CD4 T cells and an expansion of CD8T cells after
delivery of an 897 anti-CD3 tracer (clone 17A2) in mice (82).
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Though tracers are generally dosed at sub-therapeutic levels, it is
important to consider any potential downstream effects on target
cells resulting from engagement with the tracer.

Scintigraphy imaging with technetium-99m  (*™Tc)
conjugated anti-CD3 has been utilized in humans and
preclinical mouse models to monitor sites of inflammation,
particularly for rheumatoid arthritis and transplant rejection
(85, 86, 122-124). The majority of these were human studies
utilizing OKT3, the first FDA approved therapeutic mAb,
which is known to initially activate T cells with subsequent
induction of apoptosis. The humanized mAD visilizumab, which
binds selectively to activated T cells, was also tested for specific
identification of human T cells in an immunocompromised
mouse model (85). Though scintigraphy yields lower-resolution
compared to PET or SPECT, each of the clinical studies
clearly demonstrated uptake of the tracer in areas of T
cell accumulation.

Non-radioactive alternatives have also been tested with CD3-
specific tracers. One approach is MRI using SPION modified
by carboxylation of the polyethylene glycol (PEG) coating

surface, termed IOPC, which has been conjugated to a full-
length anti-CD3 mAb (29). This tracer was able to monitor
T cell infiltration during acute collagen-induced arthritis in
Lewis rats. Ultrasound imaging with CD3 mAb-conjugated
nanobubbles has also been evaluated in models of acute graft
rejection (28, 87). Grabner et al. tested this system on renal
transplants and were able to diagnose organ rejection with
high specificity, differentiating from the non-T-cell-mediated
pathologies acute tubular necrosis and calcineurin inhibitor
toxicity. Jinfeng et al. used a similar approach, focusing on
acute rejection following cardiac transplantation (28). Imaging
revealed a rapid visual enhancement of the affected myocardium,
where T cell infiltration was induced.

Aside from CD3, tracers to CD2 and CD7 were also designed
to monitor the T cell population (88). CD2 and CD7 are both
expressed on T and NK cells, and thus imaging agents against
these markers will not be able to distinguish these two cell
types. However, both T and NK cells can exhibit anti-tumor
cytotoxicity, supporting the utility of these targets for imaging
response to cancer immunotherapy. Mayer et al. tested the

B/6

B/6 CD8 Block

National Academy of Sciences of the United States of America.

FIGURE 4 | Antibody-based tracers. Antibody based tracers have been developed to target immune cell populations. However, one hurdle to overcome for some
antibodies is Fc-mediated depletion. Tavaré et al. developed two 8 Cu-NOTA anti-murine CD8 minibodies. (A) #Cu-NOTA-2.43Mb exhibited targeted spleen uptake
in B/6 mice. (B,C) Both the blocking cohort and CD8 depleted cohort displayed decreased spleen uptake (Upper images—Coronal MIPs, Lower
images—Transverse). This research was originally published in Tavaré et al. (89). Permission to reproduce this image has been obtained from the Proceedings of the
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utility of mouse-anti-human antibody tracers against CD2 (clone
OKT11) and CD7 (clone T3-3A1). Unlike a control anti-CD3
(clone OKTS3) tracer, neither the CD2 nor the CD7 mAb or
their respective F(ab’), fragments affected T cell proliferation or
induction of apoptosis in vitro, with a slight increase in IFN-
y production from anti-tumor T cells exposed to anti-CD2.
F(ab’), tracers were able to positively identify the accumulation of
adoptively transferred anti-tumor T cells in subcutaneous human
acute leukemia ML2 tumors in NSG mice. However, the anti-
CD2 tracer resulted in systemic T cell depletion and lack of anti-
tumor activity, even without an intact Fc region, highlighting
the impact antibodies and their fragments may have on cell
surface receptors.

