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Immunotherapy has changed the treatment paradigm of many
cancers. Monoclonal antibodies (mAbs) targeting specific immune
checkpoints, in particular the programmed-death 1 (PD-1), pro-
grammed death ligand 1 (PD-L1), and cytotoxic T-lymphocyte–
associated antigen 4 (CTLA-4) receptors, are active against a wide
range of solid and hematologic cancers. Durable responses that can
last for years are now seen for disease settings that were treatment-
refractory before the era of immunotherapy. However, despite the
success of immune checkpoint inhibitors (ICIs), only a subset of
patients benefits, and to a variable extent. Primary as well as ac-
quired resistance limit their efficacy. The underlying mechanisms of
primary and acquired resistance are actively being analyzed in nu-
merous trials designed to target these mechanisms. In melanoma,
for example, the response rate to nivolumab (PD-1 mAb) and ipi-
limumab (CTLA-4 mAb) was 58% (1) and the 5-y progression-free
survival 36% (2). For most solid cancers, these numbers are even
lower. Therefore, there is an urgent need for a priori discrimination
of responders from nonresponders and for identification of those
patients who will develop acquired resistance despite having expe-
rienced an initial good response to ICI therapy.
Biomarker development aims to select the optimal treatment strategy

for the individual patient. Already during drug development, biomarkers
can provide essential feedback on target inhibition and intended tumor
microenvironmental changes that are associated with drug efficacy. The
number of clinical trials being designed to evaluate the large
number of possible ICI drug combinations exceeds the number of
patients eligible for enrollment. Pharmacodynamic biomarkers can
help speed the development of high-potential drugs and halt the
development of less potent drugs at an early stage, thereby limiting
the number of large-scale phase III studies with negative results.
In this Hot Topics article, we will discuss the opportunities for

PET as an imaging biomarker in the field of ICI therapy.

RESPONSE PREDICTION TO ICI THERAPY: PD-L1

EXPRESSION QUANTIFICATION

The most widely used biomarker for patient selection in the
clinical setting is PD-L1 immunohistochemistry. Patients with high
expression of PD-L1 in the tumor membrane generally have a higher

chance of obtaining a response to PD-(L)1 mAb therapy. However,
this biomarker is certainly not optimal. Non–small cell lung cancer
patients whose tumor shows at least 50% PD-L1 expression have a
response rate of 45% to PD-1–directed treatment (3), whereas patients
without tumor PD-L1 expression still have a 10% chance of obtaining
a response (4,5). The limited positive predictive value of PD-L1
immunohistochemistry might be caused by treatment resistance
mechanisms involving pathways beyond the PD-1–PD-L1 axis, such
as insufficient tumor antigenicity, impaired antigen presentation, or an
immunosuppressive microenvironment. The limited negative predic-
tive value of PD-L1 immunohistochemistry might be caused by het-
erogeneity of PD-L1 expression within tumors (6,7). Whole-body
PET/CT with radiolabeled PD-L1 tracers enables the visualization
and quantification of PD-L1 throughout the body, albeit at a lower
resolution than immunohistochemistry performed on a tumor sample.
Three PD-L1 PET tracers have made it to the clinic so far. These

studies show that PD-L1 tracer uptake is heterogeneous between
patients, as well as within patients between different tumor lesions,
and that tracer uptake correlates with tumor PD-L1 expression as
measured by immunohistochemistry (8–10). Intriguingly, Bensch
et al. reported that tracer uptake correlated with treatment re-
sponse better than did PD-L1 immunohistochemistry (10).
Together, these studies show that whole-body PD-L1 PET/CT

reveals, and can partially overcome, the limitations of PD-L1 quan-
tification on a small biopsy. However, larger studies are required to
validate the observations made in these pilot studies. Also, signal
interpretation might differ between small-molecule and full mAb
PD-L1 tracers because tracer uptake is a result of tumor perfusion,
interstitial pressure, aspecific tissue distribution, and the nature of
target binding (reversible vs. irreversible).

