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A workshop at the National Cancer Institute on May 2, 2016,
considered the current state of imaging in assessment of immuno-

therapy. Immunotherapy has shown some remarkable and pro-

longed responses in the treatment of tumors. However, responses

are variable and frequently delayed, complicating the evaluation of
new immunotherapy agents and customizing treatment for individ-

ual patients. Early anatomic imaging may show that a tumor has

increased in size, but this could represent pseudoprogression. On

the basis of imaging, clinicians must decide if they should stop,
pause, or continue treatment. Other imaging technologies and

approaches are being developed to improve the measurement of

response in patients receiving immunotherapy. Imaging methods
that are being evaluated include radiomic methods using CT, MRI,

and 18F-FDG PET, as well as new radiolabeled small molecules,

antibodies, and antibody fragments to image the tumor microenvi-

ronment, immune status, and changes over the course of therapy.
Current studies of immunotherapy can take advantage of these

available imaging options to explore and validate their use. Collec-

tion of CT, PET, and MR images along with outcomes from trials is

critical to develop improved methods of assessment.
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The Clinical Trials Network of the Society of Nuclear Imag-
ing and Molecular Therapy (SNMMI) cosponsored a workshop
with the National Cancer Institute (NCI) on Monday, May 2,
2016, in Rockville, MD, titled, “Immune Modulation Therapy
and Imaging: What Can We Do in Clinical Trials Now?” A video
archive of the meeting, transcripts, and slides are available
through the NCI and SNMMI (1,2). This imaging workshop was
inspired by the rapid growth in the study and use of immunother-
apy, which has shown some remarkable responses in the treatment
of tumors. However, these responses are quite variable, and early
anatomic imaging may show that a tumor has increased in size.

Although overt pseudoprogression is uncommon, minor increases
in tumor size and delayed responses are often seen. On the basis of
imaging, clinicians must decide if they should stop, pause, or
continue treatment, and this has led to the development of immune
response criteria, which remain imperfect. This workshop consid-
ered other technologies and imaging approaches to improve re-
sponse evaluation in patients receiving immunotherapy agents that

stimulate the immune response, including antibodies against the
checkpoint inhibitors cytotoxic T-lymphocyte–associated antigen
4 (CTLA-4), programmed death 1 (PD-1), and programmed death
ligand 1 (PD-L1). Initial ipilimumab monotherapy in patients with
melanoma can result in pseudoprogression and delayed response,
with overall benefit in only about 20% of patients (3). Combina-
tions of checkpoint inhibitors, in melanoma, have resulted in re-
sponse rates of over 50% but elicit considerable toxicity (4).
Some tumor biomarkers, such as T-cell infiltration and PD-L1

expression, identified using biopsies from patients undergoing
immunotherapy have been helpful in predicting the response
before treatment. Imaging may add specificity and improve
assessment. This workshop concentrated on technologies that
can be applied in the clinic now and in the near future. New
uses of available PET tracers, such as 18F-FDG and 18F-fluorothy-
midine, as well as several new tracers and image analyses have the
potential to be incorporated into clinical trials either ongoing or just
getting under way.

IMMUNOLOGY OVERVIEW AND CURRENT ROLE OF IMAGING

Simplistically, producing immune-mediated tumor regression
depends on modulating a preexisting tumor antigen–specific T-cell
response or inducing such a response. As reported at the meeting
by Dr. Sznol, at least a subset of patients with advanced malig-
nancies has an inflamed tumor microenvironment (TME), and
these tumors may contain T cells bearing receptors that recognize
tumor antigens (5). In metastatic melanoma, for example, tumor-
infiltrating lymphocytes can be isolated from most patients, and
some of the CD8-positive lymphocytes within the tumor express
PD-1 (6), identifying the subset that demonstrates tumor recog-

nition in vitro. Cytokine-induced upregulation of the PD-1 ligand
PD-L1 within nearby tumor cells or other immune cells con-
strains subsequent T-cell antitumor function (7). Remarkably,
antibody blockade of PD-1 or PD-L1 produces clinically mean-
ingful tumor responses in a subset of patients across a broad
range of solid tumors and hematologic malignancies (8).
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Current clinical development is focused on blocking other
immune regulatory checkpoints, providing immune costimulatory