Imaging the total T cell population may not be optimal given
the diversity of populations within this subset. CD3, CD2, and
CD7 imaging cannot discern whether detected cells are helper
CD4, cytotoxic CD8, or regulatory T cells, which each play
different functional roles in disease. A logical approach to fine-
tune T cell imaging is to design probes specific for the two
major subsets, CD4 and CD8. Currently CD8T cells have been
imaged using PET (89, 90). To avoid Fc-mediated depletion,
which is common among CD8 mAbs, CD8 antibody fragments
have been generated (Figure4) (89). Minibodies lacking the
full Fc domain (scFv-CH3) were engineered from CD8 mAb
clones YTS169.4.2.1 and 2.43, labeled with %Cu, and tested for
uptake in lymphoid organs in mice under various conditions to
determine specificity. A cys-diabody was also created using the
variable regions of CD8 mAb YTS169.4.2.1 conjugated to ¥Zr,
which showed specificity and tracked CD8™ T cells in response
to three different murine models of tumor immunotherapy:
adoptive transfer of antigen-specific T cells, antagonist antibody,
and checkpoint blockade (90). Both minibody and diabody
tracers demonstrated faster specific uptake and clearance from
background tissues compared to most reported full-length mAb
tracers, supporting their use for shorter-lived radionuclides and
same-day imaging.

CD4™" T cell imaging may be of clinical value for immune-
driven pathologies such as inflammatory bowel disease and
multiple sclerosis (137, 138). PET and SPECT imaging have both
been tested for monitoring CD4 T cells in vivo (34, 91, 92). A full
length anti-CD4 antibody labeled with !'!In was used for SPECT
imaging in mice orally pre-treated with dextran sulfate sodium
(DSS) which activates CD4™" T cells in the periphery and drives
their influx into the colon, inducing colitis (34). SPECT imaging
showed activity around the bowel, localized to areas of colonic
inflammation that correlated with the degree of pathology. Freise
et al. developed an anti-CD4 cys-diabody (cDb) tracer derived
of mAb GK1.5 conjugated to 8 Zr for PET imaging (91, 92). They
found a dose-dependent effect of this tracer on CD4 T cells, where
40 pg of unlabeled cDb resulted in a transient decrease in CD4"
T cells within the blood, spleen, and lymph nodes, which did not
occur when 2 pg was tested. As this tracer lacks an Fc region,
these results suggest engagement of the CD4 receptor with this
cDb clone functionally impacts T cells (92). Using the 2 g dose
of 39Zr-cDb, CD4 T cells were monitored in a mouse model of
inflammatory bowel disease (Figure 5) (91). Increased signal in
the mesenteric lymph nodes and colon was detected after induced

inflammation compared to the untreated control mice, which was
confirmed by CD4 IHC.

Development of B cell-specific tracers is also underway.
Clinical trials using therapeutic anti-CD20 mAbs have been
implemented to treat B cell lymphoma and autoimmune diseases
including systemic lupus erythematosus, rheumatoid arthritis,
and multiple sclerosis (139). CD20 is not degraded or internalized
after antibody binding, supporting its use as an imaging target
(140). Thus far, PET has been the most reported modality for
antibody-based imaging of CD20" cells (93-96, 125, 141). In
addition to CD20, CD19 has also been a target for imaging B cells
in multiple sclerosis by PET (97).

Several therapeutic anti-CD20 mAbs have been tested for
imaging applications. A clinical study for rheumatoid arthritis
used full-length rituximab labeled with !4 for PET/CT imaging
(125). Uptake in affected joints was observed after 24h in
four of five patients, with detection of tracer accumulation
also observed in joints that were not considered clinically
inflamed. 3°Zr-labeled rituximab was also used as a metric
to predict the dose of radiation that patients would receive
with ?°Y-labeled rituximab with or without preloading of an
unlabeled blocking mAb (141). Preclinical studies have been
conducted to directly compare different full length CD20
antibodies for PET imaging: humanized obinutuzumab, fully
human ofatumumab, chimeric antibody rituximab, and fully
murine antibody tositumomab (93). All mAbs were labeled
with 8Zr and used to detect human lymphoma xenografts.
Imaging with mAbs containing human Fc showed similar or
better tumor localization compared to murine Fc-containing
mAbs, which supports their use clinically. Non-human Fc
regions may generate an anti-idiotype antibody, hindering
repeated injections.