CHALLENGES OF RESPONSE EVALUATION AND NEW,

PROMISING PET TRACERS

Response monitoring during ICI therapy is complex because of
a phenomenon called pseudoprogression. As a result of a massive
immune cell influx, tumors can initially grow as a result of treatment
efficacy. Therefore size-based response criteria may underestimate
treatment efficacy (11,12). Receptor blockade by antagonistic mAbs
of inhibitory immune checkpoint receptors such as PD-1 and CTLA-
4, or receptor activation by agonistic mAbs of activating immune
checkpoint receptors such as tumor necrosis factor receptor su-
perfamily member 4 (OX-40) and glucocorticoid-induced tumor
necrosis factor receptor, aim to activate CD8-positive T cells and
shift the immune microenvironment in tumors from an immunosup-
pressive state to an immune-activated one. These biologic effects
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occur early during ICI therapy and precede volumetric changes.
18F-FDG, the most widely used tracer in the clinic, is hampered
by its inability to discriminate between high metabolism of tumor
cells and immune cells (13,14). The early phase of an immune
response is characterized by a mixture of tumor cell kill (i.e.,
decrease in 18F-FDG accumulation) and activation and influx of
immune cells (i.e., increase in 18F-FDG accumulation), and it is
therefore unlikely that 18F-FDG will be suitable for early response
evaluation during ICI treatment. A different approach would be to
monitor CD8-positive T-cell changes. Two T-cell PET tracers have
entered the clinical arena so for. Pandit-Taskar et al. imaged 6
patients with solid malignancies using 89Zr-Df-IAB22M2C, an anti-
CD8 minibody, and PET/CT (15), whereas Colevas et al. imaged 5
patients with head and neck cancer in a study with 18F-AraG PET/CT
(16). This tracer is an 18F-labeled analog of arabinofuranosyl guanine
(AraG), a compound that shows selective accumulation in activated
CD8-positive T cells. Preliminary results from both studies show that
tracer injection is safe, and biodistribution suggests successful target-
ing of benign and malignant CD8-positive T-cell–rich tissues.
In contrast to early response evaluation, 18F-FDG PET/CT seems to

be an accurate biomarker to identify patients who are at risk of disease
relapse despite having obtained an initial good response. In a retro-
spective analysis of 104 melanoma patients whowere evaluated after 1
y of ICI treatment, only 28% had a complete response on CTwhereas
75% had a complete metabolic response (17). In the group of patients
who obtained a partial response on CT, 18F-FDG PET/CTwas able to
identify patients with a high risk of disease progression: patients with
residual 18F-FDG uptake had a progression-free survival rate of 48%,
whereas those with a complete metabolic response had a progression-
free survival rate of 93%. In other words, late-stage 18F-FDG PET/
CT can be used to select patients for treatment intensification.

OPPORTUNITIES FOR PET/CT TO AID ICI

DRUG DEVELOPMENT

PD-(L)1 and CTLA-4 checkpoint inhibitor therapy is able to
induce long-term responses in a proportion of patients with late-stage
treatment-refractory cancers such as melanoma and non–small cell
lung cancer. The ultimate goal of engaging the immune system
against tumors is to provide a cure for patients with cancers that
are currently treatment-refractory. Our understanding of tumor bi-
ology, immune biology, and their interaction fuels therapeutic ad-
vances and drug development. PET/CT may facilitate this process. It
has unique features that allow for noninvasive monitoring of virtu-
ally every biologic pathway in a whole-body fashion, and it can be
repeated over time to monitor changes without influencing the tu-
mor. By radiolabeling intact drugs in an inert way, one can visualize
and quantify biodistribution. During drug combination therapy,
drug–drug interactions that can lead to changes in drug delivery
to the tumor or immune organs can be monitored (18).
ICI–ICI combination studies should be smart-designed. Timing of

different immune modulators is critical to optimally stimulate immune-
activating cells and inhibit immune-suppressive cells. Messenheimer et
al., for example, showed that sequential instead of concurrent OX-40
agonist and PD-1 antagonist treatment resulted in better immune cell
activation against tumor cells (19). Treatment with the OX-40 ago-
nist provided an initial boost in PD-1–positive CD4-positive and PD-
1–positive CD8-positive antitumor T cells that maximized after 13 d
of OX-40 treatment and was extended only by subsequent treatment
with a PD-1 mAb. Serial PET/CTwould be an ideal way to monitor
these changes and prevent the need for repeated biopsies.

CONCLUSION

PET/CT using novel immune tracers can help monitor and develop
ICI therapy. The biomarker is in its early stage of development, in
which validation and qualification are ongoing. Larger-scale molec-
ular imaging studies with adequate data modeling and feedback
from tissue analysis and outcome on treatment are required to
evaluate the full potential of PET/CT in the field of ICI therapy.
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