signals, inducing immune responses with vaccines, or increasing
traffic of lymphocytes into the tumor. Hundreds of drug combi-
nations are currently in development. Major challenges include the

lack of accurate predictive biomarkers and poor understanding of
the critical and nonredundant signals necessary to produce
immune-mediated tumor regression in individual patients.
Immune therapy development could be facilitated by novel

imaging modalities as improved predictors of which patients could
benefit from PD-1 or PD-L1 blockade alone or from combinations.

T-CELL THERAPIES

Current imaging of solid tumors during and after immunother-
apy cannot distinguish inflammatory immune responses from
infiltration or infused effector cells, endogenous immune cells

recruited to the site, tumor progression, or a combination. Dr. Lum
described clinical studies using anti-CD3 · anti–human epidermal
growth factor receptor 2 (HER2) bispecific antibody–armed acti-
vated T cells, in which several strategies were used to evaluate

trafficking, infiltration of tumors, in vivo survival, and the induc-
tion of endogenous immunity (9). In a phase I clinical trial of 23
heavily pretreated women with metastatic breast cancer, armed T

cells were detected by staining tumor biopsies. Using conventional
18F-FDG PET/CT to assess clinical responses, nearly complete
clearance of multiple liver and bony metastases was seen in 1 pa-
tient (10). However, the striking observation was that the median

overall survival was 57 mo for the HER2-positive group with 31
staining (n 5 8) and 28 mo for the HER2-negative group (n 5 15).
Many of the patients who were stable at 14.5 wk after initiation of

therapy later progressed and received the oncologist’s choice of che-
motherapy. These results suggested that patients may have had 18F-FDG–
positive flare responses before receiving a subsequent line of
chemotherapy that stabilized them. Recent results from check-

point inhibitor trials using immune RECIST indicate that immune
responses are delayed and may involve a tumor flare that confounds
interpretation of scans (11). To minimize tumor growth effects

on 18F-FDG PET/CT scans, in one selected patient Lum’s group
assessed trafficking to tumors or the inflammatory immune response
by scanning within days after chemotherapy and rescanning imme-
diately after 2 infusions of armed T cells (12). The scans clearly and

strongly suggested trafficking or an inflammatory reaction at tumor
sites within 3–5 d after the infusions (Fig. 1). A second patient with
unresectable pancreatic cancer who was stable on chemotherapy re-

ceived anti-CD3 · anti–epidermal growth factor receptor bispecific
antibody–armed T cells (12). Tumor flare suggested rapid progres-
sion, but the patient developed a complete response shortly after
restarting chemotherapy. The latter case illustrates the need to de-

velop approaches that can distinguish between immune responses
and tumor progression.
Preclinical studies with new imaging agents that label mono-

clonal antibodies and purified T-cell subsets for trafficking and
imaging are encouraging. With new agents that mark immune
cells, targeted T cells, or T-cell subsets, gene-transduced chimeric
antigen receptor T cells will provide clinically and biologically

important data in adoptive clinical trials. In new strategies
involving dosing of T cells, there are several variables in obtaining
clinically and biologically meaningful data, including the type of

imaging agent or label, the timing of the imaging studies, the types
of tumors, and the tumor sites to be imaged. Development of a

consistent and reliable imaging system that provides the clinician
with scans that differentiate tumor flare from tumor progression
would be helpful in guiding decision making.