In a study by Natarajan and colleagues, rituximab was
compared to an engineered, low molecular weight protein
scaffold that targets CD20, human fibronectin type 3 domain
(FN3), for visualization and monitoring of human non-
Hodgkin’s lymphoma (94). This protein is engineered for affinity
to human CD20 and contains 3 solvent-exposed loops which are
structurally similar to the complementarity determining regions
of an immunoglobulin (FN3-CD20). The smaller size of FN3
(~100 amino acids, or ~8% of a mAb) promotes rapid clearance
while maintaining in vivo specificity. When rituximab and FN3-
CD20 were labeled with *Cu, FN3-CD20 had a higher spleen-
to-blood ratio (the spleen is rich in CD20™ B cells) and allowed
for better resolution at earlier time points. Both liver and kidneys
were observed as clearance organs for this tracer.

Engineered anti-CD20 ¢Db and cys-minibody (cMb)
fragments, generated based on the antigen recognition sequences
of rituximab and obinutuzumab (GA101), have been tested with
87r vs. 1241 labeling for PET imaging (95). Not surprisingly,
the cDb and cMb showed higher tumor-to-blood ratios at
an earlier time point vs. full-length mAbs. Interestingly,
GA101 cDb and cMb outperformed their rituximab-based
counterparts, suggesting these humanized antibody fragments
may be better clinical candidates for imaging. ¥ Zr labeling also
improved tumor signal over 2“1, likely due to the residualizing
characteristics of 8Zr. Internalization of the radiotracer was
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Control

DSS

microPET MIP

FIGURE 5 | Antibody based tracers in non-cancerous diseases. ImmunoPET tracer development has also extended to immunogenic diseases such as Colitis. Freise
et. al. imaged CD4™ T cells with 89Zr-malDFO-Gk1.5 cys-Diabody (cDb), to non-invasively monitor inflammation of the intestines caused by specific cell subsets. Ex
vivo representative images of the colons, ceca and mesenteric lymph nodes (MLNSs) are shown comparing tracer uptake in a dextran sulfate sodium (DSS) induced
colitis model compared to control. The DSS mice had 3.1-, 3.9-, and 3.0-fold increased uptake in the colons, ceca, and MLNSs, respectively. This research was
originally published in Freise et al. (91). Permission to reproduce this image has been obtained from the Journal of Nuclear Medicine.

observed with the 3°Zr labeled antibody fragments in naive B
cells, which was largely absent in B cell lymphoma cells.
Shorter-lived !8F has also been tested with a CD20
cDb in a mouse model of human B cell lymphoma
using two different conjugation methods, N-succinimidyl
4-['8F]-fluorobenzoate ('3F-SFB) and site-specific N-[2-(4-
[18F]—ﬂuorobenzamido)ethyl]maleimide (®E-FBEM)  (96).
Although FBEM conjugation had faster target tissue uptake and
blood clearance, its hepatobiliary clearance was less favorable
than that of SFB, which clears through the kidneys. Compared to

the clinical gold-standard "®F-FDG, CD20 imaging was able to
assess whole-body distribution of B cells regardless of metabolic
activity level.

Anti-CD20 as well as anti-CD19 mAbs have been used
therapeutically in multiple sclerosis patients (142). Stevens
et al. developed an anti-CD19 tracer radiolabeled with %Cu
for preclinical use (97). Mice were induced with experimental
autoimmune encephalomyelitis (EAE) and signs of paralysis were
observed prior to whole-body PET imaging. Imaging revealed B
cell infiltration to the central nervous system with significantly
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higher uptake in the brain of EAE mice compared to healthy
controls. Gamma counts of the spinal cord ex vivo also indicated
higher tracer uptake in the spinal cord of EAE mice compared
to controls.

A tracer to CD11b has also been tested preclinically to image
innate immune cells during chronic inflammation associated
with inflammatory bowel disease (IBD) (98). During IBD,
CD11b-expressing myeloid cells accumulate in the colon. An
antibody to CD11b was radiolabeled with 897 for PET imaging,
and colon uptake in IBD-induced mice was similar to '3F-FDG
PET, with higher sensitivity than MRI. Biodistribution showed
elevated 8 Zr-anti-CD11b uptake in the gastrointestinal tract,
spleen, liver, and bone marrow in colitis-induced mice compared
to control, untreated mice. Spleen and bone marrow uptake are
not surprising given the presence of myeloid and other CD11b™
cells in these tissues.