VACCINE THERAPY

The number of patients who benefit from checkpoint inhibitors
for specific tumor types is not inconsequential: although only
about 20%–40% benefit as demonstrated by tumor shrinkage,
others may benefit without clear decreases in tumor size. Dr. Jaffee
described the need to better understand how to increase the per-
centage of patients who respond. For example, pancreatic cancer
is particularly immunoresistant, having a significant desmoplastic
stromal reaction that is immunosuppressive and contains very few
regulatory T cells. Mouse models of pancreatic cancer show acute
and then chronic inflammation, leading to the stromal reaction and
to studies using whole-tumor vaccines to boost fully mature den-
dritic cells in the tumor. When the vaccines are given to patients
before surgery, the tumors develop more lymphoid aggregates.
New approaches are needed to assess such responses.
Using a vaccine may alter the expression of PD-L1 and PD-1 in

tumors and immune cells (13), encouraging studies comparing
neoadjuvant vaccines alone or in combination with anti–PD-1
antibodies. Combinations are also being explored in patients with
metastatic disease. Early trials have shown activity in patients
treated by vaccination along with ipilimumab (14). The response,
however, can be delayed for weeks or months. Many different
combinations are possible, but there is presently no way to assess
whether the patient is truly responding. We need to understand the
TME of the patients and whether it is being changed by a boost
from a vaccine. We could personalize treatment if we could image
the TME in real time and evaluate other modulating agents that
may be given at the same time.

CLARIFYING RESPONSE CRITERIA

The goal of cancer therapy is to improve patient survival.
Therefore, as presented by Dr. Leung at the meeting, discussions
of tumor response assessment must be in the context of survival
benefit rather than empiric metrics such as tumor shrinkage.
Although chemotherapy and some targeted therapies have dem-
onstrated improvement in short-term survival, the long-term
prognoses for some of the new therapies are barely better than
for controls (15).
Evidence suggests that response durability improves with

immunotherapy (15), which uniquely modulates the body’s ability
to attack tumor cells (16). These changes in the immune system
are likely the basis for long-term benefits such as sustained im-
munity against infections. In a subgroup analysis of a randomized
phase 2 trial of metastatic renal cell cancer, 69% of the patients
who continued immunotherapy beyond RECIST-defined progres-
sion subsequently experienced tumor reduction or stabilization, as
well as showing a longer overall survival than those who discon-
tinued therapy (median, 22.5 vs. 12.3 mo) (17). This analysis
could be biased since those with minor progression or who appear
clinically stable may do better than those with more obvious clin-
ical deterioration.
Consequently, in developing the next-generation response

criteria, we need to ensure that the revised standard accommodates
trial designs independent of therapy type. One step is to expand
imaging parameters beyond conventional unidimensional (e.g.,
RECIST) or bidimensional (e.g., World Health Organization,
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Response Assessment in Neuro-Oncology Criteria) size measure-
ments (11,18). Mozley et al. showed that tumor volume measure-

ments were highly sensitive in detecting tumor response and

progression (19). 18F-FDG PET/CT is now a standard imaging

tool in determining response to therapy in lymphomas. Dynamic

models of tumor growth have been used to derive tumor-response

metrics shown to be predictive of survival (20).
Additionally, the development of new response criteria must use

all other data to maximize our ability to reflect tumor and immune

biology and interactions. Incorporation of nonimaging metrics into

a multimodality efficacy metric will contribute to better predicting

tumor response, identifying resistance mechanisms, rationally

selecting immune and other therapeutics, and ultimately improv-

ing patients’ lives.

IMAGING CAPABILITIES

Nuclear medicine offers several radionuclides to label a range
of tracers of interest. For example, as discussed by Dr. Graham,

SPECT provides the capability of imaging the distribution of
99mTc-, 111In-, 123I-, 131I-, and 201Tl-labeled compounds. Al-

though 18F is the most commonly used radionuclide with PET,

an expanding repertoire of tracers is being labeled with 11C,
68Ga, 64Cu, and 89Zr.
Metabolic imaging, receptor imaging, and cell trafficking are

likely to be the most useful ways to monitor response to immune

modulation therapy, and many new approaches are moving

through in vitro, cell culture, and animal studies before testing

in humans (21). Receptor imaging is powerful and likely to suc-

ceed because there are numerous cell-surface receptors involved in

cell-signaling pathways. Labeled receptor ligands that have real

potential to be useful in characterizing immune modulation ther-

apy include a CD-20 agent, approved for treating lymphoma (rit-

uximab), and pentixafor, which targets CXC chemokine receptor
4, a receptor upregulated in myeloma. Work on labeling anti–PD-1
or anti–PD-L1 has just begun.
Cell-trafficking labeling has not yet been explored sufficiently.

Since the goal in many immune modulation therapies is activation

of lymphocytes, tracking them may be predictive of response to
therapy. The widely used approaches for labeling cells with 111In-
oxine or 99mTc-HMPAO could be a powerful way to help under-
stand what is happening in the individual patient.

BIOMARKERS OF IMMUNE MODULATION

The immune system comprises many distinct cell types that
contribute to adaptive and innate immunity, alongside a plethora
of soluble mediators that have direct effector function as well as
contributing to cell migration and localization. The recent success
of immunotherapies involving engineered T cells (chimeric anti-
gen receptor T cells) (22) and drugs that interfere with checkpoints
limiting adaptive cell-mediated immunity, including those directed
to CTLA-4 and PD-1 or PD-L1 (23), have emphasized the impor-
tance of immune responses in successful treatment of a variety of
cancers. A robust immune response is also needed for successful
chemotherapy (24).
These emerging findings underline the need to improve metrics

for how a given patient’s system is responding to a cancer, as
discussed by Dr. Germain. Patients lacking a measurable cell-
mediated response to their tumor may not respond to checkpoint
blockade or vaccination but may be successfully treated with
chimeric antigen receptor T cells, whereas those with a weak
but measurable response may respond well to a combination of
carefully timed chemotherapy or radiation together with check-
point blockade and vaccination to boost adaptive immunity. One
area requiring further development—and promising especially
useful and direct information about the interaction of tumors
with the immune system—is fine-grained analysis of the TME
itself at the microscopic level. New methods are emerging for
highly multiplexed analysis of cell types, signaling, and func-
tional state, linked to correlation of these data types with re-
sponse outcome, potentially leading to new ways of using
pathologic examination of tumor samples in guiding treatment
decisions.
Histocytometry is a recently developed method that allows

multiplexed (14 or more parameters at a time, possibly 30–40 with
limited reprobing of a sample), high-resolution imaging of tumor
samples (Fig. 2) (25). By the right choice of reagents, cells can
be phenotyped at a level approaching modern flow cytometry
while preserving spatial information of importance in under-
standing immune cell–tumor cell interactions in the TME. Com-
bining these powerful imaging tools with data from other
technologies that rely on peripheral blood sampling will permit
the rapid development of new assays to classify cancer patients
for appropriate therapy and to learn why some treatments do not
work in certain individuals, aiding in the development of future
novel interventional strategies.

IMAGING INFLAMMATION WITH 18F-FDG, 18F-FLT,

AND BEYOND

With immunotherapy, knowledge of the TME is essential in
evaluating the effectiveness of an immune response that may
evolve at the tumor site or at other potential therapeutic targets
involved in the cancer-immunity cycle, such as lymph nodes and
spleen (26). More than one biomarker will be required for quali-
tative and quantitative determination of antitumor immunocompe-
tency and therapeutic response.

18F-FDG PET/CT, the most commonly used functional imaging
test in patients with cancer, is not specific to cancer because high

FIGURE 1. 18F-FDG PET before and 2 wk after starting treatment of

HER2 bispecific antibody–armed activated T cells shows inflammatory

response.
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glucose metabolism can also be seen in inflammatory cells. As
noted by Dr. Van den Abbeele, detecting an inflammatory reaction
may be confounding when assessing response at the tumor site but
can be useful to diagnose immune-related adverse events early in
patients treated with immunotherapy, sometimes weeks before the
development of symptoms, allowing timely initiation and assess-
ment of response to corticosteroid therapy (27).
In the imaging assessment of tumor response to immunother-

apy, both standard anatomic measurements of tumor size on CT or
MRI (such as RECIST 1.1) (28) and measurement of metabolic
response by 18F-FDG PET (European Organization for Research
and Treatment of Cancer criteria) (29) can be combined when
there is no significant decrease in tumor size but also no evidence

of new tumors during or after completion of treatment.
When compared with cytotoxic chemotherapy or molecularly

targeted therapy, cancer vaccines and immunomodulatory mono-

clonal antibodies often show unconventional patterns of tumor

response, including delayed response, clinically significant disease

stability, transient enlargement of tumor size, and the appearance

of new tumors for weeks and months over the course of therapy

(27). Several immune-related response criteria have been proposed

using bidimensional measures (such as immune-related response

criteria) or unidimensional measures (such as immune RECIST)