Antibodies to Surface

Costimulatory/Corepressor Molecules

With the clinical success of checkpoint blockade therapies,
development of imaging agents for co-stimulatory and repressor
molecules has gained traction, particularly for markers such
as PD-1, PD-L1, and CTLA-4 (99-102, 104-108, 110, 115,
143). Alternatively, antibodies to activate the immune response
through costimulatory receptors are also under investigation.
Because the majority of patients are non-responsive to these
therapies, there is a need to develop methods to predict
the likelihood of patient response (111). In recent years,
there has been a surge in checkpoint and costimulatory
molecule imaging tracers for PET, SPECT, and optical imaging
(OI) modalities.

The humanized antibody atezolizumab (anti-PD-L1) has
been utilized as a tracer candidate in all three (PET, SPECT,
and OI) modalities. Chatterjee et al. developed both !'''In
SPECT and near-infrared (NIR) Licor800 dye-labeled anti-
PD-L1 tracers, both of which delineated differential PD-L1
expression in transfected CHO cells and several orthotopic tumor
xenografts (99). The authors suggested NIR-PD-L1 tracers may
have bronchoscopic or thorascopic application for detection of
PD-L1 expression in lung tumors. Another anti-human-PD-
L1 antibody (clone EPR19759) was tested for NIR imaging of
subcutaneous tumors from SW620, SW480, and HCT8 human
colorectal cancer lines in nude mice (143). Tracer uptake was
proportional to the PD-L1 expression levels of these tumor
cells. More recently, atezolizumab has also been developed as a
PET tracer using 64Cu (102, 103). Since atezolizumab has cross-
reactivity to human and mouse, this tracer has been tested in
both human xenografts and immunocompetent BALB/c mice
with syngeneic mammary carcinoma 4T1. PD-L1 tracer uptake
was observed in the brown adipose tissue (BAT) of immune-
compromised vs. immunocompetent mice, showing higher
localization within the BAT in the latter cohort. Other groups
have also noted that BAT has endogenous PD-L1 expression and
it is visualized when imaging with PD-L1 tracers (104, 106).
Additional PD-L1 antibody clones have also been explored,
such as the murine mAb PD-L1 3.1, which was also tested

with !'In labeling and SPECT imaging, again demonstrating
capacity to detect various PD-L1 expression levels on tumors.
This same PD-L1 3.1 clone labeled with !!!In for SPECT imaging
was also tested using the neu-N transgenic mouse model with
subcutaneous isografts of the NT2.5 cell line (101). Tracer uptake
was detected in tumor, spleen, liver, thymus, heart, and lungs in
this immunocompetent model.

Engineered antibody fragments have also been developed as
tracers to detect PD-L1. Ingram et al. developed camelid single-
domain antibodies, or VHHs, that target PD-L1, which were
used for specific BAT detection in both BALB/c and C57BL/6
mice (104). KNO035 is a 79.6 kDa engineered human anti-PD-
L1 comprised of an Fc tail with two single chain domains,
and is an attractive option for imaging because of its IND
designation for both advanced and metastatic solid tumors
(105). Biodistribution studies were conducted using 897r in
both tumor xenograft-bearing mice and tumor-naive healthy
non-human primates (NHPs). Although liver and gallbladder
uptake were observed in the NHP study, thought to be a
main mechanism of clearance, high renal uptake was also
observed, likely due to a c-terminal amino acid sequence of
KNO035 that interacted with kidney proximal tubuli. Although
antibody fragments are typically best paired with shorter-
lived radionuclides, the high liver uptake throughout the study
suggested the need for a longer-lived radionuclide to reduce the
background ratio.

Preclinical studies have been conducted to test several PD-
1-specific tracers, with the goal of monitoring expression on
TILs. A %*Cu-radiolabeled anti-mouse PD-1 antibody (clone
J43) was tested in a BI6F10 melanoma model, and uptake was
detected in tumor and spleen (107). Additionally, the humanized
antibody pembrolizumab has also been radiolabeled with ®*Cu
for PET imaging (108). Humanized mouse models were used to
observe antibody specificity to human PD-1 without interfering
cross-reactivity to murine PD-1. PET imaging in the NSG/A375
melanoma model showed %Cu-pembrolizumab bound to human
PD-1 expressed on a subpopulation of TILs.

PET tracers to CTLA-4 are also in development to
identify potential responders to checkpoint blockade treatment.
Conjugated to **Cu, a full-length mouse CTLA-4 antibody (clone
63828) was tested in CT26-bearing immune competent BALB/c
mice (109). PET images showed significant accumulation in
the tumor compared to the control tracer with the specificity
to CTLA-4 being confirmed by ex vivo studies. Another study
used human-derived A549, H460, and H358 NSCLC cell lines
in immunocompromised mice, which have varying levels of
intrinsic CTLA-4 expression (110). Ipilimumab conjugated with
%4Cu showed high accumulation in A549 tumors, with lower
uptake in H460 and H358, demonstrating the quantitative
capacity of PET imaging.

Co-stimulatory molecules such as OX40 have also been
examined as a means of imaging activated T cells. Compared to
CD3, which is on the surface of all T cells, OX40 is induced upon
T cell activation, and is thus representative of T cell behavior.
Alam et al. developed an OX40 mAb for PET imaging by
conjugation to ®*Cu (111). The tracer was able to discern bilateral
tumors where only one was treated with immune-stimulating
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CpG, suggesting the potential to characterize immunologic
activity in situ.

Antibodies to Cytokines

Our group recently reported targeting of IFN-y to image
response to tumor immunotherapy (84). IEN-y PET, using
897r-conjugated anti-TFN-y mAb AN-18, was examined in
mouse models of breast cancer in response to a HER2 cancer
vaccine. Vaccinated mice imaged with 8 Zr-anti-IFN-y exhibited
significantly higher tumor uptake than control, untreated mice.
Importantly, there was no significant change in uptake of a
non-specific IgG tracer between the control and vaccinated
groups, suggesting 8°Zr-anti-IFN-y uptake was indicative of
vaccine response and not an artifact of enhanced permeability
and retention (EPR) in the tumor. Of note, in an immune
tolerant spontaneous tumor model, IFN-y PET demonstrated
better sensitivity to detect anti-tumor immunity than peripheral
T cell analysis, suggesting in situ immune evaluation may serve
as a better indicator of response.

TNF-a is a proinflammatory cytokine that has been
extensively targeted clinically with blocking antibodies
for rheumatoid arthritis, inflammatory bowel disease, and
sarcoidosis (144). Two clinical studies report using 99mTe.
radiolabeled TNF-oo mAb infliximab for scintigraphy imaging to
both monitor refractory sarcoidosis disease activity and evaluate
potential patient response to anti-TNF-a treatment (126, 127).
TNF-a imaging was compared to '®F-FDG PET and standard
laboratory and clinical parameters. Both studies highlighted the
variability in TNF-a detection in sarcoidosis patients, as well
as the diffuse lung detection compared to higher resolution
I8E_FDG. This may be due to limitations of scintigraphy vs. PET
or represent a complication of imaging soluble TNF-o compared
to localized cellular uptake of '®F-FDG. A potential alternative
could be higher-resolution PET imaging with #Zr or !''In
labeling to better match the tissue uptake to clearance ratio and
half-life of a full-length antibody. Aside from sarcoidosis, TNF-a
imaging may also prove useful for diagnostic and monitoring
purposes in other TNF-mediated diseases.

Transforming Growth Factor- § (TGF-B) is a cytokine that
controls cell proliferation and growth, is often associated with
metastatic tumor phenotypes, and is upregulated in glioblastoma,
making it a potential treatment target (112, 145). Preclinically,
the mAb fresolimumab was labeled with 8°Zr and imaged by
PET in mouse ovarian tumors and human triple negative breast
cancer (112). The tracer demonstrated similar distribution to
IgG control and lacked specificity to TGF-B-driven tumors,
potentially due to the caveat that the mAb only binds the active
form of TGF-B. In a clinical study, NCT01472731, 3°Zr- labeled
fresolimumab was used to image patients with recurrent, high-
grade gliomas (145). Specificity of the tracer was observed in the
brain of all 12 patients, however three lesions larger than 10 mm
did not take up the tracer, potentially due to radionecrosis and
a lack of viable tissue. Monotherapy with the antibody did not
result in an antitumor effect.

In addition to the CD11b tracer discussed above, an
interleukin-1 beta (IL-1p) tracer was also tested in the preclinical
induced colitis model to detect chronic inflammation (98).