(11,18,28). The drawback of all anatomically based criteria is that

they still rely on a size measurement that may or may not reflect

therapeutic response and still require imaging to be repeated

weeks later before being able to confirm clinical benefit (or lack

thereof).
Molecular imaging, on the other hand, can dissect all the

hallmarks of cancer biology. For example, after PD-1 blockade,

proliferating CD8-positive T cells localize to the tumor and directly

correlate with eventual radiographic reduction in tumor size (30).

Noninvasive imaging with 18F-fluorothymidine characterized the

response in patients with advanced melanoma receiving tremelimu-

mab, an anti–CTLA-4 immune checkpoint inhibitor (31).
More sensitive and specific biomarkers for inflammatory cells

and the TME are needed and are being actively tested in preclinical

and clinical settings (Supplemental Table 1; supplemental materials

are available at http://jnm.snmjournals.org) (32).
Also, with advances in analytic tools, machine learning, data

storage, and big data analysis, the field of radiomics or radio-

genomics is learning to decode the tumor phenotype by extracting

and analyzing large amounts of advanced quantitative imaging

features from standard-of-care clinical CT, PET, or MRI scans

(33). Imaging is well placed to integrate with panomics, molecular

pathology, clinical data, and outcome analyses to better character-

ize the tumor; enrich trials with improved patient selection, clin-

ical trial design, and biologically relevant drug dosing; and enable

faster translation of discovery and drug development. Although

challenges remain and validation of these computer-aided tech-

niques has just begun, integrating radiomics and radiogenomics

tools with our clinical and research efforts may have a significant

impact on clinical and research decision making in the future by

providing unique information at the point of care.

ANTIBODY IMMUNOTHERAPY IMAGING

Immunotherapy with immune checkpoint–inhibiting antibodies
is a novel, rapidly evolving field. Patient selection based on factors

such as PD-L1 expression and somatic mutations in tumor bi-

opsies underestimates the complexity and dynamics of immune

response.
Dr. de Vries discussed modern PET technology and tracers that

enable noninvasive whole-body imaging to determine whether the

antibody reaches the target; the group also provided quantitative

measurements of target expression and potential heterogeneity in

tracer tumor uptake (34). The antibodies that act as immune

checkpoint inhibitors have activity across tumor types, but not

all patients respond and major side effects can occur. PET may

potentially allow personalized immunotherapy decisions.
Imaging and therapy with radiolabeled antibodies have been

studied for many years and continue to be widely examined (35,36).
One problem has been the heterogeneity of uptake. For example,
in one study, in approximately 30% of the patients with HER2-
positive tumors, 89Zr-trastuzumab was taken up by the tumor
lesions and was heterogeneous (37). Current preclinical imaging
has demonstrated that radioactive and fluorescence-labeled PD-L1
antibodies show specific tumor uptake and are internalized in
tumor cells but also show high uptake in the spleen, lymph nodes,
and thymus (38,39).
There are ongoing clinical trials with 89Zr-labeled immune

checkpoint inhibitors. In one trial, 89Zr-atezolizumab PET is being
performed before treatment with the PD-L1 antibody atezolizu-
mab to study tracer uptake in primary and metastatic tumors and
normal tissues and to evaluate the future value of 89Zr-atezolizumab
PET for patient selection (ClinicalTrials.gov identifier NCT02453984).

FIGURE 2. Histocytometry processing and analysis of tissue sections.

(1) Fixed tissue section is simultaneously stained with antibodies di-

rected to as many as 14 determinants and imaged in tiled, high-resolution

mode using advanced confocal microscope. (2) Image data are deconvo-

luted to improve signal-to-noise ratio and spatial resolution. (3) Spillover

between fluorescent emissions is corrected (compensated). (4–6) The

resulting data are used to create cellular objects based on membrane

staining, with defined objects retaining all fluorescence information

associated with that object. (7) These data are equivalent to flow

cytometry data and can be processed using software for flow data

analysis, yielding quantitative information about cellular subset fre-

quency (for example) or intensity of staining for a given determinant.

(8) Because data also retain spatial x-y-z information about each ob-

ject, each gated and defined cellular object can also be placed in its

original tissue location.
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In another trial, the in vivo whole-body distribution of the anti-PD-1
PET tracer 89Zr-pembrolizumab is being evaluated in locally
advanced metastatic melanoma or non–small cell lung cancer
lesions before pembrolizumab treatment (ClinicalTrials.gov
identifier NCT02760225). Additional studies are ongoing with
smaller labeled bispecific antibody (construct) tracers. Preclini-
cally, specific tumor uptake has been shown by an 89Zr-labeled
bispecific T-cell–engaging antibody construct targeting epithelial
cell adhesion molecule or carcinoembryonic antigen (40), and
clinically, an 89Zr-labeled bispecific T-cell–engaging carcinoem-
bryonic antigen antibody is being studied (ClinicalTrials.gov
identifier NCT02291614). Besides imaging with radioactive la-
beled antibodies, imaging is also possible with fluorescently labeled
antibodies and optical imaging as shown in patients with breast
cancer (41).

LABELED ANTIBODY FRAGMENTS FOR IMAGING

Labeled antibodies for PET imaging provide the sensitivity,
resolution, and quantification for monitoring immune cells and
their roles in immune responses. Thus far, a variety of approaches
has been developed for detection of immune cells in vivo
(Supplemental Table 2) (42). Metabolic probes such as 18F-FDG
and 18F-fluorothymidine assess elevated glycolysis and DNA syn-
thesis, respectively, and have broad clinical applications. However,
elevated 18F-FDG or 18F-fluorothymidine uptake is relatively non-
specific, being common in both tumor cells and activated immune
cells, thus confounding interpretation. Ex vivo cell labeling with
111In-oxine is well established for imaging infection. Methods
under development include 89Zr-oxine for PET and a variety of
nanoparticles (iron oxide; 19F) as contrast agents for MRI. How-
ever, these approaches require removal, manipulation, and reinfu-
sion of cells into patients and can be limited by radioactive decay
or dilution of signal as cells divide in vivo. Reporter genes can
provide long-term monitoring of immune cells as they home and
expand. Central to their clinical development is the requirement

for nonimmunogenic reporter genes; furthermore, this approach is
restricted to applications in which cells can be genetically modi-
fied in situ or ex vivo. Given these challenges, direct imaging of
endogenous cell-surface targets, using antibodies, fragments, or
scaffolds such as nanobodies, is promising, as reviewed by Dr. Wu.
Engineering of antibodies enables optimization of characteris-

tics critical for their use as clinical imaging agents (43). Engi-
neered antibody fragments, such as minibodies (scFv [single-chain
variable-fragment]-CH3 dimers) and diabodies (scFv dimers), incor-
porate features specifically optimized for imaging, including reten-
tion of the specificity and affinity of the parental antibody, bivalency,
and accelerated clearance (for same-day or next-day imaging). Ad-
ditionally, the availability of nonstandard positron-emitting radionu-
clides has accelerated the development of PET tracers based on
biologicals. Positron-emitting radiometals such as 64Cu (half-life,
12.7 h), 89Zr (3.2 d), and 124I (4.2 d) allow a closer match between
physical and biological characteristics.
Preclinical studies of engineered antibody fragments such as

cys-diabodies have shown utility for detection of CD8 and CD4 T
lymphocytes in mouse models of hematopoietic stem cell reconsti-
tution (44) and tumor immunotherapy (45). An 89Zr-desferrioxamine
anti-CD8 cys-diabody detected tumor infiltration of cytotoxic CD8
T cells in mice treated with a checkpoint inhibitor; patterns and levels
of uptake differed between responders and nonresponders (Fig.
3, left). Antigen-driven homing and expansion of adoptively trans-
ferred ovalbumin-specific T cells were visualized by CD8 PET
(Fig. 3, right).
PET imaging with humanized or human antibodies or frag-

ments is amenable to clinical translation. For example, an 89Zr-
desferrioxamine anti–prostate-specific membrane antigen minibody
demonstrated effective lesion targeting and visualization in men with
metastatic prostate cancer (Fig. 4 (46)). Similar approaches using engi-
neered antibodies targeting human CD8, CD4, and other immune
cell–specific targets should prove useful for profiling immune re-
sponses in patients undergoing cancer immunotherapy. Developing
such tracers will not be easy.