Similar to the CD11b tracer, an antibody to IL-1f was %Zr-
labeled for PET imaging. Sensitivity of ¥Zr-anti-IL-18 was
similar to the 3°Zr-anti-CD11b tracer, however biodistribution
showed higher specificity to the gastrointestinal tract, with a
moderate increase in spleen uptake in colitic mice compared
to naive controls. 8°Zr-anti-IL-1f exhibited reduced liver and
bone marrow uptake compared to 8°Zr-anti-CD11b. The authors
hypothesized 89Zr-anti-IL-1B correlated better with colitic
severity compared to 3°Zr-anti-CD11b due to its specificity for
activated innate immune cells.

DIRECTLY LABELED CYTOKINES,
LIGANDS, AND PEPTIDES

Interleukin-2 (IL-2) is a cytokine critical for T cell survival and
function, and its receptor is highly expressed in activated T
cells and Tregs. In a study by Hartimath et al. a radioactively
tagged IL-2 tracer, 3F-TL-2, was used to target the IL-2 receptor
on activated T lymphocytes to monitor response to treatment
(113). The authors tested the tracer after treatment with radiation
therapy either alone or in combination with a therapeutic
human papilloma virus (HPV) vaccine in TC-1 mouse lung
tumors, which express the HPV E6 and E7 oncogenes. Tumor
uptake of '8F-IL-2 was detected after radiation therapy, which
was further increased with vaccination. Uptake was reduced
after CXCR4 inhibition, which impedes T cell trafficking. Of
note, the biodistribution profile of mice treated with radiation
plus vaccination showed increased tracer uptake in immune-
rich organs such as the spleen, salivary gland, lymph nodes
and bone marrow, which is likely due to systemic immune
activation. Scintigraphy imaging using 23T or **™Tc labeled IL-
2 has also been extensively tested in patients to evaluate T cell
activity in a variety of immune-related conditions including
cancer, Crohn’s, atherosclerosis, and type 1 diabetes (21-24,
128). More recently, SPECT was performed with *™Tc-IL-
2 in conjunction with MRI to compare uptake in patients
with different forms of diabetes. MRI was able to more
accurately locate the pancreas for SPECT imaging overlays.
This approach identified insulitis and distinguished low-T
cell-involvement type 2 diabetes from autoimmune type 1
subsets (129).

Interleukin-12 (IL-12) has a role in various T and NK cell
functions, including the induction of IFN-y, and it is also
currently a therapeutic prospect in both cancer for activation of
cytolytic cells, as well as chronic hepatitis and colitis, where IL-12
blockade may reduce pathology (146, 147). The IL-12 receptor
has been targeted for imaging in a colitis mouse model using
99mTe Jabeled IL-12 with scintigraphy (114). Tracer accumulation
was observed in both normal and diseased tissue with high levels
of lymphocytes within 3 h post-injection. There was a detectable
level of tracer in the kidney when compared to other radiolabeled
cytokines, which may be due to the higher molecular weight of
IL-12 (~70 kDa). A caveat to using IL-12 as a tracer is that
it is biologically active at doses as low as 300 ng/kg, and thus
optimal imaging doses may be toxic or have physiological impact
in humans.
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A small molecule tracer was developed using a 14 kDa  suggested to be consistent with the clearance patterns of small
ectodomain fragment of PD-1 to detect PD-L1 expression. This  peptide tracers.
was tested for PET detection of PD-L1 by radiolabeling with ®*Cu
through a DOTA-maleimide, yielding rapid and specific uptake
at 1h post-injection (Figure 6) (115). An alternative approach ~ CLINICAL PERSPECTIVE
is the use of a PD-L1-specific peptide, WL12, selected from a
reported library due to its single primary amine for conjugation  In conventional chemotherapies, radiologic response dictates
(118). This tracer has been radiolabeled with ®*Cu, ®Ga, and  treatment outcomes, with tumor shrinkage associated with a
I8E where it demonstrated specific tumor uptake within 1h in  positive response to treatment. A set criterion was established by
a variety of immunocompetent and human xenograft mouse  the World Health Organization in 1979, which was later replaced
models (116-118). Tracer clearance was observed in the liver =~ with Response Evaluation Criteria in Solid tumors (RECIST)
and kidneys. in 2000 (148). A modified version, RECIST 1.1, was adapted in
A granzyme B-specific PET tracer has also been developed 2009 (149). However, immunotherapy has altered this paradigm
preclinically as a predictive biomarker of response to cancer  with pseudoprogression. In some patients, pseudoprogression
immunotherapy (119). Because granzyme B is an effector  occurs when treated tumors appear to progress with an increase
molecule of cytotoxic T and NK cells, it offers a specific  in size before subsequently regressing over time. The observed
imaging option for patients who receive lymphocyte-activating  tumor expansion is attributed to a consequence of immune cells
therapies. The tracer is an irreversibly-binding peptide infiltrating the lesion as elicited by the treatment. While these
to granzyme B (GZP) containing a flexible glycine-rich  morphological changes can be measured through radiological
linker to permit NOTA conjugation, labeled with short- means, it is clinically vital to discriminate pseudoprogression
lived ®Ga. Larimer et al. demonstrated the utility of GZP  from true progressive disease in order to direct
imaging to identify responsive tumors after combination  treatment decisions.
checkpoint blockade therapy in BALB/c mice implanted To resolve this gap, several guidelines for evaluating
with syngeneic CT26 colon cancer. Imaging was conducted radiographic response to immunotherapy were established.
1h post-injection and uptake was observed in all treatment  Wolchok et al. first reported a set of immune-related
groups in the tumor, kidneys, and bladder, with low  response criteria (irRC) adapted from WHO and RECIST
uptake levels observed in the treated non-responders and  guidelines (150). These criteria were borne from observations
control cohorts. The uptake in the kidneys and bladder was  from ipilimumab-treated patients who experienced tumor