IMAGING WITH CHEMOKINES AND

SMALL MOLECULES

T-cell activity at the tumor is a main
driver of immune modulation therapy;

imaging agents specifically focused on

activated T cells, however, are few. The

metabolic pathway and the cytokine/che-

mokine pathway are central in the immune

TME and in defining tumor response to

immune modulation therapies. To monitor

activated T-cell activity at the tumor, Dr.

Nimmagadda focused on these two impor-

tant pathways as possible targets for imag-

ing agents.
Metabolic reprogramming is required

for T cells to exert effector function at

the tumor. T cells in immune surveillance

in an energy-oriented oxidative metabolic

state must undergo a metabolic shift to a

state that supports rapid growth to exert

effector function. Also, cancer cell–induced

nutrient deprivation affects T-cell signaling

and gene expression within the TME. For

FIGURE 3. Imaging CD8 T-cell infiltration in tumor immunotherapy. Anti-CD8 PET was per-

formed 5 d after adoptive transfer of OT-1 ovalbumin-specific T cells in C57BL/6 mice bearing

subcutaneous Ova-negative and Ova-positive EL4 tumors. Mouse on right was preblocked with

cold anti-CD8 antibody.
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example, tryptophan depletion in the TME limits T-cell activa-
tion and effector function. Increased upregulation of two enzymes

in tryptophan metabolism—indoleamine 2,3-dioxygenase and

tryptophan 2,3 dioxygenase—by cancer cells and antigen-presenting

cells increases metabolism of tryptophan (47), and high tumor

indoleamine 2,3-dioxygenase levels correlate with poor prognosis.

Indoleamine 2,3-dioxygenase inhibitors and tryptophan analogs

are being investigated as therapeutics and imaging agents to target

the immunosuppressive TME (48). Another agent that is being

developed as a potential T-cell–imaging agent is the 18F-labeled

guanosine analog 29-deoxy-29-fluoro-9-b-D-arabinofuranosylgua-

nine (49), a specific substrate for mitochondrial deoxyguanosine

kinase that is upregulated in activated T cells. Preliminary in

vitro and in vivo studies have demonstrated uptake of this gua-

nosine analog in activated T cells (49) and have led to a clinical

trial (NCT02323893). Imaging of the immune checkpoint protein

PD-L1 is being developed using antibodies, but small peptide-

based PET agents may also prove useful

and can be labeled with 64Cu for imaging
(Fig. 5) (50).
Chemokine gradients and chemokine

receptor expression on immune cells play

a critical role in immune cell migration and

homing to the tumors, contributing to the

modulation of the immune TME. One

promising target for imaging-agent devel-

opment is CXC chemokine receptor 3,

because both preclinical and clinical stud-

ies (51) support it as an effector cell marker.

Imaging agents have not yet been developed

for this receptor, but many high-affinity

small-molecule inhibitors have potential

as imaging agents.

BRIDGING THE GAPS TO

INVESTIGATIONAL-NEW-DRUG AND

NCI SUPPORT

The NCI has resources that can assist
with developing essential data for obtaining

regulatory permission to test a drug in humans or for obtaining an

investigational-new-drug exemption in the United States, as well as

assisting with the equivalent requirements in other countries. As
discussed by Dr. Jacobs, research grants are available in several
areas: general funding (R01, R21, R03), specialized imaging-specific

initiatives, small-business grants, the NCI Experimental Therapeutics

Program, the NCI National Clinical Trials Network, and even some

regulatory advice. Additionally, the Food and Drug Administration

has a grant program for the development of orphan drugs (Supple-

mental Table 3).
The NCI Experimental Therapeutics Program provides direct

access to NCI resources and expertise, but it is not a grant. The

NCI performs approved portions of the project for the applicant

using its internal resources. There is a simple application process

with both internal and external review panels, and the applicant

works with the NCI staff on the project. The NCI Experimental

Therapeutics Program also provides regulatory and toxicology

FIGURE 5. (A) Volume-rendered PET/CT images at 60 and 120 min after intravenous administration of 5,550 MBq (150 mCi) of 64Cu-WL12 to NSG

mice show specific accumulation in hPD-L1 tumor (red arrow) as opposed to CHO tumor (blue arrow). (B) Percentage injected dose per gram of

tissue at 10, 30, 60, and 120 min after tracer injection. (C) Photomicrographs illustrating the typical histologic patterns of the two tumor types.

FIGURE 4. First-in-human imaging with 89Zr-desferrioxamine (Df)-IAb2M anti–prostate-specific

membrane antigen minibody in patients with metastatic prostate cancer, compared with 99mTc-

methylene diphosphonate (MDP) bone scan and 18F-FDG PET maximum-intensity projection

(MIP).
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advice in advance of an application (https://next.cancer.gov/

experimentalTherapeutics/form.htm).
Additionally, the NCI Cancer Imaging Program provides

regulatory resources that are more imaging-focused. It has filed

several INDs for investigational trials and will provide cross-file

letters to independent principal investigators. Additionally, full

standard operating procedures for manufacturing the tracers
18F-fluorothymidine, 16-a-18F-fluoroestradiol, 18F-FMISO (1H-1-

(3-18F-fluoro-2-hydroxy-propyl)-2-nitro-imidazole), and 89Zr-

panitumumab are available to download.
The NCI National Clinical Trials Network conducts large-scale,

multicenter trials of drugs and imaging agents after they have
successfully completed early trials.

NEXT STEPS

The situation today is different from that 5 years ago because
we have numerous new treatments, including an expanding array

of immunotherapies. At the NCI, about 23% of intramural research

projects involve immunotherapy, and an increasing number of

extramural grants also involve immunotherapy. Between 2010 and

2015, the immunotherapy trials activated in the NCI National

Clinical Trials Network numbered 88, and in 2014–2015 they made

up 22% of the portfolio, including studies for both advanced disease

and adjuvant therapy.
Given the cost and toxicity of these agents, as well as the

variable response to them, we have a limited ability to predict and

monitor the efficacy of such treatments. Performing national trials

using genomic testing requires an extraordinary effort to validate

tests across multiple testing centers, as in the Molecular Analysis

for Therapeutic Choice (MATCH) trial. Imaging studies have also

been problematic. Image reconstruction algorithms vary from

vendor to vendor and among devices, whether CT, MRI, or PET.

Commercial vendors and the imaging community need to work

together to ensure that acquisition protocols and image analyses

are standardized and reproducible. The field of radiomics may

provide useful information on the TME and heterogeneity, but we

must standardize the methods of acquisition and analysis to ensure

reproducibility in longitudinal studies.
Central collection of images from many trials is ongoing. These

image sets can help explore and validate the use of radiomics. To

determine whether there are image signatures that predict the

aggressiveness of tumors, the response to therapy, and early

markers of outcome, we need to know which imaging approaches

are being used in ongoing trials. Clinicaltrials.gov identifies ther-

apeutic agents being tested in specific tumor types, but the website

rarely provides much information on the biomarkers used, includ-
ing imaging and genomics; simple search fields such as these
could be added. We also need to speed the development of new
tracers and techniques for immunotherapy imaging.

CONCLUSION

The exciting breakthroughs seen in the arena of immunotherapy
require new imaging approaches to assist in the prediction and
assessment of treatment response. Sophisticated analysis of rela-
tively standard CT, MR, and PET acquisitions using radiomics
approaches, as well as creation of new imaging agents, requires
the efforts of many investigators across the world in the develop-
ment, use, and validation of new methods.
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