A
31
PDL1(+) Tumor | PDLA(+)Block | PDL1(-) Tumor *
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FIGURE 6 | Directly labeled cytokines, ligands and peptides. A high affinity consensus (HAC) of PD-1, 8 Cu-DOTA-HAC, is an example of a directly labeled ligand
that was used to target PD-L1. (A) The PET-CT images were acquired 1 h post injection in NSG bearing mice. The specificity of the tracer was evaluated by imaging
CT26 tumors that were PD-L17 (red dashed line), PD-L1~ (white dashed line), PD-L1* blocked or dual tumors (PD-L1+ left, PD-L1~ right). (B) The uptake was
quantified in %ID/g. Error bars represent SD. The decreased uptake in the blocked hPD-L1(+) tumors and the hPD-L1- tumors indicated specificity of the tracer. **P <
0.01. This research was originally published in Maute et al. (115). Permission to reproduce this image has been obtained from the Proceedings of the National
Academy of Sciences of the United States of America.
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progression, particularly in one case where pseudoprogression
was displayed as far as at week 12 of tumor assessment.
THC validated the presence of tumor infiltration rather than
proliferation. Other immune-related response evaluation
criteria  have been reported since then with different
combinations and variations to irRC and RECIST or RECIST
1.1 (151-153). For a succinct discussion on these guidelines,
we refer the readers to the work published by Kataoka
et al. (154).

Perhaps of more critical clinical importance is the distinction
of whether apparent tumor progression is a consequence
of immune infiltration or true progressive disease. Current
radiological approaches cannot make this distinction in situ and
in real time without accompanied histopathology. This validates
the argument for developing molecular-based imaging tools
to interrogate T cell tumor infiltration and functional status.
However, the imaging field has yet to catch up to the exponential
rise of immune oncology drugs to monitor response. To the
best of our knowledge, there is a dearth of imaging probes
that are currently in clinical trials, with no lead agent near
FDA approval. This presents a clear and immediate need that
should be bridged through concerted efforts among imaging
scientists, immunologists, and clinicians to achieve the common
goal of successfully eradicating cancer through modulation of
immune response.

FINAL CONCLUSIONS

Reliable imaging technologies for immune monitoring have
transformative potential for the management of immune-
mediated conditions, particularly with the recent advancement
of tumor immunotherapy. Each of the discussed imaging
approaches bears a distinct mix of advantages and complications,
necessitating careful selection of both target and modality.
The goal of this review is to present the current status of
this growing field to allow future development of a toolbox
of broadly applicable tracers for a variety of conditions. One